


Fluid Balance,
Hydration, and
Athletic Performance





Edited by

Flavia Meyer
Zbigniew Szygula
Boguslaw Wilk

Fluid Balance,
Hydration, and
Athletic Performance

Boca Raton  London  New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business

Edited by

Flavia Meyer
Zbigniew Szygula
Boguslaw Wilk

Fluid Balance,
Hydration, and
Athletic Performance

Boca Raton  London  New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2016 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

ISBN-13: 978-1-4822-2328-6 (hbk)

This book contains information obtained from authentic and highly regarded sources. Reasonable 
efforts have been made to publish reliable data and information, but the author and publisher cannot 
assume responsibility for the validity of all materials or the consequences of their use. The authors and 
publishers have attempted to trace the copyright holders of all material reproduced in this publication 
and apologize to copyright holders if permission to publish in this form has not been obtained. If any 
copyright material has not been acknowledged please write and let us know so we may rectify in any 
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, 
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or 
hereafter invented, including photocopying, microfilming, and recording, or in any information stor-
age or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copy-
right.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 
Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that pro-
vides licenses and registration for a variety of users. For organizations that have been granted a photo-
copy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are 
used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com

First issued in hardback 2019 

CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2016 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

ISBN-13: 978-1-4822-2328-6 (hbk)

This book contains information obtained from authentic and highly regarded sources. Reasonable 
efforts have been made to publish reliable data and information, but the author and publisher cannot 
assume responsibility for the validity of all materials or the consequences of their use. The authors and 
publishers have attempted to trace the copyright holders of all material reproduced in this publication 
and apologize to copyright holders if permission to publish in this form has not been obtained. If any 
copyright material has not been acknowledged please write and let us know so we may rectify in any 
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, 
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or 
hereafter invented, including photocopying, microfilming, and recording, or in any information stor-
age or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copy-
right.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 
Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that pro-
vides licenses and registration for a variety of users. For organizations that have been granted a photo-
copy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are 
used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com

First issued in hardback 2019 

The Open Access version of this book, available at www.taylorfrancis.com, has been made available 
under a Creative Commons Attribution-Non Commercial-No Derivatives 4.0 license.



Dedication

In memory of Professor Oded Bar-Or, MD (1937–2005), with 
thanks for his mentorship and valuable scientific guidance 
that has been leading us throughout our professional lives

Flavia Meyer
Zbigniew Szygula

Boguslaw Wilk





vii

Contents
Preface.......................................................................................................................xi
Acknowledgments .................................................................................................. xiii
Editors ......................................................................................................................xv
Contributors ...........................................................................................................xvii

Section i the Fundamentals

Chapter 1 Body Water: Balance, Turnover, Regulation, and Evaluation ..............3

Craig Horswill and Jeremy Fransen

Chapter 2 Sodium Balance during Exercise and Hyponatremia ........................23

Stavros A. Kavouras

Chapter 3 Human Perspiration and Cutaneous Circulation ................................ 33

Manabu Shibasaki and Scott L. Davis

Section ii  effects of Fluid imbalance on 
Body Functions and Performance

Chapter 4 Cardiovascular Responses to Body Fluid Imbalance ......................... 61

Ricardo Mora-Rodriguez and Juan F. Ortega

Chapter 5 Thermal Strain and Exertional Heat Illness Risk: Total Body 
Water and Exchangeable Sodium Deficits ...............................................83

Michael F. Bergeron

Chapter 6 Gastrointestinal and Metabolic Responses to Body Fluid 
Imbalance during Exercise .................................................................97

G. Patrick Lambert

Chapter 7 Role of Fluid Intake in Endurance Sports ........................................ 109

Louise M. Burke



viii Contents

Chapter 8 Effect of Dehydration on Muscle Strength, Power, 
and Performance in Intermittent High- Intensity Sports .................. 133

Brent C. Creighton, J. Luke Pryor, Daniel A. Judelson, 
and Douglas J. Casa

Chapter 9 Effect of Dehydration on Cognitive Function, Perceptual 
Responses, and Mood ....................................................................... 155

Dennis H. Passe

Section iii Special Populations

Chapter 10 Dehydration and the Young Athlete: Effects on Health 
and Performance .............................................................................. 201

Anita M. Rivera-Brown

Chapter 11 Water Balance and Master Athletes ................................................. 241

Zbigniew Szygula

Chapter 12 Athletes with Chronic Conditions: Diabetes ....................................265

Jane E. Yardley and Michael C. Riddell

Chapter 13 Athletes with Chronic Conditions: Obesity ..................................... 291

Flavia Meyer, Paulo L. Sehl, and Emily Haymes

Chapter 14 Athletes with Chronic Conditions: Hypertension ............................ 301

François Carré

Chapter 15 Athletes with Chronic Renal Diseases ............................................. 315

Dilip R. Patel and Vimal M.S. Raj

Chapter 16 Practical Considerations for Fluid Replacement for Athletes 
with a Spinal Cord Injury ................................................................. 333

Victoria Goosey-Tolfrey, Thomas Paulson, and Terri 
Graham-Paulson

Chapter 17 Athletes with Chronic Conditions: Sickle Cell Trait ........................ 357

Philippe Connes



ixContents

Section iV Recommendations

Chapter 18 Water Replacement before, during, and after Exercise: 
How Much Is Enough? ..................................................................... 365

Ronald J. Maughan and Susan M. Shirreffs

Chapter 19 Plain Water or Carbohydrate–Electrolyte Beverages ....................... 377

Lindsay B. Baker, Kelly A. Barnes, and John R. Stofan

Chapter 20 Need of Other Elements ................................................................... 397

Luis Fernando Aragón-Vargas

Index ...................................................................................................................... 427





xi

Preface
This book presents a comprehensive review of aspects relating to body fluid 
 balance, rehydration, sport, and physical exercise. The content is scientifically sup-
ported, practical, and suitably written for a range of audiences, including academ-
ics  (professors and students) and sports and health professionals (coaches, physical 
educators, nutritionists, and physicians), as well as athletes and individuals involved 
in physical activities.

Compared to other books previously published in this area, Fluid Balance, 
Hydration, and Athletic Performance does not limit body hydration issues to the aver-
age or elite adult athlete; it also addresses aspects relevant to a range of  individuals 
of different ages (adolescents and master athletes) competing in various sports. In 
recognition of the growing number of individuals with specific medical conditions 
who have been exercising more and even participating in competitive sports, sepa-
rate chapters on prevalent diseases or medical conditions associated with risks of 
body fluid homeostasis are also presented. To achieve such a complete and qualified 
publication, the book is written by top experts and professionals experienced in their 
respective research areas.

The book presents the basics of fluid balance and provides updates on controver-
sial fluid intake–related issues such as hyponatremia, optimal recovery, intermittent 
sports, and perceptual responses.

We hope that readers will find this book useful and easy to apply to their respec-
tive theoretical and/or practical needs.

Flavia Meyer
Universidade Federal do Rio Grande do Sul

Porto Alegre, Rio Grande do Sul, Brazil

Zbigniew Szygula
University School of Physical Education

Kraków, Poland

Boguslaw Wilk
McMaster Children’s Hospital and McMaster University

Hamilton, Ontario, Canada
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1.1 INTRODUCTION

Undeniably, water, the nutrient comprising the greatest percentage of mass in the 
human body, has the most dramatic impact on function and structure when its bal-
ance is upset. The human body is resilient to some change. However, during physical 
activities, such as athletics, the effects of water deficit can be magnified to that point 
where physical and mental functions are diminished. Additionally, depending on the 
extent of water imbalance, the safety and well-being can be at risk.

Specific functions that water serves in the body include providing the medium 
for metabolic reactions, serving as a substrate or a reactant for specific reactions, 
transporting nutrients and waste products to specific locations, contributing in sev-
eral ways to thermoregulation, and contributing to lubrication. For the athlete, trans-
port of nutrients and waste and thermoregulation are especially critical roles in the 
body. The athlete’s ability to sustain performance and avoid fatigue is in many ways 
attributed to the maintenance of homeostasis with substrate availability, transport 
of metabolites, and transfer of heat from the muscle, all of which require adequate 
blood flow at some point during the performance. Blood flow is highly dependent on 
having adequate blood volume, which hydration status will impact.

The objective of this chapter is to provide an overview of hydration of the athlete’s 
body. Our review will include defining total body water (TBW) and its components; 
defining water balance and turnover; identifying the factors that influence water bal-
ance particularly during exercise; describing mechanisms of body water regulation 
to ensure balance is maintained; and identifying and describing methods of assess-
ing hydration status and the state of fluid balance. In the spirit of this textbook, care 
will be taken to provide examples and data that are most relevant to the athlete.

1.2 TBW AND ITS COMPONENTS

The cumulative water volume in the body is called total body water. TBW comprises 
about 50%–65% of body weight (Mack and Nadel 2011; Schoeller 2005). In the refer-
ence adult male of 70 kg and 15% body fat, his body water volume is approximately 
42 L. TBW is dependent on age, gender, and body composition. TBW is highest in 
infants (~70%) and decreases over the lifespan. Much of the age-associated decline 
in TBW is due to the increase in body fat, which decreases the percentage of TBW. 
Likewise, women usually have a higher body fat percentage than men, and therefore, 
TBW average about 50% of total body weight. Because body mass is highly variable 
based on the fat mass, and fat mass is essentially anhydrous, the TBW as a percent-
age of body mass is a poor indicator of the hydration status. In Section 1.5 of this 
chapter, we will return to the topic of hydration assessment.

1.5.3 Field and Noninvasive Assessment ..................................................... 17
1.5.3.1 Bioelectrical Impedance ...................................................... 17
1.5.3.2 Urine Characteristics ........................................................... 17
1.5.3.3 Change in Body Mass .......................................................... 18

1.6 Summary and Conclusion ............................................................................... 18
References ................................................................................................................ 19
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TBW is compartmentalized into extracellular fluid (ECF) space and intracellular 
fluid (ICF) space. The ECF is further divided into the blood plasma found in the vas-
cular space, and the interstitial fluid, which baths the cells but is outside of the vascu-
lar space. One other general ECF compartment that can be identified but will not be 
discussed further in this chapter is the transcellular space. This includes fluids in the 
cerebrospinal space, intraocular space, synovial space, and peritoneal and pericar-
dial spaces. The total combined transcellular fluid amounts to approximately 1–2 L.

1.2.1 ExtracEllular Fluid

The fluid outside the cell is called the extracellular fluid. The ECF is divided 
between the interstitial fluid, which is approximately 11 L, and the blood plasma, 
which equals about 3 L (Mack and Nadel 2011; Schoeller 2005). Therefore, for the 
average 70 kg man, the ECF totals approximately 14 L. The plasma is the fluid of 
the blood that does not contain cells. The plasma is in continuous exchange with 
the interstitial fluids through pores in the capillary membrane. Therefore, with the 
exception of higher concentrations of proteins in the plasma, the plasma and inter-
stitial fluids have about the same composition. The ECF contains a high concentra-
tion of chloride and sodium ions with low concentrations of potassium, calcium, 
 phosphate, and magnesium.

1.2.2 intracEllular Fluid

The fluid inside the cells is called the intracellular fluid. The ICF is about 28 L or 
approximately 40% of total body weight of the average person (Mack and Nadel 
2011; Schoeller 2005). In contrast to the ECF, the ICF contains high concentrations of 
proteins, potassium, and phosphate and low concentrations of sodium and chloride.

1.2.3 Plasma VolumE

The plasma volume is the extracellular component of the blood volume. Blood 
plasma is nearly 95% water that contains dissolved proteins, clotting factors, electro-
lytes, glucose, hormones, and small amounts of oxygen and carbon dioxide. Besides 
plasma volume, the blood volume is also composed of ICF most of which is con-
tained in the red blood cells. In the resting, normally hydrate state, roughly 60% 
of the blood is plasma with the remaining 40% red blood cells in humans. For the 
average adult, the blood volume equals about 7% of body weight or approximately 
5 L (Astrand and Rodahl 1977).

1.3 WATER BALANCE AND TURNOVER

1.3.1 BalancE and Euhydration

TBW is constantly changing with gains and losses of fluid even in the sedentary, 
weight-stable adult. The volume is regulated through a complex system of exchange 
of fluids, solutes, and ions within the compartments in the body and also influenced 
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by the environment. A human is described as euhydrated or in a state of  euhydration 
when the volume of water is that which supports good health and normal function. 
The assessment of hydration status will be addressed later in this chapter, but suffice 
to say, a single accurate and precise indicator of euhydration is yet to be identified 
(Armstrong 2007). To maintain the proverbial well-hydrated state, variable daily 
fluid intake or gain must match the daily losses. Water gain originates from ingested 
beverages and foods (~90%) and from metabolism during the oxidation of carbo-
hydrate and lipids within the cell (~10%). Losses occur through a number of routes 
including insensible loss from skin, water vapor in the breath, urine production, fecal 
loss, and perspiration or sweating (see Table 1.1 for summary).

1.3.2 WatEr turnoVEr

Closely related to water balance is daily water turnover or the volume of body water 
that is exchanged in 24 h. In the sedentary adult male, daily water turnover is approx-
imately 3.6 L, and in the sedentary adult female, it is about 3 L (Raman et al. 2004). 
The amount is lower in female mainly due to the smaller body mass and pool of body 
water. Using these data, the Institute of Medicine (IOM) has identified daily water 
needs to be 3.7 L/24 h for the sedentary adult male and 2.7 L/24 h for the sedentary 
female (Institute of Medicine 2004). Body water balance is the mathematical differ-
ence between the sum of all intakes and sum of all losses in 24 h. A positive balance 
indicates a water surplus and a negative balance indicates a water deficit.

1.3.3 ProcEss oF changE and rEsultant statEs oF hydration

When fluid intake does not match fluid loss, a water deficit occurs. The process 
leading to a deficit is defined as dehydration. A human who undergoes dehydration 
and remains in that state is said to be in a steady-state of hypohydration. This can 
occur voluntarily such as in athletes that must make a weight class for competition 
or involuntarily in athletes who are at altitude or in a desert climate and may not 
realize the greater body water loss that has occurred. The process of fluid replace-
ment to correct the deficit defines rehydration. Complete rehydration would restore 
euhydration. In the case of excess fluid intake that creates a water surplus, the new 
state produced is one of hyperhydration. Hyperhydration might be accomplished 

TABLE 1.1
Routes and Rates of Daily Fluid Loss in Sedentary Human

Route of Loss Volume (L/24 h)

Insensible from skin and breath (water vapor) 700 ml

Feces 100 ml

Urine 0.5–20

Sweat 0.1–7.0

Source: Horswill, C. A., Int. J. Sport Nutr., 8, 175–95, 1998.
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transiently by forced ingestion of excess fluids; however, to maintain a state of hyper-
hydration would require the addition of osmolytes that generate an osmotic pressure 
for fluid retention. Strategies to help achieve complete rehydration post exercise or 
hyperhydration before exercise in the heat are provided in Chapter 18 of this book.

Dehydration can occur in several ways, and the specific processes discussed here 
are the ones having relevance to the athlete. The most common type is referred to as 
hypovolemic hypertonic dehydration, which has also been described as hypernatre-
mia dehydration. High sweat rates during training or competition typically promote 
hypovolemic hypertonic dehydration. Because the sweat gland draws on the plasma 
water to produce sweat, plasma volume decreases (hypovolemic). The sweat gland 
reabsorbs electrolytes, and thus, water is lost disproportionately to the ions in the 
vascular space. Consequently, the remaining sodium, chloride, and other ions are 
concentrated resulting in greater tonicity of the blood (hypertonic). Because sodium 
is the most prominent ion in the blood, sodium concentrations will rise above nor-
mal producing hypernatremia, which is an increase in plasma sodium concentration. 
Although ECF is the frontline source of water being lost, the higher tonicity or osmo-
lality of the blood will draw fluid from the ICF. Consequently, both compartments 
may experience a decrease in water volume. Hypertonicity, or hyperosmolality, plays 
a critical role in water regulation, which is discussed in Section 1.4 of this chapter.

Less probable but still possible, dehydration can result from a loss of sodium 
chloride and partial rehydration that dilutes blood sodium; this state is termed iso-
tonic hypovolemic dehydration. This type of dehydration may occur with diuretic 
use such as in athletes who make weight or use diuretics to mask the use of banned 
substances. Certain diuretics work by increased ion excretion by the kidney; expul-
sion of sodium, potassium, or other minerals draws water too. Consequently, water 
and the electrolytes are lost proportionately to give the appearance of the blood not 
being dehydrated. Besides the ill effects of dehydration, the large potassium losses 
might put individuals at risk of cardiac arrhythmia.

Finally, hyponatremia dehydration has been reported, though infrequently, at 
medical tents for endurance events conducted in the heat. Tremendous losses of 
sodium in the sweat as a consequence of high sweat sodium concentrations and high 
sweat rates for an extended period are risk factors for hyponatremia. In addition, 
consumption of fluids that partially rehydrate but fail to replace any sodium contrib-
utes to dilution of the already compromised blood sodium content. This phenom-
enon has been reported during training in the heat by the American football players 
(Horswill et al. 2009) and in distance events (Laird and Johnson 2012).

1.3.4 Factors contriButing to WatEr imBalancE in athlEtEs

Hydration status can be compromised by factors that include behavior of drink-
ing, access to fluids, physical activity including mode, intensity, and duration of the 
effort; the macro- and micro-environment. Macro-environment consists of the exter-
nal surroundings, and micro-environment is determined by clothing such as athletic 
uniform or protective gear. For example, as an extreme case, an American football 
player wearing full gear lost ~7.7 kg while training for 2 h in a hot humid environ-
ment (author’s observations while conducting—the study by Horswill et al. 2009). 
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Likewise, despite minimal uniform, a triathlete in the World Championship in 
Hawaii competes in the heat for ~8.5–15 h depending on his or her level of abil-
ity and risks severe dehydration and electrolyte depletion with high sweat rates and 
inadequate intake along the race course.

1.3.4.1 Environment
The external environment influences body water balance through air temperature, 
humidity, atmospheric pressure (i.e., altitude), microgravity, and hyperbaric condi-
tions (i.e., deep water diving). Several of the factors may be present for additive 
effects. For example, mountaineering at a moderate to high terrestrial elevations 
(>2300 m) along with cold temperatures and dry air can increase water loss through 
the respiratory passages. Most often, the environmental factor that can impair TBW 
balance is high ambient temperature. When combined with a high relative humidity, 
heat storage in the body can increase resulting in an increase in sweat rate to cool the 
body and thus a decrease in TBW unless fluid loss is replaced with fluid consump-
tion. In microgravity, body fluids shift to the head and torso resulting in a diuresis 
effect, increasing urine output thus decreasing TBW. At the same time, weightless-
ness can cause nausea and vomiting, which would compound fluid losses. Effects in 
specific environments will be briefly discussed in the next paragraphs.

1.3.4.1.1 Altitude
Acute and chronic exposure to altitude can impact water turnover through several 
physiologic responses and adaptations. Upon ascent to altitude, the immediate com-
pensatory response to the low partial pressure of oxygen (PO2) is an increase in 
pulmonary ventilation (VE). Increases in VE facilitate respiratory water loss due to 
the respiratory passages heating and humidifying the air breathed into the trachea. 
Exposure to moderate-to-high altitude further facilitates respiratory water loss 
because air at high terrestrial altitude is often cold and dry, which accentuates the 
gradient between lung moisture and the environment. With the elevated VE, bicar-
bonate production is increased, which is excreted by kidneys. However, the expul-
sion of the bicarbonate anion and renal clearance rate increases water excretion, 
which is a diuresis that promotes dehydration with a reduction in blood plasma and 
TBW. With sustained exposure to elevation, the body undergoes adaptations, and 
through the stimulation of thirst, fluids are regained and help to eventually restore 
plasma volume and TBW.

1.3.4.1.2 Microgravity
Spaceflight promotes a negative body water balance as a result of several different 
physiological stressors during the take-off: hyper-gravity g-forces, the microgravity 
environment itself, and the hydration status of the individual along with psychologi-
cal stress. TBW, ECF volume, and plasma volume have been measured on several 
NASA flight missions. After the Skylab missions of the 1970s, TBW decreased by 
an average of 1.7% at landing (Leach and Rambaut 1977). ECF volume was 2% 
lower than pre-flight levels following the Skylab mission and decreased by 10% after 
24 h of spaceflight on the shuttle missions. ECF volume returned to normal values 
upon landing (Huntoon et  al. 1998). Plasma volume has been shown to decrease 
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by up to 17% within 24 h of spaceflight and then seems to stabilize at 10%–15% of 
pre-flight values after 60 days (Huntoon et al. 1998). In addition, the length of stay 
in microgravity can have an impact on the physiologic adaptations that take place. 
Without gravity, fluids from an interstitial space return to the vascular space and 
shift to the upper body. This increases venous return, atrial stretching, and conse-
quently the release of atrial natriuretic peptide, which increases urine output. The 
decreased plasma volume and blood volume has consequences on systemic cardio-
vascular function. Over time, a decreased blood volume can decrease cardiac size. 
Orthostatic intolerance or the ability to maintain normal blood pressure and reduced 
blood flow to the brain while standing results from the decrease in blood volume and 
cardiac size. Upon returning to a gravitational field when landing, individuals are 
more susceptible to dizziness and fainting.

To combat these negative consequences, different fluid intake strategies have 
been suggested by NASA. Astronauts usually consume a fluid beverage containing 
moderate amounts of sodium to expand plasma volume prior to reentry to mitigate 
orthostatic intolerance (Buckley 2006).

1.3.4.1.3 Underwater
Impact of the underwater environment has been examined using head-out immer-
sion in thermoneutral water. This causes a translocation of fluid from the limbs 
and increases intrathoracic blood volume (Epstein 1992). The transient fluid shifts 
increase venous return, atrial stretch, and compensatory diuresis. The shift in trans-
capillary fluid from the extravascular compartment into the blood results in an ini-
tial expansion of plasma volume, which returns to normal following diuresis and 
increased urine output. The fluid shift is from the intracellular compartment, and the 
kidney maintains this balance by increasing water loss to prevent a large increase in 
plasma volume and cardiac output (Krasney 1996; Miki et al. 1986). Plasma volume 
can initially increase by approximately 7% during immersion, and as immersion 
depth increases, there is a concomitant increase in tissue pressure, capillary pres-
sure, and central venous pressure. While there are no changes in plasma osmolality, 
the hemodilution results in a decline in plasma oncotic pressure. Interstitial fluid 
remains constant suggesting the shift in fluids come from the ICF compartment 
(Pendergast and Lundgren 2009). Similar to the astronauts returning to a gravita-
tional field, the diver returning from underwater will experience the challenges of 
orthostatic hypotension due to hypohydration and compromised cardiac output.

1.3.4.2 Heat and Humidity
When the human body is exposed to higher than normal ambient temperatures (i.e., 
above 28°C), skin vessels vasodilate to increase blood flow and facilitate heat loss 
via conduction and convection. If high ambient temperatures and/or humidity exist, 
the sweat glands are activated because heat dissipation may not be adequate merely 
by conduction, convection, and/or radiation. Heat is then lost via evaporation of the 
sweat from the surface of the skin. Evaporation of water via sweat production on the 
surface of the skin provides approximately 600 kcal, or 2400 kJ of heat transfer per 
liter of sweat. The relative humidity also plays a large role in the ability to transfer 
heat from evaporative sweat. In high humidity, the evaporation of sweat is decreased 
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in part to higher water vapor pressure independent of the air  temperature. For 
 example, lower ambient temperatures with high humidity (30°C; 70% RH; ~3 kPa) 
will have a higher water vapor pressure and decrease evaporative heat loss com-
pared to a higher ambient temperature and lower relative humidity (40°C; 20% RH; 

~1.5 kPa). In addition to skin, respiratory heat exchange is responsible for conduc-
tive, convective, and evaporative heat loss. The mechanisms are described later in 
this chapter, but briefly, water conservation engaged during thermal stress is depen-
dent on individual sweat rate and the ability of the kidneys to conserve water and 
electrolytes. With acute exposure to high ambient temperatures, urine output may be 
reduced to half of normal, from approximately 22 to 10 ml/h (Lee 1964). With pro-
gressive dehydration, urine output continues to decrease with minimal excretion for 
removal of waste as the kidney attempts to conserve body water. Regardless, though, 
if fluid loss continues with sweating, heat production continues due to exercise, and 
fluids are not ingested to replace, the safety and function of the individual will even-
tually be compromised.

1.3.4.3 Exercise and Heat Acclimation
Independent of environmental effects, exercise increases metabolic heat production, 
which raises core temperature and signals the sweating response. Exercise-induced 
sweating is then dependent on heat production, which is affected by the mode, dura-
tion, and intensity of the physical activity (Sawka and Wenger 1988). In addition, 
sweat capacity can vary considerably between individuals due to the number of 
sweat glands, activation of the sweat glands and their efficiency (Burke and Hawley 
1997; Maughan 1991). The ability of an individual to sweat decreases with age due 
to the declining function of the sweat glands (Inoue 1996). Sweat production can 
exceed several liters per hour and may reach as high as 6–7 L in a day when work-
ers are exposed to a hot environment. There have been reports of sweat loss totaling 
12 L within a 24-h time period (Leithead and Lind 1964). As a result of exercise with 
chronic heat exposure, that is, 90–100 min of exercise a day for 10–14 days, heat 
acclimatization will elevate human sweat production at a given ambient temperature 
by about 50%. The composition of the sweat becomes more dilute during acclimati-
zation, as the sweat gland increases electrolyte reabsorption and conserves the ions 
(Armstrong and Maresh 1991; Kirby and Convertino 1986). Prolonged sweating at a 
higher sweat rate promotes greater water loss and increases the chances of an athlete 
developing chronic dehydration with training for several days and particularly if 
multiple training sessions are held each day in a hot environment.

1.3.4.4 Illness and Travel
Illness can affect hydration of athletes as a result of overtraining, exposure to 
viral or other pathogens, and during traveling for competition. Illness accompany-
ing diarrhea, vomiting, and fever that results in sweating will promote water loss. 
Inability to hold down fluids or stop diarrhea also compromises nutritional status 
beyond hydration and includes deficits of electrolytes such as sodium, potassium, 
and chloride. The consequences of illness can be hyponatremia and hypokalemia 
with decreases in ECF volume and plasma volume. As described above, hypona-
tremia can cause severe swelling of the brain. If the hyponatremia occurs slowly 
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over time, the brain responds by transporting electrolytes and solutes from the 
cells to the ECF compartment thus attenuating the osmotic flow of water into the 
cells mitigating swelling. If hyponatremia is severe with a rapid onset, osmotic 
injury of the neurons and demyelination occur.

Independent of illness, travel, particularly air travel, can disrupt fluid balance. 
Confined to a cabinet of relatively dry air that circulates rapidly, insensible fluid loss 
from the skin is accelerated. Some estimates put fluid loss during a 3-to-4 h flight to 
that similar to losses during 8 h of sleep. While the risk may be low during flight, 
trans-Atlantic or transpacific air travel that induces dehydration may increase the risk 
of deep vein thrombosis particularly with limited movement (Chee and Watson 2005).

1.3.4.5 Other Factors
Cultural events, religion expression, and sports-specific behaviors that are based on 
misconceptions can influence water turnover, balance, and potentially alter hydra-
tion state. Fasting for religious reasons such as Ramadan will potentially reduce 
fluid intake and be quantified as reduced fluid turnover during the month of obser-
vation. It is clear that fasting promoted dehydration (Leiper et al. 2003) and that in 
athletes observing Ramadan, the potential for acute dehydration during training or 
competition is great but the variability does not seem to adversely affect sweating for 
thermoregulation (Shirreffs and Maughan 2008). Food and fluid restriction to make 
weight for competition in combative sports reduces fluid turnover and promotes 
hypohydration over a period of days according to one case control (Horswill 2009). 
Finally, misconceptions such as avoiding water consumption for a period of time in 
hopes of oxidizing more body fat also reduce fluid ingestion and promote hypohydra-
tion that could adversely affect subsequent training and athletic competition.

1.4 REGULATION OF FLUID BALANCE

1.4.1 mEchanisms

Given the importance of water and its functions in the body, regulation to ensure 
preservation and restoration of an adequate amount and distribution within the body 
would seem to be essential. The body has two general mechanisms by which to do so: 
that which is driven by osmoreceptors and that driven by baroreceptors. Thorough 
reviews have been provided by Mack and Nadel (2011), Wade and Freund (1990), and 
Zambraski (1990). In brief and simplified terms, chemical and physical changes are 
detected by the vascular compartment of the body and lead to hormonal signals that 
result in physiological or behavioral responses to conserve or replenish the vascular 
water space, thereby restoring TBW and in particular the ECF compartment, which 
includes the plasma volume. Additional details of each mechanism are presented in 
the following Sections 1.4.1.1 through 1.4.1.3.

1.4.1.1 Osmoreceptor Mechanisms and Responses
As water is lost from the body in the form of sweat during exercise, the remaining 
ECF becomes more concentrated with osmolytes such as sodium. Sweat is hypo-
tonic relative to the blood thereby increasing the particle content in the body fluid. 
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The increased osmolality of the blood, which is a component of the ECF  compartment, 
is detected by osmo- or chemoreceptors located in the anterior hypothalamus. This 
stimulates the release of arginine vasopressin (AVP), also known as antidiuretic hor-
mone, from the posterior hypothalamus. The release of AVP stimulates the kidney to 
decrease free water clearance as a means to conserve body water. Urine production 
decreases and osmolyte clearance, namely sodium retention, increases. AVP also 
stimulates thirst, which will induce the drinking behavior to help restore body water 
via exogenous sources in contrast to the other responses merely conserving existing 
body water.

1.4.1.2 Baroreceptor Mechanisms and Responses
Besides increasing osmolality, the reduction in water volume of the vascular space 
decreases the blood pressure. This is sensed by baro- or pressure-receptors located 
in the cardiopulmonary system. In response, aldosterone is secreted by the adrenal 
cortex and renin from nephrons. Renin release also stimulates angiotensin secre-
tion, which indirectly can stimulate aldosterone release. This hormone system stimu-
lates a sodium appetite leading to increased sodium intake that could promote water 
retention. The hormones also stimulate the nephrons of the kidney to reabsorb more 
sodium which will simultaneously draw more water for reabsorption and conserva-
tion. Renin–angiotensin also causes vasoconstriction to help conserve the central 
blood volume to maintain cardiac output when the body is functioning during a 
fluid deficit. The end result of these actions is an increase in extracellular sodium; an 
increase in arterial pressure, which would help restore blood pressure to normal; and 
an increase in glomerular filtration rate.

1.4.1.3 Other Mechanisms of Conserving Fluid Balance
Other responses that occur during dehydration and exercise include an elevation of 
plasma catecholamines, epinephrine, and norepinephrine and an increase in the auto-
nomic nervous system activity. These responses are mechanisms that help to main-
tain central blood volume at a time when it may be decreasing due to sweat loss and 
vasodilation in the active skeletal muscle. However, they do not seem to be directly 
involved in body water conservation or replacement from exogenous sources.

1.4.2 limitations

During physical exertion such as training or competition, the mechanisms previ-
ously described are intact. However, because AVP doesn’t initiate a thirst response 
until plasma osmolality reaches a critical level, 1%–2% reduction in body weight can 
occur before an athlete or exerciser has the desire to drink. This phenomenon has 
been described as involuntary dehydration, as in an unintended outcome (Greenleaf 
1966; Greenleaf and Sargent 1965). The outcome is fairly consistent among children 
and young and older adults but may differ between men and women (Baker et al. 
2005; O’Neal et al. 2012; Passe et al. 2007; Wilk and Bar-Or 1996). Males seem to 
develop dehydration, whereas females are more likely to consume adequate or excess 
volumes (Baker et al. 2005; Wilk and Bar-Or 1996; Wilk et al. 2007). The reason 
is unknown with speculation being that males, the hunters in ancient civilizations, 



13Body Water

have the capability to override the drive to drink in pursuit of food or avoidance of 
predators, while females that could possibly be carrying offspring are more assured 
of staying well hydrated for the safety of the fetus.

Quite surprisingly, limitations of these mechanisms appear to exist in the oppo-
site direction; in some cases, the biological system appears to allow overhydration 
during exercise and has received increasing scrutiny in research and clinical set-
tings. Acute overhydration is a relatively infrequent event during prolonged athletic 
competition such as marathons or triathlons; however, the result can be and has 
been deadly. Excess water results in the dilution of plasma sodium. If the concen-
tration drops below 136 mmol/L, hyponatremia is indicated (Montain et al. 2001). 
The relative decrease in sodium reduces the osmotic effect for maintaining fluid in 
the extracellular space. Consequently, fluids shift into cells (ICF), to an extent that 
tissues such as the brainstem become impaired if not damaged, and ventilation and 
brain function are disrupted. The exact mechanism for hyponatremia is unclear. In 
most individuals, the excess fluid load would promote free water clearance with the 
excretion of dilute urine, but for whatever reason, this does not happen in victims 
of hyponatremia. Syndrome of inappropriate antidiuretic secretion, that is, excess 
secretion of AVP at a time when it is not needed to conserve fluid, has been impli-
cated. Epidemiological-type studies at endurance events indicate the prevalence 
of symptomatic hyponatremia may be 0.1%–4% of participants with percentages 
being higher, between 3% and 27% of those athletes who report to the medical tent 
(Almond et al. 2005; Montain et al. 2001). The risk of hyponatremia is further dis-
cussed in Chapter 2.

1.5 EVALUATION OF BODY HYDRATION STATUS/BALANCE

1.5.1 rEsEarch mEthods

1.5.1.1 Total Body Water
To assess TBW, the criterion method is to use a tracer that equilibrates in the body 
water space. The extent of dilution, once the tracer has been given enough time to 
equilibrate, establishes the volume of water—the TBW—required to achieve that 
dilution. The tracer used is a heavy form of water, either a stable isotope such as 
deuterium oxide (D2O) or a very small amount of a radioactive isotope, tritium oxide. 
Alternatively, a tracer with labeled oxygen, that is, 18O-water, can be used. A sample 
of body fluid (D2O or 18O-water) or breath sample that is in equilibration with the 
body water (18O-water) is collected before dosing, to establish background levels and 
then 3 or 4 h post ingestion when the tracer has had adequate time to equilibrate in 
the body water pool (Schoeller et al. 1980).

TBW, though, does not establish the hydration status of an individual; it is merely 
a measure of the absolute water volume, which is related to the size of the indi-
vidual. Because of a fairly fixed ratio with the fat-free tissue of the body, fat-free 
mass (FFM) can be established once TBW has been measured. Table 1.2 lists the 
generally accepted ratio across the life span. The general pattern is a decrease in the 
hydration status of the fat-free body due to the rate of increase in solids (protein and 
mineral) surpassing the rate of increase in water with maturation. In contrast to what 
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is thought for elderly, hydration of the fat-free body may not differ that much from 
the commonly cited value of 0.738 (Brozek et al. 1963).

Therefore, to determine the hydration status, an independent assessment of the 
FFM is needed along with the TBW water assessment. Densitometry, whole body 
potassium, or DEXA can be used to provide FFM. The ratio of TBW from the tracer 
method to FFM from the independent method will reveal the hydration status of the 
individual and can be contrasted to the expected norms for the appropriate reference 
group.

Quite surprising, the ratio has been found to fluctuate in college-age athletes who 
are presumed to be biologically mature, and the discrepancy has generated a debate 
about what is normal for athletes. Researchers at the University of Georgia have 
reported that the TBW to FFM ratio may be higher or lower depending on gender 
and the type of athlete being assessed (Prior et al. 2001). Table 1.3 summarizes mean 
values for the athletes studied.

The fluctuation could be due to a variety of factors including genetics, diet, acute 
and chronic state of the subjects, and specific training. Athletes that survive youth 
and adolescent sport leagues to go on to participate at the collegiate level likely 

TABLE 1.2
Ratio of Total Body Water to Fat-Free Mass (TBW/FFM) 
in Healthy Females (F) and Males (M) 

Phase of Life TBW/FFM Ratio

Infant 0.806

Child, 10 years F: 0.765; M: 0.746

Young adult, 21–30 years 0.73 with range of 0.69–0.77

Elderly adults, ~70 years 0.725–0.733

Source: Schoeller, D. A., Hydrometry. In S. B. Heymsfield, T. G. 
Lohman, Z. Wang, and S. B. Going (Eds.), Human Body Compo
sition, 2nd ed., Human Kinetics, Champaign, IL, 2005, pp. 35–50; 
Bossingham, M. J. et al., Am. J. Clin. Nutr., 81, 1342–50, 2005; 
Wells, J. C. K. et al., Am. J. Clin. Nutr., 69, 904–12, 1999.

TABLE 1.3
Hydration Status of Athletes Based on Total Body 
Water (TBW) and Fat-Free Mass (FFM)

Athlete TBW/FFM Ratio

Male football players 0.744

Male swimmer 0.752

Female swimmer 0.750

Female gymnast 0.690

Source: Prior, B. M. et al., J. Appl. Physiol., 90, 1520–31, 2001.
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have a genetic predisposition that gives them the phenotype required to succeed in 
their sport. The natural selection process (minimal success, injury, etc.) may weed 
out those athletes that lack the ideal phenotype and composition. Diet, particularly 
a high-carbohydrate diet, could promote hyperhydration in the skeletal muscle. 
Several decades ago, Olsson and Saltin (1970) reported an increase in TBW due to 
carbohydrate loading. Dietary supplements such as creatine may act as an osmolyte 
to promote water retention within skeletal muscle fibers. Creatine in fact has been 
shown to elevate TBW (Powers et al. 2003). If athletes are acutely but unknowingly 
dehydrated at the time of their assessment, the water to FFM ratio is expected to 
be lower due to less dilution of the tracer or an inflated estimate of body density if 
FFM was determined by hydrostatic weighing (Girandola et al. 1977). The subjects 
from which the data in Table 1.3 were derived were reportedly euhydrated based 
on an average urine specific gravity of 1.020 ± 0.009. As an example of the effect 
of chronic state, heat acclimation results in expanded body water possibly due to 
sodium retention and an increase in plasma albumin both of which would contribute 
to greater retention of water in extracellular compartment. Finally, the type of train-
ing the subjects had done over the course of their sports career, more impact train-
ing for example in football or gymnastics, might alert the bone mass, which would 
change the denominator, that is, FFM and thereby alter the ratio.

Besides using a tracer to measure TBW in a static state, the same tracer can be 
used to assess fluid turnover, the dynamic state of water flux as defined early in this 
chapter. While this has relevance in research settings, it would not be practical or 
cost effective in field settings. The observed rates of water turnover in athletes are 
summarized in Section 1.3.

1.5.1.2 Extracellular Fluid and Intracellular Fluid
As an approximate index, ICF comprises 67% of the TBW and ECF fluid accounts 
for the remaining third (Schoeller 2005). ECF is composed of interstitial fluid and 
the plasma volume. Similar to the methodology used for TBW, administering a tracer 
that equilibrates only in the ECF fluid provides a means to quantifying the ECF vol-
ume via the dilution of the tracer. The difference between TBW and ECF provides 
the ICF volume. Among the tracers used to measure ECF, sodium bromide is effec-
tive. Bromide being a halogen behaves similarly to chloride by equilibrating primar-
ily in the extracellular space. Its dilution, 2–3 h after a specific dose is ingested, 
indicates the ECF volume with appropriate corrections for tracer loss. Currently, a 
tracer to directly assess ICF volume is not available. If one were, it would require 
invasive sampling such as a biopsy or biopsies of tissue to examine and quantify the 
dilution in the intracellular space.

1.5.1.3 Blood Volume and Plasma Volume
Blood volume is quantified with a tracer such as Evan’s blue dye, radioactively 
labeled albumin, or carbon monoxide. The principles of the method rely on (1) a 
marker that is introduced into the vascular space; (2) the marker does not to leave 
that space, or if losses occur, they can be estimated or quantified; and (3) the dilution 
of the marker after a relatively short equilibration period is established by the volume 
of blood required to achieve the dilution.
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The use of a tracer for the direct measure of blood volume is infrequent due 
to required technology, invasiveness and risks to the subjects, and time required 
to make analytical quantifications. More common is the measurement of relative 
plasma volume, or the change in plasma volume, known as the Dill and Costill 
method (1974). Unlike the tracer methods that provide an absolute volume, the Dill–
Costill approach assumes starting with 100% of the blood volume in a rested, euhy-
drated state; acute changes can be quantified by using changes in hemoglobin and 
hematocrit as a result of exercise, dehydration, rehydration, or posture changes.

1.5.2 CliniCal Methods

The choice of method to categorize hydration status depends on the situation and 
environment. The choice made also depends on efficiency for the number of assess-
ments, invasiveness, costs and resources, and the consequences of false negatives 
and false positives if categorization is in error. The criteria used to estimate the 
category for various methods are summarized in Table 1.4. A brief description of the 
methods is provided in the subsequent section.

1.5.2.1 Blood and Urine Parameters
In research and clinical settings, plasma osmolality is often considered the gold stan-
dard for verifying or determining the hydration status. Measurements are done using 
osmometers relying on freezing point depression or vapor pressure (change in the dew 
point temperature for pure water as a result of a change in vapor pressure of the sam-
ple). Osmolality of human plasma can range from 275 to 300 mOsm/kg (Scott et al. 
1999) with normal values between 260 and 280 mOsm/kg for a euhydrated state.

As a proxy for blood osmolality, urine samples can be obtained noninvasively 
and assessed for osmolality. Again, freezing point depression or the change in vapor 

TABLE 1.4
Summary of Criteria of Body Fluid Samples Used to Estimate Hydration Status

Criteria Euhydrated Dehydrated (>−2% Mass)

Plasma osmolality (mOsm/kg) 260–280 >290

Hemoglobin (g/dL)
 Males, 15–44 years
 Females, 15–44 years

11.7–17.3
11.7–15.5

Increase versus baseline
Increase versus baseline

Hematocrit (%)
 Males, 15–44 years
 Females, 15–44 years

35–48
34–44

Increase versus baseline
Increase versus baseline

Urine osmolality (mOsm/kg) 200–400 >900

Urine-specific gravity 1.001–1.020 >1.020

Source: Burtis, C. A. and E. R. Ashwood, Tietz Textbook of Clinical Chemistry, 3rd ed. Philadelphia, PA: 
Saunders, pp. 1817–26, 1999; Horswill, C. A. and L. M. Janas. Am. J. Lifestyle Med. 5, 304–15, 
2011; Kavouras, S. A. Curr. Opin. Clin. Nutr. Metab. Care. 5,519–24, 2002; Kenefick, R. W. and 
S. N. Cheuvront. Nutr. Rev. 70(Suppl. 2), S137–42, 2012; Oppliger, R. A. and C. Bartok. Sports 
Med. 32, 959–71, 2002.
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pressure method could be used to make the assessment. Urine osmolality values less 
than 600 mOsm/kg are generally regarded as indicating euhydration, whereas values 
at or above 900 mOsm/kg are considered to indicate hypohydration (Shirreffs and 
Maughan 1998).

1.5.3 FiEld and noninVasiVE assEssmEnt

For the purpose of athletics and tracking hydration status during training and com-
petition, field methods are most practical as long as they are reliable and accurate. 
Field methods and those not requiring relatively long and invasive procedures are 
also of great value when coaches or sports medicine personnel are evaluating a large 
group, for example, team of athletes, and need to be efficient and effective with time 
and limited exposure to the athletes. It should be noted in the case of predictions, 
there is always a prediction error, technically the standard error of estimate from the 
regression analyses. This means applying a prediction equation developed from a 
sample of people will have an error when applying the prediction to an individual.

1.5.3.1 Bioelectrical Impedance
Conduction of an electrical current through the body has been used to track changes 
in the hydration status of individuals. The principle of the method is that the ability 
of the body to conduct an electrical current is dependent on conductivity and resis-
tance of individual tissues in the body, and the water and electrolyte content of the 
tissues determined, in large part, the tissues ability to conduct electricity. Having 
established a baseline measure of a person in a euhydrated state, a subsequent mea-
sure after an abrupt change in hydration status should be detectable and quantifiable. 
However, the original impedance technology on the market was not consistent in 
detecting acute changes in TBW as a result of exercise-induced acute weight loss.

1.5.3.2 Urine Characteristics
Collecting urine to assess it as a proxy of internal body fluids has also been used 
to predict the hydration status. The primary application of urine markers has been 
for discrete categorization: a person as either euhydrated or hypohydrated, and pos-
sibly predicted to be inadequately hydrated would be a more accurate description 
than hypohydrated. Urine osmolality was described earlier as a clinical measure of 
hydration status. Given that osmometers are expensive and rarely found outside of 
clinical or research laboratories, osmolality has little use in the field for a rapid and 
real-time assessment. Instead, urine-specific gravity and/or urine color is commonly 
used. The correlation between urine osmolality and urine specific gravity is highly 
significant (Stover et al. 2006).

Urine density or more commonly urine-specific gravity, the measure of the mass-
to-volume ratio standardized to water, increases when a person is not drinking ade-
quately or the body is in a state of energy conservation such as during exercising. 
(Exercise induces hemo-concentration and volume reduction independent of sweat 
loss, and the kidneys respond by decreasing urine product to conserve the blood 
and body water volume.) The urine subsequently passed is more concentrated—has a 
high particle content and mass relative to the volume; this is detected as an increase 
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in specific gravity. Specific gravity is quantified by using a refractometer or a reagent 
strip that uses color change to evaluate the urine as a proxy for hydration status. 
Sports medicine experts and professional societies have agreed that 1.020 is the cut-
off for decision making: urine having a specific gravity of less than or equal to 
1.020  indicates euhydration, while urine-specific gravity in excess indicates inad-
equate hydration (Casa et al. 2000). The potential error with urine specific gravity is 
that the change in urine characteristics can lag behind the internal state of the body 
(Popowski et al. 2001; Ryan et al. 1998).

Urine electrical conductivity can also be used to predict osmolality. Shirreffs and 
Maughan (1998) demonstrated consistency between the two methods: testing athletes 
in a euhydrated state and again in a dehydration state (~2% body weight reduction).

The appearance of the urine will increase in intensity, darken in shade of color, 
and the urine becomes more translucent than transparent. Color charts have been 
developed as a simplified method for athletes (Casa et al. 2000). While practical and 
simple, color may be oversimplified, influenced by diet independent of hydration 
status, and varies depending upon environmental conditions (e.g., color appearance 
depends on the type of overhead lighting, dilution in toilet water, etc.).

Despite the limitations, urine-specific gravity continues to be used commonly 
as a practical assessment and has been demonstrated as being highly sensitive and 
specific when changes in TBW are assessed using the isotope methods previously 
described (Bartok et al. 2004). The debate over its validity continues. A recent review 
argues against using a single void at any given time of the day (spot urine concentra-
tion) to establish the hydration status (Cheuvront et al. 2015). However, given the 
required application for weight-class athletes who frequently practice dehydration to 
achieve a lighter weight for competition, the barrier of passing the urine test reduces 
the severity of the dehydration that otherwise puts the participants in peril.

1.5.3.3 Change in Body Mass
Acute change in body weight consequent to fluid lost as sweat during exercise, diure-
sis, fasting, or diarrhea and/or vomiting due to illness is a very practical and often 
applied means to tracking relative hydration status. The assumption during exercise 
is that the majority of the change in body mass is due to fluid lost as sweat. In the 
case of athletes who exercise for prolonged periods, the accuracy of this method has 
been debated (Baker et al. 2009; Tam et al. 2011; Maughan et al. 2007). In the case of 
 exercise-induced weight change in warm or hot environments, the majority of mass 
lost is that of water and minor amounts due to substrate oxidation. In cooler envi-
ronments, in which sweating is curtailed due to more efficient heat exchange with a 
greater heat gradient between the active body and environment, substrate oxidation 
may play a more prominent component of the reduction in mass, possibly approaching 
25% of the weight change if respiratory water loss is also included (Ly et al. 2013).

1.6 SUMMARY AND CONCLUSION

TBW makes up at least 50% of the body mass and closer to 65% in the lean ath-
lete. It is distributed within various compartments within the body and serves criti-
cal functions. The plasma volume is of particular importance because of its role in 
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cardiovascular function and signaling the responses that lead to water conservation 
or water replacement. Numerous factors impact the turnover of the body water and 
the potential to alter the hydration state of the individual. Various methods of assess-
ment can help guide research and application in the field to better understand water 
flux and develop strategies to restore euhydration in athletes, respectively.
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2 Sodium Balance 
during Exercise 
and Hyponatremia

Stavros A. Kavouras

2.1 INTRODUCTION

Dietary sodium intake is vital for cellular homeostasis and physiological function. 
Sodium is the most abundant cation of the extracellular space and one of the pri-
mary regulators of the extracellular fluid volume (Ball 2013). Sodium balance influ-
ences plasma volume and atrial pressure, playing a key role in the regulation of 
cardiac output and stroke volume both at rest and during exercise. Sodium is also 
involved in the acid–base regulation, neural signal transmission, muscular contrac-
tion, and metabolism (Farquhar et  al. 2015; Montain, Sawka, and Wenger 2001). 
Dietary sodium is readily absorbed from the digestive track and travels freely in 
the blood (Fordtran, Rector, and Carter 1968). The renal system is the main regula-
tor of sodium. Excessive intake of sodium can lead to natriuresis (urinary sodium 
excretion) in healthy individuals (Mack and Nadel 1996). Dietary sodium intake 
has drawn a lot of media attentions since excessive sodium intake has been linked 
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to hypertension. Even though the minimum daily amount of sodium required to 
maintain homeostasis is very low (<500 mg), most Americans consume more than 
3,000 mg. The U.S National Academy of Sciences Food and Nutrition Board has 
established adequate intake (AI: recommended average daily intake) and tolerable 
upper level (UL: the individuals’ maximum level of daily nutrient intake that is likely 
to pose no adverse effects) of 1.5 and 2.3 g/day, respectively (Institute of Medicine 
US Panel on Dietary Reference 2005). Salt is ~40% sodium by weight. So, 1 g of 
salt consists of 400 mg of sodium. AI and UL for sodium refer mainly to inactive 
individuals, while physically active individuals and athletes who lose large volume 
of sweat regularly would require much greater dietary sodium intake. For instance, 
during a 90-min soccer training session, sodium losses could range from 600 mg to 
3.12 g (Maughan et al. 2010). During exercise, an average athlete’s sweat contains 
around 40 mmol or 920 mg of sodium per liter of sweat. During intense exercise in 
the heat, sweat volume could exceed 2 L/h (American College of Sports et al. 2007). 
So it is not unreasonable for an athlete to have well over 2–3,000 mg of sodium lost 
from sweat alone, which is almost twice that of recommended intake (Rehrer 2001; 
Sallis 2008).

2.2 DEFINITION OF HYPONATREMIA

Hyponatremia is clinically defined by plasma or serum sodium concentration lower 
than 135 mmol/L (Montain, Sawka, and Wenger 2001). Due to the fact that hypo-
natremia between 134 and 130 mmol/L is usually asymptomatic, it has been also 
described as mild hyponatremia (Sallis 2008). Even though hyponatremia devel-
ops more often in clinical conditions, not related to exercise, for the purpose of 
this chapter we will focus on the exercise-associated hyponatremia (EAH) (Hew-
Butler et al. 2008). The first line of symptoms is non-specific and they can develop 
in the absence of EAH (bloating, nausea, vomiting, headache bloating, and puffi-
ness). During more severe EAH, the symptoms are associated with cerebral edema 
encephalopathy causing changes in mental status like confusion or disorientation 
and even seizures or delirium. When EAH cell swelling is developed in the lungs 
(pulmonary edema), breathing becomes short and difficult (Ayus, Varon, and Arieff 
2000). As symptoms progress, coma or even death can happen. The intensity of the 
symptoms is related to how rapid hyponatremia has developed, as well as the level 
of serum sodium. There are two types of EAH: (1) dilutional hyponatremia and 
(2)  hyponatremia due to mixed sodium and water loss (Armstrong 1999). The most 
common type of EAH is the first one when hyponatremia develops as a response to 
increased total body water relative to total sodium content in the circulation. In the 
dilutional hyponatremia, there is a concomitant increase in the body weight.

2.3 INCIDENCE OF HYPONATREMIA

Several studies have reported that endurance athletes that participate in events 
 lasting more than 3 h can develop asymptomatic hyponatremia. The incidence of 
clinically significant hyponatremia is 0.1%–0.3%, but the actual mortality rate is 
very low, although exact numbers are unknown (Carter 2008). The first case of EAH 
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was reported in South Africa during the Comrades Marathon by Dancaster and 
Whereat (1971). Later on, Noakes et al. (1985) reported four cases of water intoxica-
tion (hyponatremia) in athletes participating in endurance exercise. One of the larg-
est cross-sectional studies was published in the New England Journal of Medicine 
based on the 2002 Boston Marathon (Almond et al. 2005). The data indicated that 
most of the hyponatremic runners were either asymptomatic or mildly symptomatic, 
even though 13% of the subjects has serum sodium <135 mmol/L while 0.6% has 
<120 mmol/L. In a study from the New Zealand Ironman triathlon, the incidence of 
hyponatremia defined as plasma sodium <135 mmol/L was 18% (Speedy, Noakes, 
and Schneider 2001). In a different study, based on the Houston marathon, the prev-
alence of hyponatremia (<135  mmol/L) was 0.4%, while the incidence of severe 
hyponatremia (<120 mmol/L) was 0.04% (Hew et al. 2003). Noakes and colleagues 
(2005) compiled data from 8 different endurance races and reported hyponatremia 
(<130 mmol/L) in 1.4% of the runners. They also concluded that EAS occurred in 
athletes that drank in excess while running and that retained fluid due to an inad-
equate suppression of the antidiuretic hormone (ADH).

2.4 PREDISPOSING RISK FACTORS

2.4.1 ExcEssivE Drinking

Over-consumption of hypotonic drinks (mainly water) during exercise above fluid 
losses (urine and sweat) leading to weight gain is the main cause of hyponatremia. 
This type of hyponatremia has been described as dilutional hyponatremia. ADH 
or vasopressin is the main hormone that regulates water balance. Based on the 
regulation of vasopressin, someone would expect that over-drinking would stimu-
late diuresis in order to maintain homeostasis (Robertson 2011; Robertson, Shelton, 
and Athar 1976). Over-drinking decreases plasma osmolality, which in turn will 
rapidly decrease ADH leading to large urinary excretion. Interestingly, case stud-
ies have indicated that during hyponatremia, even though plasma osmolality and 
sodium are low, ADH remains high. Based on this observation, the term inappro-
priate antidiuretic hormone secretion has been used, and it has been linked in the 
development of EAH (Siegel et al. 2007; Speedy et al. 2001). A potential explana-
tion is that some of the non-osmotic stimuli of ADH include nausea and exercise. 
Figure 2.1 demonstrates that gaining weight during exercise is a strong predictor of 
hyponatremia (Noakes et al. 2005). Also the study from the 2002 Boston marathon 
with 488  runners indicated that those who gained 3–4.9  kg during the race had 
30% and 70% greater risk of developing severe (<130 mmol/L) or mild hyponatre-
mia (<135 mmol/L) (Almond et al. 2005). However, runners who gain 3–4.9 kg in a 
marathon (42 km), for example, will have to drink about 715–1,167 mL above their 
overall body fluid losses (sweat + urine) every 10 km.

2.4.2 Drink composition

The composition of the drinks can also play an important role on the development of 
EAH. Several studies have shown that sodium-free fluid ingestion during prolonged 
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exercise in the heat will decrease plasma sodium, since the volume is replaced but 
not the solutes lost in the sweat (Anastasiou et al. 2009; Takamata et al. 1994; Vrijens 
and Rehrer 1999). Therefore, administration of sodium drinks could prevent the 
development or delay the development of hyponatremia (Anastasiou et al. 2009).

2.4.3 swEat ratE anD soDium contEnt

EAH can develop at the same time with dehydration. In Figure 2.1,  there are sev-
eral data point depicted with the open circles at the right part of the graph indicat-
ing water deficit. In this case, EAH is a result of mixed sodium and water deficit. 
Even though sodium sweat concentration in the general healthy population is around 
25–45 mmol/L, studies have indicated that some athletes tend to have extremely high 
levels of sodium excretion (~100  mmol/L) in the absence of any pathologies (i.e., 
cystic fibrosis). These subjects described as salty sweaters have been identified as a 
high-risk group for the development of hyponatremia (Eichner 2008; Maughan et al. 
2010; Shirreffs 2010). Heavy salt stains on the clothes are an indication of high sweat 
sodium content (see Figure 2.2). Also athletes with very high sweat rate (heavy sweat-
ers) have been identified as high risk for the development of hyponatremia (Buono, 
Ball, and Kolkhorst 2007). The combination of a high volume and sodium content 
sweat could further increase the risk of the development of EAH. In an effort to 
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FIGURE 2.1 The relationship between the serum [Na+] after racing and the weight change 
during exercise in the 2,135 athletes in this study is a linear function with a negative slope 
(p < .0001). Asymptomatic athletes are denoted by the closed circle, and athletes with symp-
toms considered compatible with EAH are denoted by the open circle ⚬. (Data from Noakes, 
T. D. et al., Three independent biological mechanisms cause exercise-associated hyponatre-
mia: Evidence from 2,135 weighed competitive athletic performances, Proc. Natl. Acad. Sci. 
USA., 102, 18550–5. Copyright 2005 National Academy of Sciences, U.S.A.)
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quantitatively understand the etiology of hyponatremia, Montain and his colleagues 
(2006) developed a mathematical model to predict the effect of different drinking 
volumes on plasma sodium levels when body mass, body composition, running speed, 
weather conditions, and sweat sodium concentration were varied. The results indi-
cated that the combination of fluid overloading and salt depletion in those who secrete 
salty sweat is a critical risk factor for hyponatremia.

2.4.4 BoDy sizE

Smaller body size (or body mass) has also been considering a predisposing risk factor for 
hyponatremia mainly due to the overall lower volume of body water. Dilutional hyponatre-
mia is easier to develop in a smaller athlete with less body water volume than in a bigger 
one. Several studies have associated females with a greater risk for developing hypona-
tremia (Almond et al. 2005). However, the risk is probably linked mainly to the fact that 
women usually have smaller body mass and consequently less body water content.

2.4.5 EnvironmEntal tEmpEraturE

Cooler weather has also been linked to the development of hyponatremia. Lower 
environmental temperature leads to less sweating and lower risk of dehydration. In 
other words, it is more likely that fluid intake could be greater than fluid loss in cooler 
than in warmer climates (Hew-Butler et al. 2008). Of course, the role of cooler tem-
perature as a predisposing factor is mainly for the dilutional type of hyponatremia.

FIGURE 2.2 Heavy salt stains during exercise could indicate high sweat sodium content. 
The picture was taken during the 2010 Sparthathlon ultra-marathon in the 90-km checkpoint.



28 Fluid Balance, Hydration, and Athletic Performance

2.4.6 ExErcisE Duration

Long duration of the exercise is also a critical risk factor. The longer the exercise 
event, the greater the risk for EAH. The study by Almond et al. (2005) suggested 
that specifically for marathon races, finishing time greater than 4 h is a predisposing 
factor for hyponatremia. Also looking at the incidence of hyponatremia during pro-
longed events, the higher percentages have been reported in ultra-endurance events 
like Ironman triathlon or ultra-marathons. The duration might also be related to the 
lower absolute exercise intensity that generates lower metabolic heat, and lower need 
for heat dissipation via sweating.

2.4.7 DiEt

Low dietary sodium intake could also be a serious risk in the development of 
EAH. Even though low sodium intake might be a healthy habit for inactive and 
hypertensive adults, it may not always be a good practice for an endurance athlete 
(Armstrong 1999). Athletes with low dietary sodium intake might start a prolonged 
race in a lower than normal serum sodium concentration, accelerating then the 
development of hyponatremia during the exercise. A case study has identified low 
normal pre-exercise serum sodium as a predisposing factor for EAH (Armstrong 
et al. 1993).

2.5 PREVENTION OF HYPONATREMIA

2.5.1 HyDration stratEgy

Since over-drinking is the most common cause for the development of hyponatremia, 
knowing the fluid needs during exercise is of critical importance. It is not difficult for 
an athlete to assess his/her sweat rate and then estimate the volume of fluid needed 
for a given exercise intensity, duration, and environmental conditions. Unfortunately, 
the inter-subject variation of sweat rate is so large that no one-size-fits-all advice can 
be given (American College of Sports et al. 2007). However, if the individual hydra-
tion protocol has not been developed, someone can try to guide drinking based on 
thirst. Even though drinking to thirst can lead to dehydration and impair exercise 
performance especially in the heat, the risk of hyponatremia is significantly reduced.

2.5.2 DiEtary soDium

Increased dietary sodium the days prior to an endurance event can prevent starting 
a race with low blood sodium concentration. More importantly, moderate sodium 
intake during exercise in the form of an electrolyte solution can delay or prevent the 
development of hyponatremia. The American College of Sports Medicine recom-
mends the consumption of beverages with sodium (20–50  mmol/L) and/or small 
amounts of salted snacks or sodium-containing foods at meals (American College of 
Sports et al. 2007). Also the ingestion of sodium during exercise can help by stimu-
lating thirst and retaining the consumed fluids.
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2.5.3 acclimatization

It has been suggested for more than 50 years that heat acclimatization not only 
enhances exercise performance and thermoregulation but also spares sodium by 
decreasing sodium content in sweat (Taylor 1986). This will lead to lower sodium 
losses and lower risk for developing hyponatremia. Additionally, heat-acclimatization 
has a beneficial effect on exercise performance by enhancing  cardiovascular func-
tion and decreasing heat strain (Allan and Wilson 1971; Eichner 2009; Montain 
2008).

2.6 CONCLUSION

In summary, sodium balance is of critical importance during endurance exercise. 
EAH, even though relatively a rare condition, can lead to serious health issues and 
even death. Drinking higher volumes than sweating losses during exercise can lead 
to dilutional hyponatremia. Following an individualized hydration protocol based 
on predetermined sweating can prevent over-drinking. Also for events lasting longer 
than 3 h, sodium intake during exercise can prevent serum sodium drop and develop-
ment of hyponatremia.
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3 Human Perspiration 
and Cutaneous 
Circulation

Manabu Shibasaki and Scott L. Davis

3.1 INTRODUCTION

Dynamic exercise induces metabolic heat production in exercising muscle, which 
subsequently elevates body temperature. The thermoregulatory system dissipates this 
heat in order to maintain body temperature within narrow limits (Figure 3.1). The 
importance of these mechanisms is exemplified in the calculation that if heat were 
not liberated from skin, internal temperature would reach an upper safe limit within 
10 min of moderate exercise. Even well-trained individuals are unwilling to continue 
exercising when internal body temperature exceeds 40°C. Many factors modulate 
thermoregulatory mechanisms during prolonged exercise. Increases in temperature 
outside of this narrow range not only impact exercise performance but can be life 
threatening. These complications may be amplified for individuals with an impaired 
thermoregulatory system. The primary focus of this chapter is to examine recent 
advances in the understanding of thermoregulatory responses influenced by exercise-
related factors, focusing on human perspiration and cutaneous circulation. This chap-
ter will also discuss the influence of physiological (including body fluid status) and 
health conditions on these thermoregulatory responses.
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Increased body temperature, either through active or passive thermal stress, is trans-
ferred to the environment via non-evaporative and evaporative heat loss mechanisms. 
Non-evaporative heat loss (i.e., dry heat loss) mechanisms include conduction, convec-
tion, and radiation, and in humans, they are the predominant mechanisms of heat loss 
at rest. The effectiveness of these mechanisms is dependent on the temperature gradi-
ent between the environment and the skin. Skin temperature is primary modulated by 
increasing/decreasing the blood flow to the skin, which allows the transfer of heat from 
the internal core of the body to the ambient environment. The evaporative heat loss 
mechanisms include increased ventilation (i.e., panting), saliva spreading, and perspira-
tion. While evaporative heat loss can occur through panting or saliva spreading in other 
mammals and birds (Robertshaw 2006), sweating coupled with increased cutaneous 
vasodilation is the predominant heat dissipation mechanism in humans (White 2006).

Dynamic exercise rapidly increases the rate of metabolic heat production 
 requiring immediate and effective heat dissipation. The balance between heat pro-
duction and heat dissipation determines the evaporative requirement needed by 
an  individual. While greater rate of metabolic heat production requires increased 
sweating capacity, sweat production is limited. Profuse sweating can be problematic 
in the  maintenance of fluid balance as the regulation of body fluid conflicts with 

32

34

36

38

40

42

°C

Heavy exercise/fever

Upper limit for exercise

Heat stroke

Hypothermia

Lower limit for survival

�erapeutic hypothermia

Hyperthermia

Normothermic range37

FIGURE 3.1 Regulatory range of internal body temperature. Under resting conditions, internal 
body temperature is regulated in a narrow normothermic range (±0.5°C) around 37°C. Heat dis-
sipation is critical for humans during exercise especially in a hot environment. Elevations in skin 
blood flow and sweating are the primary heat exchange mechanisms in humans during exercise.
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this evaporative heat loss. In addition, heat dissipation, either non-evaporative or 
 evaporative, is also affected by environmental conditions. Under conditions where 
environmental temperature is greater than skin temperature, sweating becomes more 
critical for heat dissipation in humans. However, evaporative heat loss in exceedingly 
humid environments at a given temperature is less effective, increasing the reliance 
on non-evaporative heat loss via cutaneous vasodilation. Conversely, while dynamic 
exercise requires blood flow distribution toward active muscle, increased core tem-
peratures generated by active muscles also demand increased blood flow to the skin 
for heat dissipation, creating competing influences within the cardiovascular system. 
Taking these factors into account, we will detail the physiological mechanisms of 
sweating and skin blood flow during exercise.

Disease and injury can also lead to impairments in thermoregulation which can 
impact the quality of life by limiting the ability to tolerate physical activity as well as 
bringing about additional risk for heat-related illness. These impairments are mag-
nified when physical activity is performed under extreme environmental conditions 
(high ambient temperature and high relative humidity). Disease and injury can affect 
the neural control of thermoregulation as well as the physical disruption of heat-
dissipating structures in the skin (i.e., cutaneous blood vessels and sweat glands). 
Understanding the physiological and physical characteristics of thermoregulatory 
dysfunction in disease and injury has led to the development of interventions and 
strategies that enable individuals with disease or injury to not only perform routine 
activities of daily living but also reap the benefits of exercise.

3.1.1 Neural CoNtrol of SweatiNg aNd SkiN Blood flow

The thermoregulatory center is located within the pre-optic hypothalamic regions of the 
brain, integrating thermal information detected in the central nervous system coupled 
with information transmitted from thermoreceptors of the skin and core (Aronsohn 
and Sachs 1885; Kahn 1904; Moorhouse 1911; Ott 1877). The identification of neural 
pathways responsible for sweating or cutaneous active vasodilation in humans is dif-
ficult and as such the exact neurological pathways are not entirely understood. Based 
on evidence from both animal studies and human anatomical data (Kuno 1956; Low 
2004; Nakamura et al. 2004; Sato et al. 1989), the neural pathway from the brain to 
thermoregulatory organs is thought to be the following: efferent signals from the pre-
optic area in the hypothalamus travel via the tegmentum of the pons and the medullary 
raphe regions to the intermediolateral cell column of the spinal cord. In the spinal cord, 
neurons emerge from the ventral horn, pass through the white ramus communicans, 
and then synapse in the sympathetic ganglia. Postganglionic non-myelinated C-fibers 
(i.e., skin sympathetic nerves) pass through the gray ramus communicans, combine 
with peripheral nerves, and travel to sweat glands and cutaneous vessels, with these 
nerve fibers entwined around the periglandular tissue of the target organs (Uno 1977).

Sympathetic nerves of the skin have a role in controlling both sweating and skin 
blood flow. Sympathetic neural innervation of thermoregulatory organs is complex. 
Sweating is governed by a sympathetic cholinergic sudomotor system, whereas skin 
blood flow is governed by both a sympathetic adrenergic vasoconstrictor system and 
a separate sympathetic non-adrenergic vasodilator system. Activation of cholinergic 
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nerves increases both sweating and cutaneous vasodilation as confirmed by  blocking 
neurotransmitter release from cholinergic nerves with botulin toxin. However, 
it remains unknown whether sweat glands and cutaneous vessels have shared inner-
vation by cholinergic nerves or are separately innervated given different onset times 
and opposite effector responses observed especially during exercise (Johnson and 
Proppe 1996).

The primary neurotransmitter for adrenergic nerves and cholinergic nerves 
is noradrenaline and acetylcholine, respectively. In addition to each primary neu-
rotransmitter, co-transmitters released from sympathetic nerves contribute to thermo-
regulatory responses. Neuropeptide Y, a co-transmitter from adrenergic nerves, also 
contributes to cutaneous active vasoconstriction during cold exposure (Stephens et al. 
2004). While cutaneous active vasodilation receives neural control by cholinergic 
nerves, it is also modulated by multiple other cofactors including nitric oxide (NO), 
vasoactive  intestinal peptide, prostaglandins, and substance P (Charkoudian 2010; 
Holowatz and Kenney 2010; Johnson and Kellogg 2010; Kellogg 2006). Currently, 
research groups are further elucidating the mechanisms responsible for regulating 
sweating and skin blood flow.

3.1.2 evaluatioN of thermoregulatory reSpoNSeS

Nielsen (1938) indicated that internal temperature increases at the start of dynamic 
exercise and, as exercise continues, is maintained at a higher value relative to pre-
exercise. Nielsen and Nielsen (1965) demonstrated that the magnitude of elevated 
internal temperature due to exercise was proportional to work intensities at vary-
ing environmental conditions (5°C–30°C). Sweat rate during steady-state exercise at 
each level of work closely followed the rise in internal temperature. Thus, the rate 
of evaporative heat loss is determined by the requirement for evaporative heat loss 
(Gagnon and Kenny 2012). In an environment that permits adequate evaporation, 
the rate of evaporative heat loss is determined by the evaporation required for heat 
balance until this requirement exceeds the individual’s maximal sweating capacity 
(Gagnon, Jay, and Kenny 2013).

Thermoregulatory responses including sweating, cutaneous vasodilation, and vaso-
constriction as well as non-shivering thermogenesis in brown adipose tissues are pri-
mary controlled by thermal factors integrated in the pre-optic area of the hypothalamus 
(Nakamura and Morrison 2008, 2010). In the late 1960s, Benzinger (1969) was the first 
to describe this dynamic relationship between body temperature and thermoregulatory 
responses at various environmental temperatures. From these studies, thermoregula-
tory responses can be described by expressing increases in sweating and cutaneous 
vasodilation as a function of mean body temperature calculated using a weighted 
summation of internal and skin temperatures (Nadel et  al. 1971; Saltin, Gagge, 
and Stolwijk 1970). The changes in thermoregulatory responses can be observed at 
a given level of mean body temperature and increase proportionally with increases 
in the mean body temperature. In effect, these responses can be characterized by the 
temperature thresholds corresponding with the onset of sweating and/or cutaneous 
vasodilation and the sensitivities for sweating and/or cutaneous vasodilation—the 
relationship between the change in internal temperature and the change in response 



37Human Perspiration and Cutaneous Circulation

(Figure 3.2). During dynamic exercise, the rate of metabolic heat production increases 
immediately, creating a mismatch with heat dissipation. Therefore, thresholds for the 
onset of sweating and/or cutaneous vasodilation are shifted rightward to a higher mean 
body temperature relative to passive heat stress. Other factors that influence heat loss 
thresholds and sensitivities include hydration, baroreceptor loading, circadian rhythm, 
menstrual cycle, training/detraining, heat acclimation, and aging.

3.2  FACTORS MODIFYING THE CONTROL 
OF SWEATING AND SKIN BLOOD FLOW

Dynamic exercise instantly and rapidly generates heat in the active muscles. Sweating 
occurs immediately at the onset of dynamic exercise in warm environmental condi-
tions prior to any measurable elevation of internal temperature, suggesting that non-
thermal factors associated with exercise contribute to the increase in sweating (van 
Beaumont and Bullard 1963). In contrast, skin blood flow decreases regardless of 
thermal conditions during dynamic exercise (Christensen, Nielsen, and Hannisdahl 
1942; Johnson and Park 1982; Taylor et  al. 1984). Kellogg et  al. (1991) demon-
strated that cutaneous vasoconstriction at the onset of dynamic exercise is caused by 
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FIGURE 3.2 Increases in body temperature and sweating/skin blood flow. Temperature 
threshold for sweating or cutaneous vasodilation is defined as the internal or mean body 
temperature at which sweating or skin blood flow increases above baseline. Sweating and 
skin blood flow increase proportionally to increases in internal or mean body temperature 
up to a given temperature level where attenuation of the relationship occurs. The change in 
gain or slope of the regression line of the sweating or skin blood flow responses between the 
temperature threshold and the temperature attenuation is termed sensitivity.
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increases in vasoconstrictor neural activity. The primary finding from these studies 
is that non-thermal factors associated with the onset of dynamic exercise modulate 
thermoregulatory responses. Similar conclusions were made from studies in which 
subjects cycled on an ergometer with workload changing in a sinusoidal manner as 
thermoregulatory responses followed the sinusoidal pattern of exercise rather than 
changes in internal or skin temperatures (Yamazaki 2002; Yamazaki, Sone, and 
Ikegami 1994). Moreover, as exercise continues, the cardiovascular and body fluid 
system intervene thermoregulatory responses to maintain these regulatory systems. 
The objective of this portion of the chapter is to summarize the primary non-thermal 
modifiers of sweat rate and skin blood flow during exercise.

3.2.1 exerCiSe-origiNated faCtorS

Johansson (1895) postulated that two separate and distinct neural mechanisms con-
trol cardiovascular responses during exercise. One mechanism dominating cardio-
vascular responses irradiates impulses from the motor cortex within the central 
nervous system. Krogh and Lindhard (1913) termed this central mechanism as corti-
cal irradiation and later defined it as central command (Goodwin, McCloskey, and 
Mitchell 1972). The other mechanism, the exercise pressor reflex, originates from the 
stimulation of afferent nerve endings within the skeletal muscle and is engaged dur-
ing muscle contraction (Alam and Smirk 1937). The exercise pressor reflex can be 
evoked by mechanically sensitive afferent nerves (mechanoreceptors) and/or meta-
bolically sensitive afferent nerves (metaboreceptors) (Mitchell 1990).

There are a number of experimental approaches to identify and dissect the role of 
central command and peripheral afferent receptors during exercise. Active load-less 
cycling can be used to examine the effect of central command. However, changes 
in thermoregulatory responses during load-less cycling are quite small (Kondo et al. 
1997). Partial neuromuscular blockade can also be used to clearly show the con-
tribution of central command (Iwamoto et al. 1987; Leonard et al. 1985; Mitchell 
1985). The effect of central command on thermoregulatory responses has also been 
tested during isometric handgrip exercise with administration of a partial neuro-
muscular blocking agent (Shibasaki et  al. 2003, 2005). In these studies, subjects 
were unable to maintain the desired force of contraction following administration 
of the neuromuscular blocking agent, but continued to attempt the exercise through-
out a 2-min period. Despite force production being close to zero, heart rate and 
blood pressure were increased during the exercise period. Sweat rate was increased 
but cutaneous vascular conductance (CVC), a measurement of skin blood flow, was 
reduced during this period of exercise suggesting that both sweating and skin blood 
flow can be modulated by factors associated with central command. However, the 
change in CVC was only observed when subjects were heat stressed. Crandall et al. 
(1995, 1998) observed the reduction in CVC at a site where adrenergic vasocon-
striction was abolished (via bretylium treatment) and at an adjacent untreated site, 
suggesting that this observed reduction in CVC occurred through the withdrawal of 
active vasodilator nerve activity. On the other hand, Kellogg et al. (1991) demon-
strated that the cutaneous vasoconstriction at the onset of dynamic exercise is due to 
enhanced active vasoconstrictor tone regardless of thermal status. Thus, cutaneous 
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vasoconstriction occurs through differences in neural control depending on the type 
of  exercise (static or dynamic). Similarly, the effect of central command on cuta-
neous vasoconstriction is different during dynamic exercise relative to isometric 
exercise. Friedman et al. (1991) evaluated the contribution of central command by 
causing a reduction in cutaneous vasoconstrictor responses at the onset of dynamic 
exercise in normothermic subjects following curare administration. In spite of aug-
mented central command by curare during low intensity of dynamic exercise, typical 
reductions in CVC at the onset of dynamic exercise were not observed suggesting 
that cutaneous vasoconstriction at the onset of dynamic exercise is not due to the 
activation of central command. Taken together, central command enhances sweating 
and cutaneous vasoconstriction due to withdrawal of active vasodilation rather than 
enhanced active vasoconstriction.

Post-exercise ischemia via cuff occlusion or positive pressure in active muscles 
can be used to stimulate muscle metaboreceptors. Alam and Smirk (1937) showed 
that blood pressure increased during dynamic exercise and remained elevated fol-
lowing occlusion of limb circulation. Upon release of the occlusion, blood pressure 
returned to pre-exercise levels. Their observations led to numerous ongoing studies 
investigating the role of muscle metaboreceptors in modulating blood pressure dur-
ing exercise. Using this perturbation, the possible role of metaboreceptors in mod-
ulating sweating responses during exercise was determined. Sweat rate increased 
during isometric handgrip exercise and remained elevated during post-exercise isch-
emia; sweat rate then returned to pre-exercise levels with the release of the cuff 
(Crandall, Stephens, and Johnson 1998; Kondo et al. 1999; Shibasaki, Kondo, and 
Crandall 2001). These observations suggest that metaboreceptor activation is capa-
ble of modulating sweat rate during isometric handgrip exercise. However, blood 
pressure also increased during isometric exercise and remained elevated throughout 
post-exercise ischemia, raising the issue of whether increases in sweating during 
isometric exercise and subsequent post-exercise ischemia occurred through loading 
of baroreceptors rather than metaboreceptor activation. To remove the influence of 
baroreceptor loading, elevated blood pressures during post-exercise ischemia period 
were restored to pre-exercise levels via intravenous infusion of sodium nitroprusside. 
Despite the decrease in blood pressure, sweat rate remained elevated throughout the 
ischemic period similar to when blood pressure was elevated (Shibasaki, Kondo, 
and Crandall 2001). A further follow-up study showed similar sweating responses 
during handgrip exercise and post-exercise ischemia while undergoing lower body 
negative pressure (LBNP) to decrease exercise blood pressure (Binder et al. 2012). 
Taken together, these studies indicate that the elevation in sweat rate during isomet-
ric exercise and post-exercise ischemia occurs through activation of metaboreceptors 
independent of changes in blood pressure.

CVC during isometric handgrip exercise does not change in normothermia, but 
decreases in a warm condition. This decrease occurs through the withdrawal of active 
cutaneous vasodilation (Crandall, Stephens, and Johnson 1998; Crandall et al. 1995). 
Crandall et  al. (1998) found that CVC remained diminished during post- exercise 
ischemia and then returned to pre-exercise levels upon release of ischemia. They 
concluded that the observed reduction in CVC during isometric exercise while heat 
stressed could be mediated by muscle metaboreceptor stimulation. Applying lower 



40 Fluid Balance, Hydration, and Athletic Performance

body positive/negative pressure, Binder et  al. (2012) found that baroreflexes also 
contribute to metaboreceptor-induced cutaneous vasoconstriction. This barorecep-
tor involvement was only observed during hyperthermia but not in normothermia. 
However, McCord and Minson (2005) demonstrated that the decrease in CVC dur-
ing isometric handgrip exercise is associated with the initial level of skin blood flow 
prior to the onset of exercise as CVC initially increased by local heating was reduced 
by exercise and thus suggested that the observed cutaneous vasoconstriction during 
isometric handgrip exercise in heat stressed subjects involved non-neural mecha-
nism. Using an axillary nerve blockade, Shibasaki et al. (2009) later demonstrated 
that neural and non-neural mechanisms contribute to the reduction in CVC during 
isometric handgrip exercise during heat stress. Taken together, the modulation of 
CVC due to muscle metaboreflex occurred only when subjects were heat stressed but 
the cutaneous vasoconstriction partially involves non-neural mechanisms.

Passive limb movement can be used to selectively stimulate muscle mechanorecep-
tors. Kondo et al. (1997) observed an increase in sweat rate during a 2-min bout of 
passive limb movement in mildly heated subjects with previously stable sweat rates. 
However, the increase in sweat rate during this procedure was quite small causing 
difficulties to ascertain whether this change in sweat rate was due to mechanorecep-
tor stimulation or due to spontaneous fluctuations of sweat rate (i.e., not attributed to 
mechanoreceptor stimulation). Carter et al. (2002) performed load-less cycling (i.e., 
0 W) and non-pedaling recovery conditions following moderate exercise in the upright 
position. Sweat rate and CVC during load-less cycling (i.e., 0 W) were greater relative 
to when the subjects did no pedaling during recovery. In a follow-up study, Wilson 
et al. (2004) performed a similar protocol with subjects in the supine position to mini-
mize baroreceptor unloading associated with recovery in the upright position. Similar 
to previous findings, sweat rate remained elevated during unloaded pedaling relative 
to when subjects did no pedaling. In contrast, no differences in CVC were observed 
between active cycling and non-pedaling. Given that active cycling includes both the 
activation of central command and stimulation of muscle mechanoreceptors, they con-
cluded that either central command or mechanoreceptor stimulation modulated sweat 
rate during the recovery from exercise. Using a tandem cycle ergometer, the role of 
mechanoreceptors on sweat rate and CVC after moderate exercise was further inves-
tigated while subjects remained seated while a second person on the tandem cycle 
ergometer cycled for the subject during recovery (Journeay et al. 2004; Shibasaki et al. 
2004). Thus, muscle mechanoreceptors were stimulated passively by the movement of 
the second individual, thereby removing central command. This muscle mechanore-
ceptor stimulation during passive cycling modulated sweat rate, with no effect on CVC. 
Taken together, these findings suggest that stimulation of muscle mechanoreceptors is 
capable of modulating sweat rate but not CVC.

3.2.2 BaroreflexeS

The baroreflex control of the cutaneous vasculature is widely recognized (reviewed 
by Johnson 1986, 2010), but the effect of baroreflexes on sweating is not fully eluci-
dated. Baroreceptors (cardiopulmonary, aortic, and carotid) are crucial for the regu-
lation of blood pressure primarily through neural control of heart rate and vascular 



41Human Perspiration and Cutaneous Circulation

resistance. Loading or unloading baroreceptors via postural changes (standing or 
supine),  simulated hemorrhage (LBNP), neck collar pressure/suction, transfusions, 
and/or pharmacological agents have been utilized to experimentally examine the 
function of baroreceptors.

Johnson and Park (1981) compared internal temperature thresholds for cutaneous 
vasodilation during the following conditions: supine passive heating, upright passive 
heating, supine exercise, and upright exercise. Both upright posture and exercise 
contributed to an elevation in the internal temperature threshold for cutaneous vaso-
dilation. Moreover, reductions of blood volume and LBNP delay the onset of cutane-
ous vasodilation during supine dynamic exercise (Mack, Cordero, and Peters 2001; 
Mack, Nose, and Nadel 1988; Nishiyasu, Shi, and Mack 1991). Conversely, the effect 
of baroreceptor unloading on sweating was inconsistent. Johnson and Park (1981) 
reported no differences in internal temperature threshold for sweating during exer-
cise in upright position or slightly lower thresholds relative to the supine positioning. 
In contrast, Mack et al. (2001) reported elevated internal temperature thresholds for 
sweating during exercise in conjunction with application of LBNP.

Similar discrepancies have been observed during passive heating studies. Dodt 
et al. (1995) applied either LBNP or 30° head-up tilt to unload baroreceptors dur-
ing passive heating, and concluded that this baroreceptor unloading could modulate 
skin sympathetic nerve activity (SSNA) and sweating in moderately warm subjects. 
However, others have found differing responses (Vissing, Scherrer, and Victor 1994; 
Wilson, Cui, and Crandall 2005). Vissing et al. (1994) did not observe changes in 
SSNA and sweating during LBNP. Wilson et  al. (2005) performed multiple 30° 
head-up tilts during whole-body heating. These groups concluded that baroreceptor 
unloading did not modulate both sweating and SSNA.

The neck chamber technique is useful for selective stimulation of carotid baro-
receptors. Crandall et  al. (1996) did not observe changes in CVC during carotid 
baroreceptor unloading using 500 ms pulses of neck collar pressure by each car-
diac cycle over 3 min, regardless of thermal conditions. However, when performed 
by open-loop carotid baroreceptor stimulation (i.e., 4  repeated 5 s pulse trials of 
neck pressure or neck suction separated by at least 45 s) during whole-body heat-
ing, carotid baroreceptor unloading and loading caused cutaneous vasoconstriction 
and vasodilation, respectively (Keller et  al. 2006). This technique allows for an 
increased mean carotid sinus pressure equivalent to the chamber pressure achieved 
for each trial.

Pharmacological agents have been used to change blood pressure. As aforemen-
tioned, Shibasaki et al. (2001) performed a systemic infusion of sodium nitroprus-
side during post-isometric handgrip exercise. Isometric handgrip exercise elevated 
both blood pressure and sweat rate. Following ischemia, blood pressure and sweat 
rate remained elevated due to metaboreflex stimulation. Although blood pressure was 
restored to pre-exercise levels by systemic infusion of sodium nitroprusside, sweat 
rate did not change, suggesting that the elevation in blood pressure accompanying 
metaboreceptor stimulation during post-exercise ischemia (i.e., unloading of barore-
ceptors) is not a mechanism by which sweat rate is elevated during isometric exercise. 
Similarly, Wilson et al. (2001) used bolus and steady-state infusions of pharmaco-
logical agents (nitroprusside and phenylephrine) to acutely and chronically perturb 
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baroreceptors, respectively, in normothermic and heat stressed humans. Despite 
changes in blood pressure, neither SSNA nor sweat rate was significantly affected. 
Pharmacologically induced decreases in blood pressure may cause greater unloading 
of arterial baroreceptors relative to cardiopulmonary baroreceptors, and therefore, 
arterial baroreceptor stimulation may not contribute to the modulation of sweat rate.

Since cutaneous circulation is under the control of baroreflexes, cutaneous vascu-
lar responses are modulated by baroreceptor loading/unloading. While still unclear, 
it appears that baroreflexes are not capable of modulating sweating.

3.2.3  Body fluid regulatioN—hydratioN StatuS 
aNd plaSma oSmolality

Cardiovascular drift (maintenance of cardiac output by an increase in heart rate 
despite decreases in stroke volume) occurs after ~10 min of moderate to high inten-
sity exercise (Coyle and Gonzalez-Alonso 2001). The magnitude of cardiovascular 
drift is greater in hot environments relative to thermo-neutral environments (Lafrenz 
et al. 2008). However, cardiovascular drift during prolonged exercise can be restored 
by body fluid replacements (Hamilton et al. 1991). Conversely, prolonged exercise 
can decrease cardiac output due to body water loss (sweating) and redistribution of 
blood volume (cutaneous vasodilation). Dill et al. (1933) observed that when a man 
and a dog walked 32 km in a hot environment with water intake ad libitum, the dog 
maintained its weight but the man lost ~3 kg of his body weight. Since man lost 
both salt and water via sweating, he drank only enough water to maintain a constant 
osmolality of extracellular fluid, whereas the dog drank enough water to maintain 
body weight as only water was lost through respiratory evaporation (i.e., panting). 
In humans, prolonged exercise in hot environments induces water deficits due to 
profuse sweating, and this fluid deficit lowers both intracellular and extracellular 
volume leading to plasma hyperosmolality and hypovolemia.

Plasma osmolality is tightly regulated within a small range with very small 
increases evoking physiological responses, such as vasopressin secretion and 
increased thirst. Fortney et  al. (1984) performed exercise trials under both iso-
osmotic and hyperosmotic conditions with plasma volume maintained. During the 
hyperosmotic exercise trial, internal temperature thresholds for both sweating and 
forearm blood flow were elevated relative to the responses during exercise under 
iso-osmotic conditions. The slopes for sweating and cutaneous vasodilation as a 
function of the elevation in internal temperature were not affected by increased 
plasma osmolality. These results were confirmed during passive heating (via lower 
leg immersion in warm water) in which the subjects received an infusion of 0.9% 
(iso-osmotic) or 3% (hyperosmotic) saline (Takamata et al. 1995, 1997). In a follow-
up study, Shibasaki et  al. (2009) identified that the delay in the elevation of skin 
blood flow was due primarily to a delay in the onset of cutaneous active vasodilator 
activity, as opposed to increased vasoconstrictor activity. In addition, they found that 
plasma hyperosmolality did not modulate cutaneous vasoconstrictor system during 
cold stress. These studies changed plasma osmolality without reduction in plasma 
volume. Ito et  al. (2005) and Lynn et  al. (2012) demonstrated an additive effect 
of plasma hyperosmolality and baroreceptor unloading on CVC but not sweating. 
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Thus, an increased plasma osmolality independent of plasma volume impairs sudo-
motor and active vasodilator system while not changing cutaneous vasoconstrictor 
system. Impairments in the cutaneous vasodilator system due to hyperosmolality are 
modulated by baroreflex stimulation while sweating responses are unaffected.

Hypovolemia, in conjunction with an increase in sweat rate and redistribution 
of blood to the cutaneous vasculature for thermoregulation, results in a reduc-
tion of cardiac filling pressure. Skin blood flow increases proportionally to the 
elevation of internal temperature but the increase in CVC is substantially attenu-
ated (Brengelmann et  al. 1977; Fortney et  al. 1981a; Kellogg et  al. 1993; Nadel, 
Fortney, and Wenger 1980; Nose et  al. 1990) when internal temperature reaches 
~38°C (Figure 3.2). This attenuation in the rise in CVC when internal temperature 
is substantially elevated is a feedback mechanism to maintain cardiac filling pres-
sure. Both saline infusion and application of negative-pressure breathing following 
internal temperature elevation (~0.5°C) nullify the attenuation of forearm blood flow 
and CVC above an internal temperature of ~38°C (Nagashima et al. 1998; Nose et al. 
1990). These observations, coupled with the finding that the attenuation in the rise 
in CVC is controlled by the active vasodilator system (Kellogg et al. 1993), suggest 
that inhibition of cutaneous vasodilator responses during passive heating and exer-
cise may preserve central venous pressure perhaps through the aforementioned baro-
reflex mechanisms in hypovolemic subjects. Kamijo et al. (2011) classified SSNA 
into two components (synchronized with or without cardiac cycle) and suggested 
that hypovolemic suppression of cutaneous vasodilation was due to the reduction in 
the SSNA component synchronized with the cardiac cycle. The SSNA component 
without cardiac synchronization was due to the sweating response and was unaf-
fected by hypovolemia in this study. Hypovolemia induced by diuretic drugs (i.e., 
no change in plasma osmolality) reduced both the peak cutaneous vasodilation and 
the slope of the relationship between the change in internal temperature and the 
change in cutaneous vasodilation (thermosensitivity). These drugs also shifted the 
internal temperature threshold for vasodilation (Fortney et al. 1981a,b; Kamijo et al. 
2005; Nadel, Fortney, and Wenger 1980), but had no effect on the control of sweating 
(Fortney et al. 1981b; Kamijo et al. 2005, 2011).

Body fluid is regulated by two systems, volume regulation and plasma osmoregu-
lation, both of which are not affected in the early phase of exercise. However, pro-
longed exercise induces a profuse sweating and/or shift of blood volume resulting in 
dehydration (hypovolemic hyperosmolality), which reduces thermoregulatory cuta-
neous vasodilation and sweating. Increased plasma osmolality impairs both cutane-
ous vasodilation and sweating responses, while reduced plasma volume only impairs 
cutaneous vasodilation via baroreflex mechanisms but not sweating.

3.3 IMPAIRMENTS IN SWEATING AND SKIN BLOOD FLOW

Internal body temperature can be maintained in a narrow range if thermoregulatory 
heat dissipation is fully functional during exercise (Figure  3.1). However, if heat 
generated during exercise is not liberated from skin, internal temperature would 
immediately reach the upper safe limit (Kenney and Johnson 1992). Certain disease 
conditions as well as bodily injury can have a detrimental impact on thermoregulation. 
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Diseases, including multiple sclerosis (MS) and diabetes mellitus (DM), can alter 
neural pathways within the central nervous system and the peripheral nervous sys-
tem, respectively, leading to impairments in sweating and skin blood flow. Physical 
injuries can cause central (spinal cord injury [SCI]) and peripheral (burns) disrup-
tions in the control of sweating and skin blood flow.

3.3.1 multiple SCleroSiS

MS is a disabling progressive neurological disorder affecting more than 2.3 million 
people worldwide (National Multiple Sclerosis Society 2014). The pathophysiology 
of MS results in a demyelination and ultimately loss of axons and disorganization 
of normal tissue architecture within the CNS by autoimmune injury responses 
(Frohman, Racke, and Raine 2006). Demyelination is associated with correspond-
ing changes in axonal physiology including a loss of saltatory properties of electrical 
conduction, a reduction in conduction velocity, and a predisposition to conduction 
block. Autonomic dysfunction involving the thermoregulatory system is commonly 
observed in individuals with MS (Haensch and Jorg 2006). The majority of indi-
viduals with MS experience transient and temporary worsening of clinical signs and 
neurological symptoms (Uhthoff’s phenomenon) in response to a number of factors, 
the most prominent of which are increased ambient/core body temperature and exer-
cise (Uhthoff 1889). It is estimated that 60% to 80% of the MS population experience 
transient and temporary worsening of clinical signs and neurological symptoms as a 
result of passive heat exposure, exercise (increase in metabolism), or a combination 
of both (exercise-heat stress). Typically, deficits caused by increases in temperature 
are reversible by removing heat stressors and allowing subsequent cooling (Davis 
et al. 2008).

Compounding temperature-related nerve conduction problems, individuals with 
MS may have impaired neural control of autonomic function (Huitinga et al. 2001). 
Areas of the sympathetic nervous system that are responsible for controlling ther-
moregulatory function are susceptible to disease-related pathology in individuals 
with MS (Andersen and Nordenbo 1997). Lesions affecting conduction within the 
CNS of individuals with MS impair thermoregulatory effector responses to eccrine 
sweat glands (Cartlidge 1972; Noronha, Vas, and Aziz 1968; Vas 1969). Abnormal 
regions of sweating can be identified by using sweat-induced color changes of 
quinizarin powder placed on the skin of individuals followed by exposure to a heat 
stress (Fealey and Sato 2008; Kuno 1956). Pharmacological interventions such as 
intradermal injections, iontophoresis, and intradermal microdialysis can evaluate the 
function of eccrine sweat glands as well as the cutaneous vasculature independent of 
the CNS (Davis et al. 2005). Diminished sweat function has been quantified in indi-
viduals with MS and is due to reduced sweat output per gland rather than reduced 
sweat gland recruitment (Davis et al. 2005). Davis et al. (2010) have documented 
reduced sweating responses in individuals with MS during indirect whole-body 
heating (increasing core temperature ~1°C) using water-perfused suits. Observed 
changes in sweating from these areas were due exclusively to neurally mediated 
responses, not due to factors associated with local heating as the areas where sweat-
ing was assessed were not in contact with the water-perfused suit used to heat the 
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subjects. To address the potential for these observed decreases in sweat function in 
MS being due to detraining or de-adaption, Davis et al. (2005) trained individuals 
with MS with aerobic exercise for 15 weeks. In healthy individuals, similar exercise 
training improves sweat output per gland. Despite 15 weeks of training, individu-
als with MS neither improved sweat gland recruitment nor sweat output per gland. 
Adaptive thermoregulatory responses following exercise training typically observed 
in healthy individuals are not seen in individuals with MS, suggesting impaired CNS 
control of sudomotor function in individuals with MS. Taken together, it is likely that 
impaired sweating responses may have been due to impairments in neural control of 
sudomotor pathways and/or neural-induced changes in eccrine sweat glands (Davis 
et al. 2010). Interestingly, larger increases in cutaneous vasodilation to whole-body 
heating were observed in individuals with MS compared to healthy controls suggest-
ing neural control of skin blood flow is intact and may compensate for impairments 
in sweating in an attempt to adequately dissipate heat (Davis et al. 2010).

3.3.2 diaBeteS mellituS

DM is a metabolic disease characterized by the inability to control blood glucose lead-
ing to hyperglycemia. According to the World Health Organization, 347 million 
people worldwide suffer from diabetes (World Health Organization 2014). The two 
most common classifications of diabetes are Type 1 (insulin-dependent DM) and 
Type 2 (non-insulin-dependent DM). Type 1 (T1DM) is due to a deficiency of insulin 
production triggered by autoimmune destruction of insulin producing ß-cells within 
the pancreas, leading to the inability of cells to uptake glucose. Type 2 (T2DM) 
results from the impaired signaling and action of insulin by cells, leading to insu-
lin resistance. Over time, uncontrolled hyperglycemia can lead to serious long-term 
health complications but are not limited to cardiovascular disease, nerve damage, 
and kidney damage.

Two hallmark complications of diabetes, microvascular damage and peripheral 
autonomic neuropathy, can have the potential to profoundly impact cutaneous vaso-
dilation and sweating. Due to the potential for peripheral microvascular and nerve 
damage, cutaneous vasodilator responses have been examined during direct local 
heating of the skin. Individuals with T1DM (Khan et al. 2000; Stansberry et al. 1997; 
Wilson, Jennings, and Belch 1992) and T2DM (Fredriksson et al. 2010; Schmiedel, 
Schroeter, and Harvey 2007; Stansberry et al. 1997; Strom et al. 2010) exhibit reduc-
tions in cutaneous vasodilation during local heating compared to healthy controls. 
Lower absolute maximum vasodilation during local heating has also been observed 
in individuals with T2DM compared to healthy controls (Sokolnicki et  al. 2007; 
Wick et al. 2006).

Reflex cutaneous vasodilator responses are also attenuated during indirect whole-
body heating (increasing core temperature ~1°C) using a water-perfused suit in indi-
viduals with T2DM (Sokolnicki et al. 2009). In addition to lower skin blood flow 
assessed at sites that were not directly exposed to the heating stimulus, the core 
temperature at which increases in cutaneous vasodilation are observed is higher dur-
ing whole-body heating suggesting delayed onset of active vasodilation (Wick et al. 
2006). Interestingly, reflex cutaneous vasoconstrictor responses to rapid whole-body 
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cooling are preserved in individuals with T2DM (Strom et al. 2011) suggesting the 
disease only affects cutaneous vasodilation.

Attenuated vasodilator responses observed in individuals with diabetes during 
local and whole-body heating could be due, in part, to alterations in NO release 
and/or impaired vascular responsiveness to NO. Despite observed differences in 
maximal vasodilation in individuals with T2DM, the local sensory nerve mech-
anisms (Strom et  al. 2010) and the relative contribution of NO (Sokolnicki et  al. 
2007) to the biphasic vasodilation response to local heating of the skin were similar 
between individuals with T2DM and healthy controls. Peripheral pharmacologi-
cal interventions (i.e., iontophoresis and intradermal microdialysis) have also been 
used to further assess cutaneous vascular responses in individuals with diabetes. 
Endothelial-dependent cutaneous vasodilation induced by administration of acetyl-
choline (or agonists such as pilocarpine) is reduced in both T1DM (Gomes, Matheus, 
and Tibirica 2008; Katz et al. 2001; Khan et al. 2000) and T2DM (Arora et al. 1998; 
Beer et  al. 2008; Berghoff et  al. 2006; Schmiedel, Schroeter, and Harvey 2007). 
Endothelial-independent cutaneous vasodilation also appears to be impaired follow-
ing iontophoretic administration of sodium nitroprusside, a NO donor, in individuals 
with T1DM (Katz et al. 2001; Khan et al. 2000) and T2DM (Arora et al. 1998; Beer 
et al. 2008; Schmiedel, Schroeter, and Harvey 2007). Taken together, these findings 
suggest attenuated vasodilator responsiveness in individuals with diabetes observed 
during local heating and whole-body heating could be in part due to altered NO 
responsiveness in cutaneous vessels from diabetic-induced microvascular damage.

When exposed to a whole-body passive heat stress, individuals with T1DM 
(Fealey, Low, and Thomas 1989) and T2DM (Fealey, Low, and Thomas 1989; 
Petrofsky 2012) demonstrate decreased sweating. Decreased sweating responses 
have also been observed in individuals with T2DM during passive exposure to 
even low ambient air temperatures (Petrofsky and Lee 2005). Impairments in sweat 
responses have also been observed following acetylcholine iontophoresis in indi-
viduals with T1DM (Hoeldtke et al. 2001; Kennedy and Navarro 1989; Kennedy 
et  al. 1984; Kihara, Opfer-Gehrking, and Low 1993) and T2DM (Kihara, Opfer-
Gehrking, and Low 1993). Greater levels of peripheral autonomic neuropathy 
were associated with greater impairments in sweating in individuals with diabe-
tes (Fealey, Low, and Thomas 1989). Impaired sweating responses are likely due 
to autonomic neuropathy leading to decreased number of active sweat glands and 
decreased sweat evaporation.

Few studies have examined sweat function in individuals with diabetes during 
exercise. The previously described findings would suggest that thermoregulatory 
function would likely be impaired during exercise in individuals with diabetes. 
However, Stapleton and colleagues (Stapleton et al. 2013) demonstrated no impair-
ments in the ability to dissipate heat in habitually active individuals with T1DM exer-
cising in a whole-body direct calorimeter. Skin blood flow and sweating responses 
were comparable to healthy controls during light to moderate exercise. However, 
attenuated sweating in individuals with T1DM is unmasked during exercise of higher 
intensity (Carter et al. 2014). Older individuals with T2DM (>age 55) also showed 
impaired heat loss during moderate exercise in a whole-body direct calorimeter 
(Kenny et al. 2013). These findings suggest that thermoregulatory impairments may 
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become more problematic in individuals with diabetes during higher thermal loads 
(increased temperature and humidity) and lower fitness levels as wells as increased 
diabetic complications and progression including neuropathy and poor glucose con-
trol (Stapleton et al. 2013).

3.3.3 SpiNal Cord iNjury

SCI is an insult to the spinal cord resulting in temporary or permanent changes 
in neural functions. Injury usually results from trauma to the spinal cord caus-
ing fractures and compression of vertebrae leading to bone fragments crushing 
or tearing axons within the spinal cord. An SCI can damage a few, many, or 
almost all of the axons in an injured area resulting in often devastating neurologic 
deficits and disability below the injury site. Injury to the cervical spine typically 
results in neural deficits and disability to both upper and lower extremities (tet-
raplegia). Injuries at or below the thoracic spinal cord usually involve only the 
lower extremities (paraplegia). As such, individuals with paraplegia have greater 
afferent and efferent neural processing compared to tetraplegic counterparts. As 
expected, SCI results in disturbances in physiological function including ther-
moregulation. The magnitude of thermoregulatory dysfunction is proportional to 
the level of the SCI with tetraplegics showing greater impairments compared to 
paraplegics.

Impairments in the neural control of cutaneous vasodilation are observed in indi-
viduals with SCI during both passive heating and exercise. No changes in forearm 
blood flow, used as an index of skin blood flow, were observed in paraplegic indi-
viduals during passive heating of the lower extremities (i.e., insensate skin) (Freund 
et al. 1984). Only small changes in forearm blood flow were detected during indirect 
whole-body (both sensate and insensate skin) heating (increasing core temperature 
~1°C) using water-perfused suits. Cutaneous dilator responses are also impaired in 
skin located below the level of SCI during direct local heating of the skin (Nicotra, 
Asahina, and Mathias 2004). During exercise, cutaneous vasodilation increased 
approximately fourfold in able-bodied individuals with no observed changes in SCI 
paraplegics while performing arm crank exercise (Theisen et al. 2000). Similarly, 
SCI paraplegics experienced much lower CVC than able-bodied individuals during 
arm cranking at 50% of maximal power output (Theisen et al. 2001). Impairments in 
cutaneous vasodilation below the level of the SCI during thermal stresses are consis-
tent with disruption of sympathetic vasomotor control of the cutaneous vasculature 
(Wallin and Stjernberg 1984).

Reduced sweating or the complete absence of sweating responses are commonly 
observed in the insensate skin of individuals with SCI during both passive heat-
ing (Freund et  al. 1984; Huckaba et  al. 1976; Tam et  al. 1978; Totel 1974; Totel 
et al. 1971) and exercise (Castle et al. 2013; Gass, Gass, and Pitetti 2002; Price and 
Campbell 1997, 1999a,b). While these sweating impairments are likely due to the 
interruption of sudomotor neurons controlling sweat gland function, disruption of 
neural pathways in SCI may also lead to decreased afferent feedback to the hypo-
thalamus that can stimulate sweating during exercise in able-bodied individuals as 
previously described. In addition, altered sudomotor innervation of sweat glands in 
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SCI can lead to peripheral changes at the gland itself. Sweat glands below the lesion 
are less sensitive to cholinergic activation (peripheral administration of acetylcho-
line via iontophoresis) (Yaggie, Niemi, and Buono 2002).

Due to the impairments in cutaneous vasodilation and sweating, individuals with 
SCI commonly demonstrate greater increases in skin temperature during heat expo-
sure in insensate skin compared to sensate skin (Price 2006). This is more prob-
lematic in tetraplegics as they have a greater surface area of insensate skin leading 
to a greater increase in skin temperature and subsequent rise in core temperature 
during heat exposure and exercise compared to paraplegics. To compensate for the 
loss of thermoregulatory mechanisms in insensate skin below the level of the spinal 
injury, improvements in sweat function are observed in sensate skin above the spinal 
injury in both tetraplegics and paraplegics (Huckaba et  al. 1976; Petrofsky 1992; 
Price and Campbell 1997). As such, paraplegics demonstrate similar core tempera-
ture responses during exercise in cool or thermoneutral environments compared to 
able-bodied individuals despite impairments in the neural control of cutaneous vaso-
dilation and sweating (Dawson, Bridle, and Lockwood 1994; Hopman, Oeseburg, 
and Binkhorst 1993; Price and Campbell 1999a,b). However, impairments in ther-
moregulatory function become more problematic with exercise in warmer environ-
ments (Price 2006).

3.3.4 BurNS aNd SkiN graftiNg

Every year ~1.4 million people in the United States sustain burns. With severe skin 
burns, typically a majority of the entire dermal layer, which contains the blood ves-
sels and sweat glands necessary for thermoregulation, is excised. This excised area 
is then covered with donor skin (i.e., skin graft) harvested from non-injured regions 
of the body. Approximately 90% of skin grafts are split-thickness grafts in which 
all of the epidermis and a portion of the dermis are removed from a donor site and 
grafted to an injured site.

Coupled with a lack of sweat glands, grafted areas will be unable to dissipate 
heat without neural reinnervation and functional revascularization. Individuals 
with healed burns over 40% of their body surface area have higher core tempera-
tures during a thermal challenge relative to non-burned individuals  (Ben-Simchon 
et  al. 1981; McGibbon et  al. 1973; Roskind et  al. 1978; Shapiro et  al. 1982). 
Cutaneous vascular responses were investigated from both grafted and adjacent 
uninjured skin (Davis et al. 2007b). Davis et al. found that cutaneous vasodilation 
at the grafted site was greatly attenuated during indirect whole-body heating (i.e., 
heating the patient but not the area where skin blood flow is assessed), and this 
deficit persisted upward to 4+ years post-grafting surgery (Davis et  al. 2007b, 
2009). Interestingly, cutaneous vasoconstriction assessed during indirect whole-
body cooling (i.e., cooling the patient but not the area where skin blood flow is 
assessed) was similar between the grafted and control sites. This normal vasocon-
strictor capacity in grafted skin indicates the presence of functional adrenergic 
nerves, functional α-adrenergic and related co-transmitter receptors on the cuta-
neous vasculature, and normal smooth muscle responses to neuronal stimulation 
(Davis et al. 2007b, 2009). Taken together, grafted skin has normal reinnervation 
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of the cutaneous vasoconstrictor limb but compromised  reinnervation of the 
active vasodilator limb.

Skin grafting did not adversely affect cutaneous vasodilator responses to sus-
tained whole limb local heating, although the responses were extremely variable 
between subjects (Freund et  al. 1981). Davis et  al. (2007b, 2009) monitored skin 
blood flow from both grafted and adjacent non-injured skin under normothermic 
conditions (i.e., local temperature of 34°C) and throughout 30 min of local heating 
at 42°C. The magnitude of cutaneous vasodilation to this local heating protocol was 
significantly less at grafted sites relative to the adjacent control sites, regardless of 
the maturity of the graft (Davis et al. 2007b, 2009). Although local heating induced 
vasodilation is significantly impaired in grafted skin, the magnitude of vasodila-
tion to this stimulus was profoundly greater than the dilation that occurred during 
whole-body heating, when the assessed sites were not directly exposed to the heating 
stimulus. Thus, grafted skin retains, to a greater extent, the capacity to dilate to a 
local heating stimulus relative to a whole-body heating stimulus. A rationale for this 
large difference in cutaneous vasodilation in grafted tissue between these heating 
stimuli is likely related to the differing mechanisms by which the skin dilates upon 
increases in local versus core temperatures (Charkoudian 2010).

Attenuated vasodilator responses of grafted skin during local and whole-body 
heating could be due, in part, to alterations in NO release and/or impaired vascular 
responsiveness to NO. Davis et  al. (2007a, 2009) sought to identify whether skin 
grafting impairs cutaneous vasodilation by perfusing acetylcholine (endothelial 
dependent) and sodium nitroprusside (endothelial independent) through intradermal 
microdialysis probes placed in grafted and adjacent uninjured skin. The maximal 
increase in skin blood flow due to acetylcholine administration was significantly 
lower at grafted sites, regardless of graft maturity (Davis et al. 2007a, 2009). The 
effective drug concentration resulting in 50% of the maximal vasodilator response 
(EC50) dose response curves from grafted sites was significantly greater relative 
to uninjured sites, indicative of a rightward shift of the curve representative of a 
decreased sensitivity of the vasodilator response to acetylcholine (Davis et  al. 
2007a, 2009). Conversely, maximal cutaneous vasodilator responsiveness, as well 
as the EC50 of the dose–response curves, to sodium nitroprusside was not differ-
ent between uninjured and grafted sites (Davis et  al. 2007a). Taking the findings 
from these microdialysis studies, attenuated vasodilator responsiveness during local 
heating and whole-body heating in grafted skin could be in part due to altered NO 
release from endothelial sources (Kellogg, Johnson, and Kosiba 1989; Kellogg et al. 
1998; Shastry et al. 1998, 2000). However, attenuated NO release alone is unlikely 
to entirely account for decreases in cutaneous vasodilation in grafted skin during the 
whole-body heat stress.

An absence of sweating in split-thickness grafts has been previously reported 
(Conway 1939; McGibbon et al. 1973; McGregor 1950; Ponten 1960). The reported 
lack of sweating in split-thickness skin grafts was thought to be due to a combination 
of the initial injury damaging sweat glands at the recipient site and the harvested 
skin being absent of deeper dermal structures including secretory coils of sweat 
glands (Ablove and Howell 1997; Ponten 1960). Davis and colleagues (2007b, 2009) 
evaluated centrally driven sudomotor responses in grafted skin during whole-body 
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heating and demonstrated minimal or no sweating in grafted skin 5–9 months post-
graft surgery compared to adjacent uninjured skin. Sweat rate was significantly 
reduced at the grafted site and the magnitude of this attenuation was not differ-
ent when compared between graft maturities. These data support the hypothesis 
that sweating responses to a whole-body heat stress remain disrupted as the graft 
matures.

It is unknown whether reduced sweating responses were due to absence of func-
tional sweat glands or due to disrupted innervation of the sweat gland. To address 
this question, sweating responses to a peripheral stimulus (exogenous administra-
tion of acetylcholine) were evaluated in a dose-dependent manner (Shibasaki and 
Crandall 2001). Sweat rate via capacitance hygrometry was measured directly above 
microdialysis membranes perfused with increasing doses of acetylcholine in grafted 
and adjacent uninjured grafted skin (Davis et al. 2007a, 2009). Sweating responsive-
ness was shown to be impaired in skin grafts, likely due to a reduction or absence 
of functional sweat glands in the grafted tissue, and that sweating responsiveness 
showed little evidence of normalizing with graft healing (Davis et al. 2007a, 2009).

3.4 CONCLUSION

Heat dissipation is critical for temperature homeostasis, specifically during exposure 
to high ambient temperatures, during exercise, or the combination of both. Dynamic 
exercise, even in a thermoneutral environment, increases metabolic heat produc-
tion instantly leading to elevations in body temperature. The importance of these 
thermoregulatory mechanisms is exemplified in the calculation that if heat were not 
liberated from skin, internal body temperature would reach a critical limit with only 
10  min of moderate exercise. This chapter summarized a number of factors that 
modulate sweat function and/or cutaneous blood flow, as well as impairments in 
thermoregulatory function due to disease conditions (i.e., MS and DM) and injury 
(i.e., spinal cord and burns). We would like to emphasize that identifying and under-
standing factors that modify thermoregulatory function has provided critical knowl-
edge to improve the safety and well-being of healthy individuals during exposure 
to extreme temperatures and exercise. Further investigation into mechanisms that 
impair thermoregulatory function can lead to the development of therapeutic inter-
ventions and strategies so clinical populations can safely tolerate heat exposure and 
exercise.
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4 Cardiovascular 
Responses to Body 
Fluid Imbalance

Ricardo Mora-Rodriguez and Juan F. Ortega

4.1 INTRODUCTION

During exercise the cardiovascular system supplies contracting skeletal muscles with 
nutrients and oxygen in accordance with its energy demands. It also removes waste 
products and importantly serves to conduct heat from the contracting muscles to the 
skin and from there to the surrounding environment. Heat dissipation involvement 
of the cardiovascular system is crucial to prevent core temperature from increasing 
to levels that compromise exercise capacity and health (i.e., heat exhaustion and 
heat stroke, respectively). Sweat evaporation is the main mechanism to dissipate heat 
during exercise (0.58 kcals g−1 of sweat evaporated). Sweat production rate is nicely 
matched to exercise intensity (Buono et al. 2008; Hamouti et al. 2011) and thus to 
heat production. However, as subjects dehydrate during continuous exercise, heat 
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dissipation by sweat falls behind heat production and heat accumulates in tissues 
(i.e., hyperthermia).

On the other hand, the composition and amount of the cardiovascular system vehi-
cle (i.e., the blood) is markedly affected by dehydrating exercise. Sweat filtrate in the 
sweat glands originates from blood plasma and interstitial fluid, and prolonged pro-
fuse sweating results in plasma fluid losses and hemoconcentration. This challenges 
the cardiovascular system to cope with the demand of perfusing both the contracting 
muscles and the skin while blood volume is reduced (i.e., dehydration-induced car-
diovascular strain). Both dehydration and hyperthermia developed during prolonged 
exercise not only strain the cardiovascular system (Gonzalez-Alonso et al. 1995) but 
linked to this produce central neuromuscular fatigue (Nybo et al. 2014) and affect the 
sources of energy that muscles use during contraction (i.e., affect muscle metabolism) 
(Febbraio 2001). Fluid intake during exercise prevents some of the consequences 
of exercise dehydration (i.e., hyperthermia) unless exercise is too intense (Mora-
Rodriguez et al. 2010) and heat production surpasses the capacity of the environment 
to accept heat (i.e., uncompensable environment) (Mora-Rodriguez 2012).

Readers interested in learning more about fluid replacement are directed to the 
2007 American College of Sports Medicine position stand which provides guidance 
on fluid replacement to hydrate individuals during exercise (Sawka et al. 2007). This 
chapter deals with the consequences of exercise-induced dehydration with emphasis 
on the cardiovascular system strain that appears during prolonged submaximal inten-
sity exercise. This strain is better understood when measuring the full cardiovascular 
response to exercise (i.e., arterial and central venous pressure, cardiac output, heart 
rate [HR], and stroke volume [SV]). Cardiovascular drift (i.e., CDV drift) is the term 
that details the response of these individual components during prolonged dehydrat-
ing exercise at a fixed workload. In this chapter we review the possible causes of 
CDV drift and the potential impact on the adaptations sought when exercising to 
improve athletic performance or health.

4.2 CARDIOVASCULAR DRIFT

CDV drift is the progressive change in the cardiovascular system that occurs during 
prolonged fixed-load aerobic submaximal exercise. Although some salient circula-
tory changes like increase in HR and reduction in SV are common to all defini-
tions of CDV drift, cardiac output ( Q) and blood pressure (BP) could be either 
maintained or decreased depending on the exercise intensity, duration, percent 
dehydration, and hyperthermia incurred during exercise. Most studies designed to 
unveil the causes and mechanisms of CDV drift use a control exercise bout where 
they try to prevent the drift. The different means to prevent CDV drift include oral 
rehydration, body cooling (either full body or only skin), intravenous infusion of 
fluids (rehydrating either the intravascular or all fluid spaces), reducing exercise 
intensity, pacing the heart with cardioselective ß-adrenergic receptor blockers, or 
trying to improve venous return with the use of compressive bandage (Grimby 
et al. 1966). In this chapter, we will only present studies in which at least HR, car-
diac output, SV, and BP are presented describing the response of the components of 
CDV drift. Most of the studies discussed in this chapter investigate the response to 



63Cardiovascular Responses to Body Fluid Imbalance

exercise and different manipulations on the measurements and calculated variables 
presented in Table 4.1.

4.2.1 CardiovasCular drift: traditional view

One of the most researched areas of thermal physiology is the cardiovascular 
response to fluid deficit and hyperthermia. Studies around the Second World War 
showed that dehydration during prolonged walking in the heat caused exhaustion 
accompanied by a continuous drift up in HR despite maintenance of the workload 
(Pitts and Consolazio 1944; Ladell 1955). These authors noticed fairly good posi-
tive correlations between the increases in rectal temperature and the elevations in 
HR (Ladell 1955). However, the common mechanisms that linked hyperthermia and 
tachycardia were not clear at the time.

In the seventies, Rowel and collaborators conducted a series of elaborated stud-
ies with BP measurements at the superior vena cava and descending aorta while 
also measuring cardiac output using indocyanide green dye. In one of their experi-
ments at rest, they found that when the skin was warmed using water perfusion suits, 
the increases in HR paralleled a rise in systemic cardiac output (i.e., Q in L min−1) 
(Rowell et al. 1969). At rest, without the influence of muscle contraction, the skin and 
the splanchnic organs are the only candidates to receive that increased Q and cause 
the HR drift. Thus, the idea of skin vasodilation being responsible for initiating CDV 
drifts set out from this study at rest. At the time, there were studies documenting that 
during exercise, renal (Radigan and Robinson 1949) and splanchnic (Rowell et al. 
1965) blood flow decrease when heating up the body compared to when exercising in 

TABLE 4.1
Cardiovascular Measurements and Calculated Components of CDV Drift 
in the Studies Presented in This Chapter

Variable Measured during Exercise Measurement Technique or Calculation

Cardiac output ( Q) Non-invasive re-breathing
Thermodilution
Indocyanide green dye
Doppler echocardiography

HR ECG
HR monitors

SV Calculated as Q HR

BP Non-invasive sphygmomanometry
Pressure gauged intravenous or arterial catheters

Systemic vascular resistance (SVR) Calculated as BP Q
Skin blood flow (SkBF) Venous occlusion plethysmography

Laser Doppler flowmetry in the forearm

Cutaneous vascular conductance (CVC) Calculated as SkBF/BP

Rate of O2 consumption ( VO2) Indirect calorimetry

Oxygen pulse Calculated as VO HR2



64 Fluid Balance, Hydration, and Athletic Performance

a cold environment (Rowell et al. 1969). This suggested that the increase in cardiac 
output observed during mild exercise in the heat (Rowell et al. 1967) was actually 
the consequence of blood flow redistribution to the skin vasculature, a circulatory 
bed that was not thought at that time to be able to hold such a large increase in sys-
temic  Q.

Cardiac output is not always increased during exercising in the heat as a con-
sequence of the increased SkBF. Rowell and coworkers observed that Q actually 
decreased during exercise in a hot environment (43°C) compared to a thermoneutral 
environment (26°C) when exercise intensity ranged from moderate to high (Rowell 
et al. 1966). These researchers concluded that when the workload demands upon the 
circulation exceed a certain level, it seems that blood delivery to muscles takes pref-
erence over thermal requirements for heat transfer. The increased core temperature 
in the hot environment (i.e., 39.4°C vs. 38.2°C) could also reduce Q during exercise 
as it has been reported during exercise in a hot environment (Gonzalez-Alonso et al. 
1997, 1998).

In a subsequent study, Rowell and coworkers monitored several cardiovascular 
responses to rapid changes in skin temperature during mild and intense exercise 
(Rowell et  al. 1969). They noticed that the relocation of blood to the skin during 
prolonged exercise provoked a drop in central venous pressure, aortic pressure, and 
SV. They hypothesized that the reduction in the pace and pressure of blood return-
ing to the heart triggered baroreceptors activity (Rowell 1986) which in turn gener-
ate chronotropic signals to the heart. All these responses were reversed when the 
skin was cooled and vasoconstrictor tone was regained during the same exercise 
session. These early experiments (Rowell et al. 1969; Rowell 1974; Shaffrath and 
Adams 1984) coined the definition of classical CDV drift and pointed to the fact that 
while SkBF serves an unavoidable heat dissipatory role, skin vasodilation has the 
potential to markedly perturb the systemic circulation during exercise in the heat. 
As we will relate below, the sequence of events described by Rowell and coworkers, 
increases in SkBF inducing reduction in central venous pressure, SV, and increased 
HR, do not seem to hold during dehydration-induced CDV drift (Coyle 1998; Coyle 
and Gonzalez-Alonso 2001). In addition, recent experiments pacing the heart 
(β-adrenergic receptor blockade) during exercise in thermoneutral and hot environ-
ments provide new perspectives on the causes of CDV drift.

4.2.2 CardiovasCular drift: alternative explanations

A series of studies from Dr. Edward Coyle laboratory at the University of Texas at 
Austin in the nineties explored the effects of fluid replacement on the CDV drift 
that develops during prolonged exercise. In the first study of this series, subjects 
cycled for 120 min at 70% of their VO2 max without or with full oral fluid replacement 
(Hamilton et al. 1991). Fluid replacement prevented the decline in Q (7%), SV (15%), 
and the increase in HR (10%) observed when no fluid was allowed and subjects 
dehydrated (2.9%) while their rectal temperature escalated to 38.9°C. However, skin 
temperature was not measured in this initial study to establish if skin vasodilation 
had a major role in CDV drift as Rowell (1986) proposed. This experiment was 
conducted in a thermoneutral environment (22°C) and subjects were ventilated at 
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airflow of 3 m s−1. Thus, it is unlikely that augmented flow to the skin was behind the 
CDV drift in these experimental conditions. At the time, the authors hypothesized 
that reduced plasma volume (9%) and increased core temperature in the no-fluid trial 
could have triggered CDV drift.

In a subsequent experiment, Dr. Coyle’s group explored the dose–response rela-
tionship between dehydration and CDV drift. They found that during prolonged 
exercise in a hot environment (i.e., 120 min at 33°C), HR increased and SV declined 
in proportion to the amount of dehydration (Montain and Coyle 1992b) when tested 
in a range from 1.1% to 4.2% dehydration. SkBF was 20%–22% higher in the trial 
where the largest amount of fluid was ingested and subjects dehydrated little (i.e., 
1.1%) compared to when low or no fluid was provided (3.4% and 4.2% dehydration) 
(Montain and Coyle 1992b). Therefore, SkBF and CDV drift responded in dissocia-
tion, since in the trial with the higher SkBF (i.e., 1.1% dehydration) CDV drift was 
the lowest. Investigators searched for alternative explanations to CDV drift beyond 
blood relocation in the skin. Below we present studies focusing on alternative factors 
that could be causing CDV drift during prolonged exercise.

4.2.3 role of Blood volume

Accompanying progressive dehydration during exercise in the heat there is a pro-
gressive loss of plasma volume. Plasma volume actively participates in the sweat 
and respiratory losses of water during prolonged exercise. Since CDV drift pertains 
to the circulatory system and it has its origin in a decrease of central blood volume 
(Rowell 1974), it is logical to hypothesize that plasma volume reduction could be a 
major factor in the development of CDV drift. In one experiment, Dr. Coyle team 
had subjects dehydrated by losing 2.5% of body weight in the heat prior to a bout of 
exercise in a thermoneutral 21°C environment. Dehydration was followed by 2 h of 
oral rehydration or no fluid ingestion (i.e., no-fluid trial). During these 2 h, plasma 
volume recovered to pre-exercise levels even in the trial where no-fluid was allowed 
(Heaps et al. 1994).

We and others (Nose et al. 1988; Hamouti et al. 2013) have observed this phenom-
enon of plasma volume recovery despite withholding fluids. The recovery of plasma 
volume despite maintained dehydration is possible thanks to the transfer of fluid 
from the interstitial and intracellular space into the vasculature (Mora-Rodriguez 
et  al. 2015). Apparently, plasma volume is high ranked in the hierarchy of fluid 
recovery and even active muscle water is used to recover most PV within 1 h after 
finishing exercise (Mora-Rodriguez et al. 2015). In the Heaps et al. (1994) study, they 
observed that despite full endogenous plasma volume recovery during the trial with-
out rehydration, CDV drift ensued during subsequent exercise. These observations 
suggested that CDV drift during exercise in a 21°C environment could be influenced 
by intracellular and interstitial dehydration and not only by reductions in plasma 
volume (intravascular dehydration).

During dehydrating exercise, plasma volume accounts for up to 10%–20% of 
the fluid losses (Mora-Rodriguez et al. 2015). Therefore, extravascular dehydration 
from intracellular and interstitial spaces ought to importantly contribute to fluid 
losses during exercise. We have recently reported that skeletal muscle water content 
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declines during the recovery of dehydrating exercise (Mora-Rodriguez et al. 2015). 
The increases in metabolite concentration in the muscle could alter mechanoreceptor 
activity and sympathetic nerve activity and indirectly contribute to the upward HR 
drift in subsequent bout of exercise (Fernández-Elías et al. 2015). However, when 
the hyperthermia and blood dehydration induced by prolonged exercise in the heat 
are prevented by exercising in a cold environment with plasma volume expansion, 
SV, cardiac output, and mean arterial pressure are well maintained. The prevention 
of CDV drift despite 3–4 L body fluid deficit (Gonzalez-Alonso et al. 1997) suggests 
that intravascular fluid loss is the only fluid space relevant for CDV drift (Figure 4.1).

Looking at the problem from a different angle, we recently studied CDV drift after 
a regular blood bank donation (i.e., 450 mL blood withdrawal in less than 15 min) 
(Mora-Rodriguez et al. 2012). Blood donation reduced blood volume by 9% in our 
74 kg subjects. Interestingly, 3% of that loss was endogenously recovered in the 2 h 
after the donation and before the start of exercise. During the 60 min of exercise in 
the heat that followed the donation (35°C at 60% of VO max2 ), HR increased compared 
to a control trial performed several days before donation (150 vs. 138 beats min−1 at 
the end of exercise). Blood donation also caused hyperthermia from the beginning of 
exercise, and thus, it is unclear what percent of the observed CDV drift was attribut-
able to the 6% lower blood volume and what portion was due to hyperthermia.

The precise contribution of the reduction in plasma volume during exercise on CDV 
drift was addressed by Montain and Coyle (1992a). In this study, the investigators 
prevented the normal plasma volume contraction that takes place during 120 min of 
dehydrating exercise in the heat (33°C) by intravenous infusion of a plasma expander 
(i.e., Dextran®). This expander only rehydrates the vasculature without recovering 
the extravascular fluid space unlike experiments infusing saline that rehydrates all 
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FIGURE 4.1 Separated contribution of hyperthermia, dehydration, and plasma volume 
losses to the CDV drift that develops during exercise in a hot environment. (Data from 
Gonzalez-Alonso, J. et al., J. Appl. Physiol., 82, 1229–36, 1997.)
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fluid spaces (Deschamps et al. 1989; Nose et al. 1990). This manipulation allowed to 
factor out the role of blood volume in CDV drift. Interestingly, plasma volume expan-
sion did not prevent core temperature from increasing similarly to when no fluid was 
ingested during exercise. However, the plasma expander prevented two-thirds of the 
increases in HR and one-third of the declines in SV observed in the no-fluid trial. 
Importantly, this study revealed that when hyperthermic, plasma volume reductions 
account for some but not all the CDV drift (Deschamps et al. 1989; Nose et al. 1990). 
In contrast, when all body fluid spaces were rehydrated by ingesting 2.4 L of a sports 
drink, SkBF increased, hyperthermia was greatly attenuated and so was CDV drift 
(Montain and Coyle 1992a). This study suggests that a portion of CDV drift is related 
to blood volume losses but another important portion is due to hyperthermia.

Other investigators have tried to expand plasma volume before prolonged exercise 
by natural means avoiding banned substances or intravenous infusions. We and oth-
ers have used ingestion of salt and water to achieve plasma volume expansion while 
measuring HR drift (Greenleaf et al. 1997; Coles and Luetkemeier 2005; Sims et al. 
2007; Hamouti et al. 2014). To our knowledge, only one study reported the full car-
diovascular response to exercise in the heat after this ecological means of expand-
ing plasma volume (Hamouti et al. 2014). We observed that similar to the results 
obtained with the blood expanders, pre-exercise ingestion of saline (i.e., 82 mM of 
Na+) attenuated the SV, and cardiac output declines were observed when only water 
was ingested. HR was also somewhat lower (149 vs. 153 beats min−1; p = .06) with 
the saline ingestion, and thus, CDV drift was blunted despite no effects on lower-
ing core temperature. Interestingly, the reduction in cardiovascular strain resulted in 
alleviation of fatigue and improved performance (Hamouti et al. 2014). Other inves-
tigators have proposed that the alleviation of CDV drift would improve performance 
independently of effects on core temperature (Cheuvront et al. 2010). Although it is 
unclear if rehydration of all fluid spaces is required to prevent CDV drift, it seems 
important to improve performance since replenishing of the vascular space only has 
no ergogenic effect (Watt et al. 1999).

4.2.4 role of skin Blood flow

4.2.4.1 Effects of Body Position
During exercise in a hot environment with progressive dehydration, SkBF is main-
tained or reduced while HR progressively increases (Montain and Coyle 1992a; 
Gonzalez-Alonso et al. 1995, 1997, 2000). This dissociation between the progres-
sion of CDV drift upward and the plateau response of SkBF is the main argument 
to negate the traditional mechanistic explanation for CDV drift. However, the fact 
that we can dissociate SkBF from CDV drift does not negate that increases in SkBF 
augment the demands in the circulatory system likely contributing to the first stages 
of CDV drift during prolonged exercise. We should keep in mind that increases 
in SkBF allow higher heat dissipation reducing hyperthermia and preventing the 
portion of CDV drift associated with the increases in core temperature. Under this 
perspective, the dissociation between the responses of CDV drift and SkBF is not 
that surprising.
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Some experiments suggest that during prolonged exercise in a hot environment, 
manipulations to raise central venous pressure permit higher skin circulation, prevent-
ing excessive hyperthermia and CDV drift. Maybe the clearest study describing this 
mechanism was conducted by Gonzalez-Alonso and coworkers (1999). They compared 
supine and upright cycling at the same VO2 when subjects were similarly dehydrated 
and hot. In this experiment, supine exercise in the heat (35°C) allowed the maintenance 
of higher cutaneous blood flow, Q, SV, while plasma catecholamine concentration and 
HR were lower compared to cycling upright. Likely, the augmentation in central blood 
volume during supine exercise allowed higher skin blood while preventing SV reduc-
tions (Poliner et al. 1980). Supine position increases central blood volume inhibiting 
the baroreflex, sympathetic nerve, and hormonal signals (i.e., plasma norepinephrine) 
that prevent skin vasodilation during upright cycling (Kellogg et al. 1990). Thus, semi-
recumbent or supine exercise has a larger effect on preventing CDV drift than plasma 
volume expansion in a dehydrated condition (Montain and Coyle 1992a).

4.2.4.2 Effects of Airflow Restriction
Shaffrath and Adams (1984) investigated the effects of preventing airflow in CDV 
drift during prolonged (70 min) moderately intense (60% VO2 max) upright cycling in 
a thermoneutral environment (24°C). They observed that when airflow was reduced 
from 4.3 to 0.2 m s−1, SkBF and HR increased while SV and BP decreased. This was 
consistent with the views of Rowell in which redistribution of blood volume into the 
skin reduces central blood volume and initiates CDV drift (Rowell 1986). During 
60 min of exercise in a hot environment (36°C), we have found that oral rehydration 
(i.e., 2 L) does not prevent CDV drift when airflow is not allowed (Mora-Rodriguez 
et al. 2007). Like in the data of Shaffrath and Adams (1984), we found a tendency for 
SkBF to be higher when no airflow was allowed during exercise. Wingo and cowork-
ers (2005) also reported that when endurance-trained subjects exercise in a 35°C 
environment without airflow, fluid ingestion does not attenuate CDV drift. Thus, 
when airflow is prevented, relocation of blood to the skin lowers central blood vol-
ume becoming a likely cause of the CDV drift (Rowell 1974; Shaffrath and Adams 
1984; Mora-Rodriguez et al. 2007).

4.2.4.3 Effects of Exercise in Cold versus Hot Environments
Rowell and coworkers (1969) found that rapid cooling of skin from 39°C (a tempera-
ture that fully vasodilates the skin) to 27°C during 30 min bouts of exercise reversed 
the drop in SV and the increases in HR. Therefore, venous pooling induced by heat-
ing the skin can certainly cause CDV drift during short-term exercise. However, it is 
unclear if the CDV drift that ensues during prolonged exercise is due to progressive 
venous pooling into the cutaneous circulation. In agreement with Rowell (1974), we 
found that during the first stages of submaximal exercise (65% VO2 max) in a euhy-
drated condition, Q is 1.2 L min−1 higher in the heat (33°C) than in a cold (4°C) 
environment (Gonzalez-Alonso et al. 2000). This difference in Q was accompanied 
by a 4.5-fold higher cutaneous blood flow in the hot environment which was likely 
causing these increases. The increased Q was driven by an increase in HR (150 to 
161 beats min−1) while SV was similar in both trials (135 mL blood per heart beat) 
(Gonzalez-Alonso et al. 2000).
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This situation of increased HR and Q in parallel to the increases in SkBF is 
 however altered when subjects are dehydrated. When subjects are 4% dehydrated, 
the reduction in blood volume and the increase in core temperature and HR drive SV 
and Q down (Gonzalez-Alonso et al. 2000) independently of SkBF. The increasing 
level of dehydration as prolonged exercise progresses eventually results in a reduction 
in SkBF despite progressive hyperthermia and thermal drive for skin vasodilation. 
In fact, stepwise regression analysis excludes SkBF as a factor related to the reduc-
tion in SV with progressive dehydration (Gonzalez-Alonso et  al. 2000). Of note, 
SkBF reductions during progressive dehydration could be mediated by the increase 
in plasma catecholamine concentrations acting upon alpha adrenergic receptors in 
the skin vasculature (Mora-Rodriguez et al. 1996). In summary, when subjects are 
normothermic and euhydrated (at the start of prolonged exercise), skin warming elic-
its a simultaneous increase in HR and Q with maintenance in SV. However, the par-
allelism between HR and SkBF ceases during prolonged exercise when dehydration 
and hyperthermia develop.

4.2.5 role of metaBoliC drift

Together with increase in HR during prolonged exercise, there is also an increase in 
oxygen consumption despite unaltered work rate. This drift in VO2 is named meta-
bolic drift or slow component of VO2. Initially, this drift was thought to be caused 
by increased hepatic oxygen consumption with exercise duration to provide energy 
for the increased rates of liver glucose output and gluconeogenesis. However, Poole 
and coworkers (1991) circumscribed this phenomenon to increase metabolic demand 
of the exercising muscle as exercise progresses and muscle fibers become glycogen 
depleted. Others have confirmed that this drift originates in the contracting muscle 
(Gonzalez-Alonso et al. 1998), and it is related to a decreased economy of movement 
by recruiting extra muscle fibers during prolonged exercise (Dick and Cavanagh 
1987; Westerlind et al. 1992).

It is tempting to hypothesize that the drift in O2  consumption (slow VO2  com-
ponent) is demanding an increase in Q to deliver more oxygen in this condition of 
prolonged exercise. Rowland and coworkers (2008) observed during prolonged sub-
maximal exercise (65% VO peak2 ) in prepubertal boys a parallel rise in VO2  and Q 
(8% and 10%, respectively). They defend that the increase in muscle temperature dur-
ing exercise augments VO2 by the Q10 effect resulting in increases in systemic blood 
flow ( Q). However, during exercise in the heat when subjects are hydrated, systemic Q 
increases to supply blood to the vasodilated skin, a bed that does not consume much 
oxygen, and thus, VO2 does not rise in parallel with Q (Gonzalez-Alonso et al. 2000).

In an experiment, Hamilton and coworkers (1991) prevented metabolic drift by 
intravenous infusion of glucose to maintain blood hyperglycemia (i.e., 10 mM) dur-
ing 2 h of intense cycling (70% VO max2 ) in a thermoneutral environment. Despite total 
avoidance of VO2 drift with glucose infusion, Q was not different to when subjects 
rehydrated with plain water (Hamilton et al. 1991). Very prolonged exercise (i.e., ultra-
endurance) is another situation where CDV drift and VO2 drift do not increase in paral-
lel, which will be discussed in Section 4.2.8. Thus, this dissociation between metabolic 
and CDV drift in several experiments suggests an unlikely link between them.
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4.2.6 role of Heart rate

Experiments pacing the heart at rest and during exercise indicate that increases 
in HR could by itself be responsible for the reductions in SV (Ross et  al. 1965; 
Bevegard et al. 1967). Thus, it is possible that increases in HR associated with eleva-
tions in core temperature during exercise contribute to reductions in SV character-
istic of CDV drift. Plasma adrenaline level is an important extrinsic cardiac factor 
that affects HR. In one experiment, Q, SV, and HR were measured during prolonged 
exercise at 65% VO2 max in a hot environment. In one of the trials, subject’s blood 
adrenaline was raised by intravenous infusion to levels expected when exercising at 
85% VO2 max (Mora-Rodriguez et al. 1996). Adrenaline infusion increased exercise 
HR by 6–8 beats compared to the control saline infusion trial. Although there was 
a tendency for SV to be reduced after 60 min of exercise (119 vs. 127 mL beat−1), 
this difference did not reach statistical significance. The adrenaline infused in saline 
replaced 35% of fluid losses and likely prevented the reductions in central venous 
volume required to observe the declines in SV of CDV drift. Other experiments, 
reducing rather than increasing HR, have been more successful at altering CDV drift 
by pacing the heart (Fritzsche et al. 1999; Trinity et al. 2012).

Supporting a strong influence of HR on SV during prolonged exercise, Fritzsche 
et al. (1999) demonstrated that blunting the 11% increase in HR during 60 min of 
exercise in a thermoneutral environment (27°C) with the ingestion of β-adrenergic 
receptor blockade (i.e., atenolol) totally abolished the declines in SV from 15 to 
60 min of moderate intensity exercise (~60% VO max2 ). However, the small dose of 
atenolol provided (0.1 mg kg−1) did not affect BP core temperature, skin temperature, 
or cutaneous blood flow compared to the placebo trial. This experiment suggested 
that the reductions in SV during prolonged exercise were due to the increases in HR 
and independent of cutaneous blood flow. However, this study was conducted in a 
thermoneutral environment, and core temperature only increases 0.3°C from resting 
values and did not reach 38°C. Maybe larger hyperthermia could upset this direct 
effect of HR on SV.

In a recent study from Dr. Coyle’s laboratory, they elevated subject’s core temper-
ature to examine the SV responses to slowing HR (i.e., β-adrenergic receptor block-
ade) during hyperthermic conditions. In this experiment, atenolol dose was doubled 
compared to the previous study (0.2 mg kg−1). To attain the hyperthermic condition, 
subjects worn a vinyl rain jacket during exercise. Dehydration was prevented in all 
trials by ingestion of fluid before and after 15, 30, and 45 min of exercise (Trinity 
et al. 2010). The study confirmed that preventing HR elevations when subjects were 
hyperthermic by atenolol ingestion maintained SV at the 10 min levels during the 
60 min of exercise. As planned, HR was the same during the placebo normothermic 
trial compared to the β-blockade hyperthermic trial.

However, Q and SV were higher in the β-blockade trial than in the placebo trial 
despite higher core temperature. Thus, when the effects of hyperthermia on increas-
ing HR are prevented by β-blockade, hyperthermia alone does not seem to reduce 
SV. In the hyperthermic trial along with the higher SkBF, they found reduced BP. 
Seemingly, a reduced afterload due to skin vasodilation in the condition of hyper-
thermia plus β-blockade could have raised SV (Trinity et al. 2010).
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In summary, studies with β-blockade during prolonged exercise revealed that 
increases in HR determine the reductions in SV. β-blockade in a hyperthermic con-
dition prevents SV from decreasing despite a high SkBF. These two studies suggest 
that high SkBF per se does not reduce SV during prolonged submaximal exercise. 
In contrast, hyperthermia raises HR, which in turn seems to lower SV.

4.2.7 role of musCle mass and ContraCtion veloCity

Nassis and Geladas (2002) have suggested that the amount of contracting muscle 
mass could play a role in the magnitude of CDV drift. They originally observed a 
larger CDV drift (reduction in Q and SV after 85 min of exercise) during cycling ver-
sus running. However, differences in core temperature (higher when running), SkBF 
(higher when cycling), and similar HR during cycling and running make difficult 
the interpretation of this study. In a latter experiment (Kounalakis et al. 2008b), they 
found larger CDV drift when cycling with two legs compared to one-legged cycling. 
They set the workload during one-leg cycling to elicit half of the VO2 attained when 
cycling with two legs. Thus, during the exercise with one leg the initial values for Q, 
SV, and HR were lower than when the larger muscle mass of two legs were involved. 
Although in absolute values HR and SV drifted more in the two-legged cycling trial, 
when expressed as percent of their initial values, CDV drift was similar in both 
trials.

In a subsequent study (Kounalakis et al. 2008a), these authors explored the effect 
of the muscle pump on CDV drift. They reasoned that a stronger muscle pump dur-
ing exercise would improve blood return to the heart, increasing diastolic filling 
pressure, reducing the unloading of baroreceptors, and thus limiting the upward drift 
in HR. To elicit different level of muscle pump, subjects cycled during 90 min at 
either 40 or 80 pedal-revolutions per minute while matching VO2 during both trials. 
They found that the reductions in SV and the increases in HR were similar between 
trials. The authors concluded that muscle pump is not an important factor for the 
development of CDV drift during cycling at least in the conditions where Q and BP 
do not decrease during exercise (Kounalakis et al. 2008a). In summary, the role of 
the amount of muscle mass recruited during exercise in the development of CDV 
drift remains unclear.

4.2.8 role of exerCise duration

During very prolonged exercise at a steady work rate, HR drifts during the first 6 h 
of exercise but thereafter there is no further increase and even a reduction toward 
initial exercise values has been reported (Mattsson et al. 2010, 2011). Although the 
myocardium has been thought to be fatigue resistant, this reduction in HR could be 
due to limitations in left ventricular function during very prolonged exercise (>6 h). 
Studies examining left ventricular function pre- and postprolonged exercise have 
the confounding effect of changes in preload due to the associated dehydration of 
prolonged exercise (Goodman et al. 2001). In a recent study, Dawson and cowork-
ers (2007) maintained heart preload and central venous pressure stable by infusing 
saline during 3 h of semi-recumbent cycling. Unlike previous reports (Saltin and 
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Stenberg 1964), they found no evidence of cardiac fatigue in left ventricular contrac-
tility indices measured by laser echocardiography. However, they found reduction 
in peak diastolic filling velocity that however did not affect left ventricular internal 
diameter at diastole. So, beyond this subtle decrease in diastolic function (Dawson 
et al. 2005) it does not seem that the reversal of the upward HR drift during ultra-
endurance exercise could be due to cardiac fatigue.

The reversal of HR drift during ultra-endurance exercise after 6 h of exercise 
is not accompanied by a reduction in VO2  drift, and as a consequence, the ratio 
between VO HR2  increases above initial levels. Some authors have interpreted this 
to mean an improved distribution of blood flow during exercise (Mattsson et  al. 
2010). However, it is difficult to interpret this ratio when the drift in each of the com-
ponents may be caused by different factors.

The causes of the reversed HR drift during very prolonged exercise remain elusive. 
It could be associated with a desensitization of the heart’s adrenergic receptors due 
to the prolonged presence of elevated levels of catecholamines. However, reduction 
in catecholamine stimulation of the heart would also cause a decrease in contractil-
ity and SV was not reduced but rather increased in this study (Mattsson et al. 2011). 
Another possibility is the redistribution of blood flow from the periphery (skin) or 
other visceral organs to the working muscle with prolonged exercise, although this 
possibility seems remote. Finally, these authors found an increase in blood concen-
tration of the vasodilatory cardiac hormone brain natriuretic peptide which could 
act to improve cardiac filling (Mattsson et al. 2011). Further ultra-endurance experi-
ments are needed to confirm this reversal of HR drift in conditions where hydration, 
body mineral balance, and circadian rhythms are tightly controlled.

4.2.9 role of fitness level

The important cardiovascular adaptations derived from aerobic training (e.g., 
increased blood volume, muscle capillarity, reduction in systemic peripheral resis-
tance, increase in myocardial size, and contractility) could be thought to preserve 
the functionality of the CDV system when body fluid is reduced by dehydration and 
CDV ensues. In a recent series of experiments, our group studied the physiological 
responses to dehydrating exercise in the heat (34°C) comparing aerobically trained 
to untrained subjects (Mora-Rodriguez et  al. 2010, 2013; Mora-Rodriguez 2012). 
We achieved a percent dehydration from 1.4%  to 2.3% depending on the exercise 
intensity, and in another set of trials, dehydration was offset by fluid ingestion (Mora-
Rodriguez et al. 2013).

In a thermoneutral environment, it has been previously shown that the HR response 
are similar when trained and untrained subjects exercise at the same percentage of 
their maximal aerobic capacity (i.e., 50%–90% VO2peak) (Fritzsche and Coyle 2000; 
Gant et  al. 2004). In a hot environment, we observed that when work rates were 
equaled to a percent of the individual maximal aerobic capacity (%VO2peak

 ), the 
increases in HR and BP were similar between groups (Mora-Rodriguez et al. 2013). 
This similar HR response took place despite larger reductions in body fluid and 
plasma volume in the trained than in the untrained individuals due to their higher 
absolute workload and sweat rate (see Table 4.2). In this view, the fact that HR was 
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similar in the trained individuals compared to the untrained subjects despite exer-
cising with a higher body fluid deficit is remarkable. Furthermore, it suggests that 
the cardiovascular system of trained individuals adapts to prevent a HR overshoot 
response despite large body fluid losses.

Fluid replacement may have different impact on CDV drift in trained and 
untrained individuals. We and other investigators have reported that trained individ-
uals derive larger thermoregulatory benefits from rehydration than untrained (lower 
core temperature) at least when exercising at a moderate intensity (i.e.,~60% VO2peak ) 
(Merry et  al. 2010; Mora-Rodriguez et  al. 2013). Figure  4.2  shows the effects of 
fluid replacement on the cardiovascular responses in trained and untrained subjects 
during cycling exercise at 60% VO2peak and when exercising at the same absolute 
intensity.

When exercising at the same absolute work rate (180 W; see panel a of Figure 4.2) 
and thus similar heat production, Q was initially (15 min of exercise) similar between 
the two groups. However, the untrained group had larger reduction in Q when they 
were not rehydrated (i.e., see the long arrow down in Figure 4.2). At 180 W, HR was 
higher and SV lower in the untrained than in the trained group. Likely, the lower 
HR in trained subjects allowed longer heart filling time improving their SV. Both 
groups benefited from rehydration but the drift (height of the bars) on SV and HR 
was smaller in the trained subjects.

When comparing the cardiovascular responses at the same percent of the maxi-
mal aerobic capacity (60% VO2peak, see panel b of Figure 4.2), Q was very differ-
ent due to the higher absolute workload in the trained subjects. However, HR was 

TABLE 4.2
Cardiovascular Responses at the End of Exercise (40%, 60%, and 80% VO2 peak) 
in Aerobically Trained (Tr) and Untrained (UTr) Subjects

Responses Subjects 40% VO2 peak 60% VO2 peak 80% VO2 peak

Heart rate (beats min−1) Tr 128 ± 12 156 ± 11b 182 ± 9b,c

UTr 132 ± 13 160 ± 12b 183 ± 8b,c

Mean arterial pressure (mmHg) Tr 97 ± 6 100 ± 12 116 ± 15c

UTr 93 ± 13 101 ± 12 115 ± 17c

Plasma volume (% of resting) Tr −9.6 ± 3.7a −13.7 ± 2.6a,b −13.4 ± 4.4c

UTr −7.6 ± 3.0 −10.0 ± 2.5 −12.8 ± 2.4b,c

Sweat rate (L h−1) Tr 0.8 ± 0.2 1.2 ± 0.3b 1.6 ± 0.5a,b,c

UTr 0.7 ± 0.2 1.0 ± 0.3b 1.3 ± 0.4b,c

Dehydration (%) Tr 2.3 ± 0.3a 2.1 ± 0.3a 2.1 ± 0.3a,c

UTr 1.9 ± 0.1 1.6 ± 0.1b 1.4 ± 0.1c

Source: Mora-Rodriguez, R. et al., Eur. J. Appl. Physiol., 109(5), 973–81, 2010.
Data are average for 10 subjects in each group ± SD.
a Difference between Tr and UTr subjects.
b Difference from previous exercise intensity within the same group of subjects.
c Difference from 40% VO2 peak (p < .05).
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similar between groups. When no fluid was allowed, the drift in all variables ( Q, 
SV, and HR) was not different between trained and untrained subjects. Both groups 
of subjects benefited from fluid replacement. However, the drift in HR was lower in 
the trained group after rehydration. In summary, it seems that along with the ther-
moregulatory responses, trained individuals benefit more from rehydration reducing 
their HR drift further than their untrained counterparts.
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FIGURE 4.2 Cardiovascular responses during exercise (a) at the same absolute exercise 
intensity (180 W) and (b) at the same relative intensity (60% VO2 peak) at the beginning and 
end of exercise (height of the bars) in aerobically trained (Tr) and untrained (UTr) subjects 
when dehydrated or when fluid was replaced in full. (Data from Mora-Rodriguez, R. et al., 
Appl. Physiol. Nutr. Metab., 38, 73–80, 2013.)
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4.3  CARDIOVASCULAR DRIFT AND TRAINING 
FOR PERFORMANCE OR HEALTH

Athletes and coaches interpret a lowering in HR for a given performance velocity 
(i.e., running, cycling, rowing, or swimming) as an evidence of attainment of aerobic 
adaptations to training. However, the reduction in HR of an athlete that trained hard 
to get aerobic adaptation could be masked by CDV drift. The most salient character-
istic of CDV drift is the increase in HR during exercise. Thus, the HR drift resulting 
from exercising in the heat could counterbalance the HR lowering effect of train-
ing. Coaches testing their athletes in a hot summer environment may conclude that 
training adaptations were not obtained if they do not have a pre-training control in 
similar environmental conditions. Training and heat acclimation reduce CDV drift 
by naturally expanding plasma volume and enhancing the functionality of the heat 
dissipatory mechanisms. Heat acclimation reduces but it does not prevent CDV drift 
and the stress response of the cardiovascular system.

Coaches may decide to abandon HR as an index to measure the cardiovas-
cular adaptations to training when influenced by CDV drift (i.e., situations of 
prolonged dehydrating exercise). However, disregarding the HR increases during 
prolonged exercise could lead to premature fatigue. The HR drift that occurs 
during prolonged exercise is always accompanied by increases in the rate of per-
ceived exertion. This tight relationship occurs if exercise takes place either in a 
hot (Gonzalez-Alonso et  al. 1995, 1997) thermoneutral environment (Hamilton 
et  al. 1991; Heaps et  al. 1994) or with plasma volume expansion (Montain and 
Coyle 1992b) as it can be appreciated in Figure 4.3.

On the other hand, the prevention of CDV drift could reduce fatigue even when 
core temperature is not lowered. Two studies conducted in a thermoneutral envi-
ronment reported improvements in performance when ingesting water and salt 
prior to exercise without affecting core temperature (Greenleaf et  al. 1997; Coles 
and Luetkemeier 2005). In a hot environment (33°C), we found 7.4% improvement 
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in a cycling time trial after ingestion of water and salt despite no change on heat 
 accumulation compared to a trial where only water was ingested pre-exercise 
(Hamouti et al. 2014). Other investigators have linked the reduced cycling perfor-
mance during prolonged exercise in the heat to the cardiovascular strain and the 
increases in perceived exertion (Cheuvront et al. 2010).

Hyperthermia induced by warming the skin and core with a water-perfused 
suit (10°C increase in skin and 1°C increase in core) results in a 26% reduction 
in the time to exhaustion in a graded exercise test. The increases in HR in the 
hyperthermic trial were associated with a reduction in VO2max (Gonzalez-Alonso 
and Calbet 2003). Maximal cardiac output and thus maximal SV are the limiting 
factors for oxygen delivery and the attainment of maximal oxygen consumption 
VO2max (Saltin and Strange 1992). Since SV reduction is one of the constant fea-
tures of CDV drift, it is logical to infer that CDV drift may compromise VO2max 
(Saltin 1964). In fact the reduction in VO2max has been observed not only during 
incremental exercise to exhaustion but also after 45 min of constant load exercise 
in a hot environment (Wingo et al. 2005) coinciding with CDV drift. Furthermore, 
CDV drift and the reductions in VO2max are avoided when hyperthermia is pre-
vented by exercising in a 22°C environment or by air cooling (Wingo and Cureton 
2006a; Lafrenz et al. 2008).

CDV drift may not only affect performance but also alter training load when 
using target HR as an index during the workouts. Wingo et al. (2012) have nicely 
described the decisional crossroad faced by endurance athletes when training 
in a hot-dehydrating environment using HR as index for training intensity. As 
described above, dehydration and hyperthermia result in reductions in VO2max and 
maximal workload during a graded exercise test to fatigue. The upward drift in 
HR during prolonged exercise is proportional to the increase in relative metabolic 
intensity due to the decrease in VO2max. Thus, if subjects are instructed to set 
the workload to their target HR during the first stages of exercise and maintain 
that workload, the increasing HR (i.e., %HR max) would still correspond to an 
increased % VO2max since absolute VO2max would be reduced. Alternatively, pre-
serving HR at target level would require a marked reduction in workload as exer-
cise progresses (e.g., 40% during 45 min of exercise at 35°C) (Wingo and Cureton 
2006b). This reduction in workload results in a 24% lower VO2 and a 10% lower 
SV. This reduction in the metabolic and cardiovascular demands may compro-
mise the attainment of the adaptations of aerobic training in those physiological 
systems (Figure 4.4).

While the consequences and alternatives to the occurrence of CDV drift during 
training for performance are analyzed by Wingo and coworkers (2005), the occur-
rence of CDV drift in people that exercise to improve their fitness is not well estab-
lished. One study following 326 overweight women that trained for fitness 3–5 times 
per week, 30–90 min at 50% VO2max reported small increases in HR during these 
workouts (i.e., 1–4 beats). Furthermore, in less than 1% of the sessions intensity was 
reduced to prevent CDV drift (Mikus et al. 2009). Thus, during continuous aerobic 
exercise training to improve fitness, CDV drift may not be an important workload 
modifier when using HR as an index to prescribe exercise intensity. Of note, in the 
study by Mikus et al. (2009), subjects rehydrated ad libitum and had access to fan 
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cooling in all training bouts. It is currently unclear if CDV drift may be important 
in health-oriented training programs that use more intense bouts of exercise (Mora-
Rodriguez et al. 2015) or when airflow and rehydrating fluid are not available.

4.4 SUMMARY

In summary, CDV drift (increase in HR and concomitant reduction in SV) is the 
most visible sequence of cardiovascular events that takes place during prolonged 
submaximal exercise. Its prevalence during exercise in a hot environment causing 
dehydration by sweating is high. Its causes and consequences have been investigated 
for more than 50 years. Although initially linked to the increases in SkBF, it also 
takes place despite unchanged cutaneous circulation. Sympathetic stimulation of HR 
linked to hyperthermia, dehydration, or hypovolemia is the more likely cause of 
CDV drift according to recent experiments. CDV drift has consequences for per-
formance and could potentially limit the adaptations and health outcomes sought by 
training. Prevention of CDV drift involves rehydration and cooling strategies that 
although long time known are habitually neglected.
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5 Thermal Strain and 
Exertional Heat 
Illness Risk
Total Body Water and 
Exchangeable Sodium Deficits

Michael F. Bergeron

5.1 INTRODUCTION

Hydration is arguably among the foremost priorities athletes habitually  consider 
during and after any workout, be it training or competition—that is, drinking 
 regularly to offset often obvious extensive losses of sweat and intrinsic prompts of 
thirst. Informed athletes typically appreciate the influence of hydration on athletic 
 performance and how inadequate hydration can ultimately be a determining  factor 
in a loss or underachievement during training or competition. It is increasingly 
well recognized, as well, that inadequate hydration and resultant measurable sweat-
induced body water and sodium deficits can also be a danger to one’s health and 
safety—particularly, during strenuous physical activity in the heat and humidity. 
Notably, complete post-exercise rehydration involves more than just ample water 
intake, as often extensive sweat sodium losses need to be replaced as well to achieve 
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optimum hydration status—that is, the most advantageous distribution and retention 
of water to all body fluid compartments. Ideally, the preferred emphasis is to ensure 
a well-hydrated and sodium-balanced state prior to practice, training, or play and 
regular fluid (sometimes including added sodium, depending on individual needs) 
intake during these activities to sufficiently offset the ongoing sweat loss. However, 
for myriad athletes and athletic scenarios, it is impractical to avoid accumulating 
and sometimes measurable total body water and exchangeable sodium deficits dur-
ing extended or repeated same-day bouts of training or competition. In addition to 
the potential effect on performance, these deficits can significantly increase thermal 
strain and exertional heat illness risk.

5.2 THERMAL STRAIN

As environmental heat stress and the intensity and duration of physical activity 
increase, metabolic heat production and the associated level of thermal strain are 
progressively and proportionally amplified in parallel. Evaporation of sweat, along 
with additional heat exchange through radiation (from the skin to the air) and con-
vective heat loss (from air moving across the skin), is usually enough to amply offset 
metabolic heat production. Accordingly, an athlete’s body core temperature is typi-
cally kept from increasing excessively during training and competition across a broad 
range of diverse environments and thermal challenges. In certain scenarios, however, 
the workload and consequent metabolic heat production rate exceed the capacity of 
sweating and other mechanisms of environmental heat exchange. Consequently, body 
core temperature progressively increases. If the level of physical activity inappropri-
ately (for the prevailing environmental conditions) continues or increases, the degree 
of undue thermal strain could readily reach and exceed a dangerous and potentially 
life-threatening threshold. This effect and resultant challenge to an athlete are read-
ily hastened and magnified when the humidity is high, as the high water content of 
the air acts as a barrier to sweat evaporation and thus evaporative cooling. In such 
conditions, an athlete will continue to sweat, but the sweat does not evaporate as 
effectively. The water from the sweat glands is left to collect on the skin or fall to 
the ground with little-to-no release of body heat to the air. In weather where the air 
temperature approaches an athlete’s skin temperature, the progressively less favor-
able thermal gradient reduces the capacity for heat loss through radiation from the 
skin. And at certain times of the day, the passive solar heat gain can increase the total 
net thermal load even further from the constant exposure of the body to the sun’s 
electromagnetic energy. Moreover, when there is no wind, there is also a dramatic 
reduction in convective heat loss. Accordingly, from the perspective of potentially 
reaching dangerous levels of thermal strain, the scenario presenting the greatest risk 
during outdoor vigorous and/or sustained athletic exertion is when the air temperature 
and humidity are high, exposure to the sun is constant and strong, with additional 
reflective solar energy coming off the ground, and there is little to no breeze or wind. 
Notably, increasing levels of environmental heat stress generally have a more measur-
able negative effect on the less fit athletes (Ely et al. 2007).

The human body has an effective thermoregulatory capacity for minimizing the 
rise in body core temperature during physical activity. However, with greater levels 
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of ambient temperature and/or humidity, metabolic heat production can exceed the 
capacity for sufficient environmental heat exchange and thus prompt an excessive 
and dangerous level of thermal strain.

5.3 TOTAL BODY WATER DEFICITS

A greater dependence in evaporative cooling via sweating parallels increasing work-
loads and climatic heat stress, though sweating rates vary considerably between 
individuals, even in identical environmental conditions and athletic settings. Myriad 
recreational and competitive athletes are capable of sweating well in excess of a liter 
per hour while training or competing, particularly in the heat. For some older ado-
lescents or adult athletes, sweat loss can reach 2.5 L or more per hour with strenu-
ous physical activity in a wide range of environmental conditions. Considering these 
sweat loss rates, it is easy to appreciate how some individuals can readily incur a siz-
able total body water deficit during training and competition. Even when fluid is con-
sumed voluntarily and regularly as desired or just to thirst, a post-exercise body water 
deficit is often significant following prolonged and/or repeated sessions of strenu-
ous physical activity, especially for those individuals who sweat considerably. In fact, 
in certain sports and extended-duration athletic scenarios, these post-exercise body 
water deficits can be very substantial—2–4 L or more—even with ample fluid avail-
ability, opportunities to rehydrate, and regular consumption throughout the activity 
session (Bergeron 2003, 2014). Notably, there is a particular challenge in minimizing 
total body water deficits with same-day repeated bouts of physical activity—such as 
with tournaments and multiple same-day training sessions—when sweat losses are 
extensive and repeat-bout recovery time is insufficient (Bergeron 2009).

Sweating rates vary considerably, and post-exercise body water deficits can be 
considerable, even when water and/or other fluids are consumed regularly during 
activity.

5.4 EXCHANGEABLE SODIUM DEFICITS

As with sweating rate, the sodium content of sweat is widely variable among indi-
viduals. Moreover, as an athlete’s rate of sweating increases, there is a concomitant 
increase in the rate of sweat electrolyte loss (particularly sodium) in that same indi-
vidual, owing to the resultant larger total volume of sweat and the parallel higher 
sweat sodium concentration. A sufficient period of progressive exercise-heat expo-
sure and consequent acclimatization to exercising in the heat typically lowers one’s 
sweat sodium concentration; however, sweat sodium losses can still be consider-
able, even for an athlete who is well acclimatized to the heat. With pre- or early 
pubescent athletes, a sweat-induced sodium deficit incurred during a single training/
practice session or competition bout alone is not likely to be substantial, because of 
a comparatively (to adults) low sweating rate and total sweat sodium loss (Meyer 
et al. 2012). A normal diet surrounding these bouts of activity will typically be suf-
ficient to maintain daily electrolyte balance, even if only water is consumed dur-
ing and after each practice or game/match. This often is not the case with many 
older adolescents and adults who generally sweat considerably more and can lose 
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via sweating 2000–5000 mg or more of sodium per hour. For extended or same-day 
repeated vigorous training/practice sessions or competition bouts in the heat, total 
body exchangeable sodium deficits can reach up to 20,000 mg or more in a single 
day. The same effect may also evolve less dramatically (i.e., more incrementally over 
time) after several successive days of training/practice or competition.

As with sweating rate, electrolyte (especially sodium) losses from sweating vary 
considerably too. Depending on the rate of sweat sodium loss, a measurable total 
body exchangeable sodium deficit can be evident from a single session of extensive 
sweating or after several successive same-day sessions or multiple days of physical 
exertion.

5.5  EFFECTS OF TOTAL BODY WATER 
AND EXCHANGEABLE SODIUM DEFICITS

Body core temperature, heart rate, and overall physiological and perceptual strain 
are proportionally greater with incremental levels of total body water deficits (e.g., 
1%–4% from a normally hydrated state), during fixed-intensity exercise (Gonzalez-
Alonso et al. 1997; Moran et al. 1998; Nadel et al. 1980). A reduced capacity for heat 
transfer and dissipation may be the result of blood volume decrements and accom-
panying changes in plasma osmolality resulting in alterations in cardiovascular and 
thermoregulatory control (Gonzalez-Alonso et al. 1997; Harrison et al. 1978; Nadel 
et  al. 1980). While these examined levels of hypohydration are representative of 
body water deficits incurred during training and competition in many typical ath-
letic scenarios, the invariable constant workload of laboratory experiments may not 
necessarily elicit the same responses to dehydration as in sport- and field-specific 
situations when there is an opportunity for self-regulatory variation in workload and 
rest cycles. However, in most athletic situations, athletes can safely tolerate a small 
total body water deficit (3% or less, or 2% of body mass) that develops by the end of 
a practice/training session or competitive event without incurring undue thermal or 
cardiovascular strain and associated medical complications, so long as pre-activity 
hydration status is good.

In compensatory response to the typical decrease in plasma volume and increase 
in plasma osmolality during vigorous exercise, which can be more readily exac-
erbated by extensive sweating, water from the interstitial fluid compartment shifts 
to the intravascular space (Costill et al. 1976; Nguyen and Kurtz 2006; Nose et al. 
1988b; Sanders et al. 1999). With ongoing exercise and sweating and a concomitant 
escalating body water deficit, the interstitial fluid compartment becomes increasingly 
contracted (Costill et al. 1976). This can go on after exercise, as sweating lingers for 
some time while body core temperature returns to its pre-exercise level (Nose et al. 
1988b). Even with continuous exercise maintained at a moderate level, persistent 
sweating will contribute to a slowly accumulating body water deficit and a parallel 
decrease in circulating plasma volume. Accordingly, a progressive upward drift in 
heart rate to maintain cardiac output and a concomitant increase in body core tem-
perature and perceived exertion are often noted, even while maintaining the same 
level of sustainable physical activity. This, in due course, considerably challenges 
an athlete’s physiology, perception of effort and well-being, and performance and 
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typically translates into an unplanned progressive decrease in intensity and effort 
with an overall slowing of activity. These same effects and responses are also gener-
ally evident with intermittent vigorous physical activity, as is characteristic of many 
individual and team sports, in the heat. Moreover, a proposed cascade of additional 
contributing triggers associated with hyperthermic fatigue and exhaustion, affecting 
the central nervous system (CNS) and voluntary neuromuscular activation and con-
trol, can further lessen the body’s capacity and even the desire to continue exercising 
(Cheung and Sleivert 2004; Gonzalez-Alonso 2007).

Consequent to a contracted interstitial compartment from exercise and extensive 
sweating, certain neuromuscular junctions in the primary activated musculature 
can become hyperexcitable by mechanical deformation and exposure of the unmy-
elinated nerve terminals and post-synaptic membranes to increased levels of excit-
atory extracellular constituents such as acetylcholine, electrolytes (Na+ and K+), and 
exercise-related metabolites in the surrounding extracellular spaces. This can trig-
ger affected nerve fibers to spontaneously fire or independently prompt end-plate 
currents and excitatory post-synaptic potentials (Layzer 1994; Sjogaard et al. 1985). 
Fasciculations and exertional muscle cramps often begin in the legs (often notably 
first in the quadriceps and/or hamstring muscles) (Bergeron 1996, 2003), which is 
not surprising given that the interstitial fluid compartment in the more highly active 
muscle group regions is likely to be more strongly challenged by concomitant osmotic 
and metabolic forces that help to maintain circulatory (Costill et al. 1976; Nguyen 
and Kurtz 2006; Nose et al. 1988b; Sanders et al. 1999) and intracellular (Nguyen and 
Kurtz 2006; Nygren and Kaijser 2002; Sjogaard et al. 1985) volumes, respectively. 
As more water is shifted from the interstitial compartment to the intravascular space, 
adjacent and other nerve terminals and post-synaptic membranes may be similarly 
affected and the consequent muscle spasms (cramps) would then characteristically 
spread or jump around with various muscle fibers and bundles alternately contract-
ing and relaxing (Hubbard and Armstrong 1988). The etiology and presentation of 
exertional muscle cramping related to a whole-body exchangeable sodium deficit and 
contracted interstitial compartment are notably different in all respects from over-
load and fatigue-related muscle cramps that come on suddenly and remain localized.

The total body sodium deficit threshold required to prompt muscle cramping is 
not well described; however, an estimated sweat-induced loss of 20%–30% of the 
exchangeable Na+ pool has been noted with severe muscle cramping (Bergeron 
1996; McCance 1990). How readily this occurs depends on sweating rate (Buono 
et  al. 2007), sweat sodium concentration (typically 20–80  mmol  L−1) (Bergeron 
2003; Costill 1977; Maughan et al. 2004), and dietary intake (Maughan et al. 1996). 
Sweating rate remains fairly consistent during such long-term activity, and serum 
sodium concentration is typically maintained or elevated, along with potential 
changes in sweat gland function or sympathetic nervous system activity that would 
tend to increase sweat sodium concentration (Morgan et al. 2004). Accordingly, a 
high sweat sodium concentration generally stays high, even as whole-body water 
and sodium deficits progressively increase, with continuous or intermittent physi-
cal activity over an extended period of time (e.g., 3–4 h or more). Moreover, plasma 
osmolality and circulating electrolyte concentrations will be maintained or some-
what elevated during and after exercise as water shifts from the extravascular space 
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to defend central volume and free water loss (primarily from sweating) continues, 
even as considerable sodium is lost via sweating (Fortney et al. 1981; Nguyen and 
Kurtz 2006; Nose et al. 1988b; Sanders et al. 1999, 2001). Accordingly, a total body 
exchangeable sodium deficit is not apparent from a venous blood measure.

An accumulating total body water deficit from extensive sweating can increas-
ingly and measurably exacerbate cardiovascular and thermal strain and thus nega-
tively affect exercise-heat tolerance, perception of effort, performance, and safety. 
Moreover, an accumulating sodium deficit can prompt a contracted interstitial com-
partment and spontaneous and debilitating muscle cramping.

5.6  MITIGATING THERMAL STRAIN 
AND EXERTIONAL HEAT ILLNESS RISK

Adequate hydration (i.e., appropriately minimizing a total body water and exchange-
able sodium deficit) is integral to athlete safety in the heat. However, the primary 
determinant of thermal strain is the combined effect of intensity and duration of 
physical activity and environmental heat stress, and the consequent capacity for 
effective heat transfer and dissipation and the resultant thermal load. While more 
optimal exercise economy can help to lessen metabolic heat production and the 
ensuing thermoregulatory requirement thus minimizing thermal strain (Smoljanic 
et al. 2014), self-determined and self-controlled pacing—that is, intentional slowing 
down and decreasing the intensity of effort in advance of getting overheated—is the 
more practical effective choice in minimizing physiological, perceptual, and ther-
mal strain; averting premature fatigue; and safely extending the sustainable dura-
tion of one’s athletic activity (Tucker 2009; Tucker and Noakes 2009). Eventually, 
however, the unrelenting environmental burden and progressively shrinking cardio-
vascular reserve, increasing thermal load, and energy depletion become overwhelm-
ing, prompting an athlete to voluntarily stop or be compelled to discontinue. Heat 
acclimatization by way of graduated exercise-heat exposure (including a progressive 
increase in exercise intensity and duration) over several days or more can improve 
exercise-heat tolerance and reduce the risk of exertional heat illness (Armstrong 
et al. 2007; Garrett et al. 2011). Unfortunately, this is not always practical or suffi-
ciently applied. Many athletes are also frequently in situations where there is strong 
self-driven or external motivation to keep going or keep up (e.g., in team practices 
with strong encouragement from a coach), and deliberate slowing down is not a 
seemingly viable option to the affected athlete during these intense conditioning or 
competition challenges, even when the lack of capacity to safely continue is evident. 
Extensive or repeated overexertion, particularly in the heat and high humidity, also 
increases the risk for rhabdomyolysis in the absence or presence of dehydration, 
as a result of the consequent breakdown of skeletal muscle fibers (Armstrong et al. 
2007; Clarkson 2007; Cleary et al. 2007; Sauret et al. 2002). Conversely, an increase 
in kidney stress and thermal strain can be particularly evident during subsequent 
physical activity in the heat following a bout of muscle-damaging exercise (Fortes 
et al. 2013; Junglee et al. 2013)—another cautionary consideration to athletes with 
respect to excessive workloads or training and competing in the heat without suf-
ficient recovery from extended or repeated periods of challenging physical exertion. 
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Other contributing factors that raise body metabolism and heat production (e.g., cer-
tain medications or fever) or promote body water loss (e.g., recent illness involving 
diarrhea) also warrant caution, prior to participating in strenuous physical activity in 
the heat. All of these scenarios underscore the shared responsibility of the athlete, 
parent (for youth), and coach to be aware of these and other contributing risk factors 
to incurring undue thermal strain and avoid, limit, or modify practice, training, or 
competition in the heat accordingly. However, excessive thermal and cardiovascular 
strain and exertional heat illness that are primarily due to inadequate hydration—that 
is, incurring a measurable total body water and/or exchangeable sodium deficit—are 
readily preventable (Table 5.1).

With brief to relatively short-duration athletic activities (especially in cool envi-
ronmental conditions where sweat loss is minimal), athletes may not necessitate any 
fluid intake while training or competing, so long as they are amply hydrated at the 
start. Any resultant deficit in total body water will be negligible and readily restored 
with subsequent meals and casual fluid consumption. For extended training sessions 
and competition bouts, 100–250 mL (about 3–8 oz.) every 20 min for young ado-
lescents and up to 1.0 L (about 35 oz.) or a little more per hour for older adoles-
cents and adults is generally enough to offset sweat losses or sufficiently minimize 
 sweating-induced body water deficits incurred during these activities. But for many 
athletes—men and women and numerous adolescent boys and girls—even this rate 
of fluid intake is paralleled by a progressively increasing body water deficit that can be 

TABLE 5.1
Singular and Collective Effects of Offsetting Measures to Address 
Inadequate Hydration That Yields a Measurable Total Body Water and/or 
Exchangeable Sodium Deficit

Condition Effects Preventive Measures

Inadequate hydration
Total body water and/or
Total body exchangeable 
sodium deficit

↑ Thermal and cardiovascular 
strain

↑ Heart rate
↑ Body core temperature
↑ Perception of effort
Premature fatigue/exhaustion
↓ Performance
Contracted interstitial fluid 
compartment

↑ Risk of muscle cramping

Ensure adequate daily fluid and sodium 
intake based on individual exercise- and 
activity-related sweat losses

 – Prior to exercise/activity, drink 
regularly throughout the day

 – During exercise/activity, consume 
fluid regularly to appropriately 
offset body water and sodium losses 
from sweating

 – After exercise/activity, drink ~120% 
of any remaining body water deficit 
(indicated by a change in body 
weight) over the rest of the day and 
before the next day’s workout

 – Consume additional sodium daily 
via foods and fluids when sweating 
extensively
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sizable, especially when sweating nears or exceeds 2 Lh−1. Following these  common 
instances of resulting body water deficits, post-exercise fluid intake should be 1–1.2 L 
for every kg (16–20 oz. per pound) of a remaining post-exercise body water deficit, 
as indicated by a pre- to post-activity decrease in body weight. This will be potentially 
modulated by how much time is available for rehydration before, for example, the start 
of the next practice/training session. In tournament scenarios with multiple same-day 
rounds of competition, there may only be enough time to safely and comfortably par-
tially rehydrate, so as not to overconsume fluid in a short amount of time which can 
lead to gastric discomfort or even hyponatremia—a dangerous and potentially deadly 
complication from overconsumption of fluids (Hew-Butler et al. 2005).

With rehydration, plasma volume is preferentially restored (Mitchell et al. 2000; 
Sanders et al. 1999, 2001) prompting a reduced drive to drink and increase in renal 
free water clearance often before complete restoration of the interstitial spaces; thus, 
the interstitial fluid compartment remains somewhat contracted, even though the 
athlete is no longer thirsty and increased urine production (especially after  activity) 
deceptively suggests sufficient whole-body water recovery. This particularly occurs 
when plain water or very low-sodium fluid is consumed alone (Nose et al. 1988a). 
Accordingly, athletes who lose a great deal of sodium from sweating need to be 
deliberate in offsetting the bulk of this abundant electrolyte loss to more fully rehy-
drate—that is, better retain and distribute the required large volume of ingested 
water to rehydrate all body fluid compartments (Mitchell et al. 2000; Sanders et al. 
1999, 2001; Shirreffs and Maughan 1998)—by appreciably increasing sodium intake 
during certain activities and more closely matching daily dietary sodium with total 
sweat sodium loss. Certain dietary choices (e.g., canned soup, tomato juice and 
sauce, cheese, salted pretzels and peanut butter, and pizza) throughout the day can 
readily enhance daily sodium replenishment and aid in retention and distribution of 
ingested fluid. For those athletes who sweat extensively, it is often essential to regu-
larly consume a low-sodium—80 mg or less per 0.23 L (8 oz.) serving—commercial 
sport drink with added salt (e.g., 1.5–3.0 g of salt to 1 L) or a commercial rehydra-
tion beverage with inherently higher levels of sodium that can exceed 800 mg per 
serving during and after vigorous training sessions and competition bouts. Notably, 
pre-exercise sodium loading and regular intake of sodium during activity coincident 
with ample fluid intake can to some extent modulate thermal strain during exercise 
in the heat, likely owing to greater water retention and distribution (Bergeron et al. 
2006; Sims et al. 2007a,b).

Importantly, the physiological carryover effects and impact on the next day’s ath-
letic activity can be significant, if the previous day’s total body water and exchange-
able sodium deficits (estimated by comparing sweat sodium loss to dietary sodium 
intake) are not sufficiently restored. Accordingly, practical and individualized strate-
gies to encourage adequate pre-activity hydration and sodium balance and also suf-
ficient fluid and sodium intake to appropriately offset sweat loss (Bergeron 2007, 
2008; Eichner 2014) during and following lengthier training sessions and competi-
tions are essential in maintaining hydration and minimizing day-to-day total body 
water and exchangeable sodium deficits and consequent thermal strain and exer-
tional heat illness risk. Unfortunately, determining individual sodium loss rates and 
needs requires expertise and laboratory facilities that are not widely available, except 
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at select universities and comprehensive medical and sport research/training centers 
(Patterson et al. 2000).

While the primary determinant of thermal strain is the combined effect of intensity 
and duration of physical activity and environmental heat stress, sufficient rehydration 
and sodium intake are essential in minimizing total body water and exchangeable 
sodium deficits and thus mitigating thermal strain and exertional heat illness risk.

5.7  MANAGING EXERTIONAL HEAT ILLNESSES 
RELATED TO TOTAL BODY WATER 
AND EXCHANGEABLE SODIUM DEFICITS

Most episodes of exertional heat illness prompted by extensive sweating and a con-
sequent total body water and/or exchangeable sodium deficit are preventable. And 
while the best approach is to focus on prevention, unanticipated circumstances 
sometimes happen or an athlete might underestimate the imminent or current hydra-
tion (including sodium loss and replenishment) and/or environmental challenges. 
Therefore, as a competitor or one who oversees on-site medical care and implements 
first aid or an emergency action plan in treating exertional heat illness, it is essen-
tial to know the primary contributing factors and most effective clinical response. 
Importantly, during training or competition, any significant deterioration in perfor-
mance with notable signs of struggling and developing exertional heat illness should 
be sufficient reason to immediately stop participation and promptly seek appropriate 
medical attention. Moreover, any athlete experiencing exertional heat illness should 
not continue training or competing after treatment or participate again that same day, 
even with rehydration and complete signs and symptoms resolved.

5.7.1 ExErtional HEat (MusclE) craMps

Exertional heat cramps occur during or after extended or repeated exertion and con-
comitant extensive sweat losses and a resultant total body exchangeable sodium defi-
cit (Armstrong et  al. 2007; Bergeron 2008; Eichner 2007; Valentine 2007). These 
involuntary muscle spasms can occur in any environment and affected athletes are 
generally not overheated. Subtle indications (slight muscle cramping or twitches) are 
often the first signs of exertional heat cramping, prior to progressively developing to 
more severe and widespread (often bilaterally) intermittent and eventually debilitating 
muscle spasms. In contrast, comparatively sudden-onset exercise-associated muscle 
cramping that is localized (e.g., affecting solely the calf or hamstring muscles), con-
stant, asymmetric, and responsive to passive stretching is highly likely to have been 
prompted by muscle overload and fatigue (Bergeron 2008; Schwellnus et al. 1997). 
The athlete with exertional heat cramps may be dehydrated, but the overriding issue 
that needs to be urgently addressed is the sweat-induced exchangeable sodium deficit. 
Accordingly, prompt treatment with an oral high-salt solution (>200 mg per serving) 
or intravenously (Givan and Diehl 2012) is imperative, whereas immediate manage-
ment of exercise-associated muscle cramping related to overload and fatigue should 
include rest and passive stretching to assist in relaxing the muscles and relieving some 
of the spasms (Miller et al. 2010; Schwellnus et al. 2008).
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5.7.2 HEat ExHaustion

Heat exhaustion is a moderate-severity exertional heat illness that is characterized 
by hypotension and cardiovascular insufficiency prompted in large part by extensive 
sweating and a sizable total body water deficit. For an athlete, heat exhaustion during 
training or competition typically results from the combination of strenuous and/or 
long-duration physical exertion, environmental heat stress, acute dehydration, energy 
depletion, and central fatigue, and it often results in physical collapse. Notable evolv-
ing signs and symptoms that can alert an athlete include weakness, dizziness, nausea, 
syncope, and headache. Excessive thermal strain is typically not evident, as body 
core temperature is usually less than 40°C (104°F). The athlete should promptly stop 
activity and move to a shaded or air-conditioned area. Any excess clothing should 
be removed, and the athlete should assume or be placed in the supine position with 
legs elevated. To help address the body water deficit, oral fluids can be consumed, if 
the athlete is conscious and able to swallow (Armstrong et al. 2007; Roberts 2007). 
Other conservative cooling therapy measures can improve medical and perceptual 
status as well. If trained medical support is available, heart rate, respiratory rate, and 
CNS status should be monitored closely, and blood pressure and rectal temperature 
should also be checked. If a significantly elevated body core temperature is suspected 
and/or there are signs of CNS dysfunction, exertional heatstroke (EHS) cooling ther-
apy should be immediately initiated and emergency medical services activated.

5.7.3 ExErtional HEatstrokE

Excessive thermal strain during training or competition can rapidly progress to 
EHS. EHS is the most severe exertional heat illness—a clear medical emergency 
affecting multiple body systems. EHS is characterized by CNS abnormalities such 
as delirium, convulsions or coma, endotoxemia, circulatory failure, thermoregu-
latory dysregulation, and, potentially, multiple organ and tissue dysfunction and 
damage (e.g., brain, heart, liver, kidneys, spleen, and muscle), which results from 
an excessively elevated body core temperature induced by strenuous exercise and 
typically high environmental heat stress. Excessive (for the current environmen-
tal conditions) intensity and/or duration of physical activity—single or repeated 
bout(s)—is the primary driver of resultant excessive thermal strain. However, this 
can be prompted earlier and exacerbated by insufficient hydration and a signifi-
cant total body water deficit. Nevertheless, the highest priority is cooling—not 
rehydration. An athlete with EHS will typically have a rectal temperature greater 
than 40°C (>104°F), and this should prompt immediate on-site whole-body rapid 
cooling using proven techniques (cold- or ice-water immersion is the preferred 
most effective method, although applying ice packs to the neck, axillae, and groin 
and rotating ice-water-soaked towels to all other areas of the body can be effective 
as well) (Armstrong et al. 2007; Casa et al. 2007, 2012). This process should be 
continued until rectal temperature reaches just under 39°C (approximately 102°F) 
or the victim exhibits noticeable clinical improvement. If rectal temperature can-
not be assessed in an athlete who has clinical signs or symptoms suggestive of 
EHS, rapid cooling for 10–15 min should be promptly initiated, while awaiting the 
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arrival of additional medical assistance. Importantly, emergency medical services 
communication should be initiated immediately for any athlete who collapses or 
exhibits moderate or severe CNS dysfunction or encephalopathy.

5.8 WRAPPING IT UP

Significant total body water and exchangeable sodium deficits can have a measur-
able impact on increasing thermal strain and exertional heat illness risk. However, 
appropriate preparatory steps and prompt responsive actions can mitigate the related 
clinical risks and potential negative effects on well-being and performance.

• All athletes must plan in advance and adjust to on-site for the environmental 
conditions and current circumstances that contribute to greater thermal strain 
and exertional heat illness risk. Ensuring a well-hydrated and sodium-bal-
anced state prior to practice, training or play begins with adequate recovery 
of water and electrolyte deficits incurred from the previous activity session(s).

• Total body water and exchangeable sodium deficits are often inevitable dur-
ing vigorous training and competition. However, knowing one’s personal 
rates of body water and electrolyte (sodium) losses (as discussed further in 
Chapter 2) from sweating is a key step in minimizing these often significant 
deficits and sufficiently recovering before the next bout. Managing these 
nutrient losses more optimally day-to-day and same-day session-to-session 
can reduce the risk of undue thermal strain and exertional heat illness.

• It is critical to recognize and initiate a prompt and appropriate response, 
including slowing down or immediately stopping and seeking appropriate 
medical attention and treatment, at the earliest signs of developing exer-
tional heat illness, even if the prevailing indications suggest that oral resto-
ration of water and sodium can mitigate the evolving danger and risk.
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6 Gastrointestinal 
and Metabolic Responses 
to Body Fluid Imbalance 
during Exercise

G. Patrick Lambert

6.1 INTRODUCTION

Proper gastrointestinal (GI) function is vitally important to the maintenance of 
health and performance during prolonged athletic events. This is because flu-
ids (i.e., water) and nutrients (e.g., carbohydrate (CHO); sodium; and potassium) 
ingested during exercise must be absorbed by the GI tract. Unfortunately, the GI 
tract is susceptible to dysfunction during such exercise. Reductions in GI blood 
flow, gastric emptying rate (GER), intestinal absorption, and GI barrier function, 
accompanying increases in GI symptoms, can occur, and dehydration likely exac-
erbates these problems.

Impaired GI function during prolonged exercise accompanying dehydration 
would also likely affect metabolic function. Reduced capacity to absorb fluid and 
nutrients would ultimately promote even greater dehydration, increased hyper-
thermia, and greater cardiovascular strain, which may ultimately affect muscle 
metabolism. Furthermore, the reduced availability of exogenous energy for work-
ing muscles (due to delayed absorption of such nutrients) would also likely have a 
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negative influence on muscle metabolic function. Such factors will be discussed in 
detail in the upcoming sections of this chapter. The effects of hyperhydration on GI 
function during exercise will not be discussed as no studies have been conducted 
in this area.

6.2 ROLE OF THE GI SYSTEM DURING EXERCISE

The most obvious role of the GI system during exercise is to absorb fluids and 
nutrients ingested prior to and during an event. Importantly, all of the major pro-
cesses and functions of the GI tract must be functioning normally for proper 
absorption to occur. For example, if motility (e.g., gastric emptying) is inhib-
ited, ingested  fluids and nutrients will not be delivered at an optimal rate to the 
proximal small intestine for rapid absorption to take place; if motility is enhanced 
(e.g., colonic motility), increased urge to defecate or diarrhea may occur. Similarly, 
if intestinal secretions are inhibited, proper digestion of certain larger molecules 
(e.g., maltodextrins) may be reduced leading to delayed or inefficient absorption, 
and if intestinal absorption is inhibited, replacement of water and nutrients will be 
reduced.

Normally, the GI tract is highly efficient (~99%) at absorbing all of the fluid pre-
sented to it each day. However, GI dysfunction during exercise could lead to malab-
sorption, possible GI symptoms (e.g., fullness, nausea, cramps, and diarrhea), and 
further dehydration because of such symptoms. Finally, the role of the GI barrier 
must not be overlooked. The GI barrier consists of physical (i.e., tight junctions, 
enterocyte membranes, and mucus) and immune factors (i.e., tissue macrophages) 
that prevent harmful (e.g., pathogenic, immunogenic, antigenic, and enzymatic) sub-
stances from entering the internal environment of the body. It is known that during 
prolonged, strenuous exercise involving heat stress and/or dehydration, this barrier 
can dysfunction (i.e., leaky gut) leading to local and systemic immune reactions and 
GI symptoms.

6.3  EFFECT OF EXERCISE-INDUCED 
DEHYDRATION ON GI BLOOD FLOW

A number of studies have shown that GI blood flow declines during exercise in 
humans and other animals (Bell et al. 1983; Bradley 1949; Flaim et al. 1979; Iwao 
et al. 1995; Manohar 1986; Perko et al. 1998; Puvi-Rajasingham et al. 1997; Qamar 
and Read 1987; Rehrer et  al. 2001, 2005; Rowell et  al. 1964, 1965; Wade et  al. 
1956). Furthermore, this has been shown to be exacerbated by heat stress in humans 
(Rowell et al. 1965), and by dehydration both in rodents (Horowitz and Samueloff 
1988; Horowitz et al. 1985; Massett et al. 1996) and dogs (Adar et al. 1975, 1976). No 
studies have directly examined the role of dehydration on GI blood flow in humans. 
It seems reasonable based on the animal data, and the fact that hypohydration dur-
ing exercise heat stress in humans increases cardiovascular strain, that dehydration 
likely promotes greater splanchnic and mesenteric vasoconstriction during exercise 
and thereby further reduces GI blood flow. This effect could then lead to alterations 
in other GI functions.
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6.4  EFFECT OF EXERCISE-INDUCED DEHYDRATION 
ON GASTRIC EMPTYING

GER is controlled by a number of neural, hormonal, and local factors (Lambert et al. 
2012). Furthermore, there are large differences in GER among individuals as well 
as gender (women emptying more slowly than men) (Notivol et al. 1984). With 
regard to exercise and dehydration, the primary concern is how quickly ingested 
fluids can empty the stomach to allow for rapid absorption by the small intestine and 
thus rehydration. Previous studies have shown that hypohydrated individuals may 
have reduced gastric emptying. Neufer and colleagues (1989) found that GER was 
lower during exercise in the heat when hypohydrated. It is unclear from that study, 
however, whether the reduction in GER was caused by the heat stress or hypohydra-
tion. Rehrer and colleagues (1990a) also observed a reduced GER during exercise 
in individuals dehydrated to ~4% body weight by a dehydration-exercise regimen 
compared to dehydration-rest (i.e., sauna), euhydration-exercise, or euhydration-rest 
regimens. Again, though, the dehydration-exercise regimen resulted in higher core 
body temperatures making it difficult to determine whether the dehydration or the 
heat stress caused the slowing of the GER.

There are a number of other very important variables to consider with regard to 
GER of fluids during exercise. The most important variable in this regard may be the 
volume and timing of fluid ingestion. Accordingly, Ryan et al. (1998) showed that 
repeated drinking (~200 ml every 10 min) to maintain a constant yet comfortable 
stomach in hypohydrated (3% of body mass) individuals maintains a GER comparable 
to when euhydrated during prolonged exercise (Figure 6.1). Thus, while dehydration 
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has been shown to reduce GER in some studies, this effect can potentially be offset 
by repeated drinking during exercise.

Other key factors to consider are as follows: (1) exercise intensity (Costill and 
Saltin 1974; Fordtran and Saltin 1967; Leiper et al. 2001a,b, 2005), (2) exercise mode 
(Houmard et al. 1991; Rehrer et al. 1990b), (3) heat stress (Neufer et al. 1989; Owen 
et  al. 1986), and (4) characteristics of the ingested beverage (Brouns et  al. 1995; 
Costill and Saltin 1974; Coyle et  al. 1978; Fordtran and Saltin 1967; Foster et  al. 
1980; Lambert et  al. 1993; Mitchell et  al. 1988, 1989; Murray et  al. 1994, 1999; 
Neufer et al. 1986; Owen et al. 1986; Rogers et al. 2005; Ryan et al. 1989, 1998; Shi 
et al. 2000; Vist and Maughan 1994, 1995; Zachwieja et al. 1992). Table 6.1 summa-
rizes the most important factors that influence GER.

6.5  EFFECT OF EXERCISE-INDUCED DEHYDRATION 
ON INTESTINAL ABSORPTION

Similar to gastric emptying, intestinal absorption is affected by a number of factors. 
With regard to exercise and dehydration, the intestinal absorption rate of ingested flu-
ids is of primary importance. Intestinal perfusion studies in humans have found that 
exercise at intensities below ~70%–80% maximal oxygen consumption (VO2max) 
does not appear to affect intestinal absorption of infused solutions (Fordtran and 
Saltin 1967; Gisolfi et  al. 1991). Studies utilizing ingestion of non-metabolizable 
CHO’s such as d-xylose (passively absorbed) and 3-O-methyl-d-glucose (3MG) 
(absorbed via sodium-linked secondary active transport) have shown that pro-
longed, low-intensity exercise in the heat (4.5 h walking at 3 mph; 38°C dry bulb, 
27°C wet bulb) (Williams et  al. 1964) and higher intensity exercise (70% VO2max 

TABLE 6.1
Primary Variables Influencing GER during Exercise

Variable Influence

Gastric volume Larger volumes (up to ~600 ml) empty faster than smaller volumes and 
maintenance of a relatively high gastric volume throughout exercise 
maintains higher GER.

Beverage composition Increased CHO content (above 7%) reduces GER; increased osmolality 
(at higher CHO concentrations) reduces GER; carbonation does not affect 
GER among solutions of similar CHO content.

Exercise intensity No effect below 75% VO2max; slower GER above this level; slower GER 
during intermittent, high-intensity exercise.

Exercise mode Reduced GER during running compared to cycling at 70% VO2max after 
40 min.

Heat stress Reduced GER during exercise in the heat.

Hydration state Reduced GER when exercising hypohydrated in the heat; no effect of 
hypohydration on GER when exercising in cooler environments. No effect 
of hypohydration with repeated drinking to maintain constant stomach 
volume during exercise.
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cycling for 1 h) (van Nieuwenhoven et al. 1999) reduced urinary excretion of 3MG 
 indicating reduced absorption via sodium-linked secondary active transport. Lang 
and colleagues (2006) observed significant reductions in both d-xylose and 3MG 
absorption during running at 70% VO2max for 1 h suggesting that both active and 
passive absorption may be inhibited with this type and intensity of exercise. It should 
be noted however that such studies do not directly measure intestinal absorption but 
are also influenced by GER of the ingested probes. Thus, lower excretion rates may 
be a reflection of slower GERs.

Very little research has studied the direct effect of dehydration during exercise on 
intestinal absorption. Of the studies that have been published, only one has directly 
measured intestinal absorption of fluid replacement beverages. Ryan and colleagues 
(1998), using the modified segmental perfusion technique developed by Lambert and 
colleagues (1996), observed that hypohydrated (3% of body mass) individuals did 
not have reduced intestinal water absorption rates during prolonged cycling exercise 
(65% VO2max for 85 min) (Figure 6.1). However, it should be remembered that if 
GER is reduced by dehydration then intestinal absorption will be delayed.

Of greatest importance regarding the intestinal absorption rate of ingested bev-
erages (that have similar GER) is the beverage composition. Factors such as CHO 
type and concentration and beverage osmolality are particularly important. These 
variables along with the previously discussed factors are summarized in Table 6.2.

6.6  EFFECT OF EXERCISE-INDUCED DEHYDRATION 
ON GI BARRIER FUNCTION

The GI barrier is basically composed of the enterocyte membranes, tight junctions, 
mucus, and tissue macrophages. Studies have found that during prolonged, strenu-
ous exercise, when GI blood flow may be compromised and GI temperatures may be 
high, this barrier can become disrupted leading to increases in GI permeability. This 
condition is also known as leaky gut (Bosenberg et al. 1988; Brock-Utne et al. 1988; 
Jeukendrup et  al. 2000; Lambert et  al. 1999, 2008; Moses et  al. 1991; Oktedalen 

TABLE 6.2
Primary Variables Influencing Intestinal Absorption during Exercise

Variable Influence

GER Slower GER will reduce absorption rate of ingested water and nutrients.

Beverage composition Multiple transportable substrates (e.g., glucose and fructose) enhance solute 
and water absorption compared to single substrates.

Increasing CHO concentration (>7%) reduces water absorption.
Increasing osmolality inhibits water absorption.

Exercise intensity Exercise intensity at >70% VO2max can inhibit CHO absorption.
Lower intensity, prolonged exercise in the heat can inhibit CHO absorption.

Hydration state Hypohydration (3% body mass) does not affect water or solute absorption 
during prolonged exercise in a cool environment, unknown if higher levels 
of dehydration may influence intestinal absorption.
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et al. 1992; Pals et al. 1997; Smetanka et al. 1999). Essentially, this is a situation 
in which the GI barrier no longer is able to keep normally restricted substances 
in the GI lumen from entering the internal environment (i.e., GI tissue, interstitial 
fluid, and blood) of the body. Such substances include endotoxin (i.e., lipopolysac-
charide [LPS]), dietary antigens, and hydrolytic enzymes. The result can be immune 
responses and tissue damage leading to local and systemic inflammation. Passage 
of LPS into the systemic circulation may also result in impaired thermoregulation 
during exercise via the production of endogenous pyrogens (e.g., interleukin-1, inter-
leukin-6, tumor necrosis factor-α) (Lambert 2008).

The role dehydration plays in exercise-induced GI barrier dysfunction has not been 
well studied. Only two studies have been conducted to date examining this variable. In 
the first study, van Nieuwenhoven and colleagues (2000) did not observe any change 
in intestinal permeability compared to euhydrated conditions after dehydrating indi-
viduals to 3% of body mass (via sauna regimen) and then having them perform cycle 
exercise at 70% maximal exercise intensity. In contrast, Lambert and colleagues (2008) 
observed that running without fluid replacement (i.e., dehydration of 1.5% body mass) 
for 60 min at 70% VO2max elicited increased gastroduodenal and small intestinal per-
meability (Figure 6.2). These results indicate that differences in exercise mode may 
influence GI permeability during exercise (i.e., running vs. cycling) and that even low 
levels of dehydration during exercise may significantly affect GI barrier function.
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6.7  EFFECT OF EXERCISE-INDUCED 
DEHYDRATION ON GI SYMPTOMS

Both upper and lower GI symptoms are common in endurance athletes. Peters et al. 
(1999) found that during distance running, up to 95% of triathletes experience lower 
GI complaints during run training. Rehrer et al. (1990a) observed that 37.5% of sub-
jects reported GI symptoms when exercising while dehydrated (4% body weight loss) 
compared to the euhydrated-exercise, euhydrated-rest, or dehydrated-rest condi-
tions. GI symptoms can also be influenced by the composition of the beverage con-
sumed during exercise. In this regard, Shi et al. (2004) found in a group of adolescent 
and adult athletes performing prolonged (4 × 12 min) circuit-training exercises that 
beverages containing 8% CHO produced more stomach upset and side ache com-
pared to drinking an equivalent amount of 6% CHO. Likewise, Morton et al. (2004) 
observed that ingestion of reconstituted fruit juice (10.4% CHO) produced more 
exercise-related transient abdominal pain and bloating compared to flavored water, 
a commercially available sports drink (6% CHO) or no fluid. van Nieuwenhoven 
et al. (2005) also found that drinking water produced less GI complaints than when 
drinking a sports drink (6.9% CHO with added vitamins, electrolytes, amino acids, 
myoinositol, and choline) or the same sports drink with caffeine (150 mg/L) during 
an 18-km competitive run in cool environmental conditions. These studies suggest 
that solutions with higher CHO concentrations (>~6%) and higher osmolalities most 
likely increase GI distress when ingested during exercise.

6.8  METABOLIC CONSEQUENCES OF GI DYSFUNCTION 
DUE TO EXERCISE-INDUCED DEHYDRATION

Based on the previous discussion, dehydration during exercise can potentially lead 
to reductions in GERs, delayed intestinal absorption, and GI symptoms. The result 
would therefore be delayed rehydration and delayed availability of exogenous energy 
sources. The overall effect during exercise would likely be a greater degree of hyper-
thermia, increased cardiovascular strain, altered metabolic function, and central ner-
vous system dysfunction (Sawka et al. 2007).

With regard to whole-body metabolism, it has been shown that dehydration 
decreases maximal oxygen uptake (VO2max) (Sawka and Coyle 1999). Therefore, 
GI dysfunction during exercise could impair aerobic exercise performance via 
effects on rehydration rate. Furthermore, skeletal muscle blood flow may be fur-
ther reduced by delayed rehydration that could inhibit muscular free fatty acid 
uptake, increased reliance on muscle glycogen, and higher blood lactate levels dur-
ing intense exercise (Gonzalez-Alonso et al. 1999). Logan-Sprenger et al. (2013) 
have shown that even low levels of dehydration (<2% body mass) cause increased 
muscle glycogenolysis and blood lactate levels during prolonged cycling (120 min 
at 65% peak VO2max). In addition, dysfunction of the GI barrier allowing passage 
of LPS into the blood may alter metabolism. Kamisoglu et al. (2013) have shown 
that low-dose LPS administration to healthy humans results in increased plasma 
fatty acids (mostly monounsaturated and polyunsaturated) and decreased plasma 
amino acids. It is believed these responses are the result of the inflammatory 
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response (increased lipolysis and increased hepatic uptake of amino acids from 
the plasma). Increased lipolysis is likely related to increased catecholamine release 
as a result of infection and also increased production of cytokines that are known 
to affect metabolism. The increased hepatic uptake of amino acids is likely due 
to greater need for substrates used in the synthesis of antioxidant molecules and 
acute phase proteins.

6.9 SUMMARY

As summarized in Figure 6.3, body fluid imbalance (i.e., dehydration/hypohydra-
tion) can negatively affect GI function during exercise-heat stress. Increased GI 
temperature and reductions in GI blood flow will likely be exacerbated by dehy-
dration further decreasing gastric emptying and, thus, intestinal absorption rates. 
This will delay rehydration. Potential impairments of the GI barrier will also likely 
be worsened by dehydration. This may lead to greater hyperthermia as increased 
permeability to LPS (i.e., endotoxemia) can cause the release of endogenous pyro-
gens. Endotoxemia may also lead to altered metabolism. GI symptoms can result 
from reduced gastric emptying, intestinal absorption, and GI barrier dysfunction 
that will likely inhibit fluid intake, also promoting higher core body tempera-
tures and modified metabolism. Ultimately, this could negatively affect exercise 
performance.

Exercise–Heat stress–Dehydration

GI temp.

GI barrier dysfunction

Endotoxemia GI symptoms

Decreased
performance

Rehydration

Intestinal absorption

Blood flow Gastric emptying

Impaired metabolism

Hyperthermia
Dehydration

FIGURE 6.3 Summary of the effects of dehydration on GI function and metabolism during 
exercise-heat stress.
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7 Role of Fluid Intake in 
Endurance Sports

Louise M. Burke

7.1 INTRODUCTION

There is irony in the observation that endurance sports have received the most attention 
from sports science and nutrition experts in terms of the development of guidelines 
for fluid intake, yet they remain the focus of controversy and continued discussion. 
For the purposes of this chapter, endurance sports are defined as continuous activi-
ties of greater than 90  min duration that can potentially span into ultra-endurance 
events (>4 h) and multiday competitions. The mode of locomotion can include run-
ning, cycling, swimming, skiing, or padding/rowing, and sometimes combinations of 
several of these within the same event, and the field of play is usually outdoors with 
exposure to the prevailing environmental conditions. In line with the duration of these 
sports, the majority of the work-rate is undertaken at submaximal intensities. However, 
it should be remembered that in many events, critical pieces that shape the outcome of 
the event involve high-intensity exercise: for example, the breakaway, the surge up a 
hill, and the sprint to the finish line. Furthermore, in some events there is an element of 
skill and technique that requires good coordination of central and peripheral function.

As is the case with other sporting activities, the goal of drinking fluids is to prevent 
the fluid deficit that accrues due to sweat losses from reaching avoidably problematic 
level. However, other considerations for consuming fluids during endurance sporting 
event include the ingestion of common drink ingredients known to enhance perfor-
mance such as carbohydrate, electrolytes and caffeine, as well as the contribution of cool 
or icy fluids to comfort and thermoregulation during exercise. In multiday endurance 
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events, fluids consumed during the activity may contribute a substantial proportion of 
the energy, protein, and micronutrients needed for general health, as well as specific 
guidelines for optimal performance and recovery. A common element to endurance 
sports is that fluid intake during an event is primarily achieved on the run—or while the 
athlete is actually exercising. This feature means that the cost of achieving the activity 
must be balanced against the benefits of its effects. These costs include the effort to have 
drinks available to consume, the time lost in slowing down to obtain and consume them, 
and the risk of incurring gastrointestinal discomfort or upsets as a result.

Guidelines for hydration practices in endurance sports have evolved from prescrip-
tive recommendations to consume a certain fluid volume during exercise to the adoption 
of a practiced and individualized plan that can partially replace sweat losses as well 
as provide other ingredients or characteristics previously mentioned. This advice is not 
universally embraced; however, alternative views are that thirst should dictate the need 
for, and volume of, fluid replacement during exercise and that ad libitum drinking is suf-
ficient to address fluid needs during sport. This chapter will review the background to the 
debate over fluid needs for endurance events, covering the evolution of the guidelines and 
the points of differences in current views. In proposing recommendations to find some 
common and practical middle-ground, the literature on self-chosen fluid intakes of com-
petitors in a variety of endurance sports will be presented. While such data do not neces-
sarily always represent optimal practice, at least they show what is logistically possible 
and valued by athletes under real-life competition conditions (Garth and Burke 2013).

The nutritional strategies that can be of benefit to endurance sports involve the 
integration of a number of elements including the intake of nutrients and evidence-
based ergogenic aids, and the manipulation of stomach comfort and temperature 
regulation. The science behind these strategies and practical ways to achieve them 
are covered in a number of sections and chapters in this book. The principle focus of 
the current chapter is to consider how they can be incorporated into a plan in which 
the intake of fluid is the dominant or binding factor. This plan must be underpinned 
by an understanding of both the specific issues around hydration and the practical 
issues of achieving this within endurance sports.

7.2  EVOLUTION OF GUIDELINES FOR FLUID 
INTAKE DURING ENDURANCE SPORTS

Since the 1970s, expert groups have issued guidelines for fluid intake during sport 
and exercise. These guidelines have evolved over the years due to our increasing 
knowledge as well as some justifiable criticisms of previous ideas and education 
messages. The first position stands on fluids for exercise were focused on distance 
running and were mostly targeted to race organizers and medical support teams 
(American College of Sports Medicine [ACSM] 1975, 1987). They were prepared in 
response both to the increased community participation in marathons and fun runs 
with the running boom of the 1970s and a desire to update the prevailing rules of the 
IAAF (the international governing body of athletics) that no aid stations should be 
provided prior to the 15 km mark of a distance race.

Although these guidelines recommended more access to aid stations through-
out races, they proved to be problematic in several ways: First, they continued to 
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prescribe water as the only fluid that should be available (ACSM 1975, 1987), failing 
to recognize the accumulating evidence of the benefits of consuming carbohydrate 
during exercise of >1 h duration (see Chapter 19). Importantly, the recommenda-
tions were prescriptive and impractical to translate into the varying characteristics 
of distance running, let alone other endurance sports. Although many athletes like 
the simplicity of prescriptive advice, even apparently simple guidelines often fail 
the test of scrutiny. For example, suggestion that “distance runners should drink 
100–200 ml of water at aid stations provided every 2–3 km in a race” (ACSM 1987) 
sounds reasonable. However, if taken literally, it could span the intake of 330 ml/h by 
a slow runner to 2 L/h by a fast runner. This would range from inadequate to suitable 
for slower runners depending on their actual sweat rates, but the high rate would be 
impossible to achieve when running at high speeds and any such attempt would be 
likely to cause gastrointestinal discomfort and substantial time loss at aid stations.

The updated ACSM guidelines published in 1996 increased the general scope of 
interest to fluid intake during exercise and recognized the benefits of including car-
bohydrate and electrolytes in beverages for endurance sports. However, they contin-
ued to promote a formulaic intake of fluid with the goal of minimizing the mismatch 
between fluid intake and sweat losses: “During exercise, athletes should start drink-
ing early and at regular intervals in an attempt to consume fluids at a rate sufficient 
to replace all the water lost through sweating (i.e., body weight loss), or consume 
the maximal amount that can be tolerated” (ACSM et al. 2007). Concern that these 
guidelines could be interpreted out of context as “consume the maximal amount of 
fluid possible” and contribute to observations of hyponatremia/water intoxication 
caused by the excessive intake of fluids by some (usually recreational) participants in 
endurance/ultra-endurance sports activities (Noakes et al. 2005; Noakes and Speedy 
2006) is an important factor in later guidelines.

The most recent guidelines by groups such as the ACSM (ACSM et al. 2007), the 
National Athletic Trainers Association (Casa 2007), and the International Olympic 
Committee (Shirreffs and Sawka 2011) have tried to accommodate the specificity of 
needs and opportunities to hydrate during exercise across a range of sports, as well 
as the unique needs of each participant. They recommend that each athlete develop 
an individualized fluid plan based on an appreciation of his or her likely sweat rates 
and knowledge of opportunities to drink during the exercise session. They typically 
maintain the goal of defending, where possible, a gold standard of hydration, sug-
gested as loss of <2% body mass (BM) over the event, but warn against overdrink-
ing as shown by a gain in BM. However, even these recommendations have been 
subjected to the (often vitriolic) criticism of being unnecessary, complicated, and 
driven by commercial interests (Beltrami et al. 2008; Noakes 2012). Instead, it has 
been argued that athlete should simply drink according to their thirst (Noakes 2007).

7.3 ISSUES AND CONTROVERSIES

There are two different considerations involved in setting guidelines for fluid intake 
during endurance sport. The first consideration is the level of hydration that is needed 
to achieve optimal performance (or from the obverse point of view, what is the larg-
est level of fluid deficit that can be tolerated before performance is impaired?). 
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Second, the guidelines need to consider how the athlete can be educated to achieve 
this hydration level/avoid a fluid deficit larger than this. Both of these considerations 
have been the focus of challenge and discussion over the recent decade.

Optimal performance in endurance sports requires the integration of the muscle’s 
ability to produce the power needed to achieve optimal movement patterns and the 
central nervous system’s role in choosing appropriate pacing strategies and execute 
optimal technique, decision making, and skill. Historically, it has been considered 
that impairments of aerobic performance undertaken in a hot environment can be 
detected when there is a fluid deficit of ~2% or greater, with the magnitude of effects 
increasing as the degree of dehydration increases. Furthermore, the effects of dehy-
dration are less obvious when aerobic exercise is undertaken in a cool environment 
and it may take a fluid deficit of 3%–5% before they are detectable (Sawka 1992; 
Cheuvront et  al. 2003, 2010; Sawka and Noakes 2007; Cheuvront and Kenefick 
2014). However, in recent times, there have been debates about whether these con-
cepts are correct, with arguments in both directions that they are too simplistic to 
capture the real essence of the effects of dehydration on sports performance.

The case that endurance athletes can tolerate larger fluid deficits without problem 
includes the following ideas:

• The evidence that dehydration impairs endurance performance is mostly 
based on studies conducted in laboratory sessions which don’t adequately 
replicate real-life conditions of sport, including factors such as the cooling 
effect of the air movement from outdoors (Saunders et al. 2005) or the effect 
of motivation and reward for successful outcomes.

• Some reviews of laboratory-based studies have concluded that dehydration 
of <4% is unlikely to impair the performance of time-trial type protocols 
(Goulet 2013).

• Studies and anecdotal observations show that successful athletes can toler-
ate high levels of dehydration (Beis et al. 2012), with the winners in a race 
often being the most dehydrated.

• Competitive athletes learn to accommodate the physiological decrements 
associated with laboratory-based observations of dehydration.

• Successful performance does not always require optimal outputs; rather, 
the athlete only needs to be better than his or her competitors.

There are counter-arguments to these suggestions, including the following:

• Laboratory studies of graded levels of dehydration show that the effects on 
a range of physiological factors and perceived effort of exertion increase in 
a continuum (Montain and Coyle 1992); it is also likely that the effect on 
performance gradually increases until the point when, according to the sen-
sitivity of the protocol, it becomes measurable. Failure to see a performance 
impairment in a study may represent a Type II error due to underpowering 
of sample size or poor reliability of monitoring performance.

• Some field-based studies have reported that mild fluid deficits of even 2%–3% 
impair performance in the heat (Casa et al. 2010; Bardis et al. 2013).
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• In many outdoor sports, athletes deliberately reduce the potential for con-
vective cooling by adopting aerodynamic positions (riding/running in slip-
stream of other competitors, choosing special equipment and clothing).

• The margins of winning and losing in sport are typically very small, mak-
ing it unlikely that we can measure all the factors that make meaningful 
changes in the outcomes.

• The effort required to overcome the physiological and psychological dec-
rements associated with dehydration may manifest in ways other than a 
measurable drop in work-rates: for example, loss of concentration during 
the event and greater difficulty with recovery between events.

• Not all studies report that the race winners are the most dehydrated. Some 
studies show no correlation between loss of mass over event and perfor-
mance (Speedy et al. 1999) and others show an inverse relationship with 
most successful athletes being the best hydrated (Ross et al. 2014). In any 
case, observations cannot tell cause or effect, or how an athlete would have 
performed with a different fluid intake strategy.

In summing up these views, this author feels that endurance athletes should make a 
calculated risk about how much of their relative or absolute performance is needed 
on the specific day of any race after undertaking a cost-benefit analysis of their 
potential opportunities for fluid intake in the event. In other words, they should 
counterbalance the time loss or risk of gut discomfort associated with drinking at 
the available opportunities with the impairment of perception of effort and perfor-
mance associated with a fluid deficit. The outcome of this analysis is likely to vary 
according to factors such as the individual athlete, the environmental conditions, 
the logistics of drinking, and the type of event. This will be discussed further in the 
conclusion of this chapter.

The second topic of recent debate has been the need for guidelines for fluid 
intake. Although the expert position stands have moved away from prescriptive 
guidelines to favor the development of an individualized fluid intake plan, some 
sports scientists have heavily criticized even this approach. Instead, they argue 
that humans can optimize their performance and health during a sporting event by 
drinking according to behavior that is innate and spontaneous rather than planned. 
They advocate that hydration can be managed by drinking to thirst or ad libitum 
fluid intake (Noakes 2010). The hypothesis that drinking to thirst is the best way 
to approach education around fluid intake is based on several assumptions (Noakes 
2010) given as follows:

• That the human thirst response is highly developed in guiding athletes to 
the need to drink in the short-term and long-term and that the athlete can 
respond to thirst by drinking appropriate volumes of fluid

• That humans have evolved to tolerate a certain level of thirst and fluid defi-
cit in the short-term without impairment of health or performance

• That this behavior will err on the side of allowing a fluid deficit rather than 
overload, thus preventing the development of hyponatremia in individuals 
and groups
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Concern about over-hydration during exercise has been at the forefront of the revi-
sions and concerns over guidelines for fluid intake during sport. This is rare, at least 
historically, in non-endurance sports where athletes exercise at high intensities with 
commensurately high sweat rates. However, observational studies of endurance and 
ultra-endurance sports over the past two decades have found that some individuals 
are overzealous with their fluid intake and drink at a rate that substantially exceeds 
their sweat losses and their ability to excrete fluid via urine. Excessive fluid intake 
is a major contributor to the potentially fatal condition of hyponatremia, although 
other factors include the retention of excess fluid because of inadequate suppression 
of antidiuretic hormone secretion (Noakes et al. 2005; Siegel et al. 2007). Risk fac-
tors for over-hydrating include undertaking endurance and ultra-endurance events at a 
slow pace (lower sweat rates and greater likelihood of stopping to drink at aid stations) 
and being female (smaller body size with lower sweat rates) (Almond et al. 2005). 
Mathematical modeling also shows that mild levels of hyponatremia may also occur 
as a result of large salt losses in individuals who excrete sweat that is salty or simply 
high in volume (Montain et al. 2006). However, overdrinking underpins the develop-
ment of severe hyponatremia and the sequelae of encephalopathies that have caused 
several unfortunate and preventable deaths among athletes and military personnel. As 
a result, new fluid intake guidelines are clear in their warnings against overdrinking 
during exercise (ACSM et al. 2007; Casa 2007; Shirreffs and Sawka 2011).

Although this author believes that thirst provides a reasonable starting point or 
contribution to the development of fluid plan for endurance sports, there are some 
problems in making this a universal or single approach. First, it is unclear what 
drinking to thirst really means, since it can be interpreted in different ways which 
would require different behavior and lead to different outcomes in terms of fluid 
intake and fluid balance. For example, interpretations include (1) drink every time 
you are thirsty; (2) when presented with fluids, only drink if you are thirsty; or 
(3) drink during the opportunities in sport so that thirst doesn’t develop. Although 
some people use drinking to thirst interchangeably with the term ad libitum fluid 
intake, this is not strictly true since the latter implies that fluid intake can be under-
taken whenever and in whatever volumes the athlete desires.

In addition to the potential confusion around what the term actually means, there 
are several types of athletes or situations, however, where there may be benefits from 
building a more calculated approach than drinking if you are thirsty. It is noted that 
the following conditions apply to many endurance and ultra-endurance sports:

• In events where opportunities for fluid intake are limited, the athlete may 
need to drink at the available opportunities early in an event (i.e., ahead of 
their thirst) to better pace the total fluid intake over the session.

• In events where performance can benefit from the regular intake of other 
nutrients that can be delivered in fluids—in particular, carbohydrate. As long 
as it doesn’t require an excessive fluid intake, athletes may develop a plan to 
consume beverages such as sports drinks to contribute to refueling targets.

• For athletes who are unable to respond to thirst or hunger due to personal 
characteristics or the confusion about appropriate volumes to consume due 
to exposure to a food environment with continually upsized food portions.
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In these situations, there may be benefits from developing a personalized plan that 
can be manipulated according to circumstances or characteristics of each event.

7.4 WHAT DO ENDURANCE ATHLETES CURRENTLY DRINK?

A range of factors that influence the intake of fluids during competitive endurance 
events; these include thirst, genetic predisposition to be avid or reluctant drinker, 
beliefs regarding dehydration or over-hydration, access/availability of fluids, opportu-
nity to drink, palatability of drink, gastrointestinal comfort, wish to avoid the need to 
urinate, desire to reduce BM over the race, and the desire for other ingredients (e.g., 
carbohydrate and caffeine) or characteristics (e.g., temperature) of fluid. The available 
literature on observed practices of athletes in endurance competitions is now sum-
marized (Tables 7.1 through 7.3), to discuss the apparent importance of these factors.

7.4.1  Single-Day enDurance eventS (eventS laSting 
<~3 h for top competitorS)

An unusual characteristic of many endurance events (marathons and Olympic dis-
tance triathlons) is that elite and recreational athletes often compete in the same 
race, meaning that the event will include participants with a large range of finishing 
times. As in all sports, the rates and total volume of sweat loss vary with the inten-
sity and duration of the event, with potential for large differences between athletes, 
even those in the same race. The outdoor setting increases the potential for large 
differences in sweat losses between events of the same type, according to specific 
characteristics such as the event terrain and environmental conditions (heat, humid-
ity, altitude, and wind).

We have previously identified a range of features that influence fluid intake dur-
ing competitive endurance events (Garth and Burke 2013). A key characteristic of the 
hydration opportunities in endurance events is that athletes must drink while on the 
move. Access to fluids during the majority of events is typically governed by a network 
of drink stations/feed zones, although this can be supplemented or replaced in other 
endurance sports by the transport of fluids by the individual athlete. Elite athletes are 
often able to provide themselves their own specific race supplies at aid stations, while 
in mass participation events, the provisions at feed stations available to general com-
petitors are governed by the race organizer. Opportunities to drink must consider the 
time lost in obtaining and consuming fluid, and the potential for gut discomfort due 
to drinking while exercising at relatively high intensities. Practicing drinking during 
event- simulating training sessions may facilitate the development of appropriate skills 
and gut tolerance in some athletes. Devices such as fluid containing backpacks and 
spill-proof bottles may also enhance access to fluid and opportunities to drink dur-
ing some endurance sports. However, in other sports, technique requirements such as 
bike handling during downhill mountain bike riding or maintaining an aerodynamic 
position during road cycling time trials may interfere with opportunities to obtain or 
consume fluids. Similarly, pacing strategies and race tactics may interfere with the 
 athlete’s opportunities to drink, since they may choose to surge past the aid stations. 
Some endurance athletes may deliberately or subconsciously restrict fluid intake 
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during events in the belief that accrual of a fluid deficit may enhance performance, 
particularly in hilly terrain, due to the effect of a lower BM in increasing the econ-
omy of movement and improving power to weight ratio. Finally, fluid intake by some 
endurance athletes may be driven by their desire to consume other ingredients found 
in everyday drinks or specialized sports beverages such as carbohydrate, caffeine, and 
electrolytes, or by the desire to regulate body temperature via the intake of cool drinks.

The available literature on fluid intake during endurance sports has been limited 
to marathon and half-marathon running races conducted in mild to warm environ-
ments (Table 7.1).

Notwithstanding the limitations of methodologies used in such studies, which 
have been previously acknowledged (Garth and Burke 2013), studies in which data 
were collected immediately pre- and post-race showed that the typical change in BM 
across the event was a deficit of ~1%–2%; however, the range across the subjects in 
the same race spanned a deficit of >2% BM to a gain in mass. Indeed, in the study 
which involved the largest number (>600) of participants, individual BM changes 
over the marathon ranged from −8% to +5% (Zouhal et  al. 2011). Although the 
authors noted a relationship between finishing time and BM losses, with the faster 
runners incurring a greater fluid deficit, BM change only accounted for 4.7% of the 
variance in race time, suggesting a complex relationship. Several studies in this cat-
egory noted drinking behavior between the group who were characterized as having 
normal plasma sodium concentrations and those who developed mild/asymptomatic 
hyponatremia, with the hyponatremic group drinking more fluid and losing less BM 
(or gaining) over the course of the event (Hew 2005; Kipps et al. 2011).

The only observations on fluid intake by elite marathon runners were gathered by 
an innovative but largely unvalidated technique of retrospectively examining televi-
sion footage of the behavior of the leading runner at the race drinking stations at 
the 2004 Athens Olympics (van Rooyen et al. 2010) and at 13 Olympic or Big City 
marathons (Beis et al. 2012). The footage revealed that they spent a total of 2–51 s, 
representing less than 1% of race time, engaged in drinking activities. The estimated 
(maximum) intake of fluid by male marathon winners, the majority of which are 
likely to be East African athletes, was claimed to be an average of 550 ± 340 ml/h 
with a range of 30–1090 ml/h (Beis et al. 2012). There were no correlations between 
fluid intake and either ambient conditions or running speed among these observa-
tions. Indeed, in similar environmental conditions, runners can behave differently 
in different races as illustrated by the athlete who ran the Berlin marathon in 2006 
(12°C) and 2008 (16°C) with an estimated fluid intake of 1839 ml for the first year 
(2:03:59 finishing time) and 1098 ml for the second (2:06:08).

7.4.2  Single-Day ultra-enDurance eventS 
(top competitorS finiSh in >3 h)

Events such as ultra-marathons, 50  km race walking, cycling road races, and half 
Ironman and Ironman triathlons also involve mass participation with a mixture of elite 
to recreational competitors. They also share the characteristics of endurance sports 
with regard to opportunities for fluid intake during the event, and the variable effect 
of the outdoor environment on sweat rates. Since the intensity of the event is reduced 
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compared with endurance events, sweat rates are theoretically lower and there may be 
increased opportunity for fluid intake. However, the extended duration of the race may 
also increase the absolute fluid deficit or gain if there is a mismatch between sweat-
ing and fluid intake. Fluids may contribute a substantial amount of the carbohydrate 
needed to meet sports nutrition recommendations for extended events: for example, 
Speedy and colleagues reported that ~2/3 of the fluid consumed by Ironman triathletes 
contained carbohydrate (sports drink and cola drinks) and can contribute ~50% of the 
carbohydrate consumed during the race (Speedy et al. 2001; Kimber et al. 2002).

Table 7.2 summarizes the results of studies of ultra-endurance events involving 
running, cycling, and multisport combinations conducted over 5–24 h as a single-day 
race. Observations of fluid intake during ultra-endurance events noted mean intakes 
ranging from 300 to 1000 ml/h with large individual variations in these rates. Factors 
contributing to differences in fluid intake include the mode of activity: greater rates 
of intake were typically observed during cycling activities (400–900 ml/h) than run-
ning events (300–700 ml/h).

Overall, mean BM loss over the race ranged from 1.5% to 5.2%, with individual 
outcomes spanning a loss of >7% to a gain of 5% BM. Correlations between sweat loss 
and finishing time were unclear, with faster athletes recording a greater total loss of BM 
over the race in some studies (Lebus et al. 2010; Bracher et al. 2012) while the slowest 
athletes reported greatest losses in others (Speedy et al. 1999). Again, many investiga-
tions were focused on the incidence of hyponatremia, which occurred in 0%–51% 
of the study participants and occurred mostly in asymptomatic forms. As in the endur-
ance events, weight gain was associated with hyponatremia (Speedy et al. 1999, 2001) 
particularly in the case of severe decreases in serum sodium concentrations. However, 
hyponatremia was also reported in individuals who maintained (Speedy et al. 1997) or 
even lost BM (Speedy et al. 1999, 2001) including substantial changes of a 9% BM loss 
(Speedy et al. 2001). Thus, the etiology of hyponatremia is complex.

7.4.3 fluiD Balance in multiDay ultra-enDurance eventS

Sports such as cycling, mountain biking, running, and single or multisport adven-
ture racing include multiday competition formats, with events lasting from two days 
to three weeks. Events can be further divided into those in which competitors are 
required to complete the course in a continuous manner of their own choosing, where 
the periods taken to sleep or eat are included in the finishing time, and those in 
which competitors complete a number of stages each day with these individual per-
formances accumulating to produce the final results. Access to nutritional support 
may come from a variety and combination of sources including self-sufficiency, offi-
cial feed zones, sporadic checkpoints for supplies, and assistance from team support 
crew. The determinants of sweat losses and fluid intake vary as discussed in the 
previous section on single-day endurance and ultra-endurance sports, with the addi-
tional challenges that intake during the event may need to contribute to substantial 
requirements for fluid, carbohydrate, and energy over the duration of the whole event 
and that deficits from one day may carry over to the next.

Table 7.3 summarizes observations from 10 separate multiday events, including 
four involving elite cyclists of international caliber, and formats ranging from a 
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continuous road cycling format to events involving road cycling, mountain biking, 
or ultra-running with one or more stages each day. Studies reported mean fluid 
intakes across a stage of ~300–1000 ml/h and mean BM changes of 0.2%–3% BM, 
with the likelihood that elite athletes recorded a fluid deficit exceeding 3% BM in 
hot weather races. Fluid intake in some events was correlated to the temperature at 
the start of the stage (Schenk et al. 2010) and the duration of the stage (Ross et al. 
2014). In addition, the format of a cycling race was seen to influence fluid intake, 
with road cyclists drinking less during criterium and individual time-trial formats 
than road races (Ross et  al. 2014). Explanations for this observation include the 
briefer length of the race as well as reduced access to fluids (lack of feed zones) and 
opportunity to drink (the conflict between taking time to drink and the need to ride 
aggressively or in a streamlined position). However, it was also noted that the rules 
and culture of road cycling have evolved to promote greater opportunities for fluid 
and energy intake during the road race format. In addition to feed zones in which 
all cyclists can obtain food and fluid supplies from their support crews, designated 
riders within a cycling team (domestiques) assume a role of ferrying food and drinks 
supplies from the team car throughout the race to the cyclists who are in conten-
tion to win (Ross et al. 2014). Nevertheless, there are obstacles to drinking during 
the stage including the need to keep hands on the handlebars during steep ascents 
and descents in road cycling (Ebert et al. 2007; Ross et al. 2014), difficult terrain 
in mountain biking (Schenk et al. 2010) as well as aggressive riding tactics and the 
breakaway whereby the lead rider is distant to the support of the domestiques (Ebert 
et al. 2007; Ross et al. 2014).

There were reports of both a negative correlation between the finishing time 
within a stage and fluid intake or level of deficit (Ebert et al. 2007) and a lack of 
association or even positive correlation between success in a race and fluid intake/
BM maintenance (Ross et al. 2014). Although it is intuitive that the fastest athletes 
in a race might incur the greatest fluid deficit as a result of a higher sweat rate and 
less opportunity or desire to obtain or drink fluids at high speed, in some sports there 
are unique factors that may change this relationship. For example, in one cycling 
study, the fastest competitors within each stage were shown to have incurred the 
smallest losses of BM (Ross et al. 2014). This was explained by the team tactic in 
road cycling whereby the protected rider (cyclists who are deemed to have the best 
chance of winning) spends much of the race riding within the slipstream of the pelo-
ton or their team mates, thus reducing their power outputs (and sweat rates) while 
allowing them to achieve greater intakes of fluid and energy. Further studies on such 
events, including those involving elite competitors, may provide further insights 
into cultural, behavioral, and logistical determinants of fluid intake.

7.5  SUMMARY AND FINDING MIDDLE GROUND 
ON FLUID GUIDELINES

Further studies of real-life hydration practices during competitive events includ-
ing information on motives for drinking or not, along with intervention studies 
that simulate the actual nature of real-life sport, are needed before conclusions 
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can be made about ideal drinking strategies for endurance and ultra-endurance 
sports (Garth and Burke 2013). In any case, it is likely that a range of drink-
ing strategies may be appropriate and that athletes need to have an individual-
ized and flexible approach to their hydration practices. This approach should also 
incorporate goals for other nutrition strategies known to enhance fluid palatability 
and voluntary consumption, thermoregulation, or performance and may dictate a 
desirable volume and pattern of intake that is independent of thirst. There may 
be benefits associated with a paced approach to drinking during sport, in which 
the athlete plans to spread their intake of these nutrients as well as a reasonable 
replacement of their sweat losses across the opportunities that their event provides 
to consume fluids.

An important step in developing messages about hydration practices in endurance 
sport is to recognize that a single approach is unlikely to be successful. Rather, it is 
likely that needs, challenges, and opportunities will vary between athletes within 
any single event, as well as changing from event to event. Indeed, the range of experi-
ences between and within endurance/ultra-endurance sports is likely to include ath-
letes whose fluid plan needs to increase their habitual/natural intake because sweat 
rates are likely to greatly exceed opportunities to drink, as well as athletes with the 
opposite characteristics. We have recently tried to conceptualize a model (Figure 7.1) 
that explains why a spectrum of approaches needs to coexist. Hopefully, this will 
help to find middle ground in the current debate about fluid guidelines for competi-
tive sports.

Event finishing time
Fast Slow

Environmental conditions
Hot Cold

Gender
Male Female

Body size
Large Small

Pre-event hydration
Overhydrated

Fluid access/opportunities to drink during event

Reluctant Eager
Genetic predisposition to fluid intake

Dehydrated

Ability to follow instructions/education
Over-eagerLazy

Other nutrition strategies (e.g., carbohydrate, caffeine)
Use of dilute

forms (e.g., sports
drinks) 

Use of concentrated
forms (e.g., gels)

Manage fluid intake
Prevent overhydration
Control opportunities

Limited Many

Encourage fluid intake
Keep below maximum allowable fluid deficit

Create opportunities

Supply < demand Supply > demand

The spectrum of issues that need to be considered in education and event logistics regarding fluid intake during
competitive events includes consideration of the balance between supply (fluids) and demand (sweat rates)

FIGURE 7.1 Fluid guidelines for endurance and ultra-endurance sports should recognize 
that a range of approaches to encouraging or managing drinking behavior is needed. (Adapted 
from Burke, L.M., Aspetar Sports Med. J., 2, 86–93, 2012.)
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8.1 INTRODUCTION

Intermittent high-intensity sports encompass those sports requiring athletes to per-
form exercise, predominantly of anaerobic nature, interspersed with less demanding, 
active recovery and/or variable rest periods (basketball, soccer, american football, 
tennis, etc.). For athletes competing in high-intensity intermittent sports, strength 
and power critically influence performance and success. Strength, the absolute force 
that can be produced, differs from power, which characterizes the amount of force 
generated per unit time. Performance is more difficult to define, including quan-
tifiable (e.g., points scored) and qualifiable (e.g., winning the match) components. 
All three measures are routinely used to assess an athlete’s capability or potential 
success.

In order to facilitate an understanding of the relationships between hydration sta-
tus and performance-related parameters, let us begin by defining some key terms. 
Exercise will be operationally defined within the context of athletes engaging in 
intermittent high-intensity sports. Hydrate by definition is the addition of water or 
moisture. In the context of exercise, hydration refers to the process of adding water 
to the body by consuming fluid. Hydration is also a global term used to reference 
total body water content. Fluid balance is dynamic and fluctuates constantly, espe-
cially during exercise as physical activity stimulates many factors influencing fluid 
turnover (addition through drinking and subtraction through sweat, exhalation, and 
urine) (Burke and Hawley 1997; Godek et al. 2005). To best characterize the various 
hydration states, Figure 8.1 visually depicts commonly used terms.

Euhydration indicates a normal or balanced body water content; hypohydration 
refers to a longer term, chronic total body water deficit (Armstrong 2007; Sawka et al. 
2007); and dehydration (being dehydrated) refers to the acute loss of body water and 

Euhydrated Dehydrated Hypohydrated

FIGURE 8.1 Variations in hydration state (water represented in gray). Euhydrated: normal 
or balanced hydration state; dehydrated: acute loss or the act of water loss from the body; 
hypohydrated: long term or chronic total body water deficit.
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acute hypohydration (Sawka et al. 2007). Less commonly a concern, hyperhydration 
(being hyperhydrated) refers to a state of total body water excess. Finally, rehydra-
tion refers to the restoration of fluid following a dehydrating stimulus.

Exercise commonly occurs under suboptimal hydration states, either hypohy-
drated or dehydrated (Maughan and Shirreffs 2010a; Osterberg et  al. 2009). It is 
unfortunately common for athletes of many sports (including basketball, tennis, 
and American football) to begin practice or competition in a hypohydrated state 
(Osterberg et al. 2009; Yeargin et al. 2010). Athletes are further challenged during 
exercise, when the average athlete drinking ad libitum will consume fluids equal 
to only ~66% of sweat losses (Greenleaf and Sargent 1965; Hubbard et al. 1984). 
Couple pre-exercise hypohydration with inadequate fluid intake during exercise and 
the stage is set for potentially significant body water deficits.

Adequate fluid balance is paramount for optimal physiological function in ath-
letes (Cheuvront et al. 2003; Sawka et al. 2001; Shirreffs 2005). Much of our current 
understanding surrounding the effects of dehydration stems from research examin-
ing endurance exercise; dehydration decreases endurance performance (Armstrong 
et al. 1985; Cheuvront et al. 2003; Sawka et al. 2001; Shirreffs 2005). Far less is 
understood about how hypohydration and/or dehydration impact strength, power, 
and subsequent performance in intermittent high-intensity sports. Even so, a grow-
ing amount of research clearly demonstrates the negative consequences of poor 
hydration on these anaerobic variables of athletic measurement.

8.2 PHYSIOLOGY OF DEHYDRATION

Human metabolism is not 100% efficient. During exercise, humans use only ~20% 
of the energy liberated from the deconstruction of chemical bonds, releasing the 
remaining ~80% as heat. Muscular work (e.g., high-intensity exercise) dramatically 
increases metabolic demand, enhancing heat production. In an attempt to offset this 
heat production and homeostatically control core temperature, compensatory heat 
loss mechanisms activate. Sweating, the primary mechanism by which humans dis-
sipate heat, contributes to thermoregulation by releasing fluid to the skin, causing an 
increase in evaporative cooling. Thus, body fluid is sacrificed to offset a rise in body 
temperature. Sweat rate is affected by various factors, including exercise intensity, 
training state, heat-acclimatization, environmental conditions, and clothing (King 
et  al. 2002). Overall fluid loss (dehydration) is strongly influenced by individual 
sweat rate, but is also impacted by pre-exercise hydration state, duration of exercise, 
and degree of rehydration (Casa et  al. 2010; Ladell 1955; Maughan and Shirreffs 
2010a).

Far less research evaluates fluid loss during intermittent high-intensity sports than 
endurance exercise, suggesting that most fluid intake recommendations result from 
research on steady-state endurance exercise. Given the differences between continu-
ous submaximal exercise and intermittent anaerobic exercise in thermal stresses 
and resulting fluid dynamics, a more thorough analysis of fluid needs for intermit-
tent exercise athletes is necessary. The unpredictable and varied nature of many 
high-intensity intermittent sports also makes providing fluid intake recommenda-
tions difficult. Differing work-to-rest ratios, exercise intensities, mental stressors, 
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clothing, protective gear, and environmental characteristics mean each intermittent 
sport requires an individual recommendation for fluid intake, unlike endurance-based 
sports, which share similar traits.

8.3  LIMITATIONS AND CONSIDERATIONS FOR 
EXERCISE/DEHYDRATION TESTING

Because reductions in total body water can impair endurance performance, we 
might logically extrapolate that dehydration and/or hypohydration must also nega-
tively impact athletes competing in intermittent high-intensity sports. These rela-
tionships between fluid loss, strength, power and anaerobic performance, however, 
have yet to be fully mapped. Thus far, Judelson et al. (2007a) and Kraft et al. (2012) 
provided the two most extensive reviews describing how hydration influences 
strength, power, and performance. Both reviews describe the need for additional 
and better-controlled studies, as discrepancies in methodology and a disregard for 
confounding factors make interpretation of the current literature difficult. In many 
instances, research not specifically designed to assess dehydration or hypohydra-
tion has been inappropriately used to extrapolate findings on force parameters 
and performance. The following sections help outline the methodological factors, 
as reviewed by Judelson et al. (2007a), which contribute to the large variability of 
results seen in the literature.

8.3.1 ExacErbating Factors

To properly assess the effects of dehydration or hypohydration on strength, power, 
and/or performance, hydration must be assessed independently of other factors that 
adversely affect the intended measure. For example, athletes competing in weight 
class sports such as boxing, weight lifting, or karate typically decrease body mass 
prior to competition by reducing total body water and limiting caloric intake. Using 
such athletes as research participants complicates the data because the ergolytic 
effects of dehydration cannot be easily separated from those due to caloric restric-
tion (Maughan et al. 1997; McMurray et al. 1991; Rankin et al. 1996).

Similarly, studies employing an exercise-heat stress model to reduce total body 
water pose a challenge. Although many intermittent high-intensity athletes com-
monly dehydrate when they exercise in the heat, both increased muscle and core 
temperature can impair performance independent of hydration state (Cheung and 
Sleivert 2004; Thomas et al. 2006). Even implementing isolated exercise to reduce 
total body water causes fatigue, an additional factor independent of fluid loss that can 
alter strength, power, and anaerobic performance. Future studies assessing hydration 
should incorporate sufficient rest after the dehydrating stimulus to ensure (1) muscle 
and/or core temperature has fallen below hyperthermic levels (Morrison et al. 2004) 
and (2) fatigue from previous exercise no longer influences performance. Judelson 
et al. (2007a) acknowledge that diuretics are likely a superior tool for reducing total 
body mass, but suggest that exercise and heat exposure can be useful so long as 
sufficient time is given between the dehydration protocol and the performance test 
(Armstrong et al. 1985).
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8.3.2 Masking Factors

Fitness level and training status can considerably influence hydration state and rate 
of dehydration, subsequently impacting muscular performance. Chronic endurance 
training expands plasma volume, theoretically helping to minimize the impact of 
an absolute fluid loss. The findings of Caterisano et al. (1988) and Schoffstall et al. 
(2001) support this hypothesis. Thus, any manner of increasing total body water may 
minimize the effects of dehydration on strength, power, and/or performance.

Most studies examining the effects of dehydration and hypohydration on strength, 
power, or performance studied males. Of those studies evaluating women (Evetovich 
et al. 2002; Greenleaf et al. 1967; Gutiérrez et al. 2003), none accounted for men-
strual status despite the endocrine impacts of cycle phase; fluid hormones vary across 
the reproductive cycle, promoting water retention during the luteal phase (White 
et al. 2011). This enhanced fluid pool might act synonymously to training-induced 
increases in plasma volume, although no scientific research confirms this hypothesis. 
Prudence suggests, however, menstrual cycle should be taken into account when 
planning a study that examines female athletes.

Finally, various studies (Bosco et al. 1968; Watson et al. 2005) have utilized 
measurements in which only body mass resisted the testing movement (e.g., verti-
cal jump or short-distance sprinting). Dehydration decreases body mass, so imple-
menting dependent variables that rely only on body mass can confuse the results. 
This point was elegantly demonstrated by Cheuvront et al. (2010) who compared 
force parameters during vertical jumping among three conditions: euhydrated, 
hypohydrated by ~4%, and hypohydated by ~4% while wearing a weighted vest 
containing a weight equal to that lost due to hypohydration. Outward performance 
(i.e., vertical jump height) did not change between euhydrated and hypohydrated 
conditions because reductions in body mass (promoting improved jump height) 
were offset by decreased ground reaction impulse (impairing jump height). The 
weight added during the weighted vest trial eliminated the ergogenic effects of 
decreased body mass and resulted in worse vertical jump performance. These find-
ings highlight the importance of proper test selection when measuring dehydration 
and force output.

8.4  DEHYDRATION AND HYPOHYDRATION: EFFECTS 
ON STRENGTH AND POWER

Dehydration due to exercise, heat exposure, insufficient fluid consumption, diuretics, 
or some combination thereof is common in virtually all sports. Muscular strength 
and power are important components to many sports and likely indicate potential 
success (Pryor et  al. 2014). High-quality literature reviews of older (Sawka and 
Pandolf 1990) and newer (Judelson et  al. 2007a; Kraft et  al. 2012) studies report 
dehydration or hypohydration up to 7% body mass loss (BML) inconsistently affects 
strength and power, both in frequency and magnitude of effect. Despite this variabil-
ity, none of the reviewed studies documented a beneficial effect of hypohydration or 
dehydration on performance outcomes alone. Notwithstanding the methodological 
limitations outlined above, suboptimal hydration status (≥3%–4% BML) appears to 
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negatively influence both strength and power by approximately 2% and 3%, respec-
tively (Judelson et al. 2007a).

Even with a majority of the current literature pointing toward an ergolytic effect 
of dehydration on overall strength and/or power (see Judelson et al. 2007a; Pandolf 
and Sawka 1990; Kraft et al. 2012 for reviews), many studies report mixed outcomes 
with dehydration up to 4% BML (Bigard et al. 2001; Evetovich et al. 2002; Montain 
et al. 1998). This variability might exist because a critical degree of dehydration 
or  total body water loss that impairs strength and/or power is likely to exist, but 
appears individualized given the variability of results. Figures 8.2 and 8.3 show the 
large variability of findings reviewed by Judelson et al. (2007a) as well as more recent 
findings by Kraft et al. (2012) for studies measuring strength and power respectfully. 
Note that despite varied results, as fluid is lost (% dehydration increases), power 
(R2 = 0.02) and strength (R2 = 0.25) trend negatively.

Unfortunately, differing research methods, athletes’ various hydration practices, 
and individual dehydration tolerances make predicting the effects of dehydration on 
any given individual difficult (Maughan et al. 2007). Hayes and Morse (2010) assessed 
isometric force production and isokinetic peak torque (30°/s) after progressive levels 
of heat and physical activity-mediated dehydration. Maximal isometric force produc-
tion was diminished after 1.0%, 1.9%, 2.6%, 3.3%, and 3.9% BML, while isokinetic 
peak torque was reduced when dehydration exceeded 2.6% BML. No dose relation-
ship was observed but the threshold for dehydration-mediated strength and power-
related performance impairment was in line with the threshold of 3%–4% reported in 
a seminal review by Judelson et al. (2007a). With regard to power, slower compared 
to faster speed muscular contractions (30°/s vs. ≥120°/s) appear more sensitive to 
dehydration-induced power impairments after dehydration >2.5% (Ftaiti et al. 2001; 
Hayes and Morse 2010).
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While single-effort measures of strength and power provide some insight into the 
dehydration–performance interaction, intermittent high-intensity sports frequently 
demand repeated strength and power generation. Only a few studies have examined 
how dehydration impacts serial measures of strength and power. On separate occa-
sions, performance during a six set squat protocol (≤10 repetitions per set, 80% 1RM, 
2 min rest between sets) was reduced 2.4% during sets 2–3 when dehydrated 2.4% 
and 4.8% during sets 2–5 when dehydrated 4.8% (Judelson et al. 2007b). Similarly, 
Kraft et al. (2010) observed that 3% dehydration reduced (1) total work during three 
sets to failure for six resistance exercises (2 min rest between sets), and (2) mean and 
peak power during sets 3–6 of six 15-s sprints separated by 30 s of recovery (Kraft 
et al. 2011). The effects of dehydration might be particularly pronounced for these 
repeated work bouts whose rest periods introduce a greater aerobic contribution to 
energy production. Dehydration clearly alters aerobic metabolism (Cheuvront et al. 
2003), potentially creating a butterfly effect that diminishes strength and power per-
formance during subsequent bouts (Judelson et al. 2007b; Kraft et al. 2011). This 
delayed performance decrement might be particularly applicable to intermittent 
high-intensity sports because end of competition scenarios typically require critical, 
decisive play.

8.4.1 strEngth

In the context of exercise and intermittent sports, strength refers to the maximal force 
a muscle or muscle group can generate at a specified velocity (Knuttgen and Kramer 
1987). In sports, strength is required in countless situations: linemen in American 
football exert force against each other during blocking, basketball players must 
squeeze rebounds to avoid defenders slapping loose the ball, and gymnasts hold static 
positions that place enormous stresses on muscle and joints. Laboratory protocols 
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commonly used to measure strength include but are not limited to single maximal 
effort isometric (no change in muscle length), isotonic (no change in force), and iso-
kinetic (no change in speed of muscle action) actions of the upper (e.g., back exten-
sion, bear hug, bench press, row, elbow extension, elbow flexion, forearm flexion, grip 
strength, shoulder abduction, shoulder adduction, and shoulder extension) or lower 
body (e.g., hip flexion, knee extension, and knee flexion) (Judelson et al. 2007a).

Arguably the most comprehensive review examining how hydration state influ-
ences strength was written by Judelson et al. (2007a). Of the 70 publications reviewed, 
21% demonstrated statistically significant hypohydration-induced reductions in 
strength (Judelson et al. 2007a). Additionally, more than two-thirds of well- controlled 
studies (i.e., those lacking exacerbating or masking factors; see Sections 8.3.1 and 
8.3.2) showed negative effects on strength. Overall, Judelson et al. (2007a) suggest 
that a 3%–4% reduction in total body water can impair strength by ~2%.

Although the National Athletic Trainers’ Association (NATA) and the American 
College of Sports Medicine (ACSM) highly recommend athletes to adequately drink 
throughout competition (Casa et al. 2000; Sawka et al. 2007), many athletes fail to 
appropriately hydrate. Drinking to reduce water loss during competition appears to 
help mitigate dehydration associated strength losses. Rodrigues et al. (2014) showed 
that following 90 min of cycling in the heat, those who lost 2% of their body mass 
displayed strength deficits of nearly 16% post-exercise in the exercised muscles com-
pared to a euhydrated control group.

Conversely, others found that maintaining hydration might not adequately  prevent 
strength deficits. Ali and Williams (2013) compared soccer athletes when they hydrated 
during 90 min of simulated soccer versus when they abstained from fluid intake during 
the same protocol. Whether fluid was consumed or not during the soccer game, both 
groups reduced body mass by 2.3% and 3.7%, respectively. Isokinetic and isometric 
knee strength deficits (measured as pre- to post-reductions) equaled 8.3% and 16.5%, 
respectively, and did not differ between the fluid ingestion and no fluid ingestion 
trials. A sport’s specific metabolic demands and competitive requirements can sig-
nificantly impact resulting fatigue and access to fluids (and hence, an athlete’s rate of 
fluid consumption). For example, the intermittent nature of badminton allows players 
to consume fluids more regularly compared to soccer athletes.

8.4.2 PowEr

Power is distinct from strength, as it considers both the force generated and the 
time over which that force was generated; increasing force and decreasing duration 
 linearly increase power. Similar to strength, power critically contributes to athletic 
ability and is necessary in many intermittent high-intensity sports: swinging a base-
ball bat, kicking a soccer ball, or jumping to spike a volleyball. Common laboratory 
tests used to quantify muscular power include vertical jump, Wingate/cycling tests, 
maximal knee extension, or the Margaria Kalamen power test (Judelson et al. 2007a).

Judelson et al. (2007a) also reviewed the literature describing how hydration state 
influenced power. Of the 47  studies measuring power, 19% showed hypohydra-
tion significantly reduced power, suggesting 3%–4% BML reduces muscular power 
by ~3% (Judelson et al. 2007a). However, when considering only those studies which 
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accounted for confounding variables (only four investigations), ~81% of the findings 
showed negative effects on power. Similarly, Jones et al. (2008) showed ~3% BML 
impaired mean and peak power, but to a much greater degree than suggested by pre-
vious work. Subjects in Jones et al. (2008) performed upper and lower body Wingate 
tests prior to and following a heat stress trial, once while rehydrating and once while 
abstaining from rehydration. Both the mean and peak power in dehydrated subjects 
significantly decreased by ~10% in the upper body and ~20% in the lower body. Such 
results suggest that hydration plays an important role in reducing anaerobic power.

Although research suggests the loss of body water impairs strength and power, if 
and how this reduction affects athletic performance remains in question. Cheuvront 
and Kenefick (2014) address the issue thoroughly, revisiting the findings published 
by Judelson et al. (2007a) and concluding that any effect of water loss on strength 
and power is either small or nonexistent. They support their claim by identifying 
the lack of a clear physiological or cellular mechanism by which dehydration may 
impair strength or power. Despite this point, we recommend athletes continue to 
appropriately hydrate during intermittent exercise and sports; at worst, appropriate 
hydration will do no harm, but the mixed results in the scientific literature suggest 
inappropriately dehydrating might impair strength and power.

8.5 DEHYDRATION: EFFECTS ON PERFORMANCE

Performance is an umbrella term most often describing important sport-specific out-
comes. As such, performance can be variously defined and assessed: by achievement 
(improved finishing time, increased shots on goal, number of wins, etc.), cognitive 
function (tasks requiring the use of short- or long-term memory, decision making), or 
overall improved ability (increased skill or proficiency). Thus, the context in which 
we discuss the effects of dehydration on performance is important.

8.5.1 EFFEcts oF DEhyDration on sPort-sPEciFic tasks anD skill

The complexities inherent to sports and sport-specific motor tasks make it  difficult to 
conclusively state that dehydration always inhibits sport skill performance. Neuromus-
cular, cognitive, and metabolic influences (acting alone or in combination) affect any 
given sport skill or task, and in any given circumstance, dehydration might mitigate one, 
some, or all components. For example, athletic skill and motor function decrease pro-
portionally with greater dehydration (Baker et al. 2007b; Edwards et al. 2007). Figure 8.4 
illustrates how key basketball skills become impaired with elevated dehydration.

Subjects from that study (Baker et  al. 2007) reported feelings of lightheaded-
ness and greater fatigue when dehydrated 3%–4%, likely reducing skill performance. 
Similarly, McGregor et al. (1999) observed that soccer players dehydrated to 2.4% 
BML demonstrated a 5% reduction in performance of the Loughborough Intermittent 
Shuttle Test and impaired soccer dribbling ability.

Not all studies, however, report consistent sport-specific skill deficits with  dehy  -
dration.  Two percent and 4% dehydration in young males failed to alter basketball 
shooting accuracy and boxing-related performance, respectively (Hoffman et al. 1995; 
Smith et al. 2000). This variability, how dehydration impacts sport-specific task 
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performance, likely results from a number influential confounding factors related to 
the dehydration (e.g., degree and mode of dehydration) and the task itself (e.g., task 
complexity and specificity). Further, the threshold for dehydration-induced performance 
impairment might vary across individuals due to the nature of the skill, dehydration 
tolerance, environment, and genetics. Thus, efforts should be guided toward (1) identify-
ing the athletes and specific tasks most sensitive to dehydration, and (2) implementing 
appropriate hydration strategies to maintain performance.

8.5.2  MEchanisM oF DEhyDration inDucEs sPort-sPEciFic 
skill rEDuction

Several potential mechanisms explain how dehydration impairs sport-specific skills. 
Although isolated dehydration up to 4% BML appears unable to impair dynamic 
balance (Seay et  al. 2013), several balance measures suffer when dehydration is 
combined with exercise-induced fatigue and/or hyperthermia (Derave et al. 1998; 
Distefano et  al. 2013). Alternately, studies report dehydration negatively alters 
mood, concentration, and cognition (Baker et al. 2007a,b, Cian et al. 2000, 2001; 
Gopinathan et al. 1988). These changes might directly result from an effect of hydra-
tion state on cognitive abilities (e.g., vigilance and decision making) or indirectly 
through discomfort and distraction associated with dehydration.

8.5.3 EFFEcts oF DEhyDration on cognitivE PErForMancE

Numerous studies document dehydration negatively impacts cognitive function 
(Edwards et al. 2007; Ganio et al. 2011; Kempton 2011; Lieberman et al. 2005). This 
effect clearly applies to intermittent sport athletes, as many sport tasks require vigilance, 
mental acuity, short-term memory, working memory, decision-making, and focus.

In general, dehydration transiently and negatively impacts cognitive performance 
(Benton et al. 2008; Edwards et al. 2007; Ganio et al. 2011; Gopinathan et al. 1988; 
Grandjean and Grandjean 2007; Lieberman 2007; Sharma et al. 1986). Similar to 
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strength, power, and other performance measures, cognitive deficits become 
 significant when water loss reaches 1%–2% dehydration (Baker et al. 2007a; Edwards 
et al. 2007; Ganio et al. 2011; Gopinathan et al. 1988; Sharma et al. 1986) and progres-
sively worsen with increasing BML (Baker et al. 2007a; Cian et al. 2001; Gopinathan 
et al. 1988; Shirreffs et al. 2004). For example, Figure 8.5 shows how the degree of 
cognitive performance reduction is proportional to body water loss, with diminished 
performance beginning around 1% BML.

Dehydration impairs cognition after passive and exercise-induced dehydration, in 
myriad hot and cold environments, across age groups, and among numerous occupa-
tions and sports (Benton et al. 2008; Lieberman 2007). Decision making, short-term 
memory, reasoning, skill achievement, speed of information processing, concentra-
tion, and hand-eye coordination all degrade following dehydration or while hypohy-
drated, with attention and vigilance being the first attributes affected (see Table 8.1) 
(Benton 2011; Cian et al. 2001; Ganio et al. 2011; Gopinathan et al. 1988; Lieberman 
et al. 2005).

Not all studies report dehydration induces cognitive impairment (Grandjean 
and Grandjean 2007). Different study parameters, including cognitive test selec-
tion, participant familiarization, degree of dehydration, exercise type, and other 
distractions, contribute to the often conflicting and equivocal findings (Lieberman 
2007). Dehydration procedures might be especially important; independently and 
combined, exercise and heat exposure negatively affect cognitive performance 
(Cian et al. 2000). Resulting physical fatigue also impairs psychological perfor-
mance. As dehydration enhances feelings of fatigue (Cian et  al. 2000), distin-
guishing whether the ergolytic effect is primary to dehydration or secondary to 
dehydration-induced fatigue is difficult. Finally, the exact degree to which athletes 
suffer cognitive impairment appears highly individualistic (Baker et al. 2007a,b; 
Cian et al. 2000, 2001; Gopinathan et al. 1988; Grandjean and Grandjean 2007).

The effects of dehydration on cognitive performance appear transient, lasting 
only hours or minutes following dehydration in the heat and with exercise so long 
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as fluid is adequately replenished (Cian et al. 2000). Therefore, proper and punctual 
rehydration during or after physical activity should reduce dehydration-related cog-
nitive performance.

Research has yet to identify how dehydration induces cognitive impairment 
(Cheuvront and Kenefick 2014). Brain imaging studies have shown that brain fluid 
volume may shrink (Duning et al. 2005), enlarge (Kempton et al. 2009, 2011), or 
remain unchanged (Watson et  al. 2010) by fluid restriction and/or exercise. Brain 
 volume changes as a mechanism of dehydration-induced cognitive impairment 
seems unlikely as idiogenic osmole production has been shown to occur in the brain 
during progressive dehydration, conserving brain fluid (Cheuvront and Kenefick 
2014; Gullans and Verbalis 1993); most cognition studies only dehydrate partici-
pants to 1%–5% BML. More likely, dehydration sequelae such as thirst, headache, 
mood shifts (irritability, confusion, anger, and depression), and/or discomfort dis-
tract athletes and subsequently impair cognitive prowess. Recent work demonstrates 
that mild hypohydration and/or dehydration of only 1%–2% affects both males and 
females, significantly degrading self-reported mood by increasing tiredness, per-
ception of effort, task difficulty, headache symptoms, anxiety/tension, fatigue, and 
decreasing alertness (Armstrong et al. 2011; Ganio et al. 2011; Judelson et al. 2007b; 
Lieberman et al. 2005). Additionally, heart rate increases proportionally with dehy-
dration and strongly  correlates with the perceptual effort (Borg et al. 1987; Coyle 
2001). Dehydration greater than 2%–3% decreases motivation and time to exhaustion 
even without compromising strength (Maresh et al. 2001). Taken together, deficits 
in subjective perceptions of exercise difficulty, motivation, fatigue, and mood due 
to hypohydration or dehydration can mitigate both cognitive and sport-specific skill 
performance.

TABLE 8.1
Psychological and Cognitive 
Performance Changes Due to 
Hypohydration (>2%–3% Body Mass)

Measures Outcomes

Psychological
Short-term memory Decreased

Reasoning Decreased

Attention Decreased

Vigilance Decreased

Processing speed Decreased

Perceptual
Effort Increased

Motivation Decreased

Vigor Decreased

Mood Altered
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8.6  MECHANISMS OF HYPOHYDRATION THAT MAY 
AFFECT STRENGTH, POWER, AND PERFORMANCE

Research clearly presents the probable physiological mechanisms explaining how 
dehydration and hypohydration impair endurance exercise, largely attributing defi-
cits to cardiovascular impairment (Cheuvront et al. 2003). Conversely, how hydra-
tion state impacts strength and/or power in intermittent high-intensity sports is less 
understood. Cardiovascular, metabolic, and buffering mechanisms are unlikely cul-
prits (Bigard et al. 2001; Gisolfi and Lamb 1991; Judelson et al. 2007a; Montain et al. 
1998). A reduction in body water might negatively affect some aspects of the neuro-
muscular system (Ftaiti et al. 2001; Hoffman et al. 1995), possibly muscle membrane 
excitability (Costill et al. 1976) or the thermal influences on muscle function/elastic 
energy (Bennett 1984); however, evidence to support this hypothesis remains either 
inconclusive (Judelson et  al. 2007a) or unknown (Cheuvront and Kenefick 2014). 
Additionally, increased permeability of the blood–brain barrier (Rapoport 2000) or 
a reduction in brain volume (Gullans and Verbalis 1993) might cause performance 
and strength/power declines, but these mechanisms lack thorough study. Changes in 
stress hormones might provide yet another possible explanation.

Yet another possible mechanism may lie with stress hormones; however, thus 
far, such a theory has not been provided a clear pathway by which dehydration 
affects performance. Stress hormones (epinephrine, norepinephrine, adrenocorti-
cotropic hormone, and cortisol) increase in response to various stressors including 
exercise, heat, and dehydration/hypohydration. Unfortunately, most studies induce 
dehydration with heat and exercise, making it difficult to isolate dehydration and/or 
hypohydration as the sole stressor affecting these hormones. Despite this challenge, 
evidence shows that hypohydrated individuals undergoing alternating sessions of 
cycling and treadmill walking in 33°C (Castellani et al. 1997) and during exhaustive 
exercise (Casa et al. 2000) experience elevated concentrations of circulating stress 
hormones. Elevated norepinephrine and epinephrine might increase sympathetic 
nervous activity, offsetting plasma volume deficits through vasoconstriction and 
increased heart rate (Rowell 1974; Saltin 1964; Sawka et al. 1985). Furthermore, 
predicted changes in plasma volume and osmolality resulting from heat stress and 
dehydration elevate adrenocorticotropic hormone and cortisol (Brandenberger et al. 
1986). Such hormones help regulate numerous physiological functions, but signal 
inflammation and stress when concentrations rise too high.

8.7  ASSESSING HYDRATION IN INTERMITTENT 
HIGH-INTENSITY SPORTS

Based on the previous review, total body water might importantly influence cog-
nition, strength, power, aerobic, and anaerobic performance. Many athletes com-
monly experience fluid loss, heat stress, and fatigue, yet most fail to adequately 
rehydrate during or immediately following exercise (Boudou et al. 1987; Cheuvront 
and Haymes 2001; Hubbard et al. 1984; Maughan et al. 2004). This inadequate rehy-
dration predisposes athletes to begin their next exercise session in a hypohydrated 
state (Osterberg et al. 2009; Stover et al. 2006; Volpe et al. 2009), creating a vicious 
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cycle of dehydration, insufficient rehydration, and subsequent further dehydration, 
rarely allowing the exerciser to become euhydrated. The presence of this cycle is 
demonstrated by research that shows many athletes begin exercise in a hypohydrated 
state, further dehydrating while exercising (Osterberg et al. 2009; Stover et al. 2006; 
Volpe et al. 2009). Wrestlers, boxers, and others participating in weight class sports 
are especially of concern, as many of these athletes purposely dehydrate to compete 
in lower weight classes (Clark et al. 2004). Thus, medical and sport professionals 
should emphasize the development of proper hydration/rehydration strategies for 
athletes.

Several organizations (e.g., ACSM and NATA) offer general recommendations 
for (re)hydration strategies. However, universal hydration practices are giving way to 
more individualized guidelines tailored to fit specific athlete needs (Maughan and 
Shirreffs 2008, 2010b; Sawka et al. 2007). Numerous factors support the value of 
a personalized approach as nearly every situation represents a unique combination 
of physiological variability, exercise characteristics, clothing, and environmental 
conditions. Not surprisingly, few athletes (largely professional) have individualized 
hydration plans. The first step to any such plan is understanding methods to track 
hydration status. Although precise methods for assessing hydration status exist (see 
Chapter 1), these techniques are typically costly and impractical for field measure-
ments. To maximize utility, the following Sections 8.7.1 through 8.7.5 highlight sim-
ple, cost-effective methods to track hydration levels (Maughan and Shirreffs 2010a).

8.7.1 thirst

Thirst is likely an inadequate indicator of hydration, as most people experience thirst 
only after achieving 1%–2% dehydration (Armstrong 2007). Thus, thirst sensation 
occurs roughly coincident with the detrimental effects in strength, power, and per-
formance, making thirst a poor indicator of real-time euhydration. Interestingly, 
ultra-endurance cyclists who drank to the dictates of thirst during a prolonged endur-
ance event were no more dehydrated than their counterparts who drank ad libitum 
(Armstrong et al. 2014), suggesting that drinking ad libitum may not be superior than 
drinking to thirst. Regardless, both groups became dehydrated reinforcing the idea 
that thirst may be an inadequate queue if the goal is to minimalize BML (< 2%).

8.7.2 boDy Mass changEs

During any exercise bout of a few hours or less, measurable body mass change is 
primarily due to sweat losses; recording body mass before and after exercise is 
therefore a simple method to closely estimate fluid loss (Pre-exercise mass − post-
exercise mass/fluid consumption/urinary losses = mass lost as fluid). To completely 
estimate sweat rate, these calculations should be completed for a variety of exer-
cise durations, exercise intensities, environmental conditions, and heat acclima-
tion states. Players should consume fluids during exercise to prevent fluid losses 
from exceeding 1%–2% BML (Sawka et al. 2007). Following exercise, athletes 
should look to estimate fluid losses and attempt to replace their fluid deficit (fully 
accounting for obligatory urine losses) in order to return back to a euhydrated 



147Effect of Dehydration on Muscle Strength, Power, and Performance

state (Shirreffs et al. 1996). Consuming excess fluid beyond what has been lost can 
help account for urine losses and normal fluid needs; however, athletes should not 
over consume fluids for risk of hyponatremia.

8.7.3 urinE voluME anD color

Monitoring urine volume and color can help estimate hydration state (Armstrong 
et al. 2010). Decreased urine volume, reduced frequency of urination, attenuated urge 
to urinate, and darker than normal urine color might all indicate dehydration (acute) 
or hypohydration (chronic) (Armstrong et al. 1994, 1998, 2010). Urine color should 
be straw to lemonade in color and can easily be assessed using a field- expedient urine 
color chart (Armstrong et al. 1998). Urine color akin to apple juice or darker is sug-
gestive of dehydration.

8.7.4 Monitoring swEat

Observing and estimating sweat composition can also assist in determining hydra-
tion status. Some athletes are salty sweaters, producing sweat of a higher salt con-
centration than other athletes. It has been thought that salt loss, fluid loss, and the 
onset of dehydration can lead to muscle cramps (Bergeron 2008); thus, assessing the 
relative saltiness sweat can be valuable for athletes to avoid potential performance 
decrements or clinical conditions (Casa et al. 2000). To qualitatively assess sweat 
composition, wear a dark colored t-shirt during exercise and look for salt stains 
afterward.

8.7.5 MEthoDs rEquiring EquiPMEnt

Urine-specific gravity, the density of urine compared to the density of water, is a 
simple and quick technique that can easily be used in a laboratory of field settings to 
assess hydration status. Measurement requires the use of a refractometer, which is 
small, portable, and reasonably priced. Urine-specific gravity is more accurate than 
urine color, although not as reliable as more costly, less field-expedient lab measure-
ments (Armstrong 2007).

8.8 SUMMARY

Success in sports is multifactorial. In intermittent-high intensity sports, strength, 
power, and performance typically contribute to an athlete’s success or failure, and 
research suggests hydration state may impact these attributes, although considerable 
variation exists among the current findings. A definitive mechanism explaining how 
hydration impacts these key measures is currently unclear. To properly understand 
how hypohydration and dehydration impact strength, power, and performance, future 
research must account for possible confounding factors commonly seen with exercise 
in high-intensity intermittent sports. To maximize success, athletes should consume 
adequate fluids to eliminate the possibility that they might suffer  dehydration-induced 
decrements in strength, power, and performance. Table 8.2 presents some of the key 
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factors affected by dehydration and the percent dehydration at which they begin to 
manifest themselves.

Athletes in intermittent high-intensity sports can achieve euhydration with proper 
fluid consumption before, during, and after exercise. Fluid loss is highly individu-
alistic; variations in genetic factors, training state, sporting demands, equipment 
requirements, and environmental conditions suggest each athlete should develop his 
or her own hydration plan.
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9 Effect of Dehydration 
on Cognitive Function, 
Perceptual Responses, 
and Mood

Dennis H. Passe

9.1 INTRODUCTION

Hydration status may have an impact on a broad range of physiological functions 
including diseases (Popkin et al. 2010), athletic performance (Murray 2007), and cog-
nitive function, perception, and mood (for reviews see Adan 2012; Armstrong 2012; 
Benton 2011; D’Anci et al. 2006; Edmonds 2012b; Grandjean and Grandjean 2007; 
Lieberman 2007, 2010, 2012; Maughan et al. 2007; Masento et al. 2014; McMorris 
et al. 2009; Popkin et al. 2010; Ritz and Berrut 2005; Secher and Ritz 2012; Shirreffs 
2009; Wilson and Morley 2003). See also Tomporowski (2002) for a review of the 
effects of exercise on cognitive function. While water is essential for life and humans 
can survive only a matter of days without it, the experience of severe dehydration in 
daily living, sport, and exercise is rare. The range of dehydration commonly expe-
rienced (mild to moderate) and its effects on cognition, perception, and mood have 
been elusive to investigate. The magnitudes of the effects observed have often been 
moderate to small. Reliabilities in the research have been variable, likely due to inad-
equate statistical power related to experimental variability and small sample size. 
The relationship between dehydration and mental function is likely to be the result 

CONTENTS

9.1 Introduction .................................................................................................. 155
9.2 Impact of Dehydration on Cognitive Function and Perceptual 

Responses ...............................................................................................156
9.2.1 Correlational Approach .................................................................... 157
9.2.2 Experimental Approach .................................................................... 159
9.2.3 Field Study Approach ....................................................................... 160

9.3 Impact of Dehydration on Mood .................................................................. 190
9.4 Methodological Issues .................................................................................. 191
9.5 Research Design Recommendations ............................................................ 193
9.6 Conclusions and Recommendations ............................................................. 195
References .............................................................................................................. 195



156 Fluid Balance, Hydration, and Athletic Performance

of interacting factors. There has been a paucity of well-controlled studies that have 
been able to investigate this complexity. The purpose of this chapter is to highlight 
the current status of research in this area (with an emphasis on the magnitudes of the 
effects [Cohen 1988] as opposed to p-values), to acknowledge design and method-
ological challenges, and to bring additional focus to specific research design options 
now available to explore the key interactions that have been identified. The literature 
in the area of dehydration and mental function includes many different psychologi-
cal measures with any given study, often including cognitive function (e.g., memory, 
learning, executive function, reaction time, accuracy, vigilance, and motor perfor-
mance) and mood (e.g., Profile of Mood States, POMS; visual analogue scales, VAS).

For purposes of comparing study results, I will focus on effect size (ES) (Cohen 
1988) which characterizes the magnitude of an effect (mean difference) as a simple 
proportion of the average standard deviation (pooled SD’s associated with each of 
the means). To facilitate interpretation, Cohen’s nomenclature of small, medium, and 
large ES will be adopted (d = 0.2, d = 0.5, d = 0.8 corresponding to small, medium, 
and large, respectively). In cases where correlations are reported, I have adopted 
Cohen’s nomenclature for interpreting correlations of r = .10, r = .30, and r = .5 as 
small, medium, and large effects, respectively (Cohen 1988). These correlations 
attempt to bring further perspective to conclusions based on statistical reliability and 
p-values. Small ESs that are statistically significant may be less interesting than large 
ESs from a small study that failed to achieve traditional levels of reliability. Very few 
individual studies in the area of dehydration and cognitive function have discussed 
ESs of any kind with the exception of D’Anci et al. (2009) who reported correlations 
and eta-squares as magnitudes of effect.

9.2  IMPACT OF DEHYDRATION ON COGNITIVE 
FUNCTION AND PERCEPTUAL RESPONSES

A number of studies have looked at the relationship between dehydration and cogni-
tive function using a variety of approaches including case study, field, and obser-
vational (adults: Ackland et  al. 2008; Doppelmayr et  al. 2005; Lieberman et  al. 
2005; Suhr et  al. 2004, 2010, children: Bar-David et  al. 2005) and experimental 
(adults: Armstrong et al. 2012; Adam et al. 2008; Ainslie et al. 2002; Bandelow 
et al. 2010; Baker et al. 2007; Cian et al. 2000, 2001; D’Anci et al. 2009; Ely et al. 
2013; Ganio et al. 2011; Gopinathan et al. 1988; Grego et al. 2005; Irwin et al. 2013; 
Leibowitz et al. 1972; Lindseth et al. 2013; Neave et al. 2001; Ogino et al. 2013; 
Petri et al. 2006; Serwah and Marino 2006; Sharma et al. 1986; Slaven and Windle 
1999; Smith et al. 2012; Szinnai et al. 2005; Shirreffs et al. 2004, children: none). 
Several studies have looked at the effect of fluid intake on cognitive function from 
a naturally occurring state of hydration (euhydration, or at least no intentional 
induction of dehydration) (adults: Edmonds et  al. 2013; Rogers et  al. 2001, chil-
dren: Benton and Burgess 2009; Booth et al. 2012; Edmonds 2012a; Edmonds and 
Burford 2009; Edmonds and Jeffes 2009; Fadda et al. 2012). A related area of active 
research investigates the impact of a glucose drink on mental function (e.g., Scholey 
et al. 2009). This and other nutritional interventions relative to cognitive function 
are outside the scope of this review and will not be covered here except to note that 
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the perception of thirst (even in the absence of measured dehydration) may impact 
the effect of drinking on cognitive function (Scholey et al. 2009; Rogers et al. 2001).

9.2.1 Correlational approaCh

Suhr et al. (2004) explored available correlational data (from a larger study), using 
hierarchical regression to explore relationships between dehydration (measured 
by bioimpedance which was used to estimate percent total body water by weight, 
%TBW/WT) and neuropsychological measures of psychomotor processing speed 
and attention/memory (assessed by the summation of z-scores of batteries of psycho-
logical subtests measuring these constructs). Half of the subjects had been instructed 
to refrain from eating and drinking the night before. While group analysis failed 
to find a significant difference between the two groups in %TBW/WT (at the usual 
alpha level of 0.05), there was a tendency for the two groups to differ (p =  .07), 
as might be expected. On this basis, the groups were combined for the regression 
modeling. However, the ES was 0.71, which may be viewed as at least of moder-
ate magnitude. Preliminary correlational analysis revealed that lower %TBW/WT 
was related to slower psychomotor processing speed (r =  .49, p <  .01) and tended 
to be related to worse memory performance (r  =  .34, p  =  .08). Greater age was 
related to slower psychomotor processing speed (r =  .47, p <  .01). Systolic blood 
pressure (SBP) was related to poorer memory performance (r = −.37, p = .06). Two 
hierarchical models were then fit to the data to assess whether hydration would still 
be related to cognitive function after controlling for demographics (age and edu-
cation) and a physiological variable (SBP). Results indicated that hydration status 
(%TBW/WT) remained reliably related to psychomotor processing (p  =  .01) and 
memory (p = .03). Interestingly, the absolute values of the standardized betas in the 
full model for psychomotor processing speed for age (0.39) and %TBW/WT (0.46) 
were of comparable magnitude suggesting that in this model the contributions of age 
and %TBW/WT were comparable. SBP was not a predictor of cognitive function in 
the full model. In a subsequent correlational analysis (Suhr et al. 2010) in 21 older 
women (60.3 ± 8.03 years) of naturally occurring hydration status to other measures 
of memory (auditory verbal learning test, AVLT, and auditory consonant trigrams, 
ACT), better hydration status (%TBW/WT) was also reliably related to these mea-
sures of memory (r = .54, p = .01; and r = .47, p = .04 for AVLT and ACT, respec-
tively). In the current study (Suhr et al. 2010), unlike in the previous one (Suhr et al. 
2004) age was not reliably related to %TBW/WT (r = −.14, p = .50). However, poorer 
hydration status was related to higher blood pressure (both diastolic blood pressure, 
DBP, and SBP), and higher blood pressure appeared to be a mediating factor for 
poorer immediate recall (AVLT: DBP r = −.57, p = .009, SBP r = −.46, p <.05) and 
poorer working memory (ACT: DBP r = −.67, p =  .002, SBP r = −.64, p <.003). 
These studies, even though lacking an experimental frame of reference, demonstrate 
the importance of modeling available data to identify relationships and the potential 
interplay of interacting factors.

In a controlled prospective observational study, Ackland et al. (2008) examined 
the impact of dehydration induced by bowel prep (Citramag) in 38 men (age 63 ± 12) 
scheduled for elective colonoscopy with a control group of 14 men (age 60 ± 11) 
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matched for age, comorbidities, medications, education, and gender scheduled for 
sigmoidoscopy who did not undergo bowel prep. The confounding effects of surgery 
and anesthesia as well as exercise and exposure to heat were avoided in this study. 
The inclusion criteria for subjects were age 50 years or more, absence of cerebrovas-
cular disease, visual or hearing impairments, acute or chronic psychosis, depression, 
learning disabilities or dementia, no current illness requiring hospitalization, and 
able to respond to written and spoken English. A power calculation was conducted 
to estimate the number of subjects required for alpha = 0.05 and power = 0.8 based 
on an estimated incidence of measureable cognitive decrement of 30% in this age 
group undergoing bowel prep (relative to a background cognitive dysfunction of 
1% in the untreated population) and a relative frequency of patients presenting for 
colonoscopy versus sigmoidoscopy of 3 to 1. Weight loss (percent total body weight) 
for the experimental group was 2.0% (95% CI: 1.3%–2.6%) and a calculated median 
decrease of TBW of 2.6% (95% CI: 1.1%–4.8%), while the control group did not 
change in body weight (0.17 kg [−0.2 to 0.6kg]). Bioimpedance measures changed 
significantly for the bowel prep group (36 [Omega] [95% CI: 25–46]) but not for the 
control group (−1  [Omega] [95% CI: −13  to 10]). Neuropsychological tests mea-
suring attention and executive functions (trail making test) and memory/learning 
(Rey AVLT) were conducted by an experienced psychologist blinded to the weight 
loss condition. Alternate forms of the tests were used to minimize practice effects. 
These tests were chosen because of demonstrated sensitivity to detect decrement in 
cognitive function following surgery. In addition to group comparisons of absolute 
scores, the results for each individual were compared to normative population data 
for these tests (criterion for impairment: >1 SD below the mean of the norm). In 
addition, since test anxiety may impact performance on neuropsychological tests, 
the Spielberger state-trait anxiety and subjective cognitive scales (self-report of 
perceived cognitive status) were also conducted. Tests were conducted twice, the 
second 3 days ± 1 day after the first (on the day of the procedure). There were no 
differences in neuropsychological test results between treatments and over time. The 
performance of all subjects was within 1 SD of the normative mean. There were no 
significant correlations between any of the hydration markers (% weight change, 
bioimpedance change, or calculated %TBW change) and changes in cognitive per-
formance. However, there was a significant negative association between increasing 
age and neuropsychological scores at baseline (r = −.47, p = .005), and a significant 
positive association between education and better baseline neuropsychological per-
formance (r = .49, p = .003).

The results of these correlational studies (Ackland et al. 2008, Suhr et al. 2004, 
2010) are not consistent regarding the impact of hydration status, age, education, 
or blood pressure on memory. This may be related to the low sample sizes, poten-
tial restrictions of the range in the populations tested, and procedural differences 
within the measurement of memory. In spite of these short comings, the methods 
they employ may be able to make a substantial contribution to our understanding of 
the potential contribution of hydration status, in conjunction with many other fac-
tors, to cognitive function. They are ideally suited to the modeling of databases in 
biomedical research where routine and consistent measurement of cognitive function 
may already be occurring as part of ongoing research and where there is a substantial 
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number of subjects to assess. However, requisite to this end is the implementation of 
at least simple measures of hydration status. This approach would also help to rem-
edy the constrained nature of stand-alone studies (whether correlational or experi-
mental) that must focus on a limited number of subjects.

9.2.2 experimental approaCh

Ely et al. (2013) in a well-controlled study investigated the impact of euhydration 
versus hypohydration (−4% body mass) under four different ambient temperature 
conditions (10°C, 20°C, 30°C, and 40°C). Thirty-two healthy, nonheat acclimated 
men (age 22  +  4.2  years) were assigned to four  cohorts (of eight  subjects each) 
matched for aerobic fitness. Five familiarization days in which a baseline was estab-
lished for cognitive function, mood status, balance performance, and body weight 
were followed by a crossover design in which the order of EUH and HYP trials was 
randomly assigned (each trial of one day’s duration separated by a week) controlling 
for time of the day and prior day’s physical activity level. Both EUH and HYP trials 
involved exposure to alternating treadmill walking and seated rest at 50°C for 3 h 
either with (EUH) or without (HYP to achieve −4% body mass) fluid replacement 
followed by 90 min of controlled rest and then exposure to their respective environ-
mental condition and cognitive, psychomotor, reaction-time, matching-to-sample, 
grammatical reasoning, and mood (POMS) tests. The dynamic balance test assessed 
subjects’ ability to control their center of gravity and balance using visual feedback 
from an liquid crystal display screen. The cognitive tests chosen were previously 
shown to be sensitive to hydration status (Ganio et al. 2011). Subjects in EUH trials 
were within 1% of their 5-day body mass average. HYP groups were −4.1 ± 0.5%, 
−4.2  ±  0.2%, −4.0  ±  0.3%, and −4.1  ±  0.5% body mass relative to baseline for 
10°C, 20°C, 30°C, and 40°C ambient conditions, respectively. Thirst ratings were 
significantly higher (p <  .05) during HYP than EUH trials for all ambient condi-
tions. There were no effects of hydration or temperature on any cognitive measure 
and no interactions between hydration status and temperature. However, there was a 
significant effect of hydration status on the POMS total mood disturbance score, and 
for the anger/ hostility, confusion/bewilderment, depression/dejection, and fatigue 
subscales (HYP > EUH, p <  .05 for all comparisons), but not for the vigor/activ-
ity and tension/anxiety subscales. There was no interaction between hydration sta-
tus and temperature for the POMS. Hydration status did not alter dynamic balance. 
This study is notable in its experimental control to mitigate the confounding effects 
of hydration status and heat exposure (by introducing a 90-min cool down period) 
yet investigating the impact of a range of environmental temperature conditions on 
cognition, mood, and a measure of physical performance. Care was also taken to 
control for cognitive learning effects by the use of an extensive baseline familiariza-
tion period (5 days). The percent reduction in body mass was substantial and well 
within the range of what would be expected to have an impact on cognitive function. 
While the ESs in the current study were generally S to M for the cognitive measures, 
the sample size of the individual cohorts (n = 8) was small, perhaps reducing power 
in spite of advanced  experimental control. An additional factor may have been extra 
effort on the part of subjects to compensate for the additional stress from HYP and 
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temperature conditions (Ely et al. 2013). As the quality of experimental control (and 
effective power) increases, failure to find becomes increasingly supportive of the 
conclusion that the effects being investigated are small and not reliable in the context 
of current test power.

Failure to find a reliable impact of dehydration on cognitive measures was also 
reported by Armstrong et al. (2012). In a controlled double-blind study, the authors 
investigated the effect of mild dehydration (−1.36 ± 0.16% body mass) in 25 females. 
Treatment condition was disguised to both subjects and investigators via the use of 
a positive control condition in which dehydration was induced by a combination of 
both a diuretic and exercise. A pill (either a diuretic or placebo) was given at the 
beginning of every session, and fluid (volume disguised) was given during every 
session. The design was a crossover in which subjects experienced exercise-induced 
dehydration with a placebo capsule, exercise-induced dehydration plus a diuretic 
capsule, and euhydration plus a placebo capsule. Subjects as well as the investiga-
tors collecting the data in the environmental chamber were unaware of experimental 
conditions. Afterward, subjects were not able to identify hydrated versus dehydrated 
experimental conditions. Essentially, cognitive functions measured in this study were 
unaffected by mild dehydration; however, measures of mood and self- perception (of 
task difficulty, ability to concentrate, and head ache) were adversely affected.

9.2.3 Field Study approaCh

In a study of football players in match play, the impact of varying rehydration and 
cooling strategies along with covariates of core temperature, body mass, plasma 
osmolality, and glucose levels on cognitive function were investigated (Bandelow 
et al. 2010). Data were collected from three matches immediately before, at half-time 
break, and immediately after play. Heat index apparent temperature for the three 
matches were 45°C ± 2, 46°C ± 2, and 43°C ± 2, respectively. Players were encour-
aged to follow their usual hydration practices before and during the first match. 
Starting with the second match, players were provided sports beverages and water 
and encouraged to increase fluid intake each day. Measured dehydration was mild to 
moderate ranging up to 2.5%. Cognitive tests (via laptop) included the visual sensi-
tivity test (visuomotor reaction time, touch targets on screen as quickly as possible), 
finger tapping test (fine motor speed), Sternberg test (visual serial working memory, 
identification of target items in a list), Corsi block-tapping test (working memory 
capacity for spatial locations, repeat target location sequence on touch screen). 
Cognitive testing took approximately 15 min except for half-time at which shorter 
versions of the tests were used (8 min, Corsi block-tapping omitted at half-time test-
ing). Mixed effects statistical modeling was conducted to assess the impact of hydra-
tion and cooling strategies along with body mass loss, plasma osmolality, plasma 
glucose levels, and core temperature on reaction time and accuracy in the cognitive 
tests. This approach allowed enhanced use of per-player detail in the modeling unlike 
factorial ANOVA-based methods relying on group-level information. The effects of 
dehydration (defined by body mass loss and plasma osmolality) were inconsistent 
across all four cognitive measures. Changes in plasma osmolarity had no significant 
effects on any cognitive test. Body mass loss only had significant effects on the finger 
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tapping test (increase in speed as a function of body mass loss) and the Sternberg 
test of working memory (increase in reaction time and decrease in reaction time as 
a function of body mass loss depending on working memory load). Interestingly, 
higher core temperature had a significant negative impact on reaction time in all 
cognitive tests, and plasma glucose level had effects essentially opposite to those of 
core temperature. Higher glucose levels were associated with faster performance on 
all cognitive tests (where speed was measured) but this increase in speed did come 
at some cost to accuracy (in the Sternberg and Corsi test for working memory). In 
all instances where sports drink was related to cognitive function, the effect disap-
peared when plasma glucose levels were entered into the model suggesting that the 
sports drink effects in this study were driven by carbohydrate content. The impact of 
the use of the cooling tent was inconsistent on cognitive function and was not related 
to changes in core temperature. This investigation (Bandelow et  al. 2010), which 
relied on relatively uncontrolled experimental manipulation in the field to increase 
the range of variability in a variety of independent measures, demonstrated via the 
use of extensive modeling of individual data the relative importance of dehydra-
tion to other factors, such as blood glucose. Bandelow et al. (2010) found that blood 
glucose may be more important than dehydration in impact on cognitive function. 
As Bandelow et al. (2010) point out, research on dehydration and cognitive function 
must include a range of potential moderating variables measured simultaneously.

In a small field study with 23 young children (6–7 years), Edmonds et al. (2009) 
compared cognitive performance (visual memory, visual search, and visuomotor 
performance) and mood (self-rated happiness) in two groups balanced for age, sex, 
and special education needs. The water group received 500 ml of water and was told 
they could drink as much as they wanted; the no-water group was not given any extra 
water and was unaware of the conditions relating to the water group. The water group 
drank on average 409.1 ml (SD = 130.2 ml). The two groups were tested at baseline 
and after their respective treatment or no treatment conditions and compared on 
the basis of change from baseline. The water group showed decreased ratings of 
thirst, increased ratings of happiness, and improved performance on visual attention, 
and visual search, but not visual memory or visuomotor performance. Interestingly, 
when thirst and mood were entered into subsequent exploratory analyses as covari-
ates, they were not significant, indicating that neither thirst nor mood was the driver 
of the observed effects in the water group. The effects observed in Edmonds et al. 
(2009) suggest that in children, having a drink of water in the absence of inten-
tional dehydration through exercise, heat or withholding fluids can impact cognitive 
function and mood. Additional testing and replication is warranted to verify these 
findings.

Even though the relationship between dehydration and cognitive function and 
mood is not an extensively investigated area in thirst physiology, there already is 
a diverse mix of approaches, dependent measures, and findings. See Table 9.1 for 
an ES summary of published dependent measures in studies investigating dehydra-
tion relative to cognitive function, mood, and self-perception. Although this is an 
attempt to include all published studies, it is recognized that this analysis may not 
be complete. However, it is unlikely that the observed trends will change substan-
tially. Of 429 ES in this literature, 283 are cognitive measures, and 149 are mood or 
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subjective self-perception measures. The distribution of S, M, and L ES for cognitive 
and self-perception measures are 161, 43, 79, and 57, 29, and 60, respectively (chi 
square = 12.45, df = 2, p =  .002). The preponderance of ES are Cohen’s d (410) 
with the remaining being Pearson’s r (19). The distributions of ES (Cohen’s d) for 
cognitive and self-perception measures can be visualized in Figure 9.1 (n = 273) and 
Figure 9.2 (n = 137), respectively. The median ES (Cohen’s d) for cognitive and self-
perception measures are 0.27 (a small effect, 95% CI: 0.02, 1.34) and 0.51 (a medium 
effect, 95% CI: 0.02, 2.73), respectively. Most of the ES represent a decrement in per-
formance related to dehydration; however, 79 are in the direction of improved func-
tioning with a median ES of 0.18 (a small effect, 95% CI: 0.02, 1.05). The median ES 
(Cohen’s d) for cognitive and self-perception measures in the direction of improved 
performance with dehydration are 0.20 (a small effect, 95% CI: 0.03, 1.18) and 0.14 
(a small effect, 95% CI: 0.01, not available), respectively. All ES summaries are with 
absolute values of ES (no averaging of negative and positive values was done).

9.3 IMPACT OF DEHYDRATION ON MOOD

Very few studies have investigated the relationship between hydration and mood alone 
(Pross et al. 2013). Typically, investigations of mood have been embedded in studies 
of cognitive function. The area of mood is difficult to isolate precisely. Measurement 
of subjective feelings can focus on mood but also self-perception of alertness, abil-
ity to concentrate, and other subjective states that may relate to cognitive function 
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FIGURE 9.1 Frequency distribution of ES for measures of cognitive function.
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even though no direct cognitive performance measures are taken (see Shirreffs et al. 
2004 for an example of an investigation of dehydration on subjective feelings that 
covers both mood and self-perception of cognitive function). Armstrong et al. (2012) 
in a controlled double-blind study (see Section 9.2.2 for details) found an increase 
in anger-hostility (p = .04), fatigue-inertia (p = .0003), and total mood disturbance 
(p =  .01) when women were dehydrated. In addition, self-reported perceived task 
difficulty, concentration, and headache were all adversely affected (p =  .004, .01, 
and .05, respectively).

In general, it appears that the effect of dehydration on mood and self-perception 
is about twice that of the impact of dehydration on cognitive function (Table 9.1).

9.4 METHODOLOGICAL ISSUES

Methodological issues remain a fundamental challenge not only to the reliable mea-
surement of cognitive function (and to a lesser extent mood and self-perception) but 
also to elucidating the relationship between hydration status and mental function 
(Adan 2012; Lieberman 2007, 2012). A wide variety of dependent measures has 
been used over the years (see Table 9.1) likely contributing to inconsistent results and 
diminishing our ability to draw firm conclusions. Many of the tests are drawn from 
the neuropsychological arena with its complexity of techniques for assessing atten-
tion, memory, motor control, learning, and executive function. These instruments 
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FIGURE 9.2 Frequency distribution of ES for measures of mood and self-perception.
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vary in sensitivity and the conditions under which their use is most appropriate. 
Many are designed for detecting pathological conditions in clinical assessment, so 
healthy populations may fall outside the range of test specificity (Adan 2012). An 
alternative approach may be to focus the selection of measurement tools on those 
used in psychopharmacological research, which assesses cognitive change over a 
broad range of normal functioning (Adan 2012). As a general guide, Adan (2012) 
has suggested that those tasks requiring immediate memory, attention, psychomotor 
skills, and self-perception measures of subjective state are most negatively affected 
by dehydration and that long-term memory, working memory, and executive-function 
may be more resilient to the effects of dehydration.

Subject selection may impact the robustness of our tests, as well as our ability to 
generalize to other populations. Subjects are often athletes who are accustomed to 
exercise, heat, and varying levels of dehydration, which could possibly make their 
cognitive function less susceptible to these factors than in the general population 
(Adan 2012). Other characteristics such as diurnal variation in both physical and 
cognitive function related to circadian rhythm may impact neuropsychological test 
results (Adan 1993; Monk et al. 1997; Schmidt et al. 2007; Valdez 2012). Within-
subject variation in cognitive function related to circadian rhythm has been esti-
mated to be as high as 20% (Adan 2012). Additionally, personality characteristics 
such as level of anxiety, response to stress, motivation, tolerance of discomfort, and 
social characteristics such as education level should be considered.

More problematic may be the interaction of methods of achieving dehydration. 
Typically, heat, exercise, and fluid restriction or some combination thereof has been 
used to achieve dehydration. A potential issue, so far unresolved, is the possibility of 
these factors interacting in nonlinear fashion so that the impact of dehydration may 
be exacerbated by heat or exercise and possibly by other confounding factors such 
as caffeine or even motivation due to inadequate experimental control and blinding 
(Lieberman 2007, 2012).

Even the methods of defining dehydration are varied and not uniformly practi-
cable across test settings. For instance, Armstrong (2007) reviews 13 different meth-
ods of assessing hydration status, pointing out the differences between laboratory 
and field method requirements. While TBW and plasma osmolality may be gold 
standards in the laboratory, simpler techniques such as body mass change, urine-
specific gravity, and urine volume and color are more practical in the field. Popkin 
et al. (2012) remind us that it is methodological variability likely causing the incon-
sistent findings as opposed to hydration status per se having inconsistent effects on 
cognitive function.

A strong call has been made to adopt dose–response methods to help address 
some of these methodological shortcomings (Lieberman 2007, 2012). A dose–
response approach has the benefit of providing internal replication if cognitive func-
tion is systematically related to hydration level. Including a range of hydration levels 
is also useful in providing a broad context in which to test since some cognitive 
measures may not be sensitive to lower levels of dehydration. Some research does 
suggest that hydration status is parametrically related to cognition and mental func-
tion (Gopinathan et  al. 1988; Sharma et  al. 2005). Gopinathan et  al. (1988) in a 
study of 11 heat acclimatized soldiers exercising in the heat to 1%, 2%, 3%, and 4% 
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dehydration demonstrated clear dose–response effects for a serial addition test, trail 
marking test, and word recall test. A Spearman’s rho nonparametric correlation 
between percent dehydration and Cohen’s d ES (n = 273 pairs, see Table 9.1) was 
relatively low (rho = 0.137) although reliable (p =  .01). This perhaps reflects both 
the mixed nature of the controlling variables involved and a substantial sample size.

9.5 RESEARCH DESIGN RECOMMENDATIONS

It is critical to address the issue of interactions among conditions used to induce 
dehydration (e.g., heat, exercise, and fluid restriction), dependent measure tech-
niques (type of cognitive/mood/self-perception test) as well as extraneous factors 
often present (subject characteristics and motivation). The traditional approach 
of manipulating a single variable while holding all other conditions constant is 
insufficient for understanding interactions. A class of experimental designs aimed 
at understanding interactions are the response surface designs (Anderson and 
Whitcomb 2007; Box et  al. 2005; Cornell 2002; Montgomery 2012), sometimes 
referred to as design of experiments. One example of such a design, applied to 
the investigation of dehydration and cognitive function and mood, is an I-optimal 
design with quadratic modeling (main effects, squared terms, and two-way interac-
tions), sufficient replication points to establish satisfactory internal reliability, and 
design points to achieve adequate assessment of lack of fit in the model (Design 
Expert 9  Software, Minneapolis 2014) (see Table  9.2). In this design, dehydra-
tion (%), cognitive function, and mood are dependent measures. The independent 
measures (design factors) are time (min), exercise intensity (Borg scale rating of 
physical exertion), and temperature (°C) combined in a response surface design to 
produce a range of dehydration levels (0 to perhaps 4%). The values in the design 
in Table 9.2 are simply meant to convey the approach and are used essentially as 
place holders. (The decimal values for the Borg scale occur as a function of the 
algorithms selecting the design points. The important requirement is to select a 
wide enough Borg-scale range to produce exercise intensity effects.) Actual levels 
of the factors selected for research may be different. However, the rationale for fac-
tor level selection is to produce a wide enough range of dehydration (defined by the 
most severe combination) to allow assessment of effects (perhaps 4% dehydration). 
That is, the design point defined by time = 60 min, exercise intensity = a Borg scale 
score of 15, and temperature = 30°C is intended to produce the most dehydration 
(to achieve a reasonable upper range). Pilot work may be necessary to determine 
the exact mix of factor levels to achieve this. All other design points (less severe 
mix of conditions) can reasonably be expected to produce lower levels of dehydra-
tion. There are 20 points in this design space. The sequence of the experimental 
test conditions is given in the order column. A cohort of subjects (perhaps 10, but a 
number sufficient to produce a stable mean) are all exposed to the same sequence 
of 20 conditions (design points) in the order shown. Only aggregate data (means 
or medians) are analyzed. There are 20 values (one from each design point) in the 
entire analysis and modeling. No individual subject data are included in the analy-
sis. Upon completion of the study, the data can then be modeled in such a way that 
all of the response space between the design points can be estimated. All factor 
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main effects and two-way interactions are available in this design. Any combina-
tion of factor levels (even those not directly tested) can be modeled to estimate 
dehydration, cognitive function, and mood. Interestingly, this approach allows the 
possible discovery of enhanced cognitive function and mood. It also eliminates 
the issue of the confounding of time, exercise, and heat with dehydration seen in 
current research approaches that seek to induce dehydration and then in turn use it 
as an independent measure. Dehydration cannot be separated from the conditions 
used to induce it and in that sense is invariably a dependent measure. There in lies 
the impossibility of a clear interpretation of the impact of dehydration on cogni-
tive function and mood apart from the factor conditions that operationally define 
the level of dehydration used as the independent variable. This problem is solved 
if dehydration and cognitive function, and mood are all investigated as a function 
of the conditions that produce dehydration and changes in cognitive function and 
mood. While time, exercise intensity, and heat are used in the current example, 
other factors could have been chosen.

There are a number of advantages of a designed approach. With a properly cho-
sen design space, the need for subsequent experimentation is reduced due to the 

TABLE 9.2
Example of Response Surface Design Investigating the 
Impact of Time (min), Exercise Intensity (Borg-Scale Score), and 
Temperature (°C) on Dehydration, Cognitive Function, and Mood

Run Order Time (min) Exercise Intensity (Borg Scale) Temp (°C)

 1 38.4 12.7 23.5

 2 60.0 11.4 22.8

 3 20.0 6.0 30.0

 4 20.0 9.2 18.0

 5 60.0 6.0 30.0

 6 36.2 11.4 30.0

 7 36.2 11.4 30.0

 8 43.4 9.7 18.0

 9 20.0 9.7 25.1

10 45.6 15.0 18.0

11 36.0 6.0 22.8

12 60.0 10.5 30.0

13 60.0 6.0 18.0

14 38.4 12.7 23.5

15 20.0 15.0 25.8

16 46.8 8.5 26.5

17 20.0 9.2 18.0

18 60.0 15.0 30.0

19 36.0 6.0 22.8

20 60.0 11.4 22.8
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efficiency of capturing information about the interactions. In a single manipulation 
approach, or even a dose–response approach, one never knows how the results of a 
given experiment might change relative to the impact of other variables. Clamping 
levels of potentially impactful factors as the target factor is manipulated could 
be time consuming without any assurance of how long it will take to adequately 
explore the key relationships. The single manipulation approach, unlike a designed 
approach, offers little opportunity to optimize responses. Response optimization is 
available in a design of experiments because the modeling extends beyond the design 
points to the entire response surface allowing estimation of responses not actually 
measured by combinations of factors not actually tested (e.g., predicting the mix of 
factors producing the greatest decrement in cognitive function). Once the designed 
experiment is completed, the model can be quizzed many times for any combination 
of factors at any level desired (even levels not directly tested). This does not rule out 
the necessity for replication of specific predictions, but does provide a more efficient 
path to identify likely scenarios.

9.6 CONCLUSIONS AND RECOMMENDATIONS

The available research on the impact of dehydration on cognitive function and 
mood is variable but suggests some cognitive functions (immediate memory, atten-
tion, and psychomotor skills) are related to dehydration (but perhaps less so for 
long-term memory, working memory, and executive function). The effects of dehy-
dration on mood and self-reported perceptions of well-being seem to be at least 
directionally greater than for cognitive function. Many researchers have pointed to 
the challenging nature of interacting factors involved in the study of dehydration 
and behavioral outcome measures. There may be opportunity to improve research 
design in this area by moving to a design of experiments approach, which directly 
and simultaneously explores main effects and interactions. In such an approach, 
dehydration as well as cognitive and mood outcomes are dependent measures. 
Modeling of interactions allows response optimization. Recognizing the incom-
plete and variable nature of the research in the area of dehydration and cognitive 
function, self-perception, and mood, prudent recommendations to athletes include 
paying attention to hydration status not only for physical performance optimization 
but to help prevent possible dehydration-related decrement in cognitive function, 
self-perception, and mood.
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10.1 INTRODUCTION

An optimal state of body hydration is necessary for adequate cardiovascular, ther-
moregulatory, and mental function during exercise. Young athletes may lose copious 
amounts of body fluid in sweat during training and competition in sports, especially 
in hot and humid environments. In addition to starting exercise in a state of fluid 
deficit, young athletes do not replace enough of the fluid lost through sweat when 
drinking water ad libitum. The mismatch between the sweat produced and the fluid 
ingested leads to dehydration which may result in decrements in sports performance 
and heat illness. The risk is exacerbated during exercise in the heat and by sports 
uniforms and protective gear that increases the metabolic load and impedes ade-
quate heat dissipation. Of great concern is that dehydration has been implicated in 
deaths due to heat stroke in adolescent athletes.

Until recently, most of the studies about fluid balance in children and adoles-
cents were performed in the laboratory with untrained subjects. During the last 
few years, more data have been collected in the field of play in team sports like 
basketball, soccer, American football, and ice hockey and in long-duration sports 
like tennis, triathlon, and swimming. This chapter will review data related to fluid 
and electrolyte deficits during exercise in young female and male athletes and its 
effects on thermal strain and decrements in endurance performance and sports 
skills. The benefits of carbohydrate–electrolyte drinks to promote a greater fluid 
intake and minimize dehydration will be discussed as well as impediments that 
young athletes face when trying to rehydrate, and ways to facilitate fluid intake 
before, during, and after exercise. General guidelines provided by leading sports 
and medical organizations will be presented and a description of the sweat test 
for the development of individual fluid intake recommendations according to the 
sweat rate and sweat sodium loss. For the purpose of the chapter, young athletes 
refers to children and adolescents between the ages of 9  and 18 who train and 
compete in sports at recreational and elite level.

10.2  SWEAT LOSS AND INVOLUNTARY DEHYDRATION 
DURING TRAINING AND COMPETITION

The need to cool the body by sweating can lead to a significant loss of body fluid 
during exercise. Dehydration, the reduction in body water due to the delay in restor-
ing the fluid lost in sweat by drinking, is a common occurrence in young athletes of 
all ages who train and compete at recreational and elite levels. The risk is higher for 
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those participating in prolonged duration sports in hot climate. In warm and humid 
environment, there is a greater need to dissipate internal heat and therefore higher 
sweat production and fluid loss (Yeargin et al. 2010). Sweat rates also vary depending 
on exercise intensity, level of heat acclimatization, maturity level of the athletes, and 
the type of clothing and protective equipment worn.

There is typically a mismatch between the sweat produced and the amount of fluid 
intake that leads to varying levels of body fluid deficit in young athletes in different 
sports and environmental conditions. Table 10.1 illustrates sweating rates and dehy-
dration levels in young athletes studied in laboratory settings both indoors and out-
doors, and in field conditions during training and competition in cool and hot weather. 
As seen in the table, the majority of these studies have examined non- acclimatized 
adolescent males ranging in age from 9 to 18 years and scant information is available 
for young female athletes. Soccer, the most played sport in the world, is where most 
data have been collected in the playing field in the past 10 years.

Reported sweat rate values are in the range of 0.5–2.0 L/h in young male athletes 
and 0.4–1.0 L/h in young female athletes. As evidenced by data in Table 10.1, even 
the youngest athletes may sweat as much as adults and may need as much fluid dur-
ing training and competition to avoid dehydration. Furthermore, similar to adults 
dehydration levels may reach 2.5% during training and 3% during competition in hot 
and humid conditions.

10.2.1 Maturity and Sex-related differenceS in Sweat loSS

The lowest sweating rates have been reported in the youngest athletes (9–14 years 
old) both in laboratory settings (Bergeron 2009; Iuliano et al. 1998; Rivera-Brown 
et al. 1999) and during training in the playing field (McDermott et al. 2009; Perrone 
et al. 2011). Typical values in this age group range from 0.4 to 1.3 L/h, and no nega-
tive outcomes related to diminished heat dissipation because of low sweat production 
have been reported. There is variability in drinking patterns, and dehydration levels 
among the youngest athletes average about 1%. Differences between genders in this 
age group are minimal and may be explained, in part, by differences in fitness levels 
(Wilk et al. 2007). The highest sweating rates are observed in older male adoles-
cents with reported values ranging from 0.7 to 1.7 L/h. The values for female ado-
lescents range from 0.4 to 1.0 L/h. The available data indicate slightly higher sweat 
rates for male athletes before the age of 15 years and a larger difference between the 
genders as they mature.

10.2.2 effectS of environMental conditionS and Heat accliMatization

In tropical countries, exercise in hot weather cannot be avoided. It is common to see 
young athletes training at any time of the day. Continued exposure to a hot environ-
ment induces physiological adaptations that cause an increased capacity and sensitiv-
ity of sweat glands to thermal stimuli that lead to a greater sweat production (Inoue 
et al. 1999) and a need to drink more fluid to avoid dehydration. Two investigations 
in the tropical island of Puerto Rico have documented sweat rate values during pro-
longed intermittent cycling in hot and humid environment in 11- to 14-year-old male 
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(Rivera-Brown et al. 1999) and 9- to 12-year-old female, heat-acclimatized athletes 
(Rivera-Brown et al. 2008) that are almost twice as high compared to those reported 
for non-acclimatized, untrained children studied with similar protocols (Bar-Or 
et al. 1980; Falk et al. 1992; Wilk and Bar-Or 1996; Wilk et al. 2007). A higher sweat 
production is beneficial since it helps cool the body during exercise, but there is also 
a greater need for fluid replenishment to avoid the adverse effects of dehydration.

10.2.3  SportS-related differenceS in Sweat loSS 
and drinking patternS

Intermittent intensity sports such as tennis and team sports like basketball, soccer, 
American football, and ice hockey are stop and go in nature with high intensity exer-
cise bouts and periods of low intensity or no activity. Young athletes participating in 
these sports show higher sweat rates and dehydration levels during competition than 
during training, due to the higher intensities of exercise and less focus on hydration 
(Broad et al. 1996; McDermott et al. 2009). In soccer, for example, adolescent play-
ers may spend most of the game running at high intensity and sweat rates of 1.7 L/h 
have been reported during games in hot weather (Da Silva et al. 2012).

Sweat rates may be reduced in cool weather but several factors may modify that 
response such as the amount and type of clothing worn, protective equipment, and 
the intensity of exercise. Thick sports uniforms and heavy protective equipment that 
cover a large portion of the skin cause an elevation in metabolic rate and sweat 
production, and the potential for dehydration. In fact, sweat rate values as high as 
1.6 L/h and dehydration levels of 1%–2% have been reported in young ice hockey 
players during competition (Logan-Sprenger et al. 2011).

In American football and combat sports like judo and taekwondo, athletes sweat 
 profusely during intense competition in the heat. In these sports, uniforms and protective 
gear impede adequate heat dissipation. Mc Dermott et al. (2009) documented sweat rates 
of 1.3 L/h in American football players with a mean age of 12 ± 2 years during a game 
in full uniform in a warm and humid environment (WBGT = 25.6°C), a value that was 
twice the amount during training. Such high sweat rates often lead to significant dehydra-
tion levels especially in those who arrive to training in a state of body fluid deficit.

Deaths due to heat stroke have been reported in adolescent American football 
 players. Young football players report to pre-season practice sessions unfit and unaccli-
matized to the heat which increases their risk of dehydration-related health  problems. 
It is recommended that during the first week of practice, protective equipment be 
introduced in stages, starting with the helmet, progressing to the shoulder pads and 
helmet, and then to the full uniform (Bergeron et al. 2005). To avoid a pre- exercise fluid 
deficit, young athletes should drink enough fluid during the day. In judo, dehydration 
incurred during training in conditions of high heat stress, coupled with a pre-exercise 
fluid deficit, may result in a final level of dehydration higher than 3% (Rivera-Brown 
and De Felix-Dávila 2012).

Swimmers, water polo players, and other athletes in aquatic sports lose heat 
 primarily by convection, and sweat rates during exercise in the water are not as 
high as in other sports. Since sweat is not noticeable in water, many young swim-
mers are not aware they are sweating during training and drink very little fluid. 
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Soler et  al. (2003) reported that adolescent heat-acclimatized swimmers (mean 
age = 18.0 ± 1.7 years) with a sweat rate of 0.5 L/h drank very little from their water 
bottles during an intense 3-h training session in a swimming pool in the tropics 
(water temperature = 26.8°C) and progressively dehydrated up to 2.5% (Figure 10.1). 
Young swimmers should be encouraged to observe symptoms of dehydration and 
drink water between laps and at the end of training.

10.2.4 Sweat loSS in tHe young feMale atHlete in tHe playing field

There is scant information about sweat loss in the playing field in young female 
athletes, especially those younger than 12 years. Most of the available information 
has been obtained during training sessions and has been reported in combination 
with data of young male athletes. It is surprising that compared to young males, 
very little data have been collected in young female soccer players, considering the 
fact that approximately 26 million women in 132 countries play soccer and of those, 
2.9 million are younger than 18 years (FIFA 2007). Sweat rate values ranging from 
0.6  to 0.7 L/h have been reported in female triathletes older than 15 years and in 
high school athletes exercising in laboratory conditions (Horswill et al. 2005; Iuliano 
et al. 1998) with dehydration levels of 0%–1.2%.

One investigation has provided data about fluid and electrolyte loss in young 
female soccer players during training in the field. Gibson et  al. (2012) studied 
34 junior elite Canadian players with a mean age of 15.7 years during two 90-min 
training sessions in a cool outdoors environment (9.8°C; 63% relative humidity). 
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The majority of players arrived to training in a state of fluid deficit. Similar to adult 
female players (Kilding et al. 2009), sweat rate was 0.5 L/h and they did not drink 
enough which led to a mean dehydration level of 0.8% with 8 players dehydrating to 
more than 2%.

Adaptations induced by chronic exposure to hot and humid environments are 
evident in the high sweat production reported for young female athletes indigenous 
to a tropical climate. Rivera-Brown et al. (2006a) reported an average sweat rate of 
0.7 L/h in 55 heat acclimatized female athletes with a mean age of 12.9 ± 1.8 years 
during prolonged training sessions in tropical climate in tennis, triathlon, soccer, and 
track and field. This value is as high as that reported for female adult athletes.

Due to the few data available in females, gender-related comparisons should be 
made with caution. The few studies with young females report values that are about 
half that of males of similar age (Table 10.1). Sweating less may be an advantage 
for young female athletes during exercise in high heat stress environments since the 
amount of fluid they need to drink is lower and rehydration easier especially during 
long-duration training sessions and in stop and go sports.

10.2.5 electrolyte loSS in Sweat

Sodium and chloride are the main electrolytes lost in sweat with other electrolytes 
like potassium, calcium, and magnesium present in low concentrations. Sodium 
helps regulate body water distribution and blood volume and is important for nor-
mal transmission of nerve impulses and skeletal muscle contraction. Some athletes 
called salty sweaters may lose considerable amounts of sodium in sweat. The use of 
absorbent patches has simplified the collection of sweat from one or various sites of 
the body for the measurement of electrolyte loss in young athletes in the field of play. 
A few recent studies have examined the sodium concentration and total sodium lost 
in sweat in athletes between the ages of 12–18 years during training and competition 
in various sports, using the sweat patch technique (Table 10.2). Most of the avail-
able data are in males, and scant information is available for young female athletes. 
Values range from 17 to 74 mmol/L, and the average value from the 10 studies in 
Table 10.2 is approximately 50 mmol/L, which is slightly higher than the average 
value of 40 mmol/L reported for adults (Baker et al. 2009).

In the only study that reports a maturation-related comparison in young ath-
letes, Perrone et  al. (2011) found no significant difference between prepubertal 
(58.7 mmol/L) and pubertal (65.0 mmol/L) heat-acclimatized male soccer and futsal 
players training in a warm climate. This is contrary to the findings of Meyer et al. 
(1992) who detected lower sodium and chloride values for non-trained prepubertal 
boys and girls compared to young adults and attributed the differences to the lower 
sweat rate in the children.

Total sweat sodium loss per hour in adolescent athletes may be quite variable, rang-
ing from 0.3 to 3 g/h. The highest values are observed in adolescents with high sweat 
rates and are similar to adults (Logan-Sprenger et al. 2011; Palmer and Spriet 2008; 
Palmer et al. 2010). The Institute of Medicine (2005) advises that a sodium intake of 
1.5–2.3 g/day is enough to cover sodium sweat losses in non-acclimatized individuals 
aged 9–50 years exposed to high temperature and who are physically active. However, 
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following those recommendations may lead to body sodium deficit in young athletes 
who may lose the recommended intake amount in 1 h of exercise. For example, a 
young athlete who sweats profusely and loses 3 g of sodium in sweat per hour and 
exercises for 3 h may have a total sodium loss in sweat of more than 9 g and may need 
to ingest more than the recommended daily amount to replenish sodium lost in sweat.

Large sweat and sodium losses that are not replenished have been implicated in 
the development of muscle cramps during training and competition in adult ath-
letes (Stofan et al. 2005). Similarly, young athletes with above average sweat rates 
and sodium loss could be more susceptible to cramping and impaired sports perfor-
mance. Bergeron (2003) identified 6 adolescent tennis players between the ages of 
15 and 18 years with sweat rates ≥2 L/h and sweat sodium losses between 1.4 and 
4.8 g/h that a had a history of muscle cramps during tournament play. The extent of 
sodium loses in young athletes who sweat profusely (1–2 L/h) while participating 
in exercise sessions for several hours may warrant the presence of sodium in fluid 
replacement beverages to maintain sodium balance and reduce the risk of muscle 
cramping during prolonged exercise.

10.2.6 involuntary deHydration during exerciSe

The amount of fluid replaced is dependent on factors that may not be under the con-
trol of the athlete such as fluid availability, opportunities to drink during rest periods, 
fluid flavor and temperature, and limitations imposed by the rules of the game. For 
example, during cycling, athletes have many opportunities to drink and fluid avail-
ability, whereas in a game of soccer drinking opportunities are limited by the rules. 
In many team sports, young athletes depend on drink opportunities allowed by the 
coach and on the availability of fluids to be consumed in the training area.

Studies have shown that similar to adult athletes in all sports and climates, in 
spite of having many opportunities to drink and fluid readily available and palat-
able, the majority of young athletes will not drink enough during exercise and incur 
a body fluid deficit, or involuntary dehydration. As seen in Table 10.1, athletes of 
all ages dehydrate when participating in sports, especially during strenuous, pro-
longed exercise in the heat. Dehydration levels typically observed during exercise 
in young athletes range from 1% to 2% and may reach 3% during competition in the 
heat. Furthermore, dehydration incurred during training coupled with the fluid defi-
cit before exercise may result in a level of dehydration higher than 3% (Rivera-Brown 
and De Felix-Dávila 2012). Dehydration levels as low as 1% exacerbate the rise in 
core temperature and impact negatively on sports performance especially in endur-
ance events (Bardis et al. 2013). Dehydration has also been linked to augmented risk 
of heat illness among high school athletes (Yard et al. 2010).

10.3  PREVALENCE AND EFFECTS OF PRE- TRAINING 
FLUID DEFICIT

Adequate daily fluid intake is of utmost importance to arrive to practice and com-
petition in optimal hydration state especially in hot and humid environments where 
copious sweating is expected. For many young athletes, the effects of dehydration 
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during exercise on physical and mental performance may result from the aggrava-
tion of a preexisting body fluid deficit before exercise. The urine-specific gravity 
(USG), osmolality, and color have been used to examine body hydration status 
before the start of sports training and/or competition in the field. The majority of 
the available information is based on studies with males and only a few evaluated 
females (Gibson et al. 2012; Higham et al. 2009; Kavouras et al. 2012; Kutlu and 
Guler 2006; Lew et  al. 2010; Rivera-Brown and De Felix-Dávila 2012). Results 
indicate that young athletes in individual sports such as gymnastics, swimming, 
running, canoeing, and tennis; in team sports such as American football, volley-
ball, basketball, ice hockey, and soccer; and in weight class sports such as tae-
kwondo and judo arrive to practice and competition in a state of body fluid deficit, 
with a USG ≥1.020 g/mL and/or urine osmolarity >700 mOsm/kg (Table 10.3). 
Adequate fluid intake during games may not compensate for poor hydration status 
before competition.

In sports like American football, soccer, and tennis, athletes may have repeated 
training sessions or competitions in one day and need to improve hydration sta-
tus both before the first exercise session and after, to be ready for the next session. 
In soccer, young players have considerable fluid losses, few opportunities for fluid 
intake during games, and poor rehydration habits (Da Silva et al. 2012). Da Silva 
et al. (2012) reported that young heat acclimatized soccer players presented to train-
ing hypohydrated, and sensations of thirst and beverage palatability were not enough 
to ensure sufficient intake to replace the fluid lost during exercise.

For young athletes in team sports of prolonged duration like soccer, a good 
strategy may be to increase the daily fluid intake the week before games to 
increase body water reserves. This strategy has been shown to improve tempera-
ture regulation in young soccer players during a match in the tropics (Rico-Sanz 
et  al. 1996). Coaches should instruct their players to drink more prior to com-
petitions when large sweat losses and significant dehydration are expected, for 
example, during exercise in the heat. Also, a post-training rehydration plan based 
on individual sweat rates is needed to restore fluid balance in preparation for the 
next training session.

10.3.1 pre-training fluid deficit and tHerMal Strain

Many sports are played outdoors in the summer months or in tropical locations under 
hot and humid conditions. Starting a game or training dehydrated or with a low level 
of physical fitness magnifies the risk of uncontrolled rise of body temperature and 
hyperthermia during exercise in the heat. The recent use of ingestible temperature 
sensors has facilitated the examination of the influence of dehydration on the rate of 
increase in core temperature in the playing field and the residual effect of dehydra-
tion. In a field study during tennis competition in the heat, Bergeron et al. (2007) 
found that in junior male players the increase in core temperature during the match 
was rapid (Figure 10.2) and strongly associated with the degree of fluid deficit, as 
measured by the USG before singles competition. They also found that the core 
temperature remained elevated even after 10 min of the end of the game. In those 
players who went on to compete in a doubles match in the afternoon of the same day, 
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the pre-play USG was particularly high (1.025 g/mL) and they had a higher pre-play 
core temperature than before the previous singles match. These results indicate the 
need to drink more before and in between matches to avoid the negative effects of a 
preexisting fluid deficit on a first match and a carryover effect of dehydration on a 
second match.
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FIGURE 10.2 (a) Rise in core temperature during singles competition and (b) higher pre-play 
core temperature in doubles match later in the same day. (Data from Bergeron, M.F. et al., 
Br. J. Sports Med., 41, 779–83, 2007. With permission.)
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10.3.2 pre-training fluid deficit and deterioration in SportS SkillS

Studies have shown deterioration in skills related to successful performance in 
team sports in young athletes who start exercise with a significant fluid deficit. The 
sports in which most of the recent data have been collected are basketball and soc-
cer. Dougherty et al. (2006) studied 12- to 15-year-old male basketball players who 
started training after dehydrating by 2% of body mass to mimic the fluid deficits 
common in basketball and the typical pre-play hypohydration level. They found a 
deterioration in basketball shooting, sprinting, and lateral movement skills when 
players started in a hypohydrated state compared to when they were euhydrated. 
In another study with team sport players, Kavouras (2012) showed that when young 
male and female  volleyball and basketball players improved their pre-exercise hydra-
tion status their time in a 600-m endurance run improved. However, no effects were 
observed in anaerobic skills such as vertical jump and sprint performance.

10.3.3  perSiStent fluid deficit in atHleteS coMpeting 
in weigHt category SportS

A state of persistent fluid deficit is a concern in athletes that train daily in hot and 
humid environments in weight category sports such as judo, taekwondo, boxing, 
and wrestling and restrict fluids intentionally with the purpose of making weight. 
For example, in a field study with heat acclimatized 12- to 18-year-old athletes dur-
ing judo training in the tropics (Rivera-Brown and De Felix-Dávila 2012), 90% of 
the athletes arrived to practice with a USG >1.020 g/mL, drank very little during 
training, and finished the session with a USG >1.024 g/mL (Figure 10.3). When they 

0
1.010−1.020

Minimal dehydration
1.021−1.030

Significant dehydration
USG (g/ml)

>1.030
Serious dehydration

4
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FIGURE 10.3 USG pre-, post-, and 24 h post a training session in a hot environment, in 
adolescent judo athletes indicating a persistent state of dehydration. (Data from Rivera-
Brown, A.M. and De-Felix-Dávila, R.A. Int. J. Sports Physiol. Perform., 7, 39–46, 2012. 
With permission.)
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arrived to practice the next day, the USG was >1.027 g/mL indicating that the fluid 
deficit  persisted from day to day.

In weight category sports, athletes frequently resort to routines of rapid weight 
loss in the days prior to competition to compete in a weight category that is usu-
ally lower than recommended for their body structure and composition. Dehydration 
results in increased cardiovascular strain, elevated heart rate, decreased venous 
return, and decreased stroke volume (Armstrong et al. 1997). Roshan et al. (2012) 
found a reduction in ventricular cavity size and increased amplitude of the P wave 
and QRS complexes after 3%–4% dehydration via sauna exposure in male high 
school wrestlers. It is common for young wrestlers to lose weight via dehydration in 
sauna prior to weigh-in, a practice that led to death in three young wrestlers in 1997 
(CDC 1998) and should be avoided.

10.4  EFFECTS OF DEHYDRATION DURING EXERCISE 
ON HEALTH AND ATHLETIC PERFORMANCE

It is evident from studies with young athletes training and competing in athletic 
events that in addition to starting exercise in a state of fluid deficit, they generally do 
not replace enough of the fluid lost through sweat when drinking water ad libitum. 
There is variability in percent of the sweat loss replaced among athletes in differ-
ent sports when the only choice is water: 28%–79% in soccer (Guerra et al. 2004; 
Gutierres et al. 2011); 55%–68% in futsal (Perrone et al. 2011); 68% in basketball 
(Carvalho et al. 2011); 58%–75% in tennis (Bergeron et al. 2006, 2007); 55%–58% in 
ice hockey (Logan-Sprenger et al. 2011; Palmer and Spriet 2008; Palmer et al. 2010); 
32%–42% in judo (Rivera-Brown and De Felix-Dávila 2012), and only 5% in swim-
ming (Soler et  al. 2003). When athletes become dehydrated during exercise, they 
experience a greater physiologic strain. Studies with adult athletes have shown that 
even at low levels of dehydration, core temperature rises more rapidly compared to 
when well hydrated (Casa et al. 2010).

10.4.1  deHydration and tHe riSk of Heat illneSS 
during exerciSe in Hot weatHer

Many competitions involving young athletes are played outdoors in the summer in 
hot and humid environments. A major concern is that when young athletes exercise 
in the heat at high intensity, while dehydrated body temperature may rise to danger-
ous levels, which may lead to heat injury. The National High School Sports-Related 
Injury Surveillance Study (Yard et al. 2010) indicated that during 2005–2009, a total 
of 118  time-loss heat illnesses (an average of 29.5 per school year) were reported 
by 100 participating schools in nine sports. These data correspond to an estimated 
annual average of 9,237 heat illnesses (dehydration, heat exhaustion, or heat stroke) 
that result in one or more days of time lost from athletic activity in U.S. high school 
athletes, most of them during pre-season American football practice. Factors that 
have been related to heat injuries in football players are a pre-exercise fluid defi-
cit that worsens during training because of inadequate fluid intake; hot and humid 
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environmental conditions, and insulation properties of the uniform. These factors 
predispose football players and other young athletes to hyperthermia which may 
lead to death from heat stroke. In fact, since 1995, 41 high school football players 
have died from heat stroke (Kucera et al. 2014) and many of these deaths have been 
linked to dehydration.

Studies with adult athletes have shown that even at low levels of dehydration, core 
temperature rises more rapidly compared to when well hydrated (Casa et al. 2010). 
For each 1% of body mass lost, the increase in core temperature is of 0.12°C–0.25°C 
(Buono and Wall 2000; Casa et al. 2010). The only information available specifically 
targeting the core temperature–dehydration relationship in children is from a study 
of Bar-Or et al. (1980), which suggests that the increase in core temperature is higher 
in dehydrated boys compared to men. In that study, core temperature increased by 
0.28°C for each 1% of body mass lost in eleven 12-year-old boys cycling at moderate 
exercise intensity in a climatic chamber. Due to ethical constraints, no studies have 
specifically examined the core temperature–dehydration relationship in the labora-
tory or playing field in young athletes in the past 35 years, and there is a gap in our 
understanding of thermoregulatory strain due to dehydration in young athletes.

In any sport where young athletes compete several times during the same day, 
steps need to be taken to lower the core temperature (long recovery periods and 
cooling methods) and replace the fluid lost in the first exercise bout. Bergeron et al. 
(2009) showed that in young athletes, at least 1 h of complete rest, cool down, and 
rehydration are needed after prolonged strenuous exercise in the heat to eliminate 
carryover effects that may result in thermal and cardiovascular strain and poor per-
formance in subsequent exercise bouts. An important consideration for tournament 
directors is to implement long recovery periods between matches played in hot and 
humid conditions to decrease the risk of heat illness.

10.4.2 iMpairMent of endurance perforMance

To what extent does the effect of dehydration influence sports performance in young 
athletes? At what dehydration level performance starts to deteriorate? In adult ath-
letes, the consensus is that dehydration levels >2% lead to premature fatigue and 
impairment in exercise performance (Convertino et al. 1996). However, recent data 
indicate that dehydration levels as low as 1% can impair endurance performance in 
high level athletes (Bardis et al. 2013). If, as suggested in the pediatric literature, 
thermoregulatory strain in children is higher at a given level of dehydration, it is 
plausible that performance may be affected at lower levels of dehydration compared 
to adults. In the past few years, evidence has emerged that support that in young 
athletes, a preexisting fluid deficit and/or a low level of dehydration incurred during 
exercise impairs endurance performance as well as sports skills and that replacing 
lost fluid in timely fashion helps young athletes perform better.

A study with 10- to 12-year-old untrained boys exercising in a hot and humid 
environment in a climatic chamber found that 1% dehydration impaired cycling per-
formance (Figure 10.4) possibly because of increased cardiovascular and thermo-
regulatory strain and reduced motivation to continue exercising due to intense thirst 
perception (Wilk et al. 2014).
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The extent to which these novel findings in untrained children exercising in a 
climatic chamber can be generalized to field situations in youth sports is unclear at 
this time. Only one study to date has examined the influence of low levels of dehy-
dration on endurance performance of child and adolescent athletes during a real-
life competition. Aragón-Vargas et al. (2013) documented the relationship between 
final hypohydration level and race performance and the prevalence of self-reported 
symptoms of heat illness in 9- to 17-year-old heat-acclimatized male and female tri-
athletes during a competition in a hot and humid climate. They found that 15%–20% 
of the younger athletes and 20%–35% of the older adolescents dehydrated between 
2% and 3% with no ill effects. Interestingly, faster race times were achieved by ath-
letes experiencing the highest degree of dehydration (Figure 10.5), a finding that has 
been reported before in adults (Laursen et al. 2006) and should not be interpreted 
to suggest an advantage of dehydrating while running. As noted by Aragón-Vargas 
et al. (2013), higher dehydration may be the result, not the cause, of faster racing. 
The fastest runners have difficulty drinking while running and those with high sweat 
rates are at a higher risk for dehydration. Data from Casa et al. (2010) prove that 
it is unlikely that low levels of dehydration help improve performance in runners. 
They showed that when adult runners raced at maximal effort while 2% dehydrated, 
they had higher core temperature and slower times compared to when euhydrated. 
More field studies in young athletes that include a control euhydration condition are 
needed before conclusions can be made on the effects of dehydration on endurance 
performance in prolonged duration sports.

0%
0

25

50

75

100

T
ot

al
 w

or
k,

 %
 o

f e
uh

yd
ra

tio
n

p < .05

p < .01

1%
Hypohydration (%BW)

2%

FIGURE 10.4 Reduction in total mechanical work performed during cycling with 1% and 
2% dehydration expressed as a percentage of that performed with euhydration. (Data from 
Wilk, B. et al., Eur. J. Appl. Physiol., 114, 707–13, 2014. With permission.)



225Dehydration and the Young Athlete

10.4.3 ImpaIrment of SportS SkIllS

Dehydration impairs sports skills and cognitive function required for good perfor-
mance in sports with high technical and tactical components like soccer, volleyball, 
and basketball. Hoffman et al. (1995) found a 19% lower anaerobic power at the end 
of a basketball game and an 8.1% decrease in field goal and free throw percentage 
between the first and second half of the game when 17-year-old players were not 
allowed to drink (2% dehydration) compared to a game in which they drank ad libi-
tum. In contrast, Carvalho et al. (2011) found a higher perceived exertion but no effect 
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on basketball performance skills in adolescent basketball players when no fluid was 
ingested in a 90-min training session and dehydration reached 2.5%. However, they 
did not include a euhydration group as control, and therefore, definitive conclusions 
cannot be drawn about the effects of dehydration on performance skills.

10.5  FLUID INTAKE PATTERNS DURING 
TRAINING AND COMPETITION

An important question commonly posed by coaches of high-performance elite young 
athletes is if the athletes maintain a better hydration status will they perform better? 
Proper hydration minimizes the risk of excessive increase in core temperature, car-
diovascular strain, and decrements in exercise performance and cognitive function 
associated with as little as 1% dehydration (Armstrong et al. 2007). Investigations 
show no maturational-related differences exist in cardiovascular and thermoregula-
tory responses, and exercise tolerance during exercise in the heat provided exercise 
intensity and body hydration are similar (Figure 10.6) (Rivera-Brown et al. 2006b).

An understanding of the amount, type, flavor, and temperature of fluids that pro-
mote an adequate intake in young athletes is needed to optimize their hydration 
regimes. In addition to plain water, young athletes consume a variety of beverages 
during exercise including sodas, fruit juices, enhanced water, milk, energy drinks, 
and sports drinks. Sodas and fruit juices are not recommended during exercise 
because of their high sugar content and carbonation which take longer to empty 
from the stomach and can cause stomach upset and interfere with proper hydration. 
Enhanced waters usually contain vitamins that are not necessary during exercise. 
Low-fat milk is effective for post-exercise fluid replacement because of its protein 
and electrolyte content that promotes fluid retention (Volterman et al. 2014). Energy 
drinks have become popular with high school students. They contain a large dose 
of caffeine which can have a greater stimulant effect in youngsters compared to 
adults. Often young athletes are not aware of the differences between sports and 
energy drinks and they consume energy drinks when their goal is to rehydrate. The 
American Academy of Pediatrics (2011b) and the Institute of Medicine (2014) have 

0
36.5

37.0

37.5

38.0

38.5

39.0

5 10 15 20 25 30 35
Time (min)(a) (b) Time (min)

40

GirlsTr
e 

(°
C

)

C
ar

di
ac

 in
de

x 
(L

⋅m
in

−1
⋅m

−2
)

Women

45 0
0
1
2
3
4
5
6
7
8
9

10
11
12

10 20 30 40 50 End50End

Girls
Women

FIGURE 10.6  (a) Thermoregulatory and (b) Cardiovascular responses of 9- to 12-year-old 
heat-acclimatized trained girls and women exercising in hot and humid climate who main-
tained euhydration by drinking periodically to replace fluid lost in sweat. (Data from Rivera-
Brown, A.M. et al., Int. J. Sports Med., 27, 943–50, 2006b. With permission.)



227Dehydration and the Young Athlete

advised against their use in children and adolescents due to potential health risks due 
to their stimulant content.

The carbohydrates in sports drinks help maintain blood glucose concentration 
and delay glycogen depletion in the muscles during prolonged exercise (>1 h). Young 
athletes are able to oxidize relatively more exogenous carbohydrates than adults and 
ingesting them in quantities found in commercially available sports drinks is advis-
able to help maintain blood glucose concentration (Timmons et al. 2003).

10.5.1  Ad Libitum intake of water and 
carboHydrate–electrolyte drinkS

There is evidence that when young athletes are offered drinks that are flavored and 
contain carbohydrates and electrolytes (sports drinks), hydration status is better 
maintained and thermal stress and deterioration in sports skills are minimized. The 
effects have been attributed to increased palatability due to flavor, sodium, and car-
bohydrates and to the water-retaining qualities of sodium. Sex-related differences in 
drinking behavior have been identified in trained, heat-acclimatized young athletes.

Studies examining fluid intake patterns of youngsters were initially conducted in the 
laboratory, with males exercising in stationary bicycles in hot and humid conditions, 
first in a climatic chamber (Bar-Or et al. 1980) and replicated using an outdoor set up in 
tropical weather (Rodríguez-Santana et al. 1995). Results showed that young males do 
not drink enough when the only fluid available is water and they drink ad libitum during 
exercise in the heat. Later studies showed that both untrained, non-acclimatized (Wilk 
and Bar-Or 1996) as well as trained, heat-acclimatized (Rivera-Brown et al. 1999) 9- to 
12-year-old boys increased their fluid intake and maintained euhydration when offered 
flavored water or flavored water with 6% carbohydrate and 18 mmol/L NaCl (sports 
drink) in a sports bottle within easy reach in different experimental conditions. With 
the addition of flavor alone, the increase in fluid intake in the untrained boys was of 45% 
compared to unflavored water. The trained, heat-acclimatized boys drank 32% more 
of the carbohydrate–electrolyte drink and no dehydration was observed (Figure 10.7). 
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A more recent study confirmed these findings in 17- to 18-year-old male and female high 
school athletes exercising for 1 h in laboratory conditions (Horswill et al. 2005). They 
observed an optimal drinking response and no dehydration when the only fluid avail-
able in a bottle within easy reach was a sports drink that had been previously cooled.

Similar studies with both young untrained non-acclimatized and trained heat-
acclimatized females using identical protocols in controlled laboratory conditions 
revealed that drinking behaviors are different in female athletes (Rivera-Brown et al. 
2008; Wilk et al. 2007). These studies showed that a 6% carbohydrate and 18 mmol/L 
NaCl sports drink was not more effective than water in increasing voluntary fluid 
intake. In the trained, heat-acclimatized girls (Rivera-Brown et al. 2008), there was 
a tendency toward less diuresis when drinking the carbohydrate–electrolyte drink 
possibly due to the fluid retaining effects of sodium. It has been suggested that young 
female athletes may be more motivated to drink what is available because they are 
more health and safety conscious (O’Neal et al. 2014).

The experimental model used in the laboratory has been transferred to the  playing 
field in the sport of tennis to examine the effects of carbohydrate–electrolyte intake 
on performance. In tennis, many young athletes sweat profusely and for prolonged 
periods while training in hot and humid environments and face a high risk of dehy-
dration and hyperthermia. Offering them sports drinks in addition to water may 
assure a high intake and minimize the thermal strain that accompanies dehydration, 
especially if the players arrive to training in a state of fluid deficit as is typical with 
young athletes. Young heat-acclimatized tennis players showed less dehydration and 
lower increase in core temperature when they drank a sports drink compared to when 
they ingested plain water only during a 2-h practice session in the heat (Bergeron 
et al. 2006) (Figure 10.8). These results should be interpreted with caution because 
training intensity may have differed during the sessions.
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The lower core temperature response while ingesting sports drink has not been 
confirmed in young female athletes in the lab or in field conditions. The only data 
available in females indicate that the increase in core temperature, heart rate, and 
perceptual variables did not differ when girls ingested a sports drink compared to 
water while stationary cycling in the heat (Rivera-Brown et al. 2008). Studies are 
needed to confirm these data in the training field.

The increased awareness of coaches about the importance of good hydration 
practices to optimize performance and protect the health of young athletes has 
resulted in a greater availability of sports drinks together with water in the playing 
field. However, some young athletes are unwilling to drink anything but water dur-
ing training. When 18-year-old ice hockey players were given the choice of a sports 
drink and/or water to drink, all players chose to drink sports drinks before prac-
tice and only water during two 1-h intense practice sessions in a cool environment 
(Palmer and Spriet 2008). More than half of the players drank enough to minimize 
dehydration but one-third of the group dehydrated to more than 1%. In a separate 
study, a team of hockey players who were reluctant to drink anything but water 
were given a sports drink as the only option during a 90-min practice. Interestingly, 
the players drank a similar amount compared to a session in which the only choice 
was water and maintained a similar state of body hydration (Palmer et al. 2010).

A study by Rivera-Brown et  al. (2006a) provides information about hydration 
practices of girl athletes when both drinks are offered together during the same 
training session, which is a common practice in the playing field. In that study, the 
training sessions were led by coaches in a tropical climate (WBGT = 31.9°C) in dif-
ferent sports: tennis, track and field, soccer, and triathlon. Approximately 70% of the 
girls arrived to training already hypohydrated as shown by USG values pre-exercise 
>1.020  g/mL. Results showed that while as a group they drank similar amounts 
of both beverages and maintained the initial state of hydration, there were large 
inter-individual differences in hydration practices in girls and the need for personal-
ized hydration guidelines. While more than half of the group (58%) maintained or 
improved their initial state of hydration (Δ body weight = −0.5% to +3%) by drink-
ing both water and sports drink during the session, 35% dehydrated up to 2% while 
drinking both beverages or water only. Interestingly, of the 18 girls who reported 
that they never consumed sports drinks during training, 10 of them drank it when it 
was offered.

In a field study with young female soccer players, Gibson et al. (2012) noted that 
in a cool outdoor environment, only one of 34  junior elite female soccer players 
brought to practice a sports drink to ingest during two 90-min training sessions and 
two-thirds of the group consumed less than 250 mL during the whole session.

10.5.2  perforMance-enHancing benefitS of 
carboHydrate–electrolyte drinkS

In adults, the majority of field studies that have investigated the performance-
enhancing benefits of carbohydrate–electrolyte beverages have been in endurance 
athletes during continuous prolonged (>60 min) cycling, long distance running, and 
triathlons. In contrast, in young athletes studies have examined the effects of sports 
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drinks on the improvement or maintenance of skill performance or high intensity 
endurance capacity in team sports.

Team sports like soccer, basketball, American football, ice hockey, volleyball, 
and lacrosse are characterized by bouts of high intensity exercise that rely on stored 
muscle glycogen. Consuming carbohydrate–electrolyte drinks will help replace fluid 
and glycogen loses and delay fatigue.

Phillips et al. (2010) confirmed the benefits of consuming a 6% carbohydrate–
electrolyte drink (5 min before and at 15 min intervals) on increasing high-intensity 
endurance capacity in young team (males and females) sport players (football, rugby, 
and field hockey). Time to fatigue was increased by 24% and distance covered by 
20% during the run to exhaustion in the exercise session where the players ingested 
the sports drink (5 mL/kg/min) compared to when they drank a non-carbohydrate 
placebo.

Soccer is an intermittent high-intensity prolonged sport where about 10% of the 
total distance covered during a match is in sprinting. Guerra et al. (2004) found that 
16-year-old male soccer players who were consuming a 6% carbohydrate–electrolyte 
drink performed more sprints during the first half of a match compared to play-
ers who consumed only a small amount of water during the 15-min intermission. 
There was a tendency for core temperature to be higher in the no-fluid condition. 
A limitation of this study is that they did not have a euhydration with water condi-
tion. Nevertheless, the study provides field-based evidence that soccer players benefit 
from consuming carbohydrate–electrolyte drinks.

Dougherty et al. (2006) showed deterioration in performance of basketball skills 
such as shooting, sprint, lateral movements, and defensive drills with 2% dehydration 
in 12- to 15-year-old players. When players were given a 6% carbohydrate–electro-
lyte drink to prevent dehydration, an improvement was observed in shooting perfor-
mance and on-court sprinting that was not observed when they drank only water. 
The study clearly showed the benefit of euhydration and ingesting a sports drink 
versus water on basketball skill performance. However, it is difficult to distinguish 
pure hydration effects from those associated with carbohydrate intake and the main-
tenance of blood glucose.

Carvalho et al. (2011) found that consumption of a 6% carbohydrate–electrolyte 
drink had no effect of improving performance in a set of drills that included free 
throws, sprints, and defensive skills in basketball when compared to fluid restric-
tion that resulted in a 2% dehydration or ad libitum water intake. The only signifi-
cant effect was that the perceived exertion of the players was lower when drinking 
the sports drink. According to the available data, sports drinks containing 6%–8% 
carbohydrates and 18 mmol/L of sodium may be recommended for young athletes 
who have a need to replenish carbohydrates and electrolytes in combination with 
water during prolonged vigorous exercise in hot and humid conditions such as 
cycling, triathlons, and long distance running, and team sports like soccer, basket-
ball, and ice hockey where high sweat rates are expected. Consuming sports drinks 
may not be necessary for young athletes during exercise at moderate intensity for 
short periods of time or for obese young athletes who should avoid the calories in 
sports drinks.
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10.6 FLUID INTAKE GUIDELINES FOR YOUNG ATHLETES

10.6.1 general guidelineS

Leading sports and medical organizations have published guidelines to  optimize 
fluid replacement of young athletes during sports training and competition 
(Table 10.4). Recommendations are provided for hydration before, during, and 
after exercise, including the composition of carbohydrate–electrolyte drinks. 
These guidelines provide a general recommendation that can be applied when 
hydration assessment techniques (sweat tests) are not accessible. However, the 
wide variability in sweat losses and fluid intake patterns of young athletes hinder 
the real-world application of these guidelines in all sports and environmental 
conditions.

10.6.2  SweAt teSt for individualized fluid intake 
recoMMendationS in cHildren and adoleScentS

As noted in Table 10.1, sweat rates vary from 0.5 to 2.0 L/h in young athletes. Guidelines 
based on average sweat rate values are of limited use when providing recommenda-
tions to individual athletes who vary in age, maturation, sport specialty, and heat 
acclimatization level. Providing similar fluid intake guidelines to young athletes in 
different sports and playing positions may not be appropriate and may lead to dehy-
dration and/or hyperhydration.

The amount, type, and rate of fluid replacement should be determined on an indi-
vidual basis according to the sweat rate, in different training/competition situations 
and environmental conditions. The best approach is to develop an individualized 
hydration plan based on the young athletes sweat rate determined from a sweat test, 
preferably in actual training/competition and climatic conditions. In addition to mea-
suring initial body hydration status and fluid lost in sweat, a sweat sample can be 
collected with a patch, and the sodium concentration of sweat can be determined for 
the identification of young athletes with salty sweat. It is also beneficial to include 
measures of the core temperature response using ingestible sensors and relate it to 
hydration practices, especially if the exercise is in hot and humid conditions. An 
individualized hydration plan can be developed that includes the type, amount, and 
frequency of fluid intake to minimize the risk of dehydration. One or several athletes 
can be tested at the same time.

In many sports like baseball, cycling, triathlon, American football, and track and 
field, rehydration opportunities are frequent. In these sports, young athletes can con-
sume smaller volumes repeatedly depending on sweat production in specific envi-
ronmental conditions. In sports in which rehydration opportunities are limited by the 
rules of the game or must occur at specific times during competition like soccer, ice 
hockey, lacrosse, long distance running, and basketball, a drinking strategy should 
be planned in advance to take advantage of the few opportunities to drink and maxi-
mize rehydration within the limitations imposed by the rules.

If the training session is prolonged or very intense, carbohydrate–electrolyte 
drinks are recommended. Young athletes can become familiar with their pre-exercise 
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body weight and weigh themselves after exercise to confirm that they are drinking 
enough according to exercise intensity and climatic conditions and replace water and 
sodium losses.

10.6.3 prevention of deHydration during exerciSe

Young athletes should start exercise well hydrated. Water must be readily available 
at training sites in enough quantities for all players on a team. If exercise is pro-
longed and/or in a hot and humid environment, sports drinks should also be avail-
able. Young athletes should bring their own water bottle to training and coaches 
must provide frequent fluid breaks (at least every 15 min). Young athletes should be 
weighed frequently to assure they are drinking enough to replace fluid lost in sweat. 
The intake of energy drinks, sodas, and fruit juices should be discouraged.

10.7 HYDRATION KNOWLEDGE, ATTITUDES, AND BEHAVIORS

10.7.1 effectS of educational interventionS

Many young athletes, parents, and coaches are aware of the importance of drinking 
fluids during exercise to optimize performance especially when exercising outdoors 
in the heat. However, knowledge does not always translate into proper strategies for 
adequate fluid intake. Educational interventions are effective to increase awareness 
of young athletes of their body hydration status pre-, during, and post-exercise so that 
they drink more to prevent dehydration on a day-to-day basis. Kavouras et al. (2012) 
implemented a nutritional intervention program emphasizing water consumption in 
13- to 14-year-old volleyball and basketball players that attended a summer camp in 
Greece in warm conditions (28°C), the majority of whom started the camp in a state 
of hypohydration. The educational program included a talk about the importance 
of hydration and an orientation about how to use a urine color chart to assess body 
hydration status and resulted in improvement in hydration status over a 2-day period 
through ad libitum water intake and an increase in endurance exercise performance. 
However, although there was a significant reduction in the percentage of dehydrated 
athletes after the intervention, many remained hypohydrated throughout the camp 
while perceiving that they were drinking enough.

10.7.2 iMpediMentS to adequate Hydration practiceS

Studies show that young athletes understand that drinking fluids during exercise 
is important for good performance and decreases the possibility of suffering heat 
illness but they face barriers that hinder the consumption of adequate amounts and 
types of fluids. Decher et  al. (2008) examined the association between hydration 
status and knowledge regarding hydration, in active young athletes during their stay 
in a 4-day summer sports camp. Although these athletes understood the importance 
of hydration and they could recognize when they were doing a good or a bad job 
hydrating, they arrived to camp in a state of hypohydration which they sustained 
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throughout the camp. A reason for this disparity between knowledge and behavior 
is the impediments young athletes face when trying to rehydrate: not given enough 
breaks to drink nor time during breaks, water stations are crowded, and they do not 
have water bottles or ways to fill them (Decher et al. 2008; McDermott et al. 2009). 
Identifying impediments to adequate hydration practices and how to overcome them 
to facilitate fluid intake before, during, and after exercise will help young athletes 
avoid fluid imbalances.

10.7.3 StrategieS to iMprove Hydration practiceS

The younger athletes depend more on adults to provide the right type and amount 
of fluid they need during training and competition. It is common to see that when 
there is fluid available in the training field it is only plain water. Young athletes may 
benefit from being facilitated different types of fluids before, during, and after prac-
tice. Stover et al. (2006) implemented a drinking strategy in high-school American 
football players who experienced mild fluid deficits during twice per day training 
sessions over a two-week period in the summer. After one practice session, they 
provided the athletes with their choice of two bottles of water or sports drink with 
instructions to consume one between dinner and bedtime and one after waking up 
in the morning. They observed that after providing fluids and instructions following 
one practice session athletes arrived to the next training session better hydrated. 
Another good strategy is to have each athlete bring their own bottle to practice and 
provide fluids so they can refill their bottles as necessary.

10.8 CHALLENGES FOR FUTURE RESEARCH

Additional research on the effects of dehydration on health and performance of the 
young athlete as well as on prevention strategies is needed. Particularly lacking is 
information in relation to physiological responses of young female athletes, both in 
laboratory settings and in the playing field, which hinders the implementation of 
strategies geared specifically to address their hydration needs. Future studies should 
address the following:

• The effects of dehydration on core temperature in the playing field
• Cooling devices/strategies to prevent hyperthermia if dehydration cannot 

be avoided
• Barriers to drinking and real-life hydration practices in different sports
• Effectiveness of educational programs to reduce fluid imbalances
• Level of dehydration which impairs endurance performance in prolonged 

duration sports
• Fluid intake variability and its relation to thirst level due to a pre-training 

fluid deficit
• Sweating, drinking patterns, and core temperature in young female athletes 

in the playing field
• Strategies to optimize body water recovery after exercise
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11 Water Balance and 
Master Athletes

Zbigniew Szygula

11.1 INTRODUCTION

The aging of populations is an indisputable fact. According to the World Health 
Organization (WHO), it is predicted that the proportion of the world’s population 
over the age of 60 will double from about 11% in 2000 to 22% in 2050. In absolute 
values, this represents an increase from 605 million to 2 billion people over the age 
of 60 during this period of time. A considerable increase in average life expectancy 
exceeding 81 years in several countries has also been observed (http://www.who.int/
ageing/about/facts/en/).

Age classification varies between countries and elderly people can now be divided 
into several age groups. According to the WHO, the age ranges are as follows: 
between 45 and 59—pre-elderly age, between 60 and 74—young elderly/young old, 
between 75 and 89—old elderly/oldest-old, and above the age of 90—hoary aged 
(http://www.who.int/healthinfo/survey/ageingdefnolder/en/).
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Aging is a natural life process and it has its negative effects on many aspects of 
life. It is an irreversible process but may occur in an optimal manner, which can be 
defined as healthy aging. However, there are obligatory changes in the body with 
age, which fit into a so-called physiological course of healthy aging. They include 
progressive molecular changes in cells and tissues, body composition and body flu-
ids, progressive organ system changes inducing a reduction of reserves in particu-
lar systems, that is, systemic changes (e.g., in the circulatory system, respiratory 
 system, hormonal system, and locomotor organs), and in consequence a reduction of 
organism capacity to adapt to different loads (biological, physical, and psychosocial) 
(Chester and Rudolph 2011). Due to the aging process, the organism’s regulatory 
abilities decrease and the efficiency of homeostasis mechanisms deteriorate, includ-
ing the ability to effectively regulate fluid and electrolyte balance, which may pre-
dispose to dehydration and impaired exercise tolerance in heat environment (Blatteis 
2012; Bongers et al. 2014; Chester and Rudolph 2011; Chodzko-Zajko et al. 2009) or 
overhydration (Bossingham et al. 2005; Miller 1998).

Progressive declines in fitness, psychic efficiency, social activity, and autonomy 
are observed with aging. The risk of developing many chronic diseases, including 
civilization-related diseases such as coronary heart disease, type 2 diabetes,  obesity, 
as well as some neoplastic diseases, degenerative joint diseases, or osteoporosis, also 
increases with age. Furthermore, the age-related reduction in physical activity, that 
is, the time being allowed for lifestyle physical activity, and above all the reduction 
in exercise intensity contribute to acceleration of these negative changes and wors-
ening of the quality of life in the process of aging. Although no physical exercises 
can stop biological aging, there is a lot of scientific evidence that regular physical 
activity can minimize negative physiological effects by limiting the development and 
progression of chronic disease and disabling conditions, especially in highly active 
and fit people compared to moderately fit or low fit people (i.e., those with normal 
activity or sedentary lifestyle) (Chodzko-Zajko et  al. 2009). The higher the level 
of physical activity, the greater the expected benefits. For instance, the prevalence 
of systemic arterial hypertension, hypercholesterolemia, and type 2 diabetes lowers 
with the increasing number of marathons that have been run (Leppers and Cattagni 
2012). There is also rising evidence that regular perticipation in exercise by older 
adults has psychological and cognitive benefits (Chodzko-Zajko et al. 2009; Tanaka 
and Seals 2008).

According to numerous scientific reports, master athletes are an ideal model 
of so-called “successful aging” and an example of the fact that physical activity 
is one of more effective anti-aging agents. They are fascinating examples of how 
high physical performance and physiological function can be maintained despite 
the years that have passed (Leppers and Cattagni 2012; Tanaka and Seals 2008; 
Weir et al. 2010). Studies from the past years have provided clear evidence that the 
aging processes and the decline of physiological functions are significantly slowed 
down by involving sports until old age. Although the practice of sports does not 
fully prevent a decline in aerobic capacity, it has beneficial effects on the circula-
tory  system and attenuates sarcopenia (Trappe 2007). Regular physical activity may 
reduce the risk of all-cause mortality by about 25% and increase life expectancy 
even by 2 years (Jokl et al. 2004). Therefore, it is strongly recommended for older 
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adults to be engaged in regular physical activity and to avoid an inactive lifestyle 
(Chodzko-Zajko et al. 2009).

Recommendations of various scientific medical societies, as well as promoting 
physical activity by mass media, have increased the number of old-aged people prac-
ticing various kinds of sports at different levels. Many of them train at recreational 
level; however, there are many competitive athletes (master athletes) who are focused 
on sports performance with years of training and competition experience. Over the 
past three decades, there is an increased number of older athletes participating in 
sports competitions such as marathon running, swimming, cycling, rowing, and 
wrestling (Lepers and Cattagni 2012; Tanaka and Seals 2008; Trappe 2001).

11.2 MASTER ATHLETES

People who continue physical training above the age of 35 and are oriented towards 
competition in sport until old age are considered master athletes. Most sports orga-
nizations, which bring together master athletes, grant the right to compete only to 
people aged 35–40 and above. In some sports (golf or baseball), the age of master 
athletes has shifted from the 4th and even the 5th decade of life (Rosenbloom 2013; 
Weir et al. 2010).

In competitions organized by the International Masters Games Association 
(IMGA—www.imga.ch), or by the World Masters Athletics (http://www.world-mas-
ters-athletics.org), contestants must be at least 35 years old, whereas people being at 
least 50 years old are admitted to sports competitions organized by National Senior 
Games Association (NSGA—www.nsga.com) and the Huntsman World Senior 
Games (http://www.seniorgames.net). It is not unusual that people over the age of 70 
(70+) participate in marathon runs, swims, or triathlons. Recently, Ironman organiz-
ers have introduced an age group of 75+ and later 80+, especially for 82-year-old Sister 
Madonna Buder, Iron Nun, who ran and successfully crossed the finish line at the 
2012 Ironman Hawaii 70.3, as the oldest woman to ever finish an Ironman Triathlon 
(http://en.wikipedia.org/wiki/Madonna_Buder—of 27.08.2014; http://www.huffing-
tonpost.com/2014/07/04/iron-nun-triathlon_n_5558429—of 27.08.2014). Generally, 
masters competitions are organized in age categories, with 5-year age ranges: 35–39, 
40–44, 45–49, and so on (Weir et al. 2010), while in sports competitions organized 
by the Huntsman World Senior Games the age ranges start from 50–54 and end at 
90–94, 95–99, 100+ (http://www.seniorgames.net/about/registrationrules).

As mentioned above, the participation of older people in sports competitions has 
been increasing for several decades. Jokl et al. (2004) have shown that in 1983–1999 the 
number of participants over the age of 50 (both women and men) in the New York 
City Marathon increased proportionally more in comparison with younger athletes. 
More importantly, athletes over the age of 50, and even those of the 70–79 age group 
improved their running times over these years at a greater rate than young athletes. An 
increased participation of master runners in the New York City Marathon in 1980–2009 
has also been reported by Leppers and Cattagni (2012), with the participation of women 
increased at a greater extent than that of men. At the same time, a statistically signifi-
cant shortening of running times in men over the age of 54 and women over the age of 
44 has been reported. An increased number of participants over the age of 35 (master 
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runners) and an improved time performance in ultramarathon runs have also been 
reported by other researchers (Rüst et al. 2014; Zingg et al. 2013, 2014). Apart from 
these professionals training for several years, older males and females (>60 years) who 
start regular sports training at this age and even decide to participate in sports competi-
tions are seen more often (Trappe 2001).

The purpose of this chapter is to present the effect of aging on body water balance 
and thermoregulation and to attempt to develop recommendations on hydration and 
protection against these imbalances in master athletes.

11.3 WATER BALANCE AND THERMOREGULATION

Water is a major component of our bodies. Adequate water content in the human 
body is of great importance in maintaining homeostasis and health from birth to old 
age and its volume is the resultant between its intake and output.

In epidemiological studies, a correlation has been observed between low fluid intake 
and some chronic diseases, including cardiovascular diseases, asthma, diabetic hyper-
glycemia, constipation, urolithiasis, or even some cancer types, whereas the total lack 
of access to water in extreme cases may lead to death within a few days (Maughan 
2012a). Deficiency of water in the body (hypohydration) may cause disorders with seri-
ous consequences, including (but not limited to) thermoregulatory dysfunction during 
exercise in a hot environment or even during passive body exposure to heat on hot days, 
leading even to death, particularly in people over the age of 60. It is estimated that a 
heat wave that happened in Western Europe in August 2003 caused the death of over 
30,000 people, primarily elderly people, living alone, suffering from chronic diseases 
and therefore taking various medicines, which could impair the efficiency of thermo-
regulatory mechanisms in different ways (Robine et al. 2008).

Dehydration is a frequent geriatric problem, while access to water may be a  matter 
of life or death for elderly people, even in the countries where droughts are only known 
from mass media. Dehydration at different degrees was observed in  25%–31% of nurs-
ing home residents, and it is also a common cause of elderly people hospitalization, 
with a mortality rate reaching about 45% (Benelam and Wyness 2010; Hodgkinson 
et al. 2003; Morley et al. 1998; Rolls and Phillips 1990).

11.3.1 ConsequenCes of DehyDration on PhysiCal PerformanCe

Both acute and chronic dehydration have a negative effect on exercise capacity, which 
has been extensively described in previous chapters (Chapters 7 and 8) and in many 
original papers being published in recent years (Casa et al. 2010; Lopez et al. 2011; 
Naharudin and Yusof 2013) and in review articles (e.g., Cheuvront et al. 2010, 2013; 
Coyle 2004; Goulet 2012; Maughan 2012b; Murray 2007; and Sawka et al. 2012).

It is generally accepted that dehydration resulting in a 2% reduction in body mass 
has a negative effect on human exercise capacity (Murray 2007; Sawka et al. 2007). 
Based on laboratory tests, it is suggested that even 1% dehydration may deteriorate 
exercise capacity and impair the cardiovascular and thermoregulatory responses, espe-
cially when the exercise is performed in a hot environment (Montain and Coyle 1992; 
Murray 2007; Sawka 1992). Of course, the higher the dehydration, the greater the 
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cardiovascular strain, that is, the increase in heart rate (HR) and the decline in stroke 
volume (SV) are graded in proportion to the amount of dehydration accured during 
exercise in a hot environment. The consequence is a decreased blood flow through 
working muscles and skin and a further rapid development of hyperthermia, being 
particularly rapid during exercise in a hot environment (Gonzalez-Alonso et al. 2000; 
Montain and Coyle 1992; Murray 2007; Sawka et al. 2012, see also Chapters 4, 5, 8).

11.3.2 thermoregulation in elDerly PeoPle

Because humans belong to the group of warm-blooded organisms, a precise regula-
tion of body temperature is crucial for optimal functioning of our body and survival. 
The maintenance of core body temperature depends on the dynamic equilibrium 
between heat acquisition by the body and its dissipation (elimination, loss) into the 
environment. Disturbances in maintaining this equilibrium lead to body temperature 
changes. Metabolic heat production during physical exercise causes rapid increase 
in body temperature. Metabolic heat production during physical exercise causes 
rapid increase in body temperature. A temperature increase is particularly rapid 
when physical activity is performed in an unfavorable environment—high tempera-
ture and humidity. A primary way to eliminate heat from the body during physical 
exercise is through sweat evaporation, but a good functioning of many organs and 
systems is equally important for efficient thermoregulation.

There is ample prevailing scientific evidence of impaired thermoregulatory ability 
and reduced tolerance to heat in older healthy people both during passive heat expo-
sure (Armstrong and Kenney 1993; Dufor and Candas 2007; Miescher and Fortney 
1989) and during physical exercise in hot environment (Inbar et al. 2004; Larose et al. 
2013a,b,c). However, there are reports (de Viveiros et al. 2012; Kenny et al. 2010a; 
Wright et al. 2014) where no significant difference has been observed in thermoregu-
latory responses between older, well-trained people compared to physically active 
younger persons or others (Kenney 1997; Pandolf et al. 1988) where a slight deterio-
ration has been seen in thermoregulatory functions in individuals over the age of 50.

Among many causes of age-related deterioration in heat dissipation, the following 
changes are listed:

 1. Reduction in the local and whole-body sweat rate (Dufour and Candas 
2007; Inbar et al. 2007; Inue 1996; Kenney and Munce 2003), as early as 
after the age of 40 (Larose et al. 2013a)

 2. Reduction in skin blood flow, even by 25%–40%, in older adults both at rest 
and during exercise in warm environments when compared with younger 
subjects, under both euhydration and hypohydration (Armstrong and 
Kenney 1993; Kenney 1997)

 3. Decrease in thermal sensitivity, which induces a reduction in sensitivity to 
heat and later activation of thermoregulatory mechanisms than in younger 
people (Armstrong and Kenney 1993; Dufour and Candas 2007; Kenny 
et al. 2010b)

 4. Deterioration in the efficiency of the cardiovascular system (Kenney 1997; 
Kenney and Munce 2003)
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Since there is a close correlation between body water content (hydration, in terms 
of fluid volume and osmolality) and thermoregulation, deterioration in the thermo-
regulatory capacity may also be affected, apart from the above reasons, by impaired 
regulation of fluid and electrolyte balance in older people (Kenney 1997).

11.4 WATER BALANCE IN THE PROCESS OF AGING

The maintenance of water–electrolyte homeostasis depends on the balance between 
the volume of water intake and water output. In healthy individuals, water intake is 
regulated mostly by thirst, whereas water output is regulated by kidneys through an 
antidiuretic hormone (ADH), that is, arginine vasopressin (AVP), renin–angiotensin– 
aldosterone (RAA) system, and atrial natriuretic peptide (ANP).

Water imbalance induces a number of responses, which lead to the adjustment of 
this disturbance. The water and electrolyte deficiencies are adjusted through a combi-
nation of changes in the perception of thirst and through sodium and water retention by 
kidneys. Water deficiency in the body and increased plasma osmolality (Posm) result 
in the induction of central osmoreceptors of the thirst center in the hypothalamus, 
stimulating thirst. There is also vasopressin secretion by the posterior part of the pitu-
itary, which increases the water retention by kidneys. The reduction in plasma volume 
(PV; and the same of the effective circulating blood volume) results in the induction 
of volume change sensitive baroreceptors, which, in turn, increase the AVP secretion 
and the activity of the sympathetic system and the RAA system. These changes lead 
to sodium and water retention by the kidneys, which contribute to the normalization of 
circulating blood volume (Benelam and Wyness 2010; Hodgkinson et al. 2003; Horgen 
et al. 1998; Miller 1998).

Under the conditions of unlimited access to water, the volume of ingested fluids 
depends on the amount and frequency of consumed food. A sufficient amount of flu-
ids is ingested with food and the kidneys are able to maintain body water balance. In 
the case that water access is limited or the organism is exposed to a thermal load, or 
body water is lost due to any disease, the risk of dehydration associated with serious 
consequences increases in elderly people (Benelam and Wyness 2010; Cowen et al. 
2013; Kenney 1997; Kenney and Chiu 2001; Rolls and Phillips 1990).

Due to the aging process, the organism’s regulatory abilities decrease, includ-
ing also the efficiency of homeostasis mechanisms, particularly the capability of 
physiological adjustments in stress situations, such as exposure to high (and also low) 
ambient temperature. Elderly people, particularly above the age of 60, are a vulner-
able group. They are more prone to dehydration and associated thermal disorders, 
including heat stroke, on one hand, and to hyperhydration on the other. Therefore, 
they require a special treatment to assure proper hydration (Benelam and Wyness 
2010; Chester and Rudolph 2011; Kenny et al. 2010b; Maughan 2012a; Rosenbloom 
2013). It should be noted, however, that some differences in the dynamics of aging 
are the result of various factors, including genetic ones, causing that the chronologi-
cal age does not always coincide with the biological (functional) one.

Based on clinical observations, it is believed that elderly healthy people, usually 
those over the age of 60, are chronically dehydrated (Kenney 1997). According to 
Mack et  al. (1994), they are hyperosmotic and hypovolemic, not only because of 
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normal water deficit but also due to a shift in the operating point for control of body 
fluid volume and composition. However, this is not confirmed by laboratory studies 
evaluating the fluid balance in elderly healthy people, which reported that only some 
people were slightly hyperosmotic and hypovolemic (Kenney 1997).

Nevertheless, the risk for developing fluid and water imbalances, and in conse-
quence thermal diseases, increases when the aging is accompanied by diseases such 
as cardiovascular disease, hypertension, obesity, diabetes mellitus, and respiratory 
diseases (morbid aging), which additionally worsen the adaptability to environmen-
tal changes (Kenny et al. 2010b). This situation is even worse in the presence of at 
least two diseases, most frequently chronic ones in the same person, what we refer 
to as comorbidity or multimorbidity. In this case, medicines are being used, some-
times many simultaneously, which may negatively affect fluid and electrolyte bal-
ance through different mechanisms and deteriorate body responses to thermal load 
(Cheshire and Fealey 2008; Kenny et al. 2010b; Schlanger et al. 2010).

The above observations have referred to elderly or old physically inactive patients; 
thus, the question arises whether healthy, active elderly people are similarly predis-
posed to developing such disturbances in fluid and electrolyte balance?

11.5  CAUSES OF FLUID–ELECTROLYTE IMBALANCES 
RELATED TO AGING

Water balance is subject to strict control mechanisms and complex physiological and 
behavioral interactions which undergo unfavorable changes with human aging, inevi-
tably leading to abnormalities of water homeostasis at several discrete locations along 
the neurorenal axis responsible for maintaining water and electrolyte balance. There 
are various changes in the body, which cause elderly people to be more prone to distur-
bances in fluid and electrolyte balance, mainly sodium balance. As the result of these 
changes, they face a reduced capacity, both to conserve and to obtain fluids, leading to 
dehydration and hyperosmolality on one hand, and to excrete water, leading to overhy-
dration and hypoosmolality on the other (Beck 2000; Cowen et al. 2013).

Among the main causes of these age-related changes that may reduce homeostatic 
reserves of the body and deteriorate the so far precise regulation of fluid and elec-
trolyte balance are (1) changes in body composition, (2) changes in hypothalamic-
pituitary regulation of thirst, and (3) deterioration in the functioning of kidneys. 
(4) Decreased secretion and activity of hormones that regulate fluid and electrolyte 
balance—AVP (ADH), RAA, and ANP are also listed (Ayus and Arieff 1996; Beck 
2000; Benelam and Wyness 2010; Cowen et  al. 2013; Kenney 1997; Kenney and 
Chiu 2001; Luckey and Parsa 2003; Miller 1998; Rolls and Phillips 1990). The result 
of these unfavorable changes is a reduction in homeostatic mechanisms of the body 
and disturbance of precise fluid balance regulation when the stress, metabolic, or 
environmental factors are activated.

11.5.1 Changes in BoDy ComPosition anD Water reserves

As the organism ages, there is an increase in the content of water-free adipose tis-
sue and a decrease in the total content of water (total body water [TBW]), which 
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is primarily the result of decrease in the muscle mass and intracellular water 
(Ayus and Arieff 1996; Chumlea et al. 1999; Morley et al. 1998; Steen 1997, see 
also Chapter  1 for more information on TBW). The percentage of TBW starts 
to decrease in women and men as early as in mid-life, with the highest decrease 
observed after the age of 60 (Steen 1997). It is estimated that the average TBW 
loss between the ages of 20 and 80 is about 4 L in men and 6 L in women (after 
Chumlea et al. 1999). According to Chumlea et al. (1999), TBW in men decreases 
from 58% at the age of 18 years to about 46% at the age of 64 and, respectively, 
from 48% to 43% in women. Bossingham et al. (2005) have noted that TBW was 
about 47% in healthy women aged 21–46 and about 39% in healthy women aged 
70–81. In men, the extent of TBW decrease was lower—from about 53% at the age 
of 23–43 to about 50% at the age of 63–79. However, neither in women nor in men, 
the average TBW decrease was statistically significant, probably because of the 
large age variability within groups.

In cross-sectional studies, Rikkert et al. (1998) have found that TBW decrease 
from 50% at the age of 26 to 46.8% in women aged 72 and from 60.4% at the age of 
26 to 53.4% in men aged 72, and such decreases were statistically significant.

With changes referring to TBW, a decrease in PV has also been observed at rest 
in elderly people. Davy and Seals (1994) found that absolute total blood volume 
(BV) was 24% lower in the older (aged 66) than in the young men (aged 25) due to 
a 21% lower PV and a 28% lower erythrocyte volume. Total BV and PV were also 
lower in the older than in the young men when expressed relative to body weight, 
body surface area, or estimated fat-free mass. These authors concluded that total 
BV decreases with age in healthy men of similar size and physical activity levels 
(Davy and Seals 1994). When comparing physically active older (over 65) and 
younger (under 30) men, Mack et  al. (1994) observed significantly lower PV in 
older than in younger men at rest. However, according to Kenney (1997), PV is 
probably more strongly affected by physical activity and VO2max than by chrono-
logical age.

A reduction in body water reserves in elderly people implies that a given loss 
in body water volume induces greater changes in PV and osmolality compared to 
younger ones.

11.5.2 imPairment of thirst in elDerly PeoPle

Thirst is a biological need being manifested as the increased drive to drink, play-
ing a crucial role in controlling body water balance and maintaining the stable vol-
ume of water in the body. Thirst perception increases as dehydration level rises and 
decreases with rehydration. It is the most important factor in the process of rehydra-
tion, that is, adjustment of the body’s water balance in case of dehydration.

Thirst is stimulated via two routes, through intracellular dehydration and extra-
cellular dehydration, with the increase in Posm being the most important stimulating 
factor.

Even as small as 1% increase in Posm induces cellular dehydration and stimula-
tion of anterior hypothalamus osomoreceptors (thirst centre) due to an increase in the 
concentration of osmotically active substances, mainly sodium, in the extracellular 
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fluid (plasma hyperosmolality). This activates the process of searching for water or 
water-containing products and the act of drinking in other parts of the brain. The 
water ingested and absorbed from the intestine causes the osmolality to decrease and 
the thirst to be quenched (Morley et al. 1998; Thornton 2010).

At the same time when thirst develops, and particularly when the access to water 
is difficult, the activated brain osmoreceptors stimulate hypothalamus neurons to 
release vasopressin from the posterior pituitary to the blood. The released vasopres-
sin increases the reabsorption of water in the distal tubule of the nephrons through 
aquaporin-2, decreasing the water output from the body, but simultaneously AVP 
secretion increases the sensation of thirst (Thornton 2010).

Baroreceptors located in large vessels, activated by decreased BV (hypovolemia) 
and renal mechanisms, through the RAA system in response to reduced renal perfu-
sion, also participate in the regulation of thirst. However, at least 8%–10% decrease in 
PV is needed to stimulate thirst as a response in the sensitive baroreceptors (Kenney 
and Chiu 2001; Morley et al. 1998).

One more mechanism participating in the regulation of thirst should be men-
tioned here, that is, the oropharyngeal receptors. These receptors send signals to 
the brain when water is ingested to reduce both thirst and AVP secretion well 
before a decrease in Posm (Kenney and Chiu 2001; Morley et al. 1998; Thornton 
2010).

Thirst, however, is not only a simple consequence of physiological need for water 
but a complex response to many interrelated stimuli. These factors belong, on one 
hand, to the physiological control system (homeostatic control) but, on the other 
hand, there are behavioral factors (non-homeostatic control), such as habit, ritual, 
drink taste and temperature, body warming or cooling effect, and mouth and throat 
dryness. These factors may initiate/induce drinking of liquids. On the contrary, the 
feeling of stomach fullness and discomfort during exercise may result in the aban-
donment of drinking before body water replenishment occurs. However, it may occur 
that the effects from higher brain levels can exceed physiological regulatory mech-
anisms and lead to irresponsible behaviors related to drinking. In such situation, 
excessive consumption of water or fluids containing only small amounts of electro-
lytes is observed, which leads to body overhydration and development of hyponatre-
mia with risk consequences, including even death (Maughan 2013).

Scientific literature (Beck 2000; Cowen et al. 2013; Kenney 1997; Kenney and 
Chiu 2001; Luckey and Parsa 2003; Morley et al. 1998) has documented the pres-
ence of an intrinsic defect in the thirst mechanism in elderly people. This may 
decrease their fluid intake and impair old people to recover from dehydration as 
effectively as the young ones. Lower sensation of thirst in older men (+65) was 
reported, for example, by Mack et  al. (1994) at any given body fluid status both 
at rest and after dehydration. In a classic experiment, Phillips and colleagues 
(1984) showed a difference in the response to 24 h of complete water deprivation 
in seven healthy active elderly men (aged 67–75) and seven healthy young men 
(aged 20–31). Although after water deprivation, the older men had a greater level of 
dehydration (as evidenced by greater increases in Posm and sodium concentration 
and decrease in body mass), they were less thirsty, and no significant increase in 
thirst, mouth dryness, or unpleasantness of the taste in the mouth was noted. More 
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importantly, when the subjects had unlimited access to water for 60 min after 24 h 
of  dehydration, as opposed to young men, the older ones drank significantly less 
water and were not able to restore the blood parameters of pre-deprivation (Phillips 
et al. 1984). It could be concluded that elderly men experience less thirst perception 
after water deprivation. Thirst is also reduced in response to heat stress and thermal 
dehydration in elderly compared to younger groups, and this age-related deficit in 
thirst may predispose them to fluid balance disturbances (Phillips et al. 1993; Rolls 
and Phillips 1990).

The mechanism of thirst regulation in elderly people is also less sensitive 
to exercise-induced dehydration, as demonstrated by Ainslie et  al. (2002) dur-
ing a 10-day very intense mountain hiking when a group of males aged 24 years 
and another aged 56, walked 10–35  km a day, with elevations of 800–2,540  m. 
Daily water intake in the older group (2.4 L) was significantly lower than that of 
the younger (3.5 L), which led them to increased dehydration from the sixth day. 
Furthermore, the older group had a lower thirst perception compared with the 
younger group. After 10 days of mountain walking, urine osmolality value in older 
men increased almost twice from that of baseline, and it was almost two times 
higher than that of the younger subjects, with a simultaneous decrease in the rating 
of thirst in the group of older men.

In another study (Miescher and Fortney 1989), older males (61–67 years) rated 
themselves less thirsty than younger (21–29 years) after thermal dehydration, despite 
a greater rise in body temperature and more pronounced hemoconcentration. Within 
30 min of drinking water, young men had restored PV and Posm, whereas the older 
ones showed slower responses, restoring Posm after 60 min and PV only after a sub-
sequent 30 min of rehydration.

It should also be noted that impaired thirst reduces the capacity of acclimation to 
exercise in a hot environment. It has been reported (Zappe et al. 1996) that repeated 
exercises at high ambient temperature induces a 10% increase in PV (one of the 
important changes in the process of acclimation) in young men as early as after 
4 days, whereas PV expansion is attenuated in older people (aged 67). These authors 
concluded that the failure to increase PV was caused by a smaller increase in 24 h 
fluid intake in older men, which averaged 32 mL/kg/day versus 45 mL/kg/day in the 
younger (aged 24) (Zappe et al. 1996).

11.5.2.1 Causes of Impaired Thirst in Elderly People
The causes of age-related deterioration of thirst in humans are not fully known. Based 
on literature, the following causes of hypodypsia in elderly people can be listed: (1) 
occult central nervous system disease (even without any neurological symptoms), (2) 
impaired sensitivity of thirst center osomoreceptors, (3) diminution of baroreceptor-
mediated regulation of thirst in the response to changes in PV, (4) higher osmolar 
set point for thirst and for control of body fluid volume and composition, (5) dete-
rioration in the function of oropharyngeal receptors, inducing a reduction in the 
response to stimuli from the oral cavity, such as, for instance, the feeling of throat 
dryness or a decrease in pleasure associated with drinking, (6) alteration in the 
endogenous opioid system, leading to a deficit in the opioid-mediated drinking drive 
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in central nervous system, (7) reduction in the activity of RAA system and applica-
tion of angiotensin-converting enzyme receptor or inhibitor blockers, which leads 
to a decrease in angiotensin II (AII) level and reduction of thirst, and (8) increase in 
ANP level, which reduces thirst and inhibits renin and aldosterone secretion (Cowen 
et al. 2013; Mack et al. 1994; Rolls and Phillips 1990).

Therefore, because of reduced thirst perception and slower body fluid restoration 
in elderly people, the planning of their participation in training and competitions, 
particularly on hot days, should be carefully considered.

11.5.3 age-relateD Changes in KiDneys

Kidneys are the most important organs that regulate the volume and composition 
of body fluids, primarily the extracellular fluid. This is achieved through the pro-
duction of urine in different concentrations of each element. Because liquids are 
ingested periodically throughout the day, maintenance of extracellular fluid vol-
ume is possible through constant renal and neurohormonal control of fluid and 
electrolyte balance. With excess body water, kidneys are capable to adjust excre-
tion, protecting against overhydration. With water and solutes deficiency, on the 
contrary, kidneys are able to retain them. Although the functions of kidneys are 
relatively autonomous, they are affected by the sympathetic part of vegetative ner-
vous  system, AVP secreted from the pituitary glands, aldosterone from the adrenal 
cortex or ANP. Unfortunately, like in other organs, changes related to aging occur 
also in the kidneys and involve reduction in both anatomical (morphological) and 
functional reserves. Some of these changes occur as early as after the age of 30 
but, although it is a slow process, they are progressive and inevitable. The rate and 
severity of these changes are affected by many factors and it is not completely clear 
whether they are typically of the aging process or a result from other conditions, 
such as discrete changes in the cardiovascular system, increased blood pressure, 
dyslipidemia, diabetes mellitus, urinary tract infections, or tobacco smoking, as 
well as the use of antibiotics and non-steroidal anti-inflammatory drugs (NSAIDs; 
Abdelhafiz et al. 2010; Miller 1998; Zhou et al. 2008).

The changes occurring within kidneys with age can be divided into anatomical 
and functional ones.

11.5.3.1 Anatomical Changes in Kidneys
In most people between the ages of 30  and 80–85, a 10%–30% decrease in the 
 kidneys size and a 20%–25% reduction in the renal mass are observed, primarily in 
the cortical layer. In microscopic examination, a hyalinization of blood vessel walls, 
glomerulosclerosis, a decrease in the number of glomeruli, and tubular atrophy are 
observed, reducing the number of active nephrons (Abdelhafiz et  al. 2010; Beck 
2000; Luckey and Parsa 2003; Miller 1998; Schlanger et al. 2010; Zhou et al. 2008). 
This cortical glomerulosclerosis increases from less than 5% at the age of 40 up to 
30% by 80 years old (Abdelhafiz et  al. 2010; Schlanger et  al. 2010). Unfavorable 
changes, such as a decrease in effective filtering surface area, decrease in the number 
of epithelial cells, and an increase in the number of mesangial cells and thickening 
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of the glomerular basement membrane, also occur in other active glomeruli (Miller 
1998; Zhou et al. 2008).

Involutional changes in renal tubules refer mainly to the proximal tubules and 
consist in their shortening and volume reduction, tubular atrophy, and formation of 
diverticula and cysts. These changes refer to about half of people over the age of 40 
(Zhou et al. 2008).

11.5.3.2 Functional Changes in Kidneys
Structural changes in kidneys are accompanied by deterioration in their function, 
inducing an inelasticity in fluid homeostasis (Beck 2000). This means that elderly 
people have limited abilities to adjust water balance and this defect may occur in 
challenging situations of dehydration or overhydration, leading to body water and 
solute imbalances (Beck 2000; Cowen et al. 2013).

According to the nephrogeriatric giants concept of Musso (2002), there are many 
functional changes in the aging kidneys even in healthy people. Three of them are 
of particular importance to kidney function deterioration, inducing, among others, 
the impairment of renal concentrating and diluting capacity. These changes include 
senile hypofiltration, tubular dysfunction, and medullary hypotonicity.

Senile hypofiltration: Glomerular filtration rate (GFR) decreases from the 
age of 30 by about 0.8–1 ml/min/1.73 m2 within a year. This process accel-
erates after 40 years of age and refers to about 70% of healthy people. 
Further acceleration of GFR decrease occurs after 65 years of age. A reduc-
tion in GFR results from decreased renal perfusion, which decreases from 
the age of 30 by about 10% per decade (Cowen et al. 2013; Miller 1998; 
Musso and Oreopoulos 2011; Luckey and Parsa 2003; Zhou et al. 2008). 
Also, a decrease is observed in the effective renal plasma flow by 10% per 
decade from 600 ml/min/1.73 m2 in youth to 300 ml/min/1.73 m2 by the 
age of 80 years (Musso and Oreopoulos 2011).

Tubular dysfunction: A reduction in the function of many renal tubules is 
observed, primarily impaired distal renal tubular diluting capacity, impaired 
renal concentrating capacity, impaired sodium conservation, and blunted 
renal response to circulating vasopressin (Miller 1998). Disturbed renal con-
centrating and diluting capacity may lead, on one hand, to dehydration but, 
on the other hand, to overhydration (Miller 1998).

Medullary hypotonicity: This change induces a reduction in the effect of vaso-
pressin and, in consequence, a reduction in the water reabsorption and a 
decrease in urine concentration. This, combined with a decreased sensation 
of thirst, may lead to severe dehydration (Musso 2002).

11.5.4  hormonal regulation of fluiD anD 
eleCtrolyte BalanCe in elDerly PeoPle

Hormones that participate in the regulation of water balance, such as AVP and car-
diac natriuretic peptides (ANP and BNP) as well as RAA system, may also have 
their secretion and effects altered with age.
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Vasopressin (AVP): A decrease in the volume of extracellular fluid is the main 
stimulus for secretion of vasopressin by the pituitary gland. AVP, also 
known as an ADH, increases water resorption from renal tubules, decreas-
ing the volume of urine output. It also stimulates thirst. AVP secretion 
seems to be unchanged with age; moreover, it has been demonstrated that 
circulating AVP level is increased in older people for a given Posm when 
compared with younger individuals. This increased AVP secretion may be 
a result from the lower renal function of older people, as abovementioned 
(Beck 2000; Cowen et al. 2013; Miller 1998).

Atrial natriuretic peptide (ANP): Expansion of atrial receptors due to increased 
circulating volume and increased blood inflow to the atria induces an 
increase in the secretion of this hormone, while a decrease in the atrial 
filling decreases its secretion. ANP increases glomerular filtration and 
inhibits sodium and water resorption in renal tubules, increasing natriuresis 
and diuresis. It also inhibits the activity of RAA system, AVP secretion, 
and thirst. Even a fivefold increase in baseline ANP level and an excessive 
response both to sodium chloride infusion and exercise are observed with 
increasing age (Beck 2000; Miller 1998). Increased ANP secretion may be 
responsible for age-related renal sodium loss (Miller 1998).

Renin–angiotensin–aldosterone system (RAA): Oligovolemia is the strong 
stimulus of renin secretion in the granular cells of the juxtagromerular 
apparatus. Angiotensin I, which is formed under its influence, changes into 
AII. AII, having an effect on kidneys, stimulates directly sodium reabsorp-
tion in renal tubules. It also has a stimulating effect on aldosterone and 
vasopressin secretion. Aldosterone secreted by the adrenal cortex stimu-
lates sodium and water reabsorption in the distal portion of renal tubules. 
The activity of this system is decreased with age—renin secretion is 
reduced in elderly people when compared with younger individuals, like 
the response of renal tubules to aldosterone. As a consequence, there is a 
leakage of sodium to urine and its wasting (salt wasting), being particularly 
unfavorable in the situations requiring its conservation (Beck 2000; Horgen 
et al. 1998; Schlanger et al. 2010).

The abovementioned renal changes, together with the neural and hormonal impair-
ments, limit the adaptations to extracellular fluid volume overload (volume expansion) 
and depletion as well to electrolyte imbalances in older people. Due to impairment in 
fluid and electrolyte balance, there is an increased risk of hyper- or hypovolemia as 
well as hyper- or hyponatremia with ageing.

Hypervolemia and hyponatremia: Renal water retention and volume expansion 
result from deterioration in renal diluting capacity and excess free water excre-
tion from the body. The main cause is a decrease in both renal perfusion and 
GFR, but also impaired urinary dilution in the distal part of renal tubules and 
excessive AVP secretion (Beck 2000; Luckey and Parsa 2003; Miller 1998; 
Taaren et al. 2005), which is additionally increased during physical exercise 
(Hew-Butler 2010). Due to decreased capacity of extra water excretion, a 
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risk of water overload and life-threatening hyponatremia increases in elderly 
people. This phenomenon, known as exertional hyponatremia, may happen 
in prolonged type of sports, since it develops in situations of excessive water 
intake or excessive intake of beverages containing relatively small amounts 
of sodium compared to that of sweat. Excessive consumption of beverages 
during physical exercise and exercise-associated hyponatremia is further dis-
cussed in Chapter 2 and in other comprehensive reviews (Beltrami et al. 2008; 
Noakes 2003, 2007; Noakes and Speedy 2007) and original papers (Almond 
et al. 2005; Black et al. 2014; Hew 2005; Kipps et al. 2011; Wall et al. 2013).

Hypovolemia: The capacity to concentrate urine in renal tubules decreases 
by about 5% per decade, inducing a decrease in urine relative density from 
above 1.026 at a young age to even 1.023 after the age of 60 and an exces-
sive loss of water from the body (Beck 2000; Miller 1998). Hypovolemia 
may be due to a decreased renal sensitivity to AVP observed with age (Beck 
2000; Luckey and Parsa 2003; Miller 1998; Taaren et al. 2005) but also due 
to decreased body sodium content caused by fluid losses. In older people, 
sodium loss adjustment lasts twice (or thrice) as long than in younger peo-
ple, at least for two reasons: (1) renin release is blunted in older individuals, 
which results in inadequate aldosterone response and a leakage of sodium 
into the urine, and (2) overlap between hypovolemia and increased baseline 
ANP level in older people induces suppression of renin secretion, with sub-
sequent drop in AII and aldosterone levels. The consequence of the above 
changes is salt wasting in situations when sodium saving is required and, as 
a result, exaggeration of hypovolemia (Beck 2000).

Hypovolemia is also favored by decreased thirst perception in older people as 
described earlier; therefore, the recommended drinking to thirst may prove to be 
insufficient to replenish the fluid loss during exercise in this population.

11.5.5 sWeating in elDerly PeoPle

Sweating, or in fact evaporation of sweat from the skin surface, is the main body pro-
tection against overheating. The rate of sweating depends on ambient temperature 
and body heat production. Increased sweating during exercise occurs almost simul-
taneously with increased metabolic heat production, while maximum sweat gland 
recruitment occurs within the first 8 min, also during passive overheating (Kondo 
et al. 2001, see also Chapter 3).

Regarding age-related changes in sweating, there are controversial reports in lit-
erature. It has been shown in many studies that compared to young gender-matched 
subjects, older (after the age of 60) men and women sweat less, both during passive 
heat exposure (Armstrong and Kenney 1993; Dufour and Candas 2007; Inoue 1996) 
and during exercise in the heat (Inbar et al. 2004; Kenney and Munce 2003; Larose 
et al. 2013a). It is indicated that this results from reduced sweat production by the 
sweat glands (reduced sweat gland output) with not reduced number of active sweat 
glands, both after pharmacological stimulation (using cholinergic analogues) and 
under the effect of physical exercise (Inoue et al. 1999; Kenney 1997; Kenney and 
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Munce 2003). It is suggested that this results from a reduction in the sweat output 
per active gland progressing with age (from the age of 33), induced by changes in the 
sweat glands themselves or/and by a decrease in their sensitivity to stimuli (Inoue 
et  al. 1999). According to Inoue (1996), the sweat gland function decreases over 
5 years in healthy active men in their sixth and seventh decade, despite them having 
similar physical characteristics and exercise habits. The exposure of skin to UV rays 
and other environmental factors, so frequent during outdoor sport activity, acceler-
ates the development of senile changes in the skin, which may translate into lower 
performance of sweat glands (Kenney 1997; Kenney and Munce 2003).

There seems to be no difference in sweating rate between middle-aged (54 years 
old) and younger (28 years old) men, all well trained under hot and moderate con-
ditions and with similar aerobic capacity. The observed decrease in the sweat rate 
per sweat gland in middle-aged men may be then compensated by a higher num-
ber of heat-activated sweat glands (Viveiros et al. 2012). When young sedentary 
men (aged 24–30) were compared to older (aged 58–74) but physically active men 
and similar VO2max, the sweat rate and skin blood flow were similar between the 
groups. However, when young sedentary men were compared with the old sed-
entary men, the sweat rate and skin blood flow were significantly reduced in the 
older ones by 62% and 40%, respectively (Trankersley et al. 1991). These authors 
concluded that there is no primary effect of aging on heat loss responses but 
changes are rather associated with an age-related decrease in VO2max or train-
ing adaptation may mask (or attenuate) the body heat loss decline due to aging 
(Trankersley et al. 1991). According to Kenny and Munce (2003), the sweating 
rate is strongly determined by the individual VO2max rather than by chronologi-
cal age.

Furthermore, it has been demonstrated that the sweat glands may be trained by 
immersion in hot water (Kenney 1997; Kenney and Munce 2003) or during daily 
aerobic exercises (two exercise bouts at 50% VO2max for 45 min) in a hot environ-
ment (40°C, 30% RH) for 10 days (Lorenzo and Minson 2010).

11.5.6 effeCt of meDiCines on fluiD anD eleCtrolyte BalanCe

The above-described situations may be aggravated by some diseases and respec-
tive medicines (see Table 11.1) that are taken by elderly people and may, in differ-
ent ways, affect fluid and electrolyte balance and/or thermal metabolism. NSAIDs, 
very often used by athletes, may indirectly increase the risk of exertional heat illness 
(Bergeron 2014). Prostaglandins, being present in kidneys, facilitate the release of 
renin and decrease sodium reabsorption in the loop and the collecting tubules, partly 
antagonizing ADH capacity to increase water absorption in the collecting tubules 
(Kramer et al. 1981; Schlondorff 1993). As prostaglandins are locally released, they 
mediate natriuretic effects of dopamine and natriuretic peptides (Stichtenoth et al. 
2005). NSAIDs, decreasing the synthesis of prostaglandins, may therefore induce a 
number of changes in the kidney function (Clark et al. 1994), causing disturbances 
such as hyperkalemia, hyponatremia, and edemas. The pathomechanism of these 
complications is associated with a decrease in renin and aldosterone release and 
increased AVP activity (Campbell et al. 1979).
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11.6  SUMMARY AND RECOMMENDATIONS 
FOR MASTER ATHLETES

Master athletes, particularly those over the age of 60, constitute a group of  athletes 
prone to disturbances in fluid and electrolyte balance and thermal reactions, 
especially when prolonged exercise takes place in a hot and humid environment. 
Decreased renal concentrating capacity and thirst perception may delay adjustments 
of fluid and electrolyte imbalances in older athletes, extending the recovery period 
in case of post-exertional dehydration. This should be considered when planning the 
next training or competition, particularly on hot days.

On the other hand, decreased renal diluting capacity and free water excretion as 
well as impaired sodium retention by kidneys may lead to overhydration and hypo-
natremia in case of excessive consumption of water and other beverages containing 
small amounts of sodium during prolonged physical exercise.

Age-related structural and functional changes in kidneys, in conjunction with a 
reduction in the efficiency of neurohormonal regulation, blood pressure and volume, 
sensation of hunger and thirst, decrease the capacity of efficient and precise adjust-
ment of fluid and electrolyte balance in stressful situations, dehydration, or fluid 
overload (Beck 2000).

Because of the individual nature of the aging process, responses related to body 
water content, thirst perception, sweating, as well as cardiovascular and renal adjust-
ments to exertional and thermal stress, may differ, despite the same chronological 
age. Apart from age-related changes in the body, the alterations in fluid and electro-
lyte balance and the efficiency of thermoregulatory mechanisms are also affected by 
factors such as training and fitness level, intensity and duration of physical exercise, 
ambient thermal conditions, hydration status before exercise, or acclimation to a 
hot environment. Also, the current health state, use of medicines, and supplements 
should be taken into consideration.

Therefore, the provision of universal, the same for all, guidelines referring to 
hydration before, during, and after exercise is pointless; more importantly, it may be 
even dangerous for the health of older athletes.

Official guidelines referring to ingestion of fluids during extended exercise have 
been changing, starting from the first guidelines published by the American College of 
Sports Medicine (ACSM) in 1975 (see also Chapter 7). However, all these guidelines 
refer to athletes at a young age; instead, there are no guidelines for older participants. 
In the 2007 ACSM guidelines (Sawka et al. 2007), some general phrases applying 
to older athletes were included such as: “Thus, older adults should be encouraged to 
rehydrate during or after exercise, but they should also consider the risks of excess 
water (i.e., hyponatremia) or sodium ingestion (i.e., hypertension) because they may be 
slower to excrete both the water and electrolytes.”

Practical guidelines which help prevent fluid and electrolyte imbalances and exer-
tional heat illness in older participants are as follows:

 1. Athletes should start training/enter competitions being well hydrated. 
To this end, it is necessary to consume adequate amounts of fluids (see 
Chapter 7) and control the hydration status by
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 a. Monitoring of body weight by morning fasted weighing, wearing only 
underwear, on an accurate scale. Daily fluctuations of body weight 
should be within ±1%.

 b. Monitoring of urine volume and its color using the urine color chart, 
but preferably assessment of urine-specific gravity (USG) using a 
refractometer.

A healthy man excretes daily 1.3–1.6 L and a healthy woman about 1.13 ± 0.42 L 
of urine, pale yellow or straw colored (1 or 2 on the urine color chart), and 
USG should be less than 1.010. Too small volume and dark color of urine, 
and increased USG, indicate dehydration (Armstrong 2007; Casa et al. 2010).

 2. Athletes should control changes in body weight induced by exercise under 
different thermal conditions. Knowing the magnitude of water losses 
associated with intensified sweating during exercise under different con-
ditions helps to implement appropriate hydration strategies. In situations 
of dehydration, the quality of training and impaired performance can be 
avoided. In situations that participants tend to ingest too much fluid, recom-
mendations can be directed to avoid overhydration. However, because of 
decreased thirst perception, older athletes cannot rely on thirst sensation 
but should have own well-prepared strategies of behavior counteracting the 
excessive dehydration (body weight loss >2%) during exercise and quickly 
compensate the fluid loss after completing exercise by drinking 1–1.25 L of 
fluids with addition of salt per each kilogram of lost body mass (Bergeron 
2014). These contestants should also eat food containing a large amount of 
water (fruits and vegetables) and consume beverages with food.

 3. When planning the next training, it should be considered that adjustment 
of fluid and electrolyte imbalances is slower in older people, prolonging the 
post-exercise recovery period.

 4. It is necessary to educate older athletes on how to assess dehydration degree 
and how to hydrate properly during training and competitions. This educa-
tion should be extended to the coaching and health personnel. Considering 
a decreased capability of adjusting fluid and electrolyte balance in older 
people, advice and guidelines referring to ingestion of fluids during exercise 
by older athletes should be carefully delivered.

 5. Exercise (up to two weeks or more) in a hot and/or humid environment, with 
progressively increased intensity and duration (from initially 75% of typical 
training intensity and 50% of typical distance) in order to acclimate is also 
recommended (Bergeron 2014), especially when competitions are to take 
place in a hot and humid climate.
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12.1 INTRODUCTION

The incidence and prevalence of both type 1 (Diamond Project Group 2006; Vehik 
and Dabelea 2011) and type 2 (Whiting et al. 2011; Yisahak et al. 2013) diabetes 
have been increasing around the globe in recent years. According to the International 
Diabetes Federation, 382  million people worldwide currently have diabetes, with 
this number expected to rise to 592 million by the year 2035 (International Diabetes 
Federation 2013). Of those diagnosed with diabetes, roughly 90%–95% of cases will 
be type 2 diabetes, with the remaining 5%–10% being type 1 diabetes.

With the substantial increase in the number of individuals worldwide with dia-
betes, there has also been an increase in the amount of research dedicated to dia-
betes management and prevention. Physical activity has been associated with a 
multitude of benefits for individuals with both type 1 and type 2 diabetes including 
higher cardiovascular fitness and vascular health, improved serum cholesterol lev-
els, augmented insulin sensitivity, more favorable body composition, a lower risk 
of  diabetes-related complications, increased life expectancy, and an overall higher 
quality of life (Duclos et al. 2011; Chimen et al. 2012). For these reasons, it is gener-
ally recommended that individuals with diabetes perform at least 150 min of moder-
ate to vigorous aerobic activity weekly (spread over at least three days of the week) 
in addition to resistance training at least twice per week (Sigal et al. 2004, 2013). 
While many individuals with diabetes will struggle to perform the recommended 
minimum, others will go far beyond clinical recommendations and will take part in 
frequent, high-intensity, high-volume training and competition.

For many trying to become more active, taking part in an event such as a charity 
walk, a run, or a triathlon often provides the required motivation. The term athlete 
has taken on a new meaning in recent decades, as the types of athletic events being 
offered are catering to a much wider range of abilities than ever before. Running USA 
remarked that the number of individuals completing running events has increased 
from just under 5 million in 1990 to over 15 million in 2012 (Running USA 2013). 
In 2013, participation in non-traditional running events, such as obstacle runs, out-
numbered those of traditional running events for the first time, with the majority 
of the individuals taking part being first-time competitors (Running USA 2014). 
Likewise, USA Triathlon has seen its membership quadruple between 1999 and 2012. 
With the increased emphasis on including physical activity as part of the management 
of diabetes and prevention of its complications, it is highly likely that many individu-
als with diabetes are included among these newcomers. Athletes with type 1 diabe-
tes can be found in most professional sports organizations (e.g., Jay Cutler and Jay 
Leeuwenberg [NFL]; Bobby Clark, Nick Boynton, and Cory Conacher [NHL]; Kelli 
Keuhne, Michelle McGann, and Scott Verplank [LPGA/PGA]; Adam Morrison and 
Chris Dudley [NBA]) in world championships and Olympics (Gary Hall Jr., swim-
ming; Chris Jarvis, rowing) and in many professional events (Scott Kimball, IndyCar; 
all members of Team Novo, elite cyclists, triathletes and runners).

It is critical to fully understand the risks and benefits of undertaking physical 
activity, sport, and competition for individuals with diabetes. Where fluid and elec-
trolytes are concerned, blood glucose management, both in the short term and in the 
long term, can impact the effectiveness of the kidneys in maintaining appropriate 
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balance within the system. There is also evidence to indicate that sweat production 
may differ in individuals with diabetes compared to their non-diabetic counterparts, 
indicating that both thermoregulation and hydration may be impacted differently 
during intense competition or exercise in the heat. In addition, medications used to 
treat diabetes, and common complications thereof, may have an impact on hydra-
tion and overall kidney function. A complete understanding of all of these factors is 
essential to ensure the health and safety of athletes with diabetes during prolonged/
high-intensity exercise, or activity in the heat.

12.2 TYPE 1 DIABETES

Type 1  diabetes is generally caused by autoimmune destruction of the insulin- 
producing β-cells in the pancreas. As a result, individuals affected by type 1 diabetes 
lose the ability to synthesize and secrete their own insulin and are thus dependent on 
exogenous sources of insulin (through injection or by insulin pump infusion) to con-
trol blood glucose levels. Without insulin, the body is unable to take glucose from the 
circulation for storage or energy production in the tissues. While exogenous insulin 
allows glucose uptake to take place, the fine-tuned adjustments that occur naturally 
with a healthy pancreas (i.e., declines in insulin secretion and increases in glucagon 
release during physical activity to maintain relatively constant blood glucose levels) 
are very difficult to replicate. Depending on the timing and dosage of injections with 
respect to the exercise sessions, athletes with type 1 diabetes might find themselves 
in either a hyperinsulinemic or hypoinsulinemic state. The end result is that they may 
be prone to large fluctuations in blood glucose, which can have potentially negative 
outcomes.

As glucose is the main source of fuel for the brain, maintaining adequate blood 
glucose levels (generally at or above 4  mmol/L or 72  mg/dL) is essential. When 
blood glucose levels drop below 4 mmol/L, a condition known as hypoglycemia (low 
blood glucose), symptoms such as confusion, vision disturbances, heart palpitations, 
anxiety, sweating, shakiness, or hunger may start to occur. Should blood glucose lev-
els drop far enough, people with type 1 diabetes can experience loss of consciousness, 
coma, or even death if carbohydrates are not consumed. Conversely, high blood glu-
cose levels (generally above 10 mmol/L or 180 mg/dL) can lead to thirst, increased 
urination (and consequently dehydration), fatigue, and headaches in the short term 
and can contribute to long-term complications such as blindness, cardiovascular dis-
ease, and kidney disease. It is therefore of the utmost importance for individuals with 
type 1 diabetes to carefully monitor their carbohydrate intake, along with their insulin 
dosage, in order to maintain their blood glucose within safe parameters.

12.2.1 ExErcisE and Blood GlucosE lEvEls in TypE 1 diaBETEs

Exercise is one of the primary factors perturbing blood glucose levels in individu-
als with type 1 diabetes. Aerobic exercise is associated with rapid uptake of glu-
cose from the bloodstream into the tissues for oxidation and fuel production. This 
increased glucose utilization by skeletal muscles during exercise must be matched 
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precisely by increased glucose production by the liver or hypo- or hyperglycemia 
occurs. In individuals without diabetes, aerobic exercise promotes a decrease in 
insulin secretion and a concomitant rise in glucagon and other counter-regulatory 
hormones (cortisol, catecholamines, and growth hormone). In individuals with 
type 1 diabetes, where insulin levels are dependent on the timing, location, and size 
of insulin dosages either injected or infused into the body prior to exercise, a state 
of hyperinsulinemia during aerobic exercise is not uncommon (Yardley et al. 2013). 
This brings with it an accompanying risk of hypoglycemia once exercise is under-
taken. To prevent this, common strategies for aerobic exercise include decreasing 
pre-exercise insulin dosage, and increasing carbohydrate intake before, during, and 
after exercise (Perkins and Riddell 2006; Riddell and Iscoe 2006; Sigal et al. 2013). 
Where miscalculation produces too large a decrease in insulin, or excessive carbo-
hydrate intake, the side effect of these strategies is high blood glucose (hyperglyce-
mia). Both of these situations may impact electrolyte balance in the body if they are 
occurring during competition, although there is evidence to indicate that the effects 
of high and low blood glucose on plasma electrolytes can be reversed by returning 
blood glucose levels to a healthy physiological range (Caduff et al. 2011).

12.2.1.1 Hypoglycemia
The term hypoglycemia is generally used to describe blood glucose levels that are 
lower than 4.0 mmol/L (72 mg/dL) (Clayton et al. 2013). Most individuals with type 
1 diabetes are extremely vigilant of their blood glucose levels at the onset of exer-
cise and/or competition, due to the fact that hypoglycemia both hinders performance 
(Kelly et al. 2010) and poses an acute risk to the well-being of the athlete. Blood 
glucose levels in the day(s) prior to competition and training are equally important, 
as experiencing a bout of hypoglycemia can blunt counter-regulatory responses to 
subsequent exercise and increase the risk of blood glucose levels dropping to dan-
gerous levels during activity (Galassetti et al. 2003). In addition, hypoglycemia has 
been shown to induce a sharp drop in potassium levels, which can persist for several 
hours after a return to euglycemia (Caduff et al. 2011) (discussed in Section 12.2.3.2). 
The resulting hypokalemia can negatively impact athletic performance by interfer-
ing with heart rhythm and skeletal muscle contraction.

12.2.1.2 Hyperglycemia
The definition of hyperglycemia varies from source to source. In its strictest def-
inition, a blood glucose level higher than the normal range (i.e., >approximately 
7.0 mmol/L or 126 mg/dL) could be considered hyperglycemia. For the purposes 
of individuals with diabetes, however, where blood glucose fluctuations outside the 
normal physiological range occur more frequently, the term hyperglycemia is gener-
ally used to describe blood glucose levels greater than 11.1 mmol/L (200 mg/dL) 
(Clement et  al. 2004; Canadian Diabetes Association Clinical Guidelines Expert 
Commmittee 2013). While mild hyperglycemia can result in thirst, blurred vision, 
fatigue, and headaches, symptoms of severe and/or prolonged hyperglycemia can 
include vomiting and diarrhea, which can occasionally make it difficult to differen-
tiate it from heat stroke, if training and/or competition is taking place in the heat. 
Unfortunately, and for a variety of reasons, most individuals with type 1 diabetes are 
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likely to encounter blood glucose levels greater than 11.1 mmol/L (200 mg/dL) on a 
regular basis (Yardley et al. 2013). The reasons for hyperglycemia related to exercise 
are discussed in more detail below.

As glucose is a very useful substance in the body, it is one that the kidneys will 
often try to conserve as they filter the blood. When blood glucose is within the normal 
physiological range, the vast majority of glucose in the filtrate leaving the glomerulus 
in the kidney is reabsorbed in the proximal tubule (Sherwood et al. 2013). As a result, 
the amount of glucose found in urine is generally negligible. The average tubular 
maximum for glucose reabsorption is around 375 mg/min, although a great deal of 
inter-individual variability exists with respect to this parameter (Johansen et al. 1984). 
If an individual has an average glomerular filtration rate (GFR), then the renal thresh-
old for glucose is approximately 300 mg/mL. However, not all nephrons have the 
same tubular maximum, and as such, glucose may be found in the urine before this 
threshold is reached (Figure 12.1). This generally starts occurring once blood glucose 
levels reach 9–10 mmol/L (162–180 mg/dL) (Johansen et al. 1984), but can be lower 
in some individuals and higher in others. The presence of glucose in the urine, known 
as glucosuria, can lead to substantial water loss through osmotic diuresis (Dhatariya 
2008) thereby increasing the risk of dehydration. In individuals with chronic hyper-
glycemia (as demonstrated by elevated glycosylated hemoglobin [HbA1c] levels), the 
risk of dehydration is higher: a renal resistance to vasopressin has been demonstrated 
in type 1 diabetic individuals with poor blood glucose control (McKenna et al. 2000) 
which can decrease the kidneys’ ability to conserve water during exercise.

Hyperglycemia can also affect kidney function with respect to maintaining elec-
trolyte balance. Sodium reabsorption in both the proximal (Turner et al. 1997) and 
the distal tubule (Simkova et al. 2004) of the kidney can be elevated after as little as 
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90 min spent with blood glucose levels of 12 mmol/L or higher. With persistent hyper-
glycemia, the activation of sodium/glucose cotransporters in the proximal tubule is 
elevated leading to sodium retention (Korner et al. 1994). While kidney function is 
affected by high blood glucose concentration, if hyperglycemia is short lived (<2 h) 
it might not have a large impact on plasma concentration of sodium, chloride, and 
calcium (Caduff et  al. 2011). It might, however, lead to an increase in potassium 
concentration, potentially leading to muscle weakness and cardiac arrhythmia. High 
blood glucose levels can also increase urinary magnesium excretion (Djurhuus et al. 
2000), which could eventually lead to muscle cramping. In extreme cases where 
hyperglycemia is severe and accompanied by ketoacidosis resulting in diarrhea and/
or vomiting, hypokalemia may result (Arora et al. 2012). As ketoacidosis has several 
symptoms in common with heat stroke (nausea/vomiting, headache, confusion, and 
weakness), it is important for athletes with diabetes as well as their coaches/trainers 
to be able to differentiate between these two.

12.2.1.2.1  Potential Causes of Hyperglycemia in Athletes 
with Type 1 Diabetes

As it was briefly mentioned above, individuals with type 1  diabetes often need to 
decrease their insulin intake and/or increase their carbohydrate intake prior to exer-
cise in order to prevent deleterious declines in blood glucose, and consequently hypo-
glycemia, during and after exercise (Perkins and Riddell 2006; Riddell and Perkins 
2006; Yardley et al. 2013). How much the individual decreases their insulin dosage or 
increases their carbohydrate intake is often largely based on personal experience. It will 
also depend on the time of day exercise is being performed, the anticipated duration 
and intensity of the exercise, blood glucose trends throughout the day (i.e., antecedent 
hypoglycemia can increase the risk of another hypoglycemic event [Cryer 2013]), as 
well as the timing of previous snacks/meals and related insulin intake prior to exer-
cise. Fear of hypoglycemia is a very common barrier to exercise in individuals with 
type 1 diabetes (Brazeau et al. 2008) and often leads to excessive caution with respect 
to exercise-related adjustments. As such, it is not unusual for individuals with type 
1 diabetes to start exercise with their blood glucose levels in the hyperglycemic range 
(Yardley et  al. 2013, 2015), in order to prevent encountering hypoglycemic levels 
before the end of the exercise session (Figure 12.2). This can lead to varying degrees of 
glucosuria and dehydration depending on the severity and duration of hyperglycemia.

The sympathetic nervous system also has a potent effect on blood glucose levels. 
Elevated levels of the catecholamines epinephrine and norepinephrine (part of the 
fight or flight response) are associated with enhanced hepatic glycogenolysis and a 
concomitant increase in blood glucose levels (Mitchell et al. 1988; Sigal et al. 1999). 
Periods of high emotional stress or illness can trigger sympathetic responses leading 
to catecholamine release, with the intensity of the stimulus being directly related 
to the size of the catecholamine response (Wortsman 2002). In individuals without 
type 1 diabetes, the resultant increase in blood glucose is generally countered by 
an increase in insulin secretion to maintain blood glucose levels in healthy range, 
in spite of demands being placed on the body. Where physiological production of 
insulin is absent, however, individuals with type 1 diabetes may see gradual and sus-
tained increases in blood glucose to the point of hyperglycemia unless a correction 
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dose of insulin is administered. However, if the stress in question is an anticipated 
sporting event, a correction dose of insulin may be inadvisable, as this would then 
increase the risk of hypoglycemia both during and after the event. Athletes with 
type 1 diabetes will thus often enter competition with elevated blood glucose levels 
and therefore an elevated requirement for fluid intake to prevent dehydration.
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FIGURE 12.2 Continuous glucose monitoring tracings of two patients with type 1 diabetes (one 
patient per panel, indicated as patient (a) and (b) respectively) on a day where aerobic exercise 
was performed (open circles) versus a day when no exercise was performed (closed circles). The 
gray box represents the timing of the 45 min of treadmill running at 60% of peak fitness on the 
aerobic exercise day. Participant adjustments in insulin dosage before and after exercise resulted 
in substantially higher blood glucose levels over a 5-h period. (Reprinted from Canadian Journal 
of Diabetes, 37, Yardley, J. et al., Vigorous intensity exercise for glycemic control in patients with 
type 1 diabetes, pp. 427–432, Copyright 2013, with permission from Elsevier.)
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12.2.1.2.2 High-Intensity Exercise, Hyperglycemia, and Dehydration
It has been known for several years that sustained, high-intensity exercise (gener-
ally >85% of the individual’s peak aerobic capacity, or VO2peak) is associated with 
increasing blood glucose levels and consequently hyperglycemia in individuals with 
type 1 diabetes (Mitchell et al. 1988; Sigal et al. 1999). One study showed that a 
maximal run to exhaustion (which took about 8–10 min for most participants) led to 
a sustained increase in average blood glucose levels both during exercise and over 
the 2 h following exercise in individuals with type 1 diabetes (Mitchell et al. 1988). 
Conversely, blood glucose levels declined immediately post-exercise and returned 
to normal within 40 min in the non-diabetic controls. Increasing exogenous insulin 
intake after exercise can help prevent sustained hyperglycemia in athletes with dia-
betes (Sigal et al. 1994); however, this must be carefully balanced with carbohydrate 
intake in order to avoid hypoglycemia, especially if the athlete is involved in a com-
petition with repeated performances throughout the day (such as a tournament or a 
meet).

The effects of high intensity activity on blood glucose levels are slightly less 
pronounced when bouts of activity are performed intermittently, with aerobic exer-
cise being performed in between. This type of intermittent, high-intensity exercise 
is the characteristic of many stop and go sports such as soccer, rugby, football, 
and hockey and can also be found in training programs for such sports as running, 
cycling, swimming, and cross-country skiing. Three groups of researchers have 
attempted to duplicate these efforts with small studies in the laboratory in order 
to examine their effects on blood glucose levels in individuals with type 1 diabe-
tes (Guelfi et al. 2005a, b, 2007; Iscoe and Riddell 2011; Campbell et al. 2015). 
While one study (Iscoe and Riddell 2011) found that blood glucose decreased just 
as much during intermittent high-intensity activity as during continuous aerobic 
activity, two studies (Guelfi et al. 2005a; Campbell et al. 2015) found that short, 
very high intensity bursts of activity such as stop and go sports protected against 
these quick declines in blood glucose levels both during and in the 2 h following 
exercise. While laboratory-testing sessions may not adequately mimic competi-
tion, blood glucose measurements taken on individuals with type 1 diabetes during 
competitive events have shown a high degree of variability (Miadovnik et al. 2013; 
Yardley et al. 2013). This would indicate once again that athletes with type 1 diabe-
tes should monitor their blood glucose levels frequently during competition (which 
can be aided with the use of real-time continuous glucose monitoring) (Riddell and 
Milliken 2011) in order to avoid any complications that accompany large fluctua-
tions in blood glucose levels. In situations of intense-exercise induced hyperglyce-
mia, patients should monitor for elevated ketone levels, increase  carbohydrate-free 
fluid intake, and administer a conservative insulin corrective dose (i.e., half of 
the insulin typically administered to normalize glucose concentrations) (Zaharieva 
and Riddell 2015).

Importantly, fluid and carbohydrate provision during prolonged exercise is criti-
cal for safety and performance in type 1  diabetes. Drink concentrations of >6% 
carbohydrate may help to prevent blood glucose reduction during exercise in type 1 
diabetic subjects. However, the increased osmolality of high-carbohydrate drinks 
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may cause gastrointestinal distress (Gisolfi et  al. 1998). Supplementation with an 
8%–10% carbohydrate drink with electrolytes, ingested before and during exercise, 
may be an ideal beverage for the maintenance of fluid, electrolytes, and carbohydrate 
provision in type 1 diabetes (Perrone et al. 2005).

12.2.2 swEaTinG aBnormaliTiEs in TypE 1 diaBETEs

Studies examining sweat responses in individuals with type 1 diabetes are few and 
inconclusive. A handful of studies have examined sweat responses to a passive heat 
stress test and have generally found that individuals with type 1 diabetes have lower 
sweat rates in the lower body and higher sweat rates in the upper body than indi-
viduals without diabetes (Kennedy et al. 1984; Navarro et al. 1989; Berghoff et al. 
2006). For the most part, however, these studies found that sweating impairments 
were related to diabetic neuropathy as a result of poorly controlled or long- standing 
type 1 diabetes, and no conclusions regarding overall fluid loss and hydration sta-
tus were made. Two small studies have examined thermoregulatory function in 
otherwise healthy, fit, individuals with type 1 diabetes during exercise in the heat 
(Stapleton et al. 2013; Carter et al. 2014). One study found no difference in sweat rate 
in individuals with type 1 diabetes compared to non-diabetic individuals matched 
for age, fitness level, and body surface area during 60 min of moderate cycling at 
35°C (Stapleton et al. 2013). A more recent study, however, showed that, at the same 
temperature, higher levels of heat production/exercise intensity were associated with 
lower sweat rates in individuals with type 1 diabetes compared to matched controls 
(Carter et al. 2014). This would imply that the risk of dehydration related to sweating 
is not increased in individuals with type 1 diabetes; however, the risk of inadequate 
body cooling and subsequently heat stress are increased. Further studies are neces-
sary to determine the full impact of differences in sweating on hydration and sports 
performance in individuals with type 1 diabetes.

12.2.3 ElEcTrolyTE considEraTions for aThlETEs wiTh TypE 1 diaBETEs

12.2.3.1 Sodium
Type 1 diabetes has been associated with increased sodium reabsorption in the kidneys 
at rest (Korner et al. 1994; Turner et al. 1997; Djurhuus et al. 2000; Simkova et al. 
2004). As insulin stimulates sodium uptake in the distal tubules of the kidneys in 
individuals without (DeFronzo et al. 1976; Skott et al. 1989; Stenvinkel et al. 1992) and 
with type 1 diabetes, part of the increased sodium reabsorption may be related to the 
relative hyperinsulinemic state in which type 1 diabetic individuals often find them-
selves. Higher GFRs have also been associated with higher rates of water and sodium 
reabsorption in the proximal tubule of the kidney in individuals with type 1 diabetes 
compared to control subjects without diabetes (Turner et al. 1997).

Very few studies to date have examined whether rates of sodium and water 
reabsorption are different between individuals with type 1  diabetes and those 
without diabetes in the context of physical activity. An observational study of 
endurance exercise found that antidiuretic hormone levels were increased more 
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through exercise (a half-iron distance triathlon) in individuals with type 1 diabetes 
compared to athletes without diabetes performing the same event (Koivisto et al. 
1992). The authors suggest this may have been due to elevated pre-race blood 
glucose levels and consequently decreased plasma volume in the diabetic partici-
pants. The same study (Koivisto et al. 1992) and one other (Boehncke et al. 2009) 
reported that renin and aldosterone concentrations immediately post-exercise were 
similar in athletes with type 1  diabetes compared to athletes without diabetes. 
This would seem to indicate that physiological mechanisms for the maintenance 
of fluid and sodium balance are not impaired during endurance exercise in other-
wise healthy individuals with type 1 diabetes. It is important to note, however, that 
these observational studies have very small sample sizes (7–10 diabetic partici-
pants) and that blood glucose levels were low to normal in the diabetic participants 
when these measurements were taken (Koivisto et al. 1992; Boehncke et al. 2009). 
Considering the impact of high and low blood glucose levels on hydration and/or 
electrolyte balance in individuals with type 1 diabetes discussed above, it is likely 
that further studies will need to be performed under dysglycemic conditions in 
order to understand the full impact of blood glucose levels on fluid and electrolyte 
homeostasis during exercise.

One small (n = 7) study has examined the effect of performing a sprint (130% 
VO2peak) to exhaustion, and the changes that seven weeks of sprint training 
(4–10 times 30 s of all out sprinting with 3–4 min of rest between intervals) would 
induce on increases in the sodium–potassium ATPase (and consequently plasma 
sodium and potassium balance) in the skeletal muscle of individuals with type 1 dia-
betes compared to individuals without diabetes (Harmer et al. 2006). Resting val-
ues of plasma sodium did not differ between groups either before or after training. 
Mild increases in plasma sodium were found in both groups during exercise, but 
lower plasma sodium concentration was found in individuals with type 1 diabetes 
up to 60 min post-exercise (Harmer et al. 2006). This may be an important consid-
eration for athletes with type 1 diabetes performing repeated bouts of very short, 
high- intensity exercise throughout the day (e.g., track and field, short track speed 
skating, and gymnastics).

12.2.3.2 Potassium
Disturbances in potassium balance in individuals with diabetes are generally associ-
ated with dysglycemia (either high or low blood glucose). Elevated fasting glucose 
concentration is associated with higher levels of serum potassium in individuals with 
type 1 diabetes (Pun and Ho 1989); however, where severe hyperglycemia persists 
and leads to ketoacidosis, the related vomiting and diarrhea can result in hypoka-
lemia (Arora et  al. 2012). While there is a paucity of data examining potassium 
regulation during endurance exercise in individuals with type 1 diabetes, two small 
studies found that concentrations of two important hormones in sodium and potas-
sium regulation (renin and aldosterone) were found to be similar between diabetic 
athletes and those without diabetes taking part in an endurance race (Koivisto et al. 
1992; Boehncke et al. 2009). These finding may indicate that both sodium and potas-
sium might be handled similarly by the body in the presence of diabetes, provided 
that blood glucose levels are within the normal physiological range.



275Athletes with Chronic Conditions: Diabetes

One small study has also measured plasma potassium concentrations both at rest 
and after a single supra-maximal sprint to exhaustion (Harmer et al. 2006). Resting 
plasma potassium concentration prior to exercise was found to be similar between 
individuals with type 1 diabetes and controls without diabetes. In response to a sin-
gle bout of exhaustive exercise, individuals with type 1  diabetes had comparable 
changes in plasma potassium concentration as non-diabetic controls (Harmer et al. 
2006). They also reported that improvements in potassium regulation after seven 
weeks of sprint training were similar between groups. It was noted, however, that 
post-exercise increases in plasma potassium concentration were greater in individu-
als with type 1 diabetes, potentially due to lower plasma insulin and higher plasma 
glucose levels (Harmer et al. 2006). This, once again, emphasizes the importance of 
maintaining a healthy range of blood glucose levels before, during, and after high-
intensity exercise.

12.2.3.3 Magnesium
Lower plasma and muscle magnesium concentrations have been measured in indi-
viduals with type 1 diabetes compared to people without diabetes (Fort and Lifshitz 
1986; Sjogren et al. 1986), with magnesium deficiency often being related to poor 
blood glucose control (McNair et  al. 1982; Fort and Lifshitz 1986; Sjogren et  al. 
1986; Pun and Ho 1989). The lower magnesium levels can likely be attributed to 
higher levels of urinary excretion of magnesium in individuals with type 1 diabetes 
compared to non-diabetic controls (Driziene et al. 2005), which can be exacerbated 
during periods of hyperglycemia (Djurhuus et al. 2000). Exercise can also increase 
the loss of magnesium through increased sweating (Beller et al. 1975; Costill 1977), 
and possibly also through an increase in urinary magnesium excretion, particularly 
when training is intense and/or prolonged (Deuster et al. 1987; Nuviala et al. 1999). 
It has yet to be determined if these losses are similar in type 1 diabetic athletes com-
pared to their non-diabetic counterparts. Overall, it would be prudent to suggest that 
athletes with type 1 diabetes should be particularly vigilant with respect to ensur-
ing adequate consumption of foods high in magnesium (e.g., pulses, legumes, green 
leafy vegetables, and whole grains), as magnesium deficiency has been associated 
with muscle cramping or spasms, weakness, and neuromuscular dysfunction, all of 
which could negatively impact athletic performance (Nielsen and Lukaski 2006). 
Due to the fact that direct measures of magnesium levels in athletes with type 1 
diabetes (during training, or pre- and post-competition) are currently lacking, the 
magnitude of the potential magnesium deficit in type 1 diabetic athletes can only be 
inferred.

12.2.4 complicaTions of TypE 1 diaBETEs: nEphropaThy

Diabetic nephropathy is typically defined by macroalbuminuria—defined as a uri-
nary albumin excretion of more than 300 mg in a 24-h collection—or macroalbu-
minuria and abnormal renal function as represented by an abnormality in serum 
creatinine, calculated creatinine clearance, or GFR. Clinically, diabetic nephropathy 
is characterized by a progressive increase in proteinuria and decline in GFR, hyper-
tension, and a high risk of cardiovascular morbidity and mortality. Approximately 
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30%–50% of patients with diabetes develop some degree of kidney disease over their 
lifetime (Marshall and Flyvbjerg 2010). Importantly, regular exercise is associated 
with reduced risk of diabetic nephropathy in patients with type 1 diabetes (Waden 
et al. 2015). Poor aerobic fitness in adolescents with type 1 diabetes is also associated 
with early renal dysfunction (Bjornstad et al. 2015). Risk factors for the develop-
ment of nephropathy in individuals with type 1 diabetes include poor blood glucose 
control (reflected by sustained elevations in HbA1c levels), dislipidemia, high blood 
pressure, and diabetes duration (Raile et al. 2007).

In the initial stages of kidney damage, patients may have little or no awareness 
of the problem until nearly all kidney function is lost. In many patients with type 1 
diabetes, GFR can increase (possibly as a result of changes in afferent and efferent 
arteriolar tone [Sasson and Cherney 2012]). As kidney function gradually declines, 
filtration rates decrease in tandem, until the kidneys are no longer able to appropri-
ately filter the blood. As kidney disease progresses, there is an increased tendency 
for fluid retention, hypertension, and hyperkalemia. Other symptoms of kidney dis-
ease include loss of sleep, frequent nocturnal urination, poor appetite, upset stomach, 
weakness, and difficulty concentrating. While it is unlikely that an individual with 
severe kidney problems would be competing in athletic events, an awareness of pos-
sible complications of even mild kidney impairment would be an asset for the athlete 
and any coaching/medical staff assisting them. Monitoring of kidney  function is done 
by measuring urine protein in a 24-h urine collection, spot protein-   to-creatinine ratio 
and/or albumin-to-creatinine ratio. The main treatments for kidney disease are tight 
control of blood glucose and blood pressure, typically via angiotensin-converting 
enzyme (ACE) inhibitors. Once kidneys fail, dialysis is necessary.

12.2.5 common mEdicaTions for individuals wiTh TypE 1 diaBETEs

The main glucose regulatory medication that individuals with type 1 diabetes will 
be using is insulin, which can be administered through injections, or by constant 
infusion through continuous subcutaneous insulin infusion (i.e., pump therapy). 
A majority of patients with type 1 diabetes will be using either multiple daily injec-
tions or pump therapy, both of which allow for some flexibility in insulin delivery 
for exercise. As it was mentioned above, insulin can have an effect on electrolyte 
balance. It is also important to note that the speed with which insulin is absorbed 
and its onset of action may be increased by both local heating and massage at or 
near the application site (Freckmann et al. 2012). Other than insulin, there is a range 
of medications that individuals with type 1 diabetes may be taking. Many of these 
could impact kidney function, water and/or electrolyte balance, or increase the risk 
of dehydration due to hyperglycemia and osmotic diuresis. These include a combina-
tion of prescription and over the counter medications for everything from hyperten-
sion to the common cold.

12.2.5.1 Medications Affecting Fluid and Electrolyte Balance
As hypertension is a common complication related to type 1  diabetes, there is a 
 possibility that ACE inhibitors, angiotensin II receptor blockers (ARB) or some 
form of diuretic drug have been prescribed to an individual with type 1 diabetes. 
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ACE inhibitors and ARBs can occasionally cause an increase in potassium levels to 
the point of hyperkalemia (Rx Files 2013). While many of the symptoms of hyper-
kalemia are mild in nature, high levels of potassium can impair athletic performance 
through muscle weakness or cause cardiac arrhythmia, which could be potentially 
fatal for the athlete. If diuretics have been prescribed to control blood pressure, 
there can be an increased risk of dehydration due to augmented urine production 
(Rodenburg et al. 2013). It should also be noted that diuretics can increase the risk 
of hyponatremia (Rodenburg et al. 2013). Thiazide diuretics, in particular, have been 
shown to substantially increase the risk of hyponatremia (Rodenburg et al. 2013) by 
inhibiting sodium chloride reabsorption in the distal tubule of the kidney, creating a 
situation where sodium loss could exceed water loss (Egom et al. 2011). The risk of 
thiazide-induced hyponatremia increases with age, is more common in females, and 
tends to affect those with lower body weight more than those who are heavier (Egom 
et al. 2011). Hypokalemia can also occur with the use of thiazides due to an increase 
in potassium secretion in the distal tubule of the kidney (Palmer 2011).

A new class of drug designed to inhibit glucose reabsorption in the kidneys may 
also theoretically impact hydration status. The sodium/glucose cotransporter 2 
(SGLT2) is expressed primarily in the kidneys and is involved in the reabsorption 
of filtered glucose in the renal tubule. Clinical trials of SGLT2 inhibitors in patients 
with type 1 diabetes demonstrate a significant clinical effect in decreasing serum 
glucose, hemoglobin A1C, body weight, and systolic blood pressure (Perkins et al. 
2014). SGLT2  inhibition also reduces hyperfiltration in type 1  diabetes (Cherney 
et al. 2014), which is a risk factor for diabetic kidney disease and vascular dysfunc-
tion. It should be noted that SGLT2 antagonists promote increased urine volume, 
particularly at the onset of use.

12.2.5.2 Medications Causing Hyperglycemia
Several types of medication can also affect hydration indirectly in individuals with 
type 1 diabetes by causing hyperglycemia and consequently elevating diuresis. The 
list presented here is by no means exhaustive, but covers some of the main classes 
of drugs likely to be encountered that could potentially be problematic. Atypical 
antipsychotic drugs prescribed for a variety of mental health problems are known to 
decrease insulin sensitivity (Khoza and Barner 2011) and thereby increase the risk of 
hyperglycemia in individuals with type 1 diabetes. The risk of hyperglycemia is also 
higher for patients who have been prescribed niacin to control blood cholesterol lev-
els (Elam et al. 2000). In addition, corticosteroids, which are commonly prescribed 
for ailments such as asthma, arthritis, and rhinitis among others (Rx files 2013), 
have been associated with hyperglycemia in patients both with and without diabetes 
(Kwon and Hermayer 2013).

Several over-the-counter decongestants (used for treating colds and/or allergies) 
have either phenylephrine or pseudoephedrine as their active ingredients. These 
drugs are generally adrenoceptor agonists that reduce nasal congestion by producing 
smooth muscle contraction and subsequent vasoconstriction in the nasal blood vessel 
(Brenner and Stevents 2013). Unfortunately, the side effect of both of these agents 
is to increase glycogenolysis in the liver in a manner similar to the catecholamines, 
resulting in an increase in blood glucose levels. An individual with type 1 diabetes 
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taking these medications for several days may find that they are  continuously hyper-
glycemic and thus at high risk of dehydration. Use of such medication should not be 
expected at elite levels of competition as epinephrine appears on the World Anti-
Doping Agency (WADA) prohibited substance list (World Anti-Doping Agency 
2014a), and  phenylephrine is part of the WADA Monitoring Program (World Anti-
Doping Agency 2014b) where testing is performed to prevent the potential misuse 
of stimulants in sport. Younger and/or less experienced athletes, however, may be 
unaware of the effects of both of these substances both on their performance and on 
their blood glucose levels.

12.3 TYPE 2 DIABETES

In contrast with type 1  diabetes, individuals with type 2  diabetes often produce 
enough insulin, but lack sensitivity to its effects at the cellular level, thereby prevent-
ing the removal of glucose from the blood stream into the tissues. In addition, there is 
evidence to indicate that individuals with type 2 diabetes have higher rates of gluco-
neogenesis and increased glucose uptake by the kidneys in both the postprandial and 
postabsorptive states (Mitrakou 2011). As a result, individuals with type 2 diabetes 
are at a particularly high risk for hyperglycemia, which can be exacerbated by acute 
stress (Goetsch et al. 1990, 1993, 1994; Konen et al. 1993) and/or very high intensity 
exercise (Kjaer et al. 1990). Where blood glucose levels are poorly controlled, the 
kidneys’ ability to conserve water (Agha et al. 2004) and maintain electrolyte bal-
ance can be affected (Brands and Manhiani 2012).

Because physical activity is known to increase insulin sensitivity (Roberts et al. 
2013), it is strongly recommended in the management of type 2 diabetes (Sigal et al. 
2004, 2013). Similar to individuals with type 1 diabetes, dehydration secondary to 
hyperglycemia is likely to be the main problem encountered. In addition, there are 
also several types of medication that can be prescribed for type 2 diabetes and its 
related complications that can affect the gastrointestinal tract and impact kidney 
function, both of which can disturb hydration and electrolyte balance.

12.3.1 Blood GlucosE manaGEmEnT durinG ExErcisE in TypE 2 diaBETEs

As fewer individuals with type 2 diabetes require treatment with insulin compared 
to those with type 1 diabetes, blood glucose management during exercise is often 
more simple. Some individuals will be managing their blood glucose levels with 
diet and exercise alone and will have little to consider other than fluid and carbo-
hydrate replacement when performing strenuous or extended periods of activity. 
Conversely, patients taking insulin or sulfonylureas may require decreases in dosage 
or increased carbohydrate in order to avoid hypoglycemia. As always, the potential 
to miscalculate carbohydrate intake and medication dosage exists, with the potential 
to produce blood glucose levels that exceed the renal threshold for glucose reabsorp-
tion and a subsequent increased risk of dehydration. It is also worthy of note that 
where type 2 diabetes is poorly controlled, chronic hyperglycemia has been shown to 
impair the renal response to vasopressin, leading to an increased risk of dehydration 
(Agha et al. 2004).
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12.3.2 poTEnTial causEs of hypErGlycEmia in TypE 2 diaBETEs

In addition to excessive carbohydrate intake and/or insufficient medication, psycho-
logical and physiological factors can increase the risk of hyperglycemia in individu-
als with type 2 diabetes. It has been suggested that emotional and/or psychological 
stress can negatively impact blood glucose control (Goetsch et al. 1990, 1993, 1994; 
Konen et al. 1993). To the best of our knowledge, no studies to date have examined 
whether stress related to athletic training and/or competition has a similar effect 
in individuals with type 2  diabetes. It is likely, however, that responses will be 
extremely individualized. As such, determining an individual’s glycemic responses 
to these stresses should include frequent monitoring of blood glucose prior to and 
during initial experiences of training and competition.

Similar to individuals with type 1 diabetes, high-intensity exercise results in a 
counter-regulatory response (particularly increases in epinephrine and glucagon) 
that increases glucose production to a level that outpaces glucose uptake (Kjaer 
et al. 1990). This is also accompanied by a brief period of increased insulin resis-
tance post-exercise (Kjaer et  al. 1990). The resulting hyperglycemia, however, 
tends to diminish within an hour of finishing exercise, as insulin secretion will 
increase in the face of high blood glucose levels, and insulin sensitivity of the tis-
sues is subsequently enhanced for several hours or even days post-exercise (Kjaer 
et al. 1990; Bordenave et al. 2008; van Dijk et al. 2012). As always, if periods of 
hyperglycemia occurred prior to exercise and continue for an extended period of 
time post-exercise, the risk of dehydration can be elevated for the athlete with 
type 2 diabetes.

12.3.3 complicaTions of TypE 2 diaBETEs: nEphropaThy

As mentioned above, the progression of kidney disorders is often slow and  therefore 
may remain unnoticed for long periods of time. The risk of damage to the kidneys 
generally increases with age, disease duration, and worsening blood glucose con-
trol. Renal disease, even in its milder forms, is associated with a decrease in GFR, 
thereby decreasing the kidneys’ ability to regulate fluid and electrolyte balance 
(Kidney Disease Improving Global Outcomes Group 2012). As renal disease pro-
gresses, acid–base imbalances become more common, which can be increasingly 
problematic where high-intensity exercise is performed (Mogensen 2002). However, 
patients with kidney dysfunction typically have very low exercise tolerance and avoid 
intense exercise because of self-limitation. Kidney disorders have also been associ-
ated with decreases in calcium absorption, leading to negative calcium balance, as 
well as renal potassium and magnesium wasting (Kidney Disease Improving Global 
Outcomes Group 2012). Fatigue is often a side effect of damaged kidneys, as eryth-
ropoeitin levels may decrease, thereby affecting the oxygen carrying capacity of the 
blood. Individuals with end-stage renal disease have very low exercise tolerance, 
low aerobic capacity (V̇O2max < 20 mL/kg min), decreased cardiac output, blunted 
heart rate response to exercise, anemia, and decreased oxygen extraction (Evans and 
Forsyth 2004). As such, these individuals need special care when prescribing exer-
cise and should be under close supervision.
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Cardiovascular complications are also common in individuals with nephropathy, 
although little evidence exists that exercise triggers any adverse events (Painter 1988; 
Moore et al. 1998; Painter et al. 2002, 2003). As special care may be needed in these 
individuals with advanced disease, including erythropoietin administration (Moore 
et  al. 1998; Painter et  al. 2002), supervised exercise programs are recommended. 
While it is unlikely that individuals with advanced stages of kidney disease will be 
participating in high-intensity physical activity, it is important to note that even mild 
impairments in kidney function may have an effect on electrolyte balance.

12.3.4 swEaTinG aBnormaliTiEs in TypE 2 diaBETEs

Similar to individuals with type 1 diabetes, very few studies examining sweating 
responses in individuals with type 2 diabetes exist (Fealey et al. 1989; Petrofsky et al. 
2005; Rand et al. 2008; Kenny et al. 2013), with only one of these studies examining 
sweat responses during moderate physical activity (Kenny et al. 2013). For the most 
part, studies of individuals with type 2 diabetes have found that sweating responses 
to local or whole-body heating (Fealey et al. 1989; Petrofsky et al. 2005), as well as 
electrical (Rand et al. 2008) stimuli are lower in individuals with type 2 diabetes 
compared to non-diabetic controls. These impairments in sudomotor function may 
be linked to changes in the sweat glands themselves, especially where participants 
have either long-standing or poorly controlled diabetes (Fealey et al. 1989; Luo et al. 
2011). One study examining a 60-min bout of moderate cycling at 30°C did not find 
any differences in sweat rate between individuals with type 2 diabetes compared to 
matched controls, but did note that the measurement was highly variable, thereby 
making it difficult to find statistically significant differences between the two groups 
(Kenny et al. 2013). Unfortunately, there is a paucity of studies involving whole-body 
heat exposure with blood sampling or measures of core temperature to explain how 
these sweating impairments could potentially impact heat loss mechanisms in the 
body or overall fluid and electrolyte balance. More information on sweating and skin 
blood flow in diabetes is described in Chapter 3 (Section 3.3.2) of this book.

12.3.5 chanGEs in rEnal handlinG of waTEr and ElEcTrolyTEs

12.3.5.1 Sodium
While a great deal of inter-individual variability has been found, some individuals 
with type 2 diabetes may have glomerular hyperfiltration (Vora et al. 1992; Pruijm 
et al. 2010) and elevated sodium reabsorption in the proximal tubule of the kidney 
(Pruijm et al. 2010). These conditions have similarly been found in individuals with 
abdominal obesity (Strazzullo et al. 2001) and the metabolic syndrome (Strazzullo 
et al. 2006) and may therefore not be an effect of type 2 diabetes per se. Chronic 
hyperglycemia, however, will increase the activation of sodium/glucose cotrans-
porters in the proximal tubule and thereby promote sodium retention (Korner et al. 
1994). As individuals with type 2 diabetes are also at high risk for hypertension, it is 
not uncommon for a low sodium diet to be recommended. In such cases, and where 
medication has been prescribed for hypertension (see Section 12.3.6.1), athletes with 
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type 2 diabetes should be aware of possible sodium deficits related to sweating for 
long periods of time during training and/or participation in athletic events.

12.3.5.2 Potassium
The importance of maintaining healthy blood glucose levels can also be seen through 
its effects on potassium balance in individuals with type 2 diabetes. Acute hypergly-
cemia has been associated with a rise in plasma potassium levels (Nicolis et al. 1981; 
Rosenstock et  al. 1982) in individuals with type 2 diabetes. As it was mentioned 
above, many of the symptoms of hyperkalemia are mild in nature, but very high lev-
els of potassium can impair athletic performance through muscle weakness, or cause 
cardiac arrhythmia, with potentially fatal consequences for the athlete.

12.3.5.3 Magnesium
Although the mechanism hasn’t been fully elucidated, type 2  diabetes, particu-
larly if poorly controlled, has been associated with magnesium deficiency (Sales 
and Pedrosa 2006). Hypomagnesemia has been reported in anywhere from 13.5% 
to 47.7% of outpatients with type 2 diabetes, compared to levels of 2.5%–15% in the 
general population (Mather et al. 1979; McNair et al. 1982; Ma et al. 1995; Pham 
et al. 2007). As serum magnesium has been inversely correlated with fasting blood 
glucose and urinary glucose excretion (Mather et al. 1979; Ma et al. 1995), it has been 
proposed that tubular reabsorption of magnesium is inhibited in diabetic patients 
during hyperglycemia (McNair et al. 1982). As mentioned above, periods of intense 
or prolonged training can also lead to losses of magnesium through increased sweat-
ing (Beller et al. 1975; Costill 1977) and urinary magnesium excretion (Deuster et al. 
1987; Nuviala et al. 1999). In order to avoid potential muscle cramping, weakness, 
or neuromuscular dysfunction related to magnesium deficiency, athletes with type 2 
diabetes should ensure adequate magnesium intake (Nielsen and Lukaski 2006).

12.3.6 common mEdicaTion for individuals wiTh TypE 2 diaBETEs

Individuals with type 2 diabetes can have a wide range of treatments. Some patients 
manage to make all of the lifestyle changes necessary at an early enough stage in the 
disease’s progression to be completely free of medication. Conversely, some indi-
viduals may be on an array of medications for hypertension, dyslipidemia, and blood 
glucose control (including insulin and insulin sensitizers). As a result, hydration and 
electrolyte needs must be evaluated on an individual basis depending on the type 2 
diabetic participant’s level of blood glucose control and medication regimen.

12.3.6.1 Medications That Can Impact Electrolyte Balance
Several medications prescribed for type 2 diabetes have side effects that may  interfere 
with hydration and electrolyte balance. Metformin, a common oral antidiabetic drug 
that interferes with gluconeogenesis, has been associated with gastrointestinal upset 
and diarrhea (Rx Files 2013), which can lead to dehydration and potentially a deple-
tion in potassium levels. Acarbose, another antidiabetic drug, decreases the rate of 
absorption of glucose from the intestines, but is also associated with a risk of diar-
rhea and subsequently dehydration when taken at higher dosages (Rx Files 2013). 
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Pioglitozone, an antihyperglycemic drug often prescribed to individuals with type 2 
diabetes, is associated with a dose-related risk of peripheral edema (Rx Files 2013). 
Similarly, the antidiabetic drugs sitagliptin and saxagliptin have an associated risk of 
diarrhea and vomiting which can negatively impact hydration and increase the risk 
of hypokalemia (Rx Files 2013).

Individuals with type 2 diabetes are at an increased risk for hypertension and 
cardiovascular disease for which several therapeutic drug combinations can be pre-
scribed, which can include diuretics, ACE inhibitors, calcium channel blockers, 
ARB, and β-blockers (Reboldi et al. 2011). As mentioned above in the discussion of 
the effects of diuretics in type 1 diabetes, these drugs can cause dehydration, hypo-
natremia, and hypokalemia (Greenberg 2000; Liamis et al. 2013). Calcium channel 
blockers may lead to a loss of both sodium and water, although this effect tends to 
be less evident after the first week of treatment (Leonetti 1994). In addition, ACE 
inhibitors and ARBs have been associated with hyperkalemia (Raebel 2012). Type 2 
diabetic individuals participating in sport and competition who are being treated 
for hypertension should, therefore, be aware of which medication (or combinations 
thereof) that they are taking in order to understand which electrolyte imbalances 
they are most likely to encounter.

12.3.6.2 Medications Causing Hyperglycemia
Most of the medications listed above as increasing the risk of hyperglycemia for 
individuals with type 1 diabetes also increase the risk of hyperglycemia, and sub-
sequently dehydration, in individuals with type 2 diabetes. Atypical antipsychotics, 
due to their negative impact on insulin sensitivity (Khoza and Barner 2011), can 
elevate blood glucose levels in individuals with type 2  diabetes. Similarly, blood 
glucose levels and hydration should be closely monitored before, during, and after 
physical activity for individuals with type 2 diabetes who have been prescribed nia-
cin (Elam et al. 2000) and corticosteroids (Kwon and Hermayer 2013). As mentioned 
above, over the counter decongestants such as phenylephrine and pseudoephedrine 
can also be problematic in terms of blood glucose control.

12.4 RECOMMENDATIONS FOR ATHLETES WITH DIABETES

In the context of diabetes, it is difficult to provide a one-size-fits-all  recommendation 
for fluid and electrolyte intake for athletic performance. If the individual is in oth-
erwise perfect health, has impeccable blood glucose control, and is not taking any 
additional medication, then the evidence to date would indicate that they should 
be able to follow the same guidelines as an athlete without diabetes with respect 
to fluid and electrolyte intake. Otherwise, athletes, coaches, and trainers should be 
aware that the risk of electrolyte and water imbalances increases in tandem with 
the degree and duration of hyperglycemia, and of the many physical, physiological, 
and psychological factors that can impact blood glucose levels throughout a period 
of training and/or competition. Having knowledge of which medications an ath-
lete takes and their potential side effects with respect to hydration and electrolyte 
balance will also be necessary in order to tailor fluid and food intake for optimal 
performance.
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13 Athletes with Chronic 
Conditions
Obesity

Flavia Meyer, Paulo L. Sehl, and Emily Haymes

13.1 INTRODUCTION

Most athletes and physically active people are lean but they gain weight and fat 
sometimes due to the aging process or if no longer in competition. Indeed, there 
appears to be an increased prevalence of overweight and obesity among athletes 
or individuals who participate in sports events that follows the overall tendency in 
the general population. For example, among American football high school athletes 
approximately 45% are overweight or obese (Malina et al. 2007). Athletes from some 
sport modalities such as American football sometimes perceive a larger body size 
as advantageous; however, if it is accompanied by a greater fat mass it becomes 
detrimental. Increased body fat may impair performance (speed, agility, and endur-
ance), impair thermoregulatory responses, and increase risk of injuries (Kerr et al. 
2013). Long-distance or marathon swimmers may also benefit from extra subcu-
taneous fat for buoyance, body position, or to act as an insulation layer to avoid 
hypothermia when in cooler water (Holmer and Bergh 1974). However, marathon 
swimmers may face difficulties in thermoregulation when they shift to dry-land 
warm environments.

Compared to lean, obese individuals may respond with a greater rise in body tem-
perature under a given heat/exercise stress, and consequently, they may be at a greater 
risk of exertional heat illness (American Academy of Pediatrics 2011; Bedno et  al. 
2010; Yard et al. 2010). A survey (Kerr et al. 2013) of American high school sports 
observed that the risk of exertional heat illness increased by 1.7 times among obese 
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football players. Therefore, increased body fat and obesity is a concern in  athletes 
who wear heavy uniforms and train/compete under heat conditions.

Earlier studies, mostly in non-athletic individuals, have tried to explain impairment 
of thermoregulatory processes based on intrinsic characteristics, which would be asso-
ciated with greater adipose tissue, such as geometric characteristics, lower sweat 
 volume, (Bar-Or et al. 1969; Dougherty et al. 2009; Haymes et al. 1975), and lower 
skin blood flow (Vroman et al. 1983). Recent studies (Leites et al. 2013 and Sehl et al. 
2012) have proposed other extrinsic factors that are usually associated with obesity, 
such as physical inactivity, impaired fitness, and poor heat acclimatization. For exam-
ple, when exercising in the heat, core temperature increase is lower in aerobically fit 
young adults compared to their unfit peers (Buono and Sjoholm 1988). This may be 
due to adaptations in sweating and cutaneous circulation to improve thermoregulation.

This chapter will first provide information regarding the evolution of the studies 
that compared obese and non-obese individuals from thermoregulatory and sweat-
ing outcomes. Then, we will discuss intrinsic and extrinsic factors that could explain 
different responses in obese individuals. Finally, we will present some recommenda-
tions since professionals and athletes should be aware of how much obesity could 
impair their thermoregulatory and body fluid responses to exercise. Research exam-
ining the acute thermoregulatory responses and from a fluid balance angle in obese 
individuals is lacking.

13.2  OBESITY AND EXERCISE FROM A THERMOREGULATORY 
AND FLUID BALANCE ANGLE: STUDY ADVANCES

Most studies on obesity and exercise have focused on the energy balance equation 
and the effect of energy expenditure and adiposity. Less research has looked at acute 
physiologic response particularly with regard to thermoregulatory responses or the 
fluid balance equation.

The characteristics of the 8 studies that compared obese and non-obese subjects 
during exercise that aimed at thermoregulatory outcomes are listed in chronological 
order in Table 13.1.

In the 1960s, the Human Performance Laboratory at Penn State University began 
a series of studies examining the effects of heat stress on obese and non-obese/
lean subjects during exercise (Bar-Or et al. 1968, 1969; Buskirk et al. 1965). The 
first study (Buskirk et al. 1965) showed greater skin temperature, total heat body 
content, and lower evaporative heat loss in obese women walking in the heat. In a 
subsequent study, Bar-Or et al. (1969) also observed greater increase in mean skin 
temperatures and lower sweat rates per unit of body surface in obese versus lean 
women while walking (six sessions) at range of conditions from neutral (~21°C) to 
hot (35°C) environments. Rectal temperature increase was more accentuated in the 
obese in the thermoneutral, but not in the hottest environments (32.2°C and 35°C). 
These two earlier studies indicated that under some conditions obese women might 
respond differently than lean ones when exercising in the heat.

Later, Haymes et al. (1974) evaluated 9- to 11-year-old girls while walking (4.8 km/h, 
5% grade) three times 20-min bouts in four sessions that varied from neutral (21.1°C) 
to hot (32.2°C) conditions. Heavy but not obese (fat = ~25%) and lean (fat = ~14%) 
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girls showed similar rectal temperature at lower heat stress (21.1°C–29.4°C) but the 
lean girls had a greater rectal temperature at the hottest condition. In boys (Haymes 
et al. 1975), the same exercise-heat protocol showed higher rectal temperatures and 
heart rates in obese (fat ~31%) than in the lean (fat ~16%) boys, independent of the 
climate. These above-mentioned studies indicated some gender difference in thermo-
regulatory responses when comparing obese and lean children.

Subsequent studies (Dougherty et al. 2009; Leites et al. 2013; Sehl et al. 2012) 
by using cycling instead of walking/running eliminated the possibility of inducing a 
greater metabolic and heat production just by a greater effort of carrying extra load 
for the obese subjects (Butte et al. 2007; Falk 1998). In addition, exercise protocols 
in these studies (Dougherty et al. 2009; Leites et al. 2013; Sehl et al. 2012) attempted 
to set an individual calculated workload to result in similar relative efforts (i.e., per-
centage of VO peak2 ). Also, the sweating volume has been corrected by body surface 
area to eliminate differences in relation to body mass.

More recent studies (Adams et al. 2014; Cramer and Jay 2014; Jay et al. 2011) pro-
posed that when comparing groups of different mass and surface area (in this case 
obese vs. non-obese), the heat/exercise protocol to evaluate thermoregulatory effec-
tiveness (using core temperature change and sweating as parameters) should gener-
ate the same metabolic heat production per unit of surface area. They argue that core 
temperature change and sweating responses are reflections of the amount of heat 
production rather than a given exercise effort. The rationale is that by submitting 
groups to a fixed heat production corrected by body mass (W/kg), we may isolate the 
independent influence of adiposity and avoid experimental bias when evaluating heat 
dissipation. Therefore, the recent and upcoming studies that adopt such experimental 
fixed heat production protocol should clarify whether thermoregulatory effective-
ness is impaired by adipose tissue in excess.

13.3  FACTORS RELATED TO THERMOREGULATION 
AND FLUID BALANCE IN OBESE INDIVIDUALS

The mechanisms by which obese, compared to non-obese, individuals may differ 
on the magnitude of thermoregulatory and fluid balance responses during exercise, 
particularly in the heat, are summarized in Table 13.2. Factors are most likely inter-
related; however, for illustrative purpose we classified them as intrinsic and extrin-
sic. In this text, intrinsic factors are those independent factors purely related to the 
greater amount of body fat that may influence heat gain, loss, and transport such as 
fat-specific heat, geometric, and blood flow aspects. On the other hand, extrinsic fac-
tors are those related to lifestyle and environmental factors that usually accompany 
obesity such as physical activity, fitness level, and acclimatization.

13.3.1 IntrInsIc Factors

Initial factors to explain thermoregulatory disadvantages of obese individuals while 
exercising in the heat were those related to their condition of having a greater amount 
of adipose tissue and the geometric concern related to their ratio of body surface area 
to body mass (BSA:BM). The lower thermal conductivity of fat in relation to fat-free 



296 Fluid Balance, Hydration, and Athletic Performance

mass (0.4 vs. 0.82 kcal g−1 C−1) implies that the magnitude of temperature increase 
of fat is higher under a given heat production.

Overall, obese subjects present a lower body surface area in relation to body mass. 
Unless in situations when ambient temperature is greater than skin temperature and 
less surface will be available to gain heat, the lower BSA:BM ratio may limit body 
heat release from the skin to the ambient (Bar-Or and Rowland 2004; Haymes et al. 
1974). In addition, the subcutaneous adipose tissue may aggravate by acting as a 
thermic isolator (Savastano et al. 2009).

A lower blood flow that may be present in obese individuals is another factor, 
which could slower heat transfer from core (muscle) to the periphery (skin). A study 
by Vroman et al. (1983) showed that peripheral blood flow of obese (fat ~32%) young 
men while cycling at intensities from 30% to 70% VO peak2  in the heat (dry bulb = 38°C, 
wet bulb = 20°C) or thermoneutral (dry bulb = 22°C, wet bulb = 14°C) conditions 
was about 27% lower compared to their lean (fat ~16%) counterparts. In this study, 

TABLE 13.2
Intrinsic and Extrinsic (Compounded) Factors Related 
to Thermoregulation and Water Balance during Exercise: 
Obese Compared to Non-Obese Subjects

Factors Compared to Non-Obese Implication

Intrinsic Fat-specific heat ↓ For the same amount of heat 
produced, a greater rise in adipose 
tissue temperature is expected

Body water 
content of fat

↓ For the same hypohydration status, 
water deficit relative to total body 
water may be greater for the obese 

BSA/BM ratio ↓ Lower rate of heat loss produced by 
exercise 

Lower rate of heat gain in hot 
temperatures (Tambient > Tskin) 

Blood flow ↓ Slower heat transfer from core 
(muscle) to the periphery (skin) 

Extrinsic Aerobic fitness ↓ (Mostly due to physical 
inactivity)

For the same exercise/heat stress:
Lower sweat rate and capacity for 
evaporative cooling

Increased rise of Tcore

Heat-
acclimatization

↓ (Mostly due to lack of heat 
exposure and/or living in 
temperate climate)

Metabolic cost 
for locomotion 
(walking/
running)

↑ Greater relative effort (%VO2max)
Increased rise of Tcore

Lower tolerance to exercise, 
especially when aerobic unfit and 
not heat-acclimatized

BSA, body surface area; BM, body mass; Tcore, core temperature; Tskin, skin temperature; Tambient, ambient 
temperature; ↓, lower than in non-obese; ↑, greater than in non-obese.
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however, esophageal and skin temperatures were similar between groups. Another 
study (Karpoff et al. 2009) showed that obese prepubertal boys had a lower blood 
flow compared with lean in response to a dynamic knee-extensor exercise. A challenge 
for future studies is to evaluate skin blood flow during the exercise protocol in order 
to clarify whether it is slower in overweighed/obese individuals and therefore one 
possible mechanism that could impair central heat transfer to periphery.

13.3.2 ExtrInsIc Factors

Physical aerobic training affects sweating and therefore thermoregulation and fluid 
balance. A study (Buono and Sjoholm 1988) showed that endurance trained men 
and women had a greater sweating rate as compared to their untrained counterparts. 
Sato and Sato (1983) suggested that training induces sweat gland hypertrophy and an 
increase in the cholinergic sensitivity that stimulates sweating. But the modality and 
training environment may still affect sweating. For example, endurance swimmers 
and runners may not have the same degree of sweating adaptations, as training and 
competing in the water help dissipate body heat production through convection and 
conduction. Henkin et al. (2010) showed that when young adult swimmers cycled (on 
land) at similar relative intensity warm conditions, they do not sweat as much as run-
ners during a 30-min period (0.45 vs. 0.75 L, respectively) even when correcting for 
body mass in mL per kg (~6 vs. 10, respectively). Heat exposure while living under 
heat stress, or moving from cold to warm conditions, also produces an increase in 
sweating rate (Armstrong and Maresh 1991). Therefore, adjustments in volumes of 
fluid intake should not only be considered according to the sport modality and fitness 
level, but also along the training season or timing of heat exposure.

Because physical training may be accompanied by heat acclimatization, it is diffi-
cult to separate their effects. Heat acclimatization is a series of adaptations that occur 
in response to a natural exposure to warm environment and acclimation is the same 
process, but it occurs when adaptations happen in controlled sessions of exposure 
to heat or heat combined with exercise over a course of 7–14 days. These adaptive 
responses are aimed to optimize body heat loss, and therefore, they are accompanied 
by sweat rate. The heat acclimatization process, not necessarily accompanied by 
physical training, can also affect sweating by anticipating its onset and increasing 
the volume (Cheung and McLeland 1988; Gisolfi and Robinson 1969; Havenith and 
van Middendorp 1990).

Sweat sodium and chloride concentration seems to decrease with acclimatization 
perhaps due to an increase in the aldosterone level that absorbs sodium in the sweat 
gland duct. Thus, the combination of aerobic training and heat acclimatization could 
probably optimize these sweat adaptations. There is some indication that acclimation 
process may be slower in obese compared to non-obese boys. Dougherty et al. (2009) 
observed that obese boys did not increase as much their sweat rate or had attenuated 
their increase in core temperature as much as non-obese boys after a acclimation pro-
cess that consisted of six exercise sessions in the heat. However, a confounder factor 
could have been that the obese started the acclimation process at a lower aerobic fitness.

Two studies (Leites et al. 2013 and Sehl et al. 2012) attempted to compare sweat-
ing and thermoregulatory responses between obese and non-obese children that were 
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physically active, equally fit, and naturally, heat acclimatized as experiments occurred 
during summer months in South of Brazil. Boys and girls cycled 30 min at 50%–55% 
VO peak2  in the heat (35°C, 40% relative humidity). None of the studies observed dif-
ference in sweating rate corrected by body surface area between obese and non-obese 
boys (Sehl et al. 2012) or girls (Leites et al. 2013). As illustrated in Figure 13.1 from data 
redrawn from these two studies, in boys the rectal temperature from the start to the end 
of cycling was similar between the obese and non-obese. In girls, the rectal temperature 
at the start was higher in the obese, but during exercise the increase was greater among 
the non-obese girls and actually surpassed that of the obese girls at the end of cycling.

A greater discomfort and perceived exertion of obese individuals while exercising 
in the heat may indirectly assume that they are at thermoregulatory disadvantage. 
The obese boys, compared to non-obese, in the study of Sehl et al. (2012) reported a 
greater heat sensation during the whole 30-min cycling and a greater perceived effort 
(Borg Scale) in the final 5 min. Obese and non-obese boys presented similar aerobic 
fitness and heat acclimatization and responded with similar rectal temperature while 
exercising in the heat. Therefore, a higher perceived effort and fatigue in individuals 
with greater adiposity levels while exercising in the heat should be considered and 
may impair motivation and adhesion to training programs.

13.4 FINAL REMARKS AND RECOMMENDATIONS

In summary, research limitation in matching to obese and non-obese individuals 
by their aerobic fitness and acclimatization may be to limit the knowledge on how 
much the abovementioned intrinsic factors is impaired by the greater adiposity level. 
However—independent of the underlying mechanism—current data indicate that 
extra attention and recommendations should be given to athletes and physically active 
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people who are obese or have greater body fat while training/competing under heat 
conditions and are depended on their evaporative sweating and thermoregulatory 
efficiency. The amount and type of clothing worn by the obese individual will affect 
the transfer of body heat from the skin to the external environment. In warm and hot 
environments, lightweight clothing will facilitate heat transfer from the skin to the 
air and evaporation of sweat. Adequate fluid replacement during exercise and recov-
ery is also critical to attenuate body temperature increase in warm environments.

Thermoregulatory impairments and body fluid balance during exercise in individu-
als with increased adiposity should be identified to avoid any disadvantage on perfor-
mance and health. Athletic trainers, healthcare professionals, family members, and the 
athlete should recognize situations when increased body fat represents an extra chal-
lenge and causes thermoregulatory risks. Examples of such situations are as follows:

• Athletes who gain body fat and intensify training in order to increase energy 
expenditure and reduce adiposity. This situation may be aggravated at the 
start of a training season during hot and humid weather, when athletes are 
not yet heat acclimated. Another serious misconception is to make athletes 
sweat heavily to induce dehydration and give a false impression of body (fat) 
mass lost. On the contrary, dehydration should precipitate fatigue and stop 
exercise earlier in addition to increased risk of exertional heat illness.

• Long-distance swimmers who shift training to dry land and hot 
environments.

• Heavy American football players who train or compete under heat stress.
• Prolonged athletic events, such a marathon, when we observe a heteroge-

neous group, including overweight and obese runners.
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14 Athletes with Chronic 
Conditions
Hypertension

François Carré

14.1 INTRODUCTION

Systemic hypertension is the most common cardiovascular condition in adults and 
even if it is generally asymptomatic, it is one of the key risk factors for cardiovascu-
lar disease (Mancia et al. 2013). Although its prevalence is reported to be lower in 
athletes than in the general population, it is also the most common cardiovascular 
risk detected during sport pre-participation evaluation (Leddy et al. 2009; Lehmann 
et al. 1990). Thus in athletes, as in general population, proven hypertension must be 
treated to prevent its deleterious health effects.

Focusing on the particularities of the athletic population, this chapter reviews the 
acute and chronic responses of physical exercise on blood pressure (BP) levels, eval-
uation, and treatment. It also pointed out some specific and practical issues regarding 
the interaction between some common prescribed medications, diet, and exercise on 
body fluid balance and performance.

14.2  ACUTE RESPONSES OF SYSTEMIC BLOOD 
PRESSURE DURING PHYSICAL EXERCISE

The mean BP that is the controlled variable of the systemic circulation is the product 
of cardiac output and peripheral resistance. During intense physical effort, the mea-
surement of BP is technically difficult, especially on the treadmill. In addition, the 
commonly used conventional exercise protocols used have been proposed to detect 
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coronary artery disease and not to assess the adaptation of BP in the effort. Indeed, 
the recommended exercise test duration that is 12–15  min requires  successive 
increased steps of short stages (1–3 min), so described as progressive and maximal 
load until exhaustion. That is far from the sport duration on the field. These protocols 
do not take into account the inertia adaptation of the peripheral resistance that is the 
major parameter of the BP adaptation. Thus, the protocols used in medical labora-
tory to study BP adaptation to exercise are far removed from constraints of sport 
participation on the field (Carré 2013).

The two types of physical exercise, dynamic and static, present different BP 
responses. The dynamic exercise is characterized by alternating periods of muscu-
lar contraction–relaxation. During dynamic exercise, cardiac output increases and 
peripheral resistance decreased. This decrease appears after 3–5 min of exercise and 
is proportional to the intensity of the exercise. Cardiac output increases proportion-
ally more than the decrease in peripheral resistance. Thus, systolic BP must rise 
during exercise linearly with the exercise intensity. The diastolic BP varies little. 
After exercise, the return to pre-exercise BP values needs 6–10  min, and due to 
the persistent vasodilation, both systolic and diastolic BP values remain frequently 
below the baseline BP values for several hours (Carré 2013; Haliwill et al. 2013; 
Taylor-Tolbert et al. 2000). During static exercise, the muscle contracts against a 
stable force and does not change its length. The exercise is usually of short dura-
tion, with little increase in cardiac output and no significant vasodilation. Thus, both 
systolic and diastolic BP increase more than during dynamic exercise, especially 
in case of the Valsalva maneuver often associated. When effort stops, the sudden 
fall in BP explains the post-exertional syncope sometimes reported in weightlifters 
(Carré 2103).

Finally, most sport combines the dynamic and static components. During these 
mixed sports, the rise in BP is intermediate to what is observed in pure dynamic or 
static exercise. For example, BP increase is more accentuated during riding than dur-
ing running, because of the greater vasodilation during running.

The BP increase level observed is proportional to the muscle mass used and to 
the percentage of maximal voluntary force requested by the static part of exercise 
(Carré 2013).

Considering other parameters of continuous and stable exercise, the intensity 
plays a role on the acute BP adaptations during exercise. After an initial rise, the 
systolic BP decreases progressively with the duration of the exercise of constant 
intensity because of the increase in vasodilation. The decrease in BP is more 
accentuated when the ambient temperature is high (>15°C) due to the decrease in 
blood volume explained by dehydration (Carré 2013; Vu Le et al. 2008). Finally, 
the characteristics of the exercising person such as age, gender, level of training, 
pathology, and treatment are also involved in these adaptations. Most common 
sports have been classified according to their dynamic and static components (see 
Table 14.1).

What are the highest BP values that can be accepted during physical exertion? 
There is no current good answer to this frequently asked question. We described 
before the limits of laboratory exercise BP study. It is therefore logical to ask 
whether measuring BP during a maximum effort level is justified in an athlete 
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TABLE 14.1
Classification of Sports in Accordance with Their Dynamic and Static 
Components

A. Low Dynamic B. Moderate Dynamic C. High Dynamic

I. Low static Bowling
Cricket
Golf
Riflery

Fencing
Table tennis
Tennis (doubles)
Volleyball
Baseballª/softballª
Field events (jumping)
Figure skatingª
Lacrosseª
Running (sprint)

Badminton
Race walking
Running (marathon)
Cross country skiing (classic)
Squashª
Basketballª
Biathlon
Ice hockeyª
Field hockeyª
Rugbyª
Soccerª
Cross country skiing (skating)
Running (mid/long)
Swimming
Tennis (single)
Team handballª
Boxingª
Canoeing, kayaking
Cyclinga,b

Decathlon
Rowing
Speed skating
Triathlona,b

II. Moderate 
static

Auto racinga,b

Divingb

Equestriana,b

Motorcyclinga,b

Gymnasticsª
Karate/Judoª
Sailing
Archering

III. High static Bobsleddinga,b

Field events (throwing)
Lugea,b

Rock climbinga,b

Waterskiinga,b

Weight liftingª
Windsurfinga,b

Bodybuildinga,b

Downhill skiinga,b

Wrestlingª
Snowboardinga,b

Source: Pelliccia, A. et al., Eur. Heart J., 26, 1422–45, 2005.
Low, moderate, and high dynamic components correspond, respectively, to <40%, 40%–70%, and >70% of maxi-
mal oxygen uptake.
Low, moderate, and high static components correspond, respectively, to <20%, 20%–50%, and >50% of maximal 
voluntary force.
a Risk of bodily collision.
b Danger if syncope occurs.
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normotensive at rest and asymptomatic who presents normal BP adaptations 
 during the first stages of exercise.

Thus, how to interpret the BP measured during exercise? In the absence of 
 scientific data validated by large studies, one can propose the following approach. 
It seems more appropriate to rather analyze the kinetic of BP changes during exer-
cise than to look only to the last value of BP obtained. We must therefore pay atten-
tion to sudden and often exponential rise of BP in the first steps of exercise and 
of course to any associated clinical or electrocardiographic symptom. Of course, 
any associated diseases must also be considered for interpretation of BP responses 
to exercise. Concerning BP adaptations on cycloergometer, age of the subject and 
maximum power developed are the two factors that most influence the maximal 
exercise BP values. The formula: systolic BP (mm Hg)  =  147  +  0.334  × max 
power (Watts) + 0.31 × age (years) that has the merit of holding account of the two 
main factors that influence exercise BP values can be used as proposed by Rost 
et al. (1987). Several systolic BP upper limit values according to age are proposed 
(300 mm Hg if <  40 years, >280 mm Hg between 40 and 50 years, >260 mm 
Hg between 51 and 60  years and >250  mm Hg >60  years) for general normo-
tensive population (Douard et al. 1994; Palatini 1988). In the general population, 
the maximal value proposed for hypertension induced by exercise is systolic BP 
>210 mmHg for males and >190 mmHg for females (Lauer et  al. 1992). These 
different limits are based on observation and not on scientific validation. Thus, 
systemic exercise hypertension is not currently defined. Regarding diastolic hyper-
tension, the BP values >130 mm Hg during exercise are exceptionally rare in this 
population and deserve more caution.

In summary, the systemic hypertension is defined only in accordance with vali-
dated standards on resting BP measurements (Kjeldsen et  al. 2014; Mancia et  al. 
2013). Consequently, a normotensive athlete at rest remains normotensive whatever 
are the values of his BP measured at the end of exercise.

The true prognostic value of exercise BP measurement in normotensive athlete is 
still debated. In this population, a significant positive correlation between maximal 
exercise systolic BP and left ventricular mass has been reported (Lauer et al. 1992). 
Similarly, it was proposed that for resting normotensive people the risk to pres-
ent later systemic hypertension or acute cardiovascular events is increased in case 
of high BP values during dynamic exercise (Laukkanen et al. 2012; Schultz et al. 
2013). Abnormal BP following maximal exercise could also be an indication for the 
risk to develop future hypertension (Turmel et al. 2012). However, all these cor-
relations are relatively weak and directed mainly to individuals who have high arte-
rial stiffness linked to aging and to other cardiovascular risk factors. Indeed, such 
higher BP responses induced by exercise are observed mainly in poorly physically 
trained subjects with low physical capacity and those with metabolic syndrome and/
or elevated chronic inflammatory state (Thanassoulis et al. 2012). Thus, the clinical 
relevance of these data on the individual level for healthy trained subjects can be 
debated.

Considering the athletic population, few studies investigated the exercise-
induced arterial hypertension. The systemic hypertension may be preceded by a 
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state of pre-hypertension during which stress induced by physical exercise may 
unmask a trend toward higher BP (Turmel et al. 2012). One study (Dlin et al. 1984) 
showed that in normotensive water-polo players, the risk to develop hypertension 
was 10 times higher in athletes with an exaggerated systolic BP response to exer-
cise than in those with normal exercise BP responses. A more recent study (Turmel 
et al. 2012) showed that endurance athletes with an exaggerated BP response to 
exercise showed higher systolic BP values on 24-h ambulatory BP monitoring, 
although the BP parameters remain within normal values. The authors propose that 
the exaggerated BP response to exercise may imply an abnormal hemodynamic 
response, explained by slight lipids metabolism disturbance and/or altered auto-
nomic nervous system (Turmel et  al. 2012). In triathletes, it has been observed 
that BP values at the anaerobic threshold were higher in men with greater left ven-
tricular mass (>220g) and an echocardiographic concentric myocardial remodeling 
pattern (Leischik et al. 2014).

14.3  CHRONIC EFFECTS OF PHYSICAL ACTIVITY 
ON SYSTEMIC BLOOD PRESSURE

In the general population, higher fitness level is associated with a lower prevalence 
of hypertension and low fitness is inversely associated with the risk of develop-
ing hypertension at baseline. These associations are reported regardless of demo-
graphic characteristics and common hypertension risk factors (Juraschek et  al. 
2014). Globally, the overall prevalence of hypertension in physically active people is 
approximately 50% lower than in the general population independently of other risk 
factors (Lehmann et al. 1990).

Cross-sectional as well as longitudinal studies have shown that regular physi-
cal training reduces BP and all meta-analysis, despite their methodological lim-
its, concluded that regular endurance training was associated with a decrease in 
resting BP (Johnson et  al. 2014). This beneficial effect is more pronounced in 
hypertensive than in normotensive subjects. Globally, the magnitude of decreases 
reported are between 2.4 and 3.4  mm  Hg for systolic BP and between 3.1 and 
4.7  mm  Hg for diastolic BP (Cornelissen et  al. 2013a; Fagard 2005; Pescatello 
et al. 2004). The decrease in BP was more accentuated during the daytime, and 
this level of BP reduction is close to that reported with recent monotherapies in 
stage 1   hypertensive individuals (Cornelissen et  al. 2013a) (see classification of 
 hypertension in Section 14.4). The effectiveness of the training is similar between 
men and women, being more pronounced in Caucasians and Asians than among 
blacks but it seems to be less efficient after 50  years of age (Cornelissen et  al. 
2013b; Juraschek et al. 2014).

Resistance training and isometric studies have examined smaller samples of 
subjects (Cornelissen et al. 2011). However, a significant decrease in BP (systolic 
BP 6.8 mm and diastolic BP 4 mm) is reported (Carlson et al. 2014). No differ-
ence between the training circuits and classical training was observed (Millar 
et al. 2014).
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It is a consensus among official societies and academies to recommend lifestyle 
and dietary changes as the first management of uncomplicated mild hypertension. 
These changes will combine the practice of regular moderate exercise and a bal-
anced diet without sodium restriction to reach and maintain a good weight bal-
ance (Fagard 2005). For moderate (stage 1) hypertension, adequate (low weights 
and high repetition regimens) resistance training may be allowed but at best in 
combination with physical endurance activity (Cornelissen et  al. 2011; Millar 
et al. 2014).

In the case of more severe hypertension, such lifestyle changes must be individu-
ally elaborated and in combination with pharmacological treatment to achieve a BP 
of less than 140/90 mm Hg at rest. Even for patients with resistant hypertension, who 
do not respond to medication, physical exercise can be adapted in addition to the 
optimal pharmacological treatment (Ribeiro et al. 2015).

The effects of chronic physical training on resting BP are not fully elucidated and 
many mechanisms have been proposed: (1) indirect effects related to responses in 
other cardiovascular risk factors such as increased whole-body insulin  sensitivity, 
reduced circulating noradrenaline level, and reduced body weight and, improve-
ment of aortic stiffness by reduced resting heart rate (Fagard 2005; Juraschek et al. 
2014); (2) direct effects on vascular resistance by increased endothelial production 
of nitric oxide synthase and decreased aortic stiffness (Cornelissen et al. 2013a; 
Millar et al. 2014); and (3) genetic factor because about 25% of hypertensive sub-
jects do not respond to chronic physical exercise (Juraschek et al. 2014).

Although the prevalence of hypertension is reported to be lower in athletes (less 
than 10% in elite athletes), compared to that of the general population, it must be 
underlined that systemic hypertension is also the most common cause for exclu-
sion, at least temporary, for competitive sport participation (Fagard 2007). This is 
an important question because several data indicate that BP level in early adulthood 
is associated with risk of cardiovascular disease later in life. Thus, identification of 
populations at risk for early adult hypertension is important (Lewington et al. 2002; 
Gray et al. 2011).

In hypertensive athletes, physical training is regular but usually of moder-
ate intensity. However, in order to perform at a highest level, they must practice 
repetitive bouts of high-intensity strength or endurance exercise that may cause BP 
rise, possibly due to increased sympathetic activity (Traschel et al. 2015). Thus, the 
effects of this type of training on later development of high resting BP in predisposed 
athletes may be questioned (Traschel et al. 2015).

BP responses have recently been studied in some groups of athletes of different 
modalities. In collegiate American football players, an increase in resting systolic 
and diastolic BP postseason has been reported in more than 50% of players, espe-
cially in linemen while such increase was not observed in a group of rowers (Weiner 
et al. 2013). In this study, lineman field position, intra-season weight gain, and fam-
ily history of hypertension were the strongest independent predictors of postseason 
BP (Weiner et al. 2013). It is noteworthy that a higher prevalence of hypertension 
is reported in retired National Football League players than in age-matched pop-
ulation and that deaths among linemen were mainly attributable to hypertensive 
and ischemic heart disease (Castle et al. 2009). In endurance athletes, males show 
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significantly higher BP compared to females, despite a comparable amount of train-
ing and performance level (Traschel et  al. 2015). In male European professional 
football players, the reported prevalence of high BP was low and independent of 
ethnicity (Berge et al. 2013a, b). These recent studies showed that systemic hyper-
tension in athletes is rare, although a positive linear relationship was observed 
between systolic BP level, left ventricle mass concentric remodeling and left atrium 
size (Berge et al. 2013b; Traschel et al. 2015; Weiner et al. 2013). However, all car-
diac morphological values were still within normal limits. Higher and concerning 
BP values were observed only in systolic BP, and it was associated with a reduced 
arterial compliance (Berge et al. 2013b). Because athletes’ heart patterns are clas-
sically explained by increased volume load, it has been proposed that the cardiac 
remodeling observed in athletes with higher BP is the result of the combination of 
pressure and volume overload (Berge et al. 2013b). Further studies are needed to 
confirm if these BP adaptations will be associated with a future systemic hyperten-
sion and if they participate to the increased risk of atrial fibrillation reported in 
master athletes (Traschel et al. 2015).

14.4  DEFINITION AND SPECIFICITIES 
OF HYPERTENSION IN ATHLETES

All the guidelines propose the same criteria to define hypertension, based on at 
least two measurements of clinic (or ambulatory) seated BP. The classification is 
as follows: stage 1 hypertension when systolic BP and/or diastolic BP, respectively, 
≥140/90 mm Hg, and stage 2 hypertension as ≥160 and/or ≥110 mm Hg. To our 
knowledge, there is no specific recommendation for BP measurement in adult ath-
letes. In children and teenagers, because of their variability in growth we use BP 
charts depending on their height. Normal value is defined as BP <90th percentile, 
and BP between 90 and 95th is defined as pre-hypertension (Leddy et al. 2009). The 
normal values proposed for ambulatory or home BP monitoring must be those used 
for athletes (Kjeldsen et al. 2014).

All guidelines say that hypertension concerns only abnormal resting BP values. 
Thus, currently in a normotensive athlete at rest, BP values obtained during exercise 
can’t be used for the diagnosis of hypertension or for any treatment.

Globally, the conventional BP measurement method is used in athletes; however, 
extra care should be taken. The size of the cuff should be adapted to the arm’s muscle 
mass of the athlete (large cuff when mid-arm circumference >33 cm and small cuff 
when <23 cm). Given the acute effects of exercise, BP measurement must be made at 
least 24 h after a training session. During the tapering periods preceding the compe-
tition period, the resting BP level may be somewhat increased by the level of adren-
ergic stimulation. Thus, this period must be avoided for BP measurement. If still in 
doubt, it is better to check the BP during a detraining period or if needed discontinue 
it for few days. Any drug often used by athletes which might increase BP level, 
such as, for example, nonsteroidal anti- inflammatory drugs,  caffeine, herbal, or other 
supplements, should be avoided. Finally, the observation of a recent and unexplained 
systemic hypertension in a young athlete may be an indication of prohibited use of 
substances and it needs investigation (Achar et al. 2010). Because of the prevalence 
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of the white coat effect in athletes, elevated BP office measurements should be con-
firmed by ambulatory BP measurement (Liddy et al. 2009).

The BP should be monitored irrespective of the level of physical training. Indeed, 
almost 80% of adolescent athletes with exaggerated resting BP during preseason 
medical evaluation were found to eventually develop sustained hypertension (Leddy 
et al. 2009; Weiner et al. 2013). The large body size, the frequent use of nonsteroidal 
anti-inflammatory drugs, and a family history of hypertension are also causing fac-
tors to investigate (Leddy et al. 2009).

In athletes, diastolic BP is usually normal or low. Classically, the hypervolemia 
and increased stroke volume due to endurance training are compensated by the asso-
ciated bradycardia, and thus, resting cardiac output is not altered. However, mainly 
in young athletes, an exaggerated pulse pressure amplification that occurs as a result 
of progressive decrease in arterial diameter from the heart to the arm and the cor-
responding increase in arterial impedance can explain the increase in systolic BP 
sometimes in the ranges of pre-hypertension or of isolated systolic hypertension 
(Hulsen et al. 2006). The moderate (+20 mm Hg) increase in central aortic pressure 
reported in athletes may reflect their greater stroke volume (McEniery et al. 2005). 
But in athletes at greater risk, the central (aortic) systolic BP is much lower than the 
brachial, and central BP contour (pressure wave) patterns are normal (Wilkinson 
et al. 2001). This specific BP response has been called the spurious systolic hyperten-
sion (Mahmud et al. 2003). The long-term significance of this condition is not well 
known and because central aortic BP is not routinely measured, we need further 
studies (Nijdam et al. 2008).

Masked hypertension that is defined as a normal office BP in the presence 
of an elevated BP during the ambulatory 24-h BP measurement presents nearly 
similar risk of cardiovascular morbidity as classical hypertension (Trachsel et al. 
2015). A recent prospective study, in middle-aged endurance competitive ath-
letes, reported a 38% prevalence of masked hypertension. This prevalence was 
similar to that of professional football players (Berge et  al. 2013a) but higher 
than in general population (<20%). This prevalence may be partly increased by 
the definition criterion of 24-h or daytime BP used. As discussed before, masked 
hypertension was associated with a lower diastolic function and a higher left 
ventricular mass/volume ratio, indicating predominantly concentric myocardial 
remodeling.

From the results of this study (Trachsel et al. 2015), it could be recommended to 
use ambulatory BP measurement in endurance athletes presenting with no optimal 
office BP (≤120/80 mm Hg).

14.5  MANAGEMENT, TREATMENT, AND RECOMMENDATIONS 
FOR A HYPERTENSIVE ATHLETE

As described before, the systemic hypertension must first be confirmed. In approxi-
mately 95% of cases, the hypertension is essential (primary). However, clinical 
exam must eliminate some other causes of secondary hypertension. Thyroid gland 
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palpation, cardiac and abdominal auscultation are indicated. Palpation of the femoral 
pulses must eliminate a dissymmetry between arm and legs pulse that is in favor of 
coarctation of the aorta (Fagard et al. 2005; Leddy et al. 2009).

Then, the overall CV risk must be estimated by searching for other risk factors, 
target organ damage, and concomitant diseases or accompanying clinical conditions. 
The classical biological routine tests recommended for untrained hypertensive patients 
must be performed as standard electrocardiography. Extended evaluation may be nec-
essary based on the results from these classical investigations (Fagard et al. 2005).

Hypertensive individuals who participate in sports activities first need to obtain a 
good equilibrium of resting BP with adapted drugs (discussed later in this section). 
Then sport’s participation depends on the hypertension state (see Table 14.2).

In hypertensive athletes, the need of other tests such as echocardiography and 
exercise test depends on the patient’s risk and on the characteristics of the sport 
(see Table 14.3). Hypertensive patients with symptoms must be exhaustively evalu-
ated before giving clearance for sport and in all cases an annual cardiologic evalua-
tion is requested (Fagard et al. 2005).

Although the hypertensive patient is usually asymptomatic, the uncontrolled 
hypertension increases the work myocardium at rest and during exercise. In hyper-
tensive well-trained athletes, even in the absence of structural or functional heart 
damage, the high BP value during exercise, together with autonomic dysfunction, 
leads to decrease in exercise capacity (Mazic et al. 2015).

As with any hypertensive patient, the goal of treatment is to maintain resting BP 
<140/90 mm Hg. For the athlete, however, we should attempt to offer a treatment that 

TABLE 14.2
Sport Participation According to Hypertension Level

Competition

No restriction if:
 Low-risk hypertension, well controlled and asymptomatic
Partial restrictions:
 Hypertension with moderate risk = all sports except IIICa

 Hypertension with very high risk = limited to IA, IBa

 Secondary hypertension = indications adapted to the cause
 Polycystic kidney disease or aortic coarctation = no collision sports

Leisure Sports
High-intensity leisure sport: same as for competition
Low- or moderate-intensity leisure sport: no restriction

Source: Fagard, R.H. et al., Eur. J. Cardiovasc. Prev. Rehab., 12, 326–31, 2005; Pelliccia, A. et al., Eur. 
Heart J., 26, 1422–45, 2005.

Note: In all cases, hypertension must be controlled by treatment.
a Classification of sport from Table 14.1.
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will safely have the least restrictive scheme for performance and, in case of competi-
tion, will not be in the list of substances banned by the World Anti-Doping Agency.

No antihypertensive medication significantly limits the anaerobic performance. 
Renin–angiotensin system inhibitors and calcium channel blockers do not limit aero-
bic or anaerobic performance (Fagard et al. 2005; Leddy et al. 2009). Thus, they can 
be suggested as first-line options for hypertensive athletes.

As described in Chapter 11 (Table 11.1), some medications used for hypertension 
may slightly affect sweating and fluid volume and electrolyte balance. Diuretics, for 
example, which increase the risk of dehydration and potassium loss, may impair per-
formance in prolonged exercise (Armstrong et al. 1987). These undesirable effects 
could be explained by the hemodynamic instability and by substrate turnover and 
oxidation changes caused by the potential effect of dehydration induced by diuretics 
(Roy et al. 2000a). However, the use of low doses of diuretic, such as hydrochloro-
thiazide, and generally when association with other drugs, has little effect on limiting 
athletic performance (Leonetti et al. 1989). No deleterious effect on cardiac instabil-
ity is reported (Roy et al. 2000b). Another example is the beta-blockers, which are 
very effective to limit BP increase during exercise; however, they can compromise 
heat dissipation by reducing skin blood flow. The effects on hydration depend on 
the drug used. The non-selective drugs can increase the heat storage during exercise 
because of their limiting effect on hydration. The selective beta-blockers do not seem 
to present this limit (Gordon et al. 1987; Pescatello et al. 1990). In highly trained 
athletes, they limit maximal aerobic performance and endurance through their effects 
on ventilation and on carbohydrate metabolism during exercise. But their detrimental 
effect on performance is not significant in other athletes (Brion et al. 2000). When 
beta-blockers are prescribed, the use of cardioselective molecules with vasodilator 
effect is more indicated. The physician must be aware that beta-blockers are prohib-
ited in competition by some federations such as shooting and auto racing.

TABLE 14.3
Type and Frequency of Evaluation in Hypertensive Individuals According to 
the Risk Level and Sport Situation (Competition and Leisure)

Intensity of Sport ECG Exercise Test Echocardiography Evaluation

Competition Yes Yes Yes Yearly
6 months 
if high risk

Leisure
≥60% VO2max
40%–60% VO2max
Low or moderate risk
High risk
<40% VO2max

Yes
Yes
Yes
Yes

Yes
Yes
Yes
No

Yes (?)
Yes
Yes (?)
No

Yearly
Yearly
Yearly
Yearly

Source: Fagard, R.H. et al., Eur. J. Cardiovasc. Prev. Rehab., 12, 326–31, 2005; Pelliccia, A. et al., Eur. 
Heart J., 26, 1422–45, 2005.
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Hypertensive athletes, as well as physically active individuals, should discuss with 
physicians and healthcare staff aspects related to their treatment including not only 
the medication but also those related to their training and diet regimes. Those hyper-
tensive athletes on typical sodium-restricted diets and involved in prolonged sport 
modalities that induce high sweat loss should consider the need of adding sodium in 
their hydration beverage during exercise. This is to avoid hyponatremia (Chapter 3), 
that more often occur when endurance athletes ingest large amounts of sodium-free 
or low sodium fluids. Sodium concentration of sports drinks is comparatively lower 
to that of human sweat, especially in endurance athletes that tend to have greater 
rates of diluted (less sodium) sweat (Henkin et al. 2010). Therefore, there is appar-
ently no clinical reason to contraindicate adequate volume intake of sport drinks 
during prolonged exercise in hypertensive athletes.

Finally, in hypertensive athletes, as in other hypertensive individuals, the effec-
tiveness of treatment depends on good compliance. Thus, in asymptomatic athletes 
the physician must choose a treatment appropriate to the sport practice. Thus, for 
competitive sports, we must focus on the renin–angiotensin system inhibitors or 
calcium channel blockers. If their effectiveness is insufficient, beta-blockers can be 
used after checking that they are not prohibited by the relevant sports federation. 
For leisure sport practice, all drugs may be prescribed. We must also educate the 
athletes, reminding them to adjust their salt intake and medication especially in case 
of prolonged exercise, which may induce dehydration and vasodilation with marked 
orthostatic hypotension.
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15 Athletes with Chronic 
Renal Diseases

Dilip R. Patel and Vimal M.S. Raj

15.1 INTRODUCTION

Chronic kidney disease (CKD) is generally defined based on kidney damage for 
more than three  months associated with structural or functions abnormalities 
(Table 15.1) (Hogg et al. 2003, Levey et al. 2003). The glomerular filtration rate 
(GFR) is the best indicator of kidney function and is the basis for stratification of 
CKD presented in Table 15.2. Other related terms used in the description of CKD 
are summarized in Table 15.3. CKD affects approximately 20 million persons in 
the United States (Collins et  al. 2011). Approximately half-million persons have 
end-stage renal disease (ESRD). In 2008 in the United States, 17,413 kidney trans-
plants were performed and 165,639 functional transplants by the end of the year.

The most common causes of CKD in adults are diabetes mellitus and hyperten-
sion. Other causes include glomerular diseases, drug toxicity, and trauma. Common 
causes of CKD in children are congenital kidney diseases (e.g., renal hypoplasia, 
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dysplasia, obstructive uropathy, and polycystic kidney disease), acquired diseases 
(e.g., glomerulonephritis), inherited diseases (e.g., Alport syndrome and poly-
cystic kidney disease), and metabolic disease (e.g., cystinosis) (Sreedharan et al. 
2011). Main considerations in planning exercise programs for persons with CKD 
are decreased exercise tolerance, comorbid conditions (such as diabetes, hyperten-
sion, and atherosclerotic heart disease), complications (such as decreased bone 
mineral density), and the potential for damage to the access sites and the trans-
plant kidney. Time burden of participating in exercise program is also an important 
consideration.

For the purpose of our discussion, the term physical activity refers to any bodily 
movement produced by the contraction of skeletal muscle that increases energy 
expenditure above a basal level. The term exercise (exercise training) refers to a 
subcategory of physical activity that is planned, structured, repetitive, and purposive 
in the sense that the improvement or maintenance of one or more components of 
physical fitness is the objective. Sport is a type of physical activity with added social, 
psychological, and competitive dimensions.

TABLE 15.1
Criteria for CKD Definition by National Kidney Foundation
 1. Kidney damage for ≥3 months, as defined by structural or functional abnormalities of the 

kidney, with or without decreased glomerular filtration rate (GFR), manifest by either 
pathological abnormalities or markers of kidney damage, including abnormalities in the 
composition of the blood or urine, or abnormalities in imaging tests

 2. GFRe <60 mL/min/1.73 m2 for ≥3 months, with or without kidney damage

Source: K/DOQI Clinical Practice Guidelines for Chronic Kidney Disease: Evaluation, 
Classification, and Stratification. Kidney Disease Outcome Quality Initiative. 2002. Am J 
Kidney Dis. 39:S1–S246.

TABLE 15.2
Stages of CKD

Stage Description EGFR (mL/min/1.73 m2)

I Kidney damage with normal or ↑ eGFR ≥90

II Kidney damage with mild ↓ eGFR 60–89

III Moderate ↓ eGFR 30–59

IV Severe ↓ eGFR 15–29

V Kidney failure <15 (or dialysis)

eGFR, estimated glomerular filtration rate calculated on the basis of serum creatinine level, age, 
and values assigned for sex and race.



317Athletes with Chronic Renal Diseases

15.2 RENAL PHYSIOLOGY DURING EXERCISE

During exercise, renal blood flow (RBF) decreases (Johnson et al. 2015, Drew et al. 
2013, Painter et al. 2009). The magnitude of decrease in RBF is linearly correlated 
with the intensity of physical activity (Muller et al. 2013, Johanson and Painter, 2012). 
Baseline hydration status affects the change in RBF with exercise, with initial hyper-
hydration resulting in no significant decrease, whereas a significant decrease seen in 
a dehydrated state (Otani et al. 2013, Painter and Marcus 2013, Strachenfeld et al. 
1996, Francesconi et al. 1983). During exercise, the blood is preferentially shunted 
to the exercising skeletal muscles. The GFR initially tends to increase with light 
intensity of exercise and decreases with moderate to vigorous intensity of exercise. 
Effect of exercise on the GFR in relation to hydration status is similar to that seen on 
RBF. Renal tubular function is also altered during exercise, mainly affected by the 
levels of angiotensin, renin, aldosterone, vasopressin, atrial natriuretic protein, and 
prostaglandins, all of which increase linearly with the intensity of the exercise; these 
changes affect the excretion of sodium and chloride, and urinary output helping in 
maintaining adequate volume (Wade et al. 1984, Wade and Claybaugh 1980, Fenzl 
et al. 2013).

Hyperfiltration injury to glomeruli is the most significant final common pathway 
for progression of CKD. In cases where nephrons are lost because of kidney disease, 
the remaining nephrons undergo structural and functional adaptations to maintain 
adequate glomerular filtration. In the early stages, this compensatory hypertrophy of 
nephrons is able to transiently maintain the renal function; however, the increased 
blood flow results in elevated hydrostatic pressure and damages the capillary walls. 
Subsequent to this microalbuminuria, overt nephropathy develops. The combined 
effect of hyperfiltration and direct toxic effects of leaked urinary protein on renal 
tubules results in progressive loss of kidney function. In individuals who have a 

TABLE 15.3
Terms Related to CKD
Kidney damage Structural or functional abnormalities of the kidney, includes abnormal results on 

blood and urine tests or imaging studies.

Kidney failure Either (1) a level of GFR 15 mL/min/1.73 m2 which is accompanied in most cases 
by signs and symptoms of uremia or (2) a need for initiation of kidney 
replacement therapy (dialysis or transplantation) for treatment for complications 
of decreased GFR which would otherwise increase the risk of mortality or 
morbidity.

End-stage renal 
disease

End-stage renal disease (ESRD) is used as an administrative term in the United 
States based on the conditions for payment for healthcare by Medicare ESRD 
program. It generally refers to patients with renal failure (stage V chronic 
kidney disease) and those treated by dialysis or transplantation irrespective of 
the level of GFR.

Source: Hogg, R.J. et al., Pediatrics, 111(6), 1416–21, 2003; Levey, A.S. et al., Ann. Intern. Med., 
139, 137–47, 2003.
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solitary kidney or only one functioning kidney, similar changes occur over long 
term. Uncontrolled systemic hypertension and metabolic components such as ele-
vated serum phosphorus levels and uric acid levels also contribute to further renal 
damage.

15.3 EXERCISE TOLERANCE IN CKD

Maximal oxygen uptake (VO2max), the greatest amount of oxygen consumed during 
exercise, expressed as milliliters of oxygen consumed per kilogram of body weight 
per minute, is a generally accepted measure of aerobic or cardiovascular fitness 
(Pescatello et al. 2013). Persons with CKD have a much lower VO2max when com-
pared to healthy persons (Clapp et al. 2012, Van den ham et al. 2005, Pattaragarn 
et al. 2004, Painter et al. 2007). Exercise capacity is much lower in persons with 
CKD, especially stage IV and stage V, dialysis, and kidney transplant (Weaver et al. 
2008). The main causes of decreased exercise tolerance in persons with renal failure 
and ESRD are anemia, changes in the cardiac function, changes in skeletal muscle 
function, and physical inactivity.

15.3.1 AnemiA

Oxygen carrying capacity of the blood to the exercising muscles is decreased in 
chronic anemia resulting in a decreased VO2max (Leikis et al. 2006). Progressive loss 
of nephrons in CKD results in decreased production of erythropoietin and anemia. 
The availability of recombinant human erythropoietin (rHuEPO) has made a signifi-
cant difference in treating anemia of CKD. However, Pattaragarn et al. (2004) in a 
prospective study of adolescents on dialysis showed significant lowering of VO2max 
(28.5 ± 10.5 mL/kg/min) when compared to healthy adolescents (49.1 ± 5.6 mL/kg/
min) even after correction of anemia. This and other studies suggest that in addi-
tion to anemia, other factors contribute to decreased exercise tolerance in persons 
with CKD.

15.3.2 CArdiAC ChAnges

In adults with CKD, comorbid conditions such as systemic hypertension and cor-
onary artery disease contribute to decreased exercise tolerance. Abnormalities in 
both cardiac structure and function have also been documented in children and ado-
lescents with CKD. A study with 33 participants (aged 10–20) with chronic renal 
insufficiency reported a significant increase in left ventricular mass (LVM) index 
in chronic renal insufficiency patients when compared to that in healthy controls 
(Mistnefes et al. 2004). The increase in LVM index was more accentuated in patients 
on dialysis when compared to those who were on pre-dialysis ESRD. Patients who 
were on pre-dialysis showed concentric hypertrophy of ventricles, whereas those 
on dialysis showed eccentric hypertrophy. The indices of diastolic dysfunction and 
left ventricular compliance were significantly worse in CKD patients when com-
pared to those in controls. The increased LVM and increased sympathetic activity 
contribute to the diastolic dysfunction, both in children and in adults with CKD 
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(Petras et al. 2013, Rump et al. 2000). Studies have shown that alteration in cardiac 
structure and function occur early in the course of CKD, and progressively worsen-
ing diastolic dysfunction is associated with a declining VO2max (Colan et al. 1987).

15.3.3 skeletAl musCle ChAnges

Poor exercise tolerance and premature exercise termination in persons with CKD 
 secondary to muscle fatigue has been documented in several studies (Eijsermans et al. 
2004, Tenbrock et al. 2000). Multiple factors including inadequate nutrition, protein 
loss, catabolic state, and physical inactivity contribute to skeletal muscle wasting in 
CKD. The restriction on protein intake to preserve renal function results in reduced 
synthesis of muscle protein in persons with CKD (Adey et al. 2000). Accelerated 
degradation of muscle proteins by increased expression of caspase 3 and activation 
of ubiquitin–proteasome system has been shown in animal models with renal failure 
(Du et al. 2004, Wang and Mitch, 2013). CKD is also a pro-inflammatory state with 
documented increase in several inflammatory markers like interleukin-6 and tumor 
necrosis factor-alpha, which also contributes to skeletal muscle wasting and atrophy 
(Barton 2001, Becker et al. 2005). Patients with ESRD demonstrate resistance to 
anabolic factors namely insulin and growth factor. A decreased anabolic to cata-
bolic ratio further contributes to muscle wasting (Becker et al. 2005). A quantitative 
reduction in mitochondrial content in CKD patients could also contribute to poor 
exercise tolerance (Yokoi and Yanagita 2014).

Alayh et al. (2008) in a cross-sectional study of 22 children on peritoneal dialysis 
showed significant decrease in physical performance (6-min walk distance and gait 
speed) when compared to healthy controls. Quadriceps strength was significantly 
lower in children with CKD than in control participants. Increased fat depositions in 
muscles have been shown in children with CKD. Chronic muscle wasting and inac-
tivity also result in reduced oxygen extraction in the muscles.

15.3.4 PhysiCAl inACtivity

Persons with CKD are generally physically inactive, often with significantly 
restricted day-to-day activities. Three weeks of bed rest and restricted activity 
decreased VO2max by 26% (Heiwe and Jacobson 2011). Physical inactivity in persons 
with CKD by itself can lead to muscle atrophy, which, in addition to the cardiac and 
skeletal muscle changes, further contributes to decreased exercise tolerance.

15.4 EFFECTS OF EXERCISE IN CKD

Most studies on exercise training in persons with CKD have focused on the effect 
of regular aerobic exercise training on maximum oxygen uptake (Malagoni et  al. 
2008, Cheema and Singh 2005, Ouzouni et al. 2009). In these studies, the exercise 
regimens have included outpatient supervised aerobic exercises during non-dialysis 
days, cycling during hemodialysis, and home exercise programs without supervi-
sion (Wang et  al. 2009, Moinuddin and Leehey 2008, Koudi et  al. 2004, Depaul 
et al. 2002, Deligiannis et al. 1999). Most of these studies are done in persons on 
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hemodialysis, including exercises such as cycling, jogging, and flexibility with a 
regimen as follows: frequency of 3–5 days per week, moderate intensity, each ses-
sion between 30 and 60 min. Almost all the studies showed an increase in VO2peak 

anywhere between 20% and 40% indicating a significant improvement from pre-
training levels but still a modest increase when compared to healthy controls. Very 
few studies were performed in children and adolescents. Goldstein and Montgomery 
(2009) reported on the effects of twice-weekly exercise regimen during hemodialysis 
in children older than 8 years and showed improvement in 6-min walk distance and 
lower extremity strength after 3 months of training.

Studies looking at the effects of regular resistance training in persons with CKD 
are few with no studies specifically done in children (Castaneda et al. 2001, Headley 
et al. 2002, Momeni et al. 2014, Kouidi et al. 1998). Castaneda et al. (2001) showed 
that resistance training improved muscle mass and strength in a randomized con-
trolled trial of 26  adult patients with moderate renal insufficiency prior to dialy-
sis. The findings of this and other similar studies show that resistance training can 
negate the effects of muscle catabolism due to low protein diet and protein loss.

Headley et  al. (2002), in a study of 10  adults on hemodialysis, showed that 
12 weeks of resistance training improved their muscle strength and functional capac-
ity. Variables measured included peak torque of quadriceps, 6-min walk test, gait 
speed, percentage of body fat, and time to complete 10 repetitions of the sit-to-stand-
to-sit test. Study participants showed a significant improvement in all the variables 
after 12 weeks except for percentage of body fat. Other studies in adults with CKD 
have also shown that regular resistance exercises are well tolerated and resulted in 
improved muscle strength, local muscular endurance, muscle function, overall abil-
ity for daily activities, and slowed down wasting of muscles.

15.4.1 CArdiovAsCulAr struCture And FunCtion

Diastolic dysfunction and alterations in heart morphology in ESRD significantly 
contribute to exercise intolerance. Deligiannis et al. (1999) in a study in adults with 
ESRD showed beneficial left ventricular structural and functional adaptations after 
aerobic exercise training. In the study, participants had significant improvements 
in cardiac systolic function with increase in ejection fraction, stroke volume, and 
cardiac output both at rest and at submaximal exercise. These effects were seen after 
six months of supervised outpatient training aerobic sessions three times per week. 
Echocardiography showed an increase in left ventricular end diastolic dimension 
and a decrease in end systolic volume, findings consistent with improved myocardial 
contractility. An increase in left ventricular posterior wall thickness and interven-
tricular septum thickness was also noted. Similar improvement in left ventricular 
ejection fraction and decrease in pulmonary artery and systemic vascular resistance 
were noted in patients doing exercise training for 30 min a day, 3 days a week for 
even shorter period of 3 months (Momeni et al. 2014).

Although regular aerobic exercise training in persons with CKD has been shown to 
result in favorable structural adaptations of the heart, improved cardiac function, and 
improved exercise tolerance, no long-term follow-up studies on survival data are avail-
able (Johanson et al. 2012, Painter and Roshanravan 2013, Booher and Smith 2001).
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15.4.2 skeletAl musCles

Muscle fatigue is the most common reason for premature termination of exercise in 
persons with CKD. Regular resistance training has been shown to improve muscle 
strength, endurance, and function in persons with CKD. Kouidi et al. (1998) looked 
at the effects of six months of intensive resistance training on adults on hemodialy-
sis. Study results showed significant improvement in muscle structure and function. 
Results of muscle biopsy (vastus lateralis) after six  months of training showed a 
significant increase in skeletal muscle fiber cross-sectional area, formation of new 
muscle fibers, and regeneration of previously degenerated skeletal muscle fibers. In 
addition, participants showed improved VO2max, exercise time, and isokinetic muscle 
strength of lower limbs.

Both aerobic and resistance exercise training have been shown to improve VO2max 
and exercise tolerance in persons with CKD. Because decreased survival in persons 
with CKD is associated with a progressive decrease in VO2max, regular exercises that 
improve VO2max are especially important (Siestama et al. 2004).

15.4.3 QuAlity oF liFe

Main domains of health-related quality of life (HRQoL) generally measured include 
physical functioning (self-care, daily activities, and employment), emotional well-
being (anxiety, depression, and hostility), and social functioning. Persons with CKD 
report limitations of daily activities such as walking, grasping, kneeling, and house 
work. They also report emotional difficulties including depression, anxiety, phobia, 
irritability, and hysteria (Koufaki et al. 2013). Employment status is a significant fac-
tor that relates to how persons with CKD perceive their quality of life. With appro-
priate adjustments, most persons with CKD are able continue to work and most 
students continue to attend school and college (Smart et al. 2011). Several studies in 
adults have reported the beneficial effects of exercise on both physical and emotional 
components of the measures of quality of life (Kolewaski et al. 2005, Levendoglu 
et al. 2004, Kouidi 2004, Mercer et al. 2004, Tawney et al. 2000).

Adolescents encounter a variety of biological and emotional challenges as they 
develop their abstract thinking and transition into adulthood. Any chronic disease 
process is going to add to the challenges that they already face. Loss of school days 
and difficulty in socializing can play a big part in affecting their quality of life. 
A lack of adherence to the treatment regimen is one of the most significant factors 
for transplant failures in adolescents.

15.5 CONSIDERATIONS FOR PHYSICAL ACTIVITY

Before starting an exercise program, medical evaluation and exercise testing are recom-
mended. Exercise programs should include both aerobic and resistance training and 
must be individualized on the basis of specific goals, circumstances, and needs. Although 
various regimens of exercise programs have been used in CKD patients, beneficial effect 
is noted in all study groups (Konstantinidou et  al. 2001, Shalom et  al. 1984, Heiwe 
and Jacobson 2014, Deligiannis 2004a, Deligiannis 2004b, Gould et al. 2014). 
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The current recommendations of the American College of Sports Medicine for exer-
cise in persons with CKD are summarized in Tables 15.4 and 15.5.

The most common risks associated with exercise are musculoskeletal injuries 
and cardiovascular adverse events. Most of the data on exercise-related risks are 
derived from studies on healthy population typically engaged in high-intensity train-
ing (Copley and Lindberg, 1999, Foster and Porcari, 2001). Persons with CKD have 
metabolic bone disease documented by decreased bone mineral density, vitamin D 
deficiency, and secondary hyperparathyroidism, all these being risk factors for bone 
fractures and poor healing after a skeletal injury. Poorly conditioned muscles and 
tendons also make them more prone to injury.

Most adults with CKD also have diabetes mellitus, systemic hypertension, and 
atherosclerotic heart disease, increasing their risk for exercise-associated adverse 

TABLE 15.4
Considerations for Exercise Recommendations in Persons with CKD
Medical evaluation and 
exercise testing

• Generally recommended before starting exercise program.
• Assess cardiovascular risks.
• Review effects of medications on exerciser response.
• Exercise is contraindicated in CKD patients with a systolic blood 

pressure >200 mm Hg or a diastolic blood pressure >110 mm Hg, 
electrolyte abnormalities, recent myocardial infarction, or recent 
changes in the electrocardiogram.

Exercise programs • Exercise programs should include appropriate warm-up, cool down, 
and flexibility exercises.

• Start at low-intensity, short duration sessions.
• Resistance exercise should start at low resistance loads (i.e., 

3 repetitions maximum or higher, e.g., 10–12 repetitions maximum).

Peritoneal dialysis • Avoid breath holding during exercise.
• Persons on continuous ambulatory peritoneal dialysis should try to 

exercise with fluid in the abdomen; if not tolerated, exercise with 
empty abdomen which is generally better tolerated.

• Ensure adequate dressing of the catheter site.

Hemodialysis • May perform exercise during dialysis session or non-dialysis days.
• Can exercise arm with vascular access as long as weight is not directly 

borne on the access site itself.
• Heart rate is not a reliable indicator for intensity; use rate of perceived 

exertion scale.
• Exercise during first half of dialysis session is preferred to avoid 

hypotensive episodes.

Source: Painter, P., and Krasnoff, J.B., End stage metabolic disease: Chronic kidney disease and liver 
failure. In: Durstine, J.L., Moore, G.E., Painter, P.L., and Roberts, S.O., eds. ACSM’s Exercise 
Management for Persons with Chronic Diseases and Disabilities, 3rd ed. Human Kinetics, 
Champaign, IL, 2009, pp. 175–81; Pescatello, L.S. et al., eds., ACSM’s Guidelines for Exercise 
Testing and Prescription, 9th ed., Lippincott Williams and Wilkins, Philadelphia, PA, 2013.
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cardiovascular events including death (Mottram et al. 2004, Miyachi et al. 2004). 
This underscores the importance of proper screening and monitoring and the need for 
a graded exercise program in which the intensity of exercise is gradually increased. 
Available data also suggest that once conditioning is achieved, more intense exercise 
poses less risk.

Trauma to the transplanted kidney is always a concern while participating in certain 
sports and leisure time activities. Trauma to the kidneys from participation in sports is 
rare. Most cases are reported in contact or collision sports. There is no consensus on 
sport participation recommendations for persons with solitary kidney (Bernhardt et al. 
2010, Bernard, 2009, Wu and Gaines 2007, Psooy 2006, McAleer et al. 2002) though 
current recommendation is to give a qualified yes after a thorough physical examina-
tion and discussion with the parents on the possible adverse outcomes. In contrast 
to native solitary kidney as most transplanted kidneys are placed extra peritoneally in 
the abdomen, risk of injury is relatively higher, and hence, contact sports are not rec-
ommended. Surveys indicate that most physicians recommended their patients with 
solitary kidney to avoid contact sports (Sharp et al. 2002). An analysis of the pediatric 
trauma cases from the National Pediatric Trauma Registry revealed that high-grade 
renal injuries requiring a nephrectomy are associated with sledding, skiing, and roll-
erblading (Johnson et al. 2005). There were no reported nephrectomies for injuries 
resulting from contact sports. Even though playing American football resulted in 
more renal injuries, all the injuries were low grade with no grade 3 injuries. Most kid-
ney injuries resulted from motor vehicle accidents and bicycle accidents. Gerstenbluth 
et al. (2002) in their report on 68 children with blunt renal injury showed that bicycle 
riding was the main cause for blunt renal trauma.

TABLE 15.5
American College of Sports Medicine: Exercise Prescription for Persons 
with CKD

Aerobic Exercise Resistance Exercise

Frequency 3–5 days week–1 2–3 days week–1

Intensity Moderate intensity (i.e., 40% to <60% 
VO2R, RPE 11–13 on a scale of 6–20) 

60% to 75% 1-RM 

Time 20–40 min. day-1 of continuous aerobic 
activity; however, if this duration 
cannot be tolerated, 10-min bouts of 
intermittent exercise to accumulate 
20–60 min day-1.

One set of 10–15 repetitions. Multiple sets 
may be done depending on patient 
tolerance and time.

Type Exercises such as walking and cycling Choose 8–10 different exercises to work 
the major muscle groups. Use machines 
or free weights.

Source: Pescatello, L.S. et al., eds., ACSM’s Guidelines for Exercise Testing and Prescription, 9th ed., 
Lippincott Williams and Wilkins, Philadelphia, PA, 2013.

VO2R, oxygen uptake reserve; RPE, rate of perceived exertion; RM, repetition maximum.
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The current sport-preparticipation guidelines recommend that athletes with one 
functioning kidney or a solitary kidney may be allowed to participate in contact or 
collision sports and other similar leisure time activities after explanation of all the 
risks (Johnson et al. 2005, Kennedy and Siegel 1995). Contact or collision sports 
are not recommended for persons who have a solitary kidney that is pelvic or iliac, 
is multicystic, has hydronephrosis, or shows ureteropelvic junction abnormalities. 
Persons with a transplant have successfully participated in many sports in national 
and international events. These sports events include track and field, swimming, 
table tennis, tennis, badminton, bowling, volleyball, golf, bicycling, and road races.

Concerns about exit site contamination of catheter for peritoneal dialysis, especially 
in children and adolescents who participate in swimming, have been raised, but with 
proper dressing, the risk is minimal (Plante et al. 1990). Similarly, the vascular access 
site and arteriovenous fistula should be protected (Kennedy et al. 1995).

15.5.1 ProteinuriA

Proteinuria is prevalent in school age children. In normal adults, 24-h urine protein 
measurement greater than 150 mg/day or 80 mg/L is considered abnormal (Johnson 
et al. 2015). In children, urine protein excretion is calibrated to their body surface 
area, and values greater than 100 mg/m2/day are considered abnormal (Patel et al. 
2005, Greydanus and Torres 2008). As 24-h urine protein measurement can be 
tedious, spot urine protein to creatinine ratio has been widely used and normal value 
in children greater than 2 years of age and adults is less than 0.2.

Incidence of proteinuria in general population by dipstick can be as high as 10% 
though on repeat screening persistent proteinuria is present in only about 0.1%. Incidence 
of proteinuria tends to increase with age, peaks during adolescence, and is more com-
mon in girls (Collins et al. 2011, Sreedharan et al. 2011). The prevalence of proteinuria 
in athletes though is much higher and has been attributed to the change in renal hemo-
dynamics during exercise. Sports-related proteinuria in non-pathological conditions 
of the kidney is usually transient and benign. Values return to normal range usually 
after 4 h of rest, and persistent proteinuria 48 h after exercise should be thoroughly 
evaluated for any pathological causes. Prevalence of proteinuria in athletes correlates 
more to exercise intensity than to the duration of exercise. In patients with preexisting 
conditions of the kidney like diabetic nephropathy or nephrotic syndrome, moderate to 
severe exercise is shown to worsen proteinuria in most of the patients though some of 
the participants did not show changes in the amount of protein excretion.

Orthostatic proteinuria is not uncommon during the adolescent period (Patel et al. 
2005, Greydanus et al. 2008). This is a benign proteinuria as well with long-term 
follow-up studies showing no significant renal consequences. The etiology is not 
clearly understood, and compression of left renal vein altering glomerular hemody-
namics has been suggested. Diagnosis can be made by a split 24-h urine collection 
but more easily by a spot urine collection for Pr/Cr ratio collected first thing in the 
morning. In this, the first morning spot urine Pr/Cr will be less than 0.2 after being 
supine for a few hours but will be higher after being up for a few hours. In 24-h 
urine collection in cases of orthostatic proteinuria, the total amount of protein will 
be  usually less than 1 g/day.
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Proteinuria is usually detected in an asymptomatic athlete during a routine sports 
physical examination. The screening method by dipstick detects albumin excretion, 
and levels of 1+ and above are considered abnormal. Rescreening for proteinuria by 
a spot first morning urine specimen after the athlete stays off exercise for 2–3 days 
will help in identifying the benign and transient proteinuria. Athletes with persistent 
proteinuria should be evaluated further.

15.5.2 hemAturiA

Hematuria can be classified into macroscopic when the blood is visible to the naked 
eye or microscopic which may be detected on a dipstick screening. Microscopic 
hematuria is confirmed by detection of RBC usually greater than 5–10 high power 
field on spun urine sediment under a high power microscope (Patel et  al. 2005, 
Greydanus et al. 2008). Absence of RBCs with a positive dipstick for hematuria can 
occur with myoglobinuria and hemoglobinuria.

The reported incidence of macroscopic hematuria is about 1 per 1000 (Patel et al. 
2005). For microscopic hematuria, incidence varies with the definition used for diag-
nosis. It is estimated at 1%–2% in school age children in consecutive two or more 
urine samples and as high as up to 13% in some series (Patel et al. 2005, Greydanus 
et al. 2008). Microscopic hematuria is much more prevalent in athletes when com-
pared to the general population. The exact prevalence of microscopic hematuria in 
athletic population is not known. Exercise-related hematuria is a benign and tran-
sient process with no long-term kidney problems. Reassuring the athlete and the 
family is very important, as the sight of blood in urine can be disturbing. Hematuria 
will clear in majority of patients when urinalysis is repeated 48–72 h after being off 
exercise. It is important to stress the need for good hydration during exercise and to 
avoid any nephrotoxic medication. Persistent microscopic hematuria or gross hema-
turia in athletes needs to be evaluated further.

15.5.3 Protein intAke in Athletes

The long-term effect on kidneys of excessive protein intake by athletes is a subject of 
many investigations. The recommended dietary allowance for protein is 0.75–0.8 g/kg/day 
for general population without CKD. The current recommendation of protein intake 
for athletes by the American College of Sports Medicine is 1.2–1.7 g/kg/day. This is 
roughly twice the recommended dietary allowance recommended in general popula-
tion to account for new muscle protein synthesis and to aid in repair of tissue damage 
that occurs with high-intensity exercise (Raj et al. 2012).

Current methods of determining the required protein intake is based on nitro-
gen balance studies. This method takes into account the entire protein intake and 
measures the nitrogen losses including that of urine, feces, sweat, hair, semen, 
and skin. The amount of protein required to give a positive balance is consid-
ered the optimal intake. Disadvantages of using this method to calculate recom-
mended dietary allowance is the fact that these studies are done on sedentary 
population as a whole and will not meet the requirements of an athlete who does 
intensive training. Protein requirement will also vary with the kind of exercise 
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with athletes involved in resistance training requiring much more protein than 
those involved in aerobic training.

Optimal results including muscle mass and sports performance for an athlete 
are based not only on the amount of protein ingestion but also on the kind of exercise 
training, the quality of protein ingested, and the timing of their intake. Also, muscle 
mass as a unit will adapt with exercise such that in chronically trained individuals, 
lesser amounts of protein ingested will be sufficient to produce the desirable effect. 
Whey protein is a superior protein when compared to soy or casein, and whey plus 
casein gives the greatest gain in lean body mass long-term when compared to whey 
plus amino acids alone (Tang et al. 2009, Kerksick et al. 2006).

Protein ingestion just prior to or following exercise has the greatest benefit on 
muscle protein synthesis (Tipton et al. 2001), and on muscle hypertrophy acutely and 
over time (Esnarck et al. 2001, Cribb and Hayes 2006). Though there is no deleteri-
ous effect of ingested protein on a healthy kidney, the same cannot be said for CKDs 
(Pecoits-Filho 2007). Several studies have shown that the decline in GFR will be 
faster with an excess protein load. Some studies have pointed toward the association 
between excess protein intake and kidney stones especially in genetically predis-
posed individuals (Robertson et al. 2002, Reddy et al. 2002, Nguyen et al. 2001).

15.6 FLUID BALANCE IN CKD

Fluid balance in the human body is closely maintained by the kidneys through vari-
able excretion of solute and water in relationship to their intakes and losses by the 
lungs, skin, and gastrointestinal tract. The main mechanism for fluid loss by urine 
is based on the concentrating ability of urinary solutes by the kidney. In a normal 
functioning adult kidney, the maximal urinary concentrating ability is found to be 
at 1200 mOsm/kg H2O. The obligatory urine loss (minimal amount of urine volume 
needed to get rid of the urinary solutes) is given by the formula (Wang et al. 2013)

 
Obligatory  ml   

Daily osmolar excretion mOsm

maximal 
V ( ) ( )=

uurine osmolaity U osm max( )
Hence, in a patient with normal kidney function with maximal urine  concentrating 
ability, the urine volume needed to get rid of a urinary solute concentration of 
400 mOsm could be as low as 300 mL in 24 h. However, as GFR falls and CKD 
progresses, the urine concentrating ability will go down as well. Most patients with 
advanced CKD (stage IV and above) have urine osmolality similar to plasma (iso-
osmolar). Considering a urine concentrating ability of only 300 mOsm, the obliga-
tory urine volume will be increased to 1.3 L indicating the need for increased fluid 
intake in CKD.

Arginine vasopressin (AVP) is a peptide hormone that plays a main role in water 
balance in the body. Increase in plasma osmolality and low intravascular volume are 
the main stimuli for increase in AVP production. Rat models with 5/6 nephrectomy 
have shown that decreasing AVP by increasing water intake has shown to slow the 
progression of decline in GFR and CKD (Bouby et al. 1990, Suguira et al. 1999). 
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Suggested mechanisms contributing to the progression of CKD by AVP include 
increasing renin synthesis, increasing sodium and chloride reabsorption in the thick 
ascending limb, and stimulating mesangial cell proliferation. All these tend to pro-
mote glomerular hypertension and hypertension, known factors involved in glomer-
ular sclerosis.

Prospective population studies (Clark et  al. 2011, Strippoli et  al. 2011) have 
shown that higher urine volumes and increased water intake were associated with 
preserved renal function. Inadequate water intake in the setting of intense physical 
activity could predispose to CKD as shown by Pereza et al. (2012). Studies done 
in autosomal dominant polycytic kidney disease using tolvaptan as a vasopressin 
antagonist has reduced cyst growth and slowed the decline of GFR (Higashihara 
et al. 2011).

No specific recommendation for the amount of fluid intake for CKD is available 
in the literature. However, based on available evidence, it can be mentioned that 
patients with early stages of CKD (GFR > 60 mL/min/1.73 m2) will benefit from 
increased fluid intake especially with strenuous physical activity. For an average 
adult, the recommendation is to reach at least 3 L of urine output in 24 h. This will 
be particularly beneficial in subjects with cystic kidney disease and tubulointerstitial 
diseases who have a reduced urinary concentrating ability. In patients with more 
advanced CKD, the amount of fluid intake has to be individualized based on their 
urine output. Other dietary changes including restricting salt and protein intake to 
the recommended dietary allowance will also be helpful in slowing the progression 
of CKD.

15.7 SUMMARY

CKD affects 20 million Americans. The most common causes of CKD in adults are 
diabetes mellitus and hypertension. The main reasons for poor exercise tolerance in 
persons with CKD are anemia, cardiovascular changes, change in skeletal muscles, 
and physical inactivity. Regular aerobic and resistance exercise improve exercise 
tole rance, cardiovascular function, muscle function, ability to engage in daily physi-
cal activities, and overall quality of life of persons with CKD. A medical evalu-
ation and exercise testing are recommended before starting an exercise program. 
Both aerobic and resistance exercises are recommended. Aerobic exercises such as 
cycling and walking are recommended for 3–5 days per week at moderate intensity. 
Resistance exercises using free weights, resistance bands, or machines are recom-
mended for 2–3 days per week at low to moderate resistance with higher repetitions, 
typically one set of 10–15 repetitions. For athletes with a solitary kidney, although 
the risks of significant injury to the kidney in contact or collision sports are mini-
mal, there is no consensus recommendation, and each case should be individual-
ized with full explanation of all the potential risks. In most athletes, exercise-related 
microscopic hematuria and proteinuria is generally benign and transient. Ingestion 
of excess protein does not seem to result in adverse impact on the kidneys; however, 
in those with any renal disease appropriate modification is recommended as part of 
the overall management.
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16 Practical Considerations 
for Fluid Replacement 
for Athletes with a 
Spinal Cord Injury

Victoria Goosey-Tolfrey, Thomas 
Paulson, and Terri Graham-Paulson

16.1  INTRODUCTION—PARALYMPIC SPORT 
FOR INDIVIDUALS WITH SPINAL CORD INJURIES

The popularity of paralympic sport has been growing steadily over the years, since 
its first introduction at the Stoke Mandeville games in 1952. This is evident by the 
increasing number of disciplines; the number of summer sports for which medals 
were awarded has increased from six in 1952 to above twenty that will be seen at the 
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Rio Paralympic Games in 2016. Since the 1988 Paralympic Games (held in Seoul, 
Korea), it is notable that the games have been hosted by the same city, in the same 
year, and at the same venues as the Olympic competitions. The selection of Athens, 
Greece, (2004) and Beijing, China, (2008) as sites for the Paralympic Games and 
the forthcoming games in Rio, Brazil, (2016) poses an environmental challenge for 
competitors with the potential for heat-related illnesses, dehydration, and impaired 
performance.

The evaluation of fluid balance, hydration, and sports performance for healthy 
able-bodied (AB) athletes is an important aspect of this book, and the scientific lit-
erature is well versed regarding the problems of exercise in the heat (Coris et  al. 
2004), the effects of dehydration (Maughan 1991; Sawka and Greenleaf 1992), and 
the benefits of acclimatization (Nielsen 1994), particularly in endurance events. 
However, the Paralympic Games include athletes with a variety of impairments which 
produce additional problems when striving to maintain euhydration and regulate 
temperature. There are currently 17 summer paralympic sports that involve compe-
tition for individuals with a spinal cord injury (SCI), across a range of both indoor 
and outdoor sporting arenas (Table 16.1, which represents the different events by the 
risk of heat illness). It has been known for many years that athletes with an SCI are 
less-effective thermoregulators than AB athletes in hot environments (Price 2006), 
and yet limited scientific research regarding optimal fluid replacement strategies is 
available for this group of athletes. For example, fluid intake for AB athletes is based 
on the fact that fluid losses should be replaced during exercise, preferably at a rate 
equal to sweat rate (Sawka et al. 2007). Guidance on fluid replacement is difficult 
to determine for athletes with an SCI, where the individual’s fluid loss will depend 
not only on the environmental conditions but also on the level and completeness of 
the SCI and available sweating capacity (Guttmann et  al. 1958). Moreover, since 
the physiological consequences of an SCI result in a decreased lean body mass due 
to muscle atrophy, leading to a lower resting metabolic rate, and in turn, a further 
reduction in energy expenditure (EE), AB fluid replacement strategies are almost 

TABLE 16.1
Needs Analysis of the Heat Stress Risk Associated with Paralympic Sporting 
Competition Involving Athletes with an SCI

Heat Stress Level Event Outdoor/Indoor

High risk (Level 3) Athletics, equestrian, paratriathlon, road 
cycling, wheelchair tennis

Wheelchair rugby

Outdoor
Indoor

Intermediate risk (Level 2) Paracanoe, rowing, sailing
Swimming, table tennis, wheelchair basketball, 
wheelchair fencing

Outdoor
Indoor

Low risk (Level 1) Archery boccia, powerlifting
Shooting, sitting volleyball

Outdoor
Indoor

Source: Webborn, A.D.J., Br. J. Ther. Rehabil., 3(8), 429–35, 1996.
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certainly not directly transferable to athletes with an SCI. Thus, the purpose of 
this chapter is to describe the physiological and anatomical consequences of an 
SCI, with the main aim to provide some practical information for coaches and 
practitioners to fully understand the hydration needs of athletes with an SCI so 
that they can apply their knowledge to a condition perhaps beyond their primary 
area of expertise.

16.1.1 EpidEmiology of Spinal Cord injury

Traumatic spinal injuries occur when direct or indirect forces applied to the verte-
bral column lead to damage of the spinal cord, with motor vehicle collisions, falls, 
violence, and sports activities among the leading causes (Lee et al. 2013). A bimodal 
distribution in injury prevalence is present with regard to age, with a first peak in 
young adults aged between 15 and 29 years and a smaller, but growing, second peak 
over the age of 60. Predicted global estimates suggest an incidence of 200,000 inju-
ries per annum worldwide (Lee et al. 2013) with around 40,000 people living with an 
SCI in the United Kingdom (Webborn and Goosey-Tolfrey 2008).

Whether an SCI is traumatic or non-traumatic, the resultant deficits in motor, sen-
sory, and autonomic functions are dependent on the level and the pattern of spinal 
lesion, mainly in the transverse plane. Remaining sensory (dermatome) and motor 
(myotome) function is examined according to international guidelines for neurological 
classification (American Spinal Injuries Association—ASIA) to identify lesion level 
and completeness (Kirschblum et al. 2011), see Figure 16.1. Injury level is described 
as the most caudal (away from the head) spinal segment with remaining function. 
Tetraplegia refers to impairment or loss of motor and/or sensory function in the cervi-
cal segments of the spinal cord and results in some impairment of the arms as well as 
typically the trunk, legs, and pelvic organs (Kirschblum et al. 2011). Paraplegia refers 
to impairment or loss of motor function in the thoracic, lumbar, or sacral segments of 
the spinal cord, with lesion level-dependent losses in trunk, leg, and pelvic function 
(Kirschblum et al. 2011). A complete SCI results in the complete loss of both sensory 
and motor communication between the brain and tissue innervated below the lesion 
level (classified as ASIA grade A). In contrast, the neurology of incomplete injuries 
is complex and can differ greatly from one case to another (classified as ASIA grade 
B–D) (Kirschblum et al. 2011). Damage to the neurons of the anterior ventral roots 
may lead to a loss of motor function but maintenance of sensory function, whereas the 
converse may apply with damage to neurons of posterior dorsal roots.

16.1.2 anatomy of thE Spinal Cord and nErvouS SyStEm

Enclosed within the vertebral column, the spinal cord is the major conduit through 
which motor and sensory information is relayed between the brain and the body 
(Kirschblum et  al. 2011). The spinal cord provides a key structure of the central 
nervous system (CNS), organizing both conscious and unconscious motor and sen-
sory function. In total, 31 pairs of spinal nerves (8 cervical, 12 thoracic, 5 lumbar, 
5  sacral, and 1 coccygeal) act as the bridge between the CNS and the motor and 
sensory components of the peripheral nervous system. As shown in Figure 16.2, the 
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innervation of target organs is organized in a segmental fashion. The cervical nerves 
supply the muscles of the upper limbs (e.g., C5–C6 innervates biceps brachii [elbow 
flexor], C6–C8  innervates triceps brachii [elbow extensor]) and the lumbar and 
sacral nerves supply lower limbs (e.g., L2–L4  innervates quadriceps [knee exten-
sors]) (Marieb and Hoehn 2007).

While a large portion of motor function is under conscious control, the human 
body is highly sensitive to challenges against the stability of its internal environ-
ment. The autonomic nervous system, with its parasympathetic and sympathetic 
arms, exists as a division of the peripheral nervous system providing involuntary 
innervation of smooth muscle (blood vessels), cardiac muscle, and secretory glands 
(Marieb and Hoehn 2007). Normal autonomic function provides a constant balanc-
ing act between activity-supporting sympathetic tone and rest-and-digest parasym-
pathetic tone. With the exception of the sacral outflow to the bladder and genitals 
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FIGURE 16.2 A schematic representation of the somatic and autonomic nervous systems. 
(Modified from Krassioukov, A., Respir. Physiol. Neurobiol., 169, 157–64, 2009.)
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(Figure  16.2), neurons of the parasympathetic nervous system are located in the 
motor-cranial nerve of the brain stem and synapse directly to the target organ, pre-
dominantly via the vagus nerve. Among its many functions, parasympathetic tone 
decreases heart rate (HR) while promoting energy storage and digestion. In contrast, 
the gray matter of the thoracic and upper lumbar spinal cord between T1–L2 con-
tains sympathetic nerve fibers within the lateral gray horns. Preganglionic sympa-
thetic fibers enter the adjoining paravertebral sympathetic ganglion (Figure 16.2). 
Subsequent postganglionic fibers act directly via the neurotransmitter noradrena-
line or indirectly via stimulating release of the catecholamines adrenaline and nor-
adrenaline from the adrenal medulla (Marieb and Hoehn 2007). Sympathetic tone 
elevates HR and breathing rate, controls skeletal muscle blood flow via vasodilation 
and vasoconstriction of blood vessels in active and inactive muscles, and initiates the 
secretion of adrenaline and noradrenaline from the adrenal medulla (Figure 16.2).

16.2 PHYSIOLOGICAL CONSEQUENCES OF SPINAL CORD INJURY

Injury to the spinal cord presents a complex, lesion-level-dependent challenge to 
 respiratory, cardiovascular, autonomic, and skeletal muscle function. Due to 
the increasing loss of functional muscle mass and autonomic control, higher levels 
of injury result in impaired cardiovascular function and oxygen demand both at rest 
and during exercise (Haisma et al. 2006; Leicht et al. 2012). The physiological conse-
quences of SCI therefore have a large impact on an individual’s physical capacity and 
EE experienced during exercise.

16.2.1 CardiovaSCular and autonomiC Control

At rest, and in response to exercise and orthostatic challenge, the redistribution of 
blood following an SCI is impaired due to the lack of sympathetic vasoconstriction 
in inactive tissue below the lesion level (Jacobs et al. 2002). The pooling of blood 
in the lower limbs and inactive venous muscle pump reduce ventricular refilling 
and therefore stroke volume during exercise (Jacobs et  al. 2002). Cardiac output 
(Q̇) is maintained by elevations in resting and submaximal HR in individuals with 
paraplegia (Hopman et al. 1993). Methods to increase ventricular filling, including 
exercising in a supine position, have been shown to increase stroke volume at sub-
maximal exercise intensities (Hopman et al. 1998). In individuals with tetraplegia, 
the redistribution of blood and ability to elevate Q̇ is further limited due to the loss 
of autonomic control of vessels in the abdominal bed and cardiac tissue (Thijssen 
et al. 2009). A spinal cord lesion above T5 results in the loss of sympathetic out-
flow to the heart and peak HR’s (HRpeak) of around 100–140 b min−1 (Valent et al. 
2007). Partial cardio-acceleration is maintained by the withdrawal of parasympa-
thetic tone.

Depressed plasma concentrations of adrenaline and noradrenaline are observed 
at rest and during exercise (Schmid et al. 1998a, 1998b) following the loss of sympa-
thetic outflow to adrenal glands at T6. This absent exercise-induced systemic vaso-
constriction and cardiac stimulation further limits the ability to augment Q̇ during 
exercise (Hopman et al. 1993). This hypokinetic circulation results in a decreased 
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left ventricular mass (~25% less than non-SCI) and smaller left ventricular volume in 
both untrained (De Groot et al. 2006) and trained (West et al. 2012) individuals with 
a cervical level SCI compared to non-SCI controls.

The loss of autonomic function following high thoracic and cervical level injury 
presents two distinct challenges to health and exercise performance, namely, ortho-
static hypotension and autonomic dysreflexia. Vasomotor centers in the medulla 
reflexively control the cardiovascular system by adjusting sympathetic and para-
sympathetic outflow to the heart and peripheral vasculature in order to maintain 
blood pressure (Krassioukov 2009). The loss of sympathetic nervous system out-
flow in tetraplegia results in bradycardia and chronic hypotension induced via a 
constant state of vasodilation. Postural change to an upright position results in an 
unmodulated drop in blood pressure called orthostatic hypotension. Extreme hypo-
tension is transient following an SCI, resolving within a few weeks of injury due 
to a compensatory reduction in parasympathetic outflow and return of sympathetic 
reflexes.

Autonomic dysreflexia is a potentially life-threatening bout of extreme, uncon-
trolled hypertension resulting from severe vasoconstriction and cardiac stimulation. 
Incidences occur when a noxious stimulus below the lesion level triggers an exces-
sive sympathetic response due to the loss of inhibition descending from the medulla 
and/or hypersensitivity of sympathetic neurons (Krassioukov and Claydon 2006). 
Common causes include bladder or rectal distension, and failure to remove the stim-
ulus can lead to renal failure, cerebrovascular accidents, and in extreme cases, even 
death (Krassioukov and Claydon 2006).

16.2.2 phySiCal CapaCity

Physical capacity is the ability of the musculoskeletal, cardiovascular, and respira-
tory systems to undertake a level of physical activity. Peak anaerobic power output 
and muscular strength show a similar lesion-level-dependent relationship to car-
diovascular and respiratory function (Dallmeijer et al. 1996). This is an important 
factor as most daily activities during wheelchair propulsion, including negotiating 
curbs or a slope, require substantial anaerobic power (Hutzler 1998; Janssen et al. 
2002). Subsequently, individuals with tetraplegia exhibit higher physical strain dur-
ing tasks of daily living, including transferring to bed and entering a car, than those 
with paraplegia (thoracic level injuries) (Janssen et  al. 1994). For the purposes of 
this succinct chapter, the reader is directed to Janssen et al. (2002) to find norma-
tive physical capacity values for which an aerobic capacity of >1.19  L  min−1 and 
>2.31 L min−1 suggests excellent physical capacity for persons with tetraplegia and 
paraplegia, respectively.

Wheelchair sport adds another layer of complexity, and athletes differ with 
respect to their sports classification (e.g., for the purposes of this chapter, level and 
completeness of SCI), which consequently influences physical capacity and EE. 
A rapid decline in muscle fiber cross-sectional area is observed in the lower limbs 
following paralysis, with a direct relationship reported between the extent of muscle 
atrophy and injury duration (Castro et al. 1999). Subsequent reductions in resting and 
daily EE are directly proportional to the volume of lean body mass lost. Therefore, 
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using AB values for EE may overestimate the needs of athletes with an SCI due to 
the reduced muscle mass and type of activity completed as shown in Figure 16.3 for 
which the reader is referred to the review of Price (2010).

16.2.3 gaStriC Emptying

The ability of the digestive system to absorb and digest nutrients is a key factor to 
consider when developing any hydration strategy. In a clinical setting, gastric emp-
tying of both liquid and solid meals can be prolonged in individuals with an SCI 
(Williams et al. 2012), and this may be more prominent in females and those with a 
high lesion level (Kao et al. 1999). Hence, individuals with tetraplegia may be more 
susceptible to delayed gastric emptying and commonly reported gastrointestinal (GI) 
symptoms such as dysphagia, nausea, bloating, and early satiety. Gastric emptying 
times were reported to be 10.6 ± 7.2 h in subjects with an SCI (complete and incom-
plete paraplegia and tetraplegia) compared to 3.5  ±  1.0  h in control AB subjects 
(Williams et al. 2012). This prolonged gastric emptying time may have implications 
on the timing, and composition of liquid and/or solid food athletes should ingest 
before and during exercise or competition.

GI symptoms in athletes can have a detrimental effect on sports performance 
(De Oliveira and Jeukendrup 2013) and given the demands and postural require-
ments of many wheelchair sports, this is an important consideration for athletes with 
an SCI. A recent review (de Oliveira et al. 2014) suggests that moderate intensity 
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exercise does not have a significant impact on GI tract motility in AB  individuals 
but gastric emptying in particular may be inhibited at higher exercise intensities. 
A number of disability sports played by individuals with an SCI (wheelchair bas-
ketball, rugby, tennis, and ice sledge hockey) are intermittent in nature, and some 
evidence suggests that gastric emptying may also be delayed during this type of 
exercise (Leiper et al. 2001a, b).

Given the variable demands placed on an athlete during different wheeled sports 
(e.g., endurance vs. intermittent; contact vs. non-contact) and the various roles an 
athlete can play within a team, there are a number of seating positions and abdomi-
nal binding options which an athlete can adopt (Goosey-Tolfrey 2010). It has been 
noted that the posture assumed by AB cyclists can increase the prevalence of upper 
GI symptoms, possibly due to increased pressure on the abdomen (De Oliveira and 
Jeukendrup 2013). In wheelchair racing, a similar and sometimes more extreme aero-
dynamic posture is commonly used to help optimize performance (Figure 16.4). It is 
therefore important to consider the impact an athlete’s position may have on their GI 
motility when recommending drinking and fueling practices. Training the gut through 
the use of these positions during training sessions can help to reduce the incidence 
of GI symptoms in those who are susceptible. It should also be highlighted that GI 
discomfort, especially during intense exercise can be exacerbated when an individual 
is hypohydrated (Rehrer et al. 1990). All athletes, especially individuals with an SCI, 
should therefore take care to remain hydrated during exercise and competition.

Evidence shows that nutritional supplement use is common among disabled ath-
letes and that sports drinks are one of the top three supplements being used by this 
population (Graham-Paulson et al. 2015). There are no disability-specific guidelines 
regarding the type, amount, or frequency, which these products should be ingested 
and therefore we look to the AB literature once again. When utilizing isotonic sports 
drinks for hydration and fueling, lowering the carbohydrate concentration (hypotonic: 
compared to an isotonic ~6% solution) does not appear to improve gastric emptying or 
intestinal water absorption in AB participants (Rogers et al. 2005). However, higher 
carbohydrate concentrations and therefore higher osmolalities (>500  mOsm/L) are 
likely to delay gastric emptying and could cause unwanted symptoms (De Oliveira 
et al. 2014) such as cramping, bloating, and diarrhea. Many unwanted GI symptoms 
can be prevented or at least managed through appropriate fluid and fuel choices.

FIGURE 16.4 Posture of an athlete with an SCI competing in wheelchair  racing and hand 
cycling. (Courtesy of Alexandra Shill.)
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16.2.4 thErmorEgulation and SwEat ratES

Surprisingly, given that many Paralympic Games have taken place in hot cli-
mates (Sydney, Athens, and Beijing) and international qualification events for 
wheelchair athletes are worldwide, little information is available on either fluid 
replacement strategies or thermoregulatory responses during wheelchair propul-
sion in the heat (Goosey-Tolfrey et al. 2008). It is well documented that athletes 
with an SCI have a (1) reduced sympathetic input to the thermoregulatory center, 
(2) loss of sweating capacity, and (3) loss of vasomotor control below the level of 
the spinal lesion (Price 2006). Since the redistribution of blood and sweating are 
two major thermoregulatory effectors, persons with an SCI have compromised 
thermoregulation and are at a greater risk of heat illness than AB individuals 
(Price 2006). Further specific discussion on sweating and cutaneous circulation in 
SCI is covered in Chapter 3 (Section 3.3.3). As with physical capacity, the extent 
of the thermoregulatory impairment is proportional to the level and completeness 
of the lesion level. Athletes with tetraplegia will demonstrate little or no sweating 
response due to the spinal lesion being above the sympathetic outflow (cervi-
cal region), placing them at a greater risk of a heat-related illness. A high level 
of thermal strain may be apparent not only in outdoor sports such as athletics/
wheelchair tennis but also in wheelchair rugby which although is played indoors 
involves high intensity intermittent efforts (Rhodes et al. 2015) (see Table 16.1). 
Even during steady-state arm cranking (60% V̇O2peak for 60 min at ~21.5°C), Price 
and Campbell (1999) found a continuous increase in core temperature (Tcore), for 
an athlete with tetraplegia, in contrast to a plateau experienced by AB athletes 
and athletes with paraplegia. While the athlete with tetraplegia did not experi-
ence high thermal strain in these conditions, the continuous rise in Tcore shows that 
thermal balance was not achieved. Early work reported by Hopman (1994) has 
suggested that when arm cranking in a hot environment, there is a linear relation-
ship between sweat produced and the heat liberated for both AB and persons with 
an SCI (718, 425, 335, and 176 mL) between T10–T12, T7–T9, and T2–T6, respec-
tively. Evidently, the majority of literature will suggest that for persons with an 
SCI above T6 that a balance between heat production and heat dissipation during 
exercise will not be met (Price 2006). Given the differences in physical strain 
between arm-crank and wheelchair ergometry, it is important to understand the 
fluid intakes and sweat rates during wheelchair propulsive exercise representing 
various sporting scenarios as shown in Table 16.2 which will be discussed in the  
Section 16.3.

Athletes with an SCI can take part in many different sports and a number of 
these require them to wear heavy and/or protective clothing during competition 
such as wheelchair fencers. Athletes taking part in these sports must be aware of 
the influence clothing can have on thermoregulation and sweat losses. In athletes 
who already have thermoregulatory issues, clothing can further hamper the loss of 
heat during exercise (Havenith 1999). The potential increase in body temperature 
and therefore sweat losses should not be underestimated and where possible should 
be monitored in order to produce an individual hydration strategy for these athletes 
(Table 16.2).
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16.3 FLUID REPLACEMENT

16.3.1 drinking praCtiCES in athlEtES with a Spinal Cord injury

As with AB individuals and athletes, fluid consumption in SCI populations can vary 
greatly. In a clinical population, daily fluid intakes appear to differ slightly between 
acute (2600 ± 800 mL/day) and chronic patients with an SCI (3100 ± 1200 mL/day) 
(Perret and Stoffel-Kurt 2011). Nonetheless, they appear to be in line with the rec-
ommendations for young men and women (aged 19–30 years) (Institute of Medicine 
2005). Fluid intakes in an athletic population also appear to be adequate with 
23 wheelchair basketball players reporting average daily intakes of 2300 mL over 
a 7-day period (Goosey-Tolfrey and Crosland 2010). Sufficient daily fluid intakes 
are also deemed important, often in combination with the consumption of fiber, to 
help prevent constipation in some individuals with an SCI. Persons with an SCI 
are at increased risk of developing urinary tract infections (UTIs) due to a num-
ber of structural and physiological factors such as high-pressure voiding, bladder 
over- distention, and their method of bladder drainage. The consumption of cran-
berry juice is widespread among individuals with an SCI given the belief that it can 
help to prevent and relieve symptoms of UTIs (Goosey-Tolfrey and Crosland 2010; 
Graham-Paulson et al. 2015). For those with an indwelling catheter, it is important 
to maintain a steady fluid intake across the day to ensure hydration and to help flush 
through the catheter to help prevent the risk UTIs.

In line with Hopman’s (1994) sweat rate data, fluid intakes also appear to differ 
during exercise in persons with high and low lesion levels during wheelchair propul-
sive exercise (Table 16.2). Athletes with tetraplegia consumed greater fluid volumes 
(764 ± 342 mL/h) during exercise (60 min at 60% V̇O2peak at 31°C) than those with 
high- and low-level paraplegia (472 ± 252 and 381 ± 251 mL/h, respectively) (Price 
and Campbell 2003). For the athlete with a higher lesion level, the inability to ther-
moregulate effectively, as described earlier, results in a continual increase in core 
body temperature and consequently a greater degree of thermal strain. The con-
sumption of cool/cold fluids has been shown to help attenuate the thermal discomfort 
experienced during exercise (Lee and Shirreffs 2007). However, the combination of 
reduced sweating capacity and fluid loss, and high fluid intakes in athletes with tetra-
plegia can result in the athlete gaining weight during exercise. Table 16.2 shows elite 
athletes with an SCI gaining up to 1.9% body mass during only 1 h of exercise. An 
increase in body weight during exercise may be detrimental to performance because 
it will increase the rolling resistance of the wheelchair-user combination.

Other ways to help reduce thermal strain include external cooling methods such 
as ice vests, fans, water sprays, and hand and foot cooling techniques (Griggs et al. 
2015). These methods appear to improve the athlete’s thermal comfort and ratings 
of perceived exertion (Webborn et al. 2005; Goosey-Tolfrey et al. 2008), yet there is 
limited evidence on any gains in performance and the effectiveness of one technique 
over the other with reducing core body temperature (Griggs et al. 2015; Trbovich 
et al. 2014). Nevertheless, Goosey-Tolfrey et al. (2008) highlighted a 42% reduction 
in fluid intake when cooling methods (localized to the head and neck) were used 
compared to no cooling (Table 16.2). This observation of reduced fluid consumption, 
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when using a cooling method, may be a greater issue during prolonged events such 
as outdoor wheelchair tennis and cycling (road). Both the athlete and the practitioner 
should therefore be aware of this possible change in drinking behavior alongside the 
use of cooling methods and should ideally practice the planned drinking strategy 
with the cooling method to ensure hypohydration is prevented.

The act of gaining substantial weight via fluid consumption during exercise can 
be dangerous in extreme cases where hyponatremia (a serum sodium  concentration 
<135 mmol/L) can result. This is not a common occurrence in athletes with an 
SCI; however, it is more likely to happen if an athlete hydrates with water only as this 
dilutes the plasma sodium concentration. As previously mentioned, excess fluid con-
sumption can result in a distended bladder which can lead to autonomic dysreflexia. 
In athletes with a high-level SCI, autonomic dysreflexia occurs spontaneously but it 
can also be triggered deliberately to help improve performance, known as boosting. 
This reflex is a health risk and so the International Paralympic Committee (IPC) 
forbids athletes to compete in this state (systolic blood pressure ≥180 mmHg). Any 
deliberate attempt to induce autonomic dysreflexia will result in disqualification and 
possible further action by the IPC Legal and Ethical Committee. More information 
can be found in the IPC position statement on autonomic dysreflexia and boosting 
(IPC 2014). The most important point for consideration by practitioners is that if 
autonomic dysreflexia occurs, it is essential that prompt action is taken to remove 
the cause. Potential causes include over distention of the bladder, a blocked catheter, 
constipation, an UTI, bladder stones, pressure sores, and any condition that would 
have produced pain prior to the injury. If an athlete appears prone to autonomic dys-
reflexia, they should seek further medical advice.

Hyperhydration and consequent weight gain can also influence performance, 
especially in sports such as wheelchair rugby and tennis where acceleration and the 
ability to repeatedly overcome inertia (made harder following an increase in body 
mass) are key contributors to performance. The majority of the AB literature focuses 
on the effects of hypohydration and practitioner recommendations tend to reflect 
this. However, it is clear that the effects of hyperhydration must also be considered in 
an SCI population before recommending hydration strategies.

16.3.2 making fluid ChoiCES in athlEtES with a Spinal Cord injury

16.3.2.1 What?
Water should remain the fluid of choice on a daily basis and during short- duration, 
low-intensity exercise sessions. Recommended volumes will vary based on the 
individual athlete’s ability to sweat. There is very little evidence regarding the 
use of sports drinks by athletes with an SCI (Spendiff and Campbell 2005). 
However, there is no reason to believe they would not be useful during long-dura-
tion, high-intensity exercise in which glycogen stores are challenged or when an 
athlete is unable to consume appropriate and sufficient fuel prior to exercise. The 
EEs of various sports were provided in the introduction and highlight the low 
values reported during selected wheeled sports. Some athletes with an SCI may 
avoid the use of sports drinks because they are fearful of consuming more energy 



348 Fluid Balance, Hydration, and Athletic Performance

than they expend, which could ultimately contribute to weight gain. During light 
 sessions or for those with a weight loss goal, this viewpoint may be understand-
able. However, for elite athletes participating in heavy and/or prolonged exercise, 
some athletes may need to be educated on the advantages of exogenous carbo-
hydrate delivery to enable a high-quality training session and to aid performance 
in competition.

As mentioned earlier, it is important to consider the composition of a drink. As 
with any AB athlete, this will vary depending on the sporting situation, the environ-
ment, the duration and intensity of the session, their drink preferences, as well as the 
level and completeness of the SCI, which will provide an indication of EE. A lack of 
SCI-specific research in this area limits the evidence-based recommendations that 
a practitioner can provide. However, until this evidence is available, practitioners 
should continue to use AB guidelines as a starting point and use their knowledge and 
any available monitoring data to adapt their recommendations. The carbohydrate 
content of the drink should reflect the energy demand placed on the athlete, their 
ability to consume carbohydrate in the lead up to a session, and the ability of their 
GI system to tolerate it.

Given reduced sweat rates and therefore fluid losses of individuals with an SCI, 
electrolyte losses may be small but the inclusion of electrolytes may still be impor-
tant to aid the retention of fluid, especially in those with an indwelling catheter, and 
consequently to help reduce the risk of hyponatremia. Where possible, the analysis 
of an athlete’s sweat composition (via absorbent sweat patches) allows the practitio-
ner to gain a greater understanding about their electrolyte losses. This will therefore 
help to inform the electrolyte concentration required in a drink.

The temperature of the fluid may also be important as it can encourage/discour-
age drinking. The current position stand of the American College of Sports Medicine 
(Sawka et al. 2007) suggests that fluids between 15°C and 21°C are preferred but 
this can vary between individuals, cultures, and environmental conditions. To help 
reduce the thermal discomfort experienced by athletes with an SCI, cool/cold fluids 
may be desired and may encourage drinking. Warm/hot fluids may also stimulate 
drinking in cool/cold environments such as in cold water events, cold and/or wet 
outdoor endurance events, or in-between competition bouts.

The inclusion of protein in a post-exercise recovery drink is a common practice 
among athletes to help stimulate skeletal muscle protein synthesis (Koopman et al. 
2007). A recent survey indicates that this practice is also common among athletes 
with an impairment (Graham-Paulson et al. 2015). At present, there is very little 
evidence regarding the influence of post-exercise protein on muscle protein syn-
thesis in athletes with an SCI. However, Kressler et al. (2014) recently reported 
improvements in anaerobic fatigue resistance and aerobic capacity in individuals 
with tetraplegia following immediate (36–37  g) protein supplementation during 
a 6-month circuit training program compared to a delayed protein feeding. Yet 
there was no influence of protein supplementation on upper body strength. Given 
the dearth of evidence, practitioners should continue with the assumption that an 
athlete with an SCI has similar protein requirements to those of AB athletes, and 
hence, this macronutrient should be considered for use in a post-exercise drink in 
certain situations.
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16.3.2.2 How Much?
The amount of fluid an athlete requires on a daily basis will be extremely individual 
and should be based on their bladder and bowel routine, their training schedule, and 
consequently their sweat losses. Athletes employing indwelling catheterization or 
penile sheath urinary drainage typically intake frequent, low volumes of fluid to 
flush the catheter through and lower the risk of urinary tract complications. Those 
employing intermittent catheterization techniques (4–5 times per day) are required 
to closely monitor fluid intake to ensure bladder routines fit around training and com-
petition schedules. Ideally, the amount of fluid consumed should reflect a number 
of pre- and post-exercise weighing sessions to enable an individual drinking strat-
egy. When providing recommendations for fluid intake, it is important to consider 
a number of factors: access to toilet facilities, the athlete’s habitual bladder control 
mechanism, and the use of voluntary dehydration when traveling. Access to toilet 
facilities may be limited in some situations such as on the mountain for disability 
sit-skiers, when an individual is out on the road for a long cycling (road) race or 
training session, and when a tennis player has his/her racquet strapped to their hand 
during a match. When traveling, especially flying long-haul or without assistance, 
some individuals may choose to restrict fluid intake to prevent the hassle of using the 
toilet facilities. Remember that dehydration increases the risk of UTIs and so where 
possible safer/healthier alternatives should be encouraged. For individuals who nor-
mally use intermittent catheterization as a means of bladder control, an indwelling 
catheter could be a good option during the travel period. Self-catheterization during 
travel and when abroad should be performed with care as the risk of infection can be 
increased. Individuals should aim to start their travel period in a hydrated state and 
ideally remain so throughout. However, if the individual does choose to dehydrate 
to any degree, the most important thing is to put a hydration strategy in place upon 
arrival at their destination. This will hopefully ensure they rehydrate effectively and 
are euhydrated in time to train or compete. It is also important to consider those with 
an ileostomy or any GI incompetence; large fluid boluses should be discouraged 
because they may cause dumping of fluid.

16.3.2.3 When?
As with all athletes, individuals should aim to start exercise in a hydrated state. To 
achieve this, athletes should drink regularly throughout the day. Sipping little and 
often is the simplest advice for athletes. Athletes should try not to catch up at night 
as this may result in a disturbed night’s sleep. During exercise, athletes should aim to 
prevent fluid losses of more than 2% body mass to prevent any influence of hypohy-
dration on performance. On the other hand, athletes should also aim to limit weight 
gain during exercise (hyperhydration) as this may increase the risk of hyponatremia 
and autonomic dysreflexia in athletes with an SCI.

The timing and frequency of fluid intake may be dependent on the sports rules 
and/or availability of fluids. A number of events in which athletes with an SCI can 
compete allow for drinking; sports such as wheelchair tennis and rugby have sched-
uled breaks, and some sports such as shooting, boccia, and fencing allow for drinks 
between multiple short bouts/games. Hydration strategies for disability endurance-
based sports such as wheelchair racing or cycling (road) may differ slightly to the AB 
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equivalent of the sports. Athletes often make use of portable drinks containers such 
as Camelbaks on their chairs/handcycles to prevent lost time due to slowing down to 
consume and/or collect a drink.

As with any athlete, it is recommended that athletes with an SCI practice their 
hydration strategy in a training situation prior to use in competition. This practice 
allows an athlete to assess any effects on their normal bladder and bowel routine, to 
become accustomed to the carbohydrate and electrolyte content of a drink and to 
understand how much they require.

16.3.3  impliCationS of monitoring fluid BalanCE in 
athlEtES with a Spinal Cord injury

Monitoring hydration status can be an extremely useful tool in educating an ath-
lete on the strengths and weaknesses of their current practices. Monitoring can also 
allow the development of individual drinking strategies to help improve sports per-
formance in different situations. Aside from the common symptoms experienced due 
to hypohydration (e.g., thirst, a dry mouth, headache, little or no urination, and/or 
irritability and confusion), many practitioners and athletes wish to determine hydra-
tion status in a more quantitative manner.

Body mass can be used as an indication of hydration status for athletes with an SCI 
as long as wheelchair accessible platform or seated scales are available. However, it 
requires an athlete to know their normal body mass, which can be problematic given 
limited availability of scales and/or a prolonged colonic transit time of up to 80 h 
(Goosey-Tolfrey et al. 2014). However, the use of pre- and post-exercise body mass is 
a valid tool to assess acute body water losses/gains during different training sessions 
and in varying environments with an aim of providing session and athlete-specific 
hydration strategies. There are a few things the practitioner should consider when 
using pre- and post-exercise weighing with an SCI population: (1) weighing the ath-
lete in minimal clothing can be hard as the athlete may be strapped into a chair wear-
ing gloves or they may not wish to have their catheter bag on show, (2) measuring 
urine output requires you to reweigh the athlete and chair pre- and post-visiting the 
toilet (easier than asking them to collect it) and you should be sure to check for acci-
dental adding of weight (bottles, gloves, strapping, etc.), and (3) for heavy sweaters 
(i.e., paraplegics) be aware that sweat may also be absorbed into the seating material 
of the wheelchair (this is likely to be minimal).

Blood and urine indices are further quantitative methods of assessing hydration 
status, and again, both are feasible in athletes with an SCI. Blood plasma markers 
include osmolality, sodium concentration, hematocrit and haemoglobin changes, and 
the concentration of hormones that help to regulate body fluids. These measures can 
be expensive, require analytical expertise, and often require tight methodological 
control; therefore, they are not as accessible to the practitioner as urinary markers. 
The most commonly used vein for blood sampling is the antecubital fossa (located at 
the bend in the elbow). Accessing this site may produce some unnecessary discom-
fort at the elbow joint which is repeatedly flexed and extended to enable the athlete 
to propel their wheelchair or handcycle, and so on, and hence, this method should be 
considered carefully.
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Normal urinary markers of hydration used in an AB population are suitable for 
use with athletes with an SCI. The easiest and most accessible tool to use when 
monitoring hydration status on a daily basis is urine color. For those who use 
urinary catheterization, acute changes in hydration status are harder to establish 
via urine color given the accumulation of urine in the bag. One must also consider 
the influence of nutritional supplements and medications (more common in this 
population) on urine color, which can reduce the accuracy of this measure. It is 
also important to be aware that discoloration or a cloudy urine sample may be an 
indicator of a UTI and may limit the use of urinary markers of hydration. In such 
a case, the player should be referred to their team doctor or general practitioner for 
further tests.

When using urine-specific gravity or urine osmolality for a more accurate and 
quantifiable measure, the practicalities of urine collection for athletes with an SCI 
should be considered. When asking for a first morning sample, it must be made 
clear that their catheter bags should be emptied prior to providing this first morning 
void. For those with limited hand function, they may require assistance with this 
process or require larger collection pots. Following the monitoring of an athlete’s 
hydration status, their SCI lesion level and completeness, and the individual athlete’s 
bladder and bowel management routine must be considered when providing fluid 
recommendations.

16.4 PRACTITIONER CHECKLIST

The proceeding summary provides a practical overview of key considerations when 
implementing and assessing fluid replacement strategies in athletes with an SCI. 
This final section provides take home messages for practitioners working directly 
with athletes with an SCI in an applied setting.

• Close collaboration with medical practitioners and physicians is vital to 
understand an individual’s level and completeness of injury as well as com-
monly employed bladder and bowel management routines (e.g., indwelling 
or intermittent catheterization).

• Morning urine collections for the assessment of hydration status in athletes 
with tetraplegia may require assistance; decoloration of urine may represent 
presence of an underlying UTI and may affect measures of osmolality or 
urine-specific gravity. Collection must be made from the first morning void 
and not from urine collected in a night-bag.

• Sweat rates should be assessed on an individual basis and in ambient tem-
peratures reflective of training and competition environments. Where a 
normal thermoregulatory response is present, traditional methods for deter-
mining sweat volume and composition should be employed. For athletes 
with a thermoregulatory impairment, pre- and post-exercise body mass 
weighing is an effective practice to indicate whether a state of euhydration 
is being maintained during a session. Catheters should be emptied prior to 
weighing and weight loss due to urinary output should be accounted for by 
weighing and reweighing after each void.
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• In athletes with impaired thermoregulation, rates of fluid consumption may 
be increased in order to offset increases in thermal strain when no cool-
ing strategies are implemented. Attention should be given to the potential 
increased risk of autonomic dysreflexia via bladder distention and repeated 
rapid voiding. Conversely, if cooling methods are employed, lower percep-
tions of thirst and thermal strain may result in inadequate fluid replacement 
practices. Therefore, cooling methods and drinking strategies should be 
practiced in combination.

• The composition of fluid replacement drinks will vary depending on the 
demands of training and competition. Athletes with tetraplegia exhibit 
lower EEs in training than those with paraplegia, and therefore, nutrient 
needs should be managed on an athlete-to-athlete basis.

• Wheelchair seating position and the sports rules and/or fluid availability 
(endurance event or intermittent team sport) directly impact hydration 
behaviors with respect to access to toilet facilities, GI discomfort, and 
opportunity for fluid intake. Sport-specific practices must therefore be 
considered.
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17 Athletes with Chronic 
Conditions
Sickle Cell Trait

Philippe Connes

17.1 DEFINITION

Sickle cell anemia (SCA) is a genetic disease characterized by a single nucleotide 
 muta  tion (adenine → thymine) that leads to the presence of sickle hemoglobin (HbS) 
resulting from the substitution of valine for glutamic acid at the sixth position of the 
β-globin chain. The hydrophobic residue of valine associates with other hydrophobic resi-
dues causing HbS molecules to aggregate, forming fibrous precipitates when hemoglobin 
is deoxygenated. This phenomenon is called HbS polymerization and is responsible for the 
characteristic shape change termed sickling of red blood cells (RBCs). Sickle RBCs are 
rigid and do not easily flow through the microcirculation, causing frequent vaso-occlusive 
episodes in affected patients. Recurrent HbS polymerization leads to numerous RBC and 
systemic physiological abnormalities with variable phenotypic severity (Embury 1986).

Sickle cell trait (SCT) is the heterozygous form of SCA, which is marked by the 
presence of both HbS (less than 50%) and normal Hb (HbA). SCT prevalence can 
reach 8%–10% for African-Americans and 10% in the Caribbean Islands. 

17.2  SCT, VASCULAR DYSFUNCTION, AND 
BIOLOGICAL ABNORMALITIES

SCT is usually considered as an asymptomatic benign condition, compared to SCA, 
and reportedly does not affect growth and mental development. However, it has been 
suggested that SCT carriers could increase the risk for developing hyposthenuria, 
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hematuria, and renal medullary carcinoma (Connes et al. 2008). More recently, 
 epidemiological data on large U.S. cohorts demonstrated that SCT increases the 
risks for venous thromboembolism (Austin et al. 2007; Folsom et al. 2015), ischemic 
stroke (Caughey et al. 2014), and glomerulopathy (Key et al. 2015; Naik et al. 2014) 
in African-American individuals. These observations suggest that vascular func-
tion could be impaired in SCT (Key et al. 2015). Moreover, several studies reported 
increased blood viscosity (Tripette et al. 2009), slightly decreased RBC deformabil-
ity (Tripette et al. 2010a), enhanced oxidative stress (Faes et al. 2012), and inflam-
mation (Aufradet et al. 2010) in SCT carriers compared to controls at baseline, which 
could promote micro- and macrocirculatory disorders. Even if a direct causal rela-
tionship between SCT and the observed medical complications is difficult to prove 
(Goldsmith et al. 2012), evidences suggest that the medical status of this population 
should not be dismissed.

17.3 SCT AND EXERCISE PERFORMANCE

Of note, SCT is not a limiting factor for sport participation, even at the highest level 
(Le Gallais et al. 1991; Thiriet et al. 1994). Few laboratory studies have investigated 
the ability of SCT carriers to perform in brief and intense exercise and it seems they 
could be able to reach higher performance than non-SCT carriers (Hue et al. 2002). 
These experimental data have been confirmed by large epidemiological studies done 
in Ivory Coast and in the French West Indies (Connes et al. 2008; Le Gallais et al. 
1991). The underlying mechanisms are unknown but a recent study reported that 
SCT carriers are characterized by a higher cross-sectional surface area of the IIb 
fibers, known to be involved in explosive works (Vincent et al. 2010).

Works done on anaerobic lactic power/capacity did not report large difference 
between SCT carriers and control group. Nevertheless, it seems that the ability of 
SCT carriers to repeat short anaerobic exercise with limited recovery is lower than 
in non-SCT carriers (Connes et al. 2006b). 

Previous laboratory and epidemiological studies have suggested that aerobic 
physical fitness could be decreased in SCT carriers compared to controls (Freund 
et  al. 1995; Le Gallais et al. 1991). However, comparisons of VO2max, maximal 
aerobic power, ventilatory thresholds, lactic thresholds or VO2-on kinetics between 
SCT carriers and subjects with no hemoglobinopathy demonstrated no difference 
between the two populations (Marlin et al. 2007, 2008; Sara et al. 2006). The con-
clusions of these laboratory works do not support a lower aerobic physical fitness 
in SCT carriers. Nevertheless, one study reported higher magnitude of the VO2 slow 
component during a prolonged exercise at 70% maximal aerobic power in SCT car-
riers compared with a control group (Connes et al. 2006a), suggesting that exercise 
tolerance of SCT carriers during intense prolonged aerobic effort could be lower 
than for subjects with no SCT (Connes et al. 2006a). Recent data obtained on muscle 
biopsies coming from SCT carriers and non-carriers demonstrated lower cytochrome 
C oxidase (Cox) activity in muscle fibers from SCT carriers that could partly support 
the hypothetical lower aerobic capacity during prolonged endurance exercise in this 
population (Vincent et al. 2010). 
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17.4  EXERCISE-RELATED COMPLICATIONS 
AND ROLE OF HYDRATION

17.4.1 EpidEmiological data

One of the most debated issue for SCT carriers concerns the true existence or not of 
a greater risk to die unexpectedly in response to exercise compared to the general 
population (Connes et al. 2007; Goldsmith et al. 2012; Key et al. 2015; O’Connor 
et  al. 2012). If it is usually admitted that SCT carriers are at risk for developing 
complications, such as splenic syndrome, when exercising in altitude, the debate is 
always running concerning exercising at sea level.

A greater attention was devoted to this association following the publication of 
a large epidemiological study that retrospectively evaluated the risk of exercise-
related death in U.S. Armed Forces recruits over a 5-year period (1977–1981) (Kark 
et al. 1987). The relative risk of exercise-related death explained by preexisting 
disease (largely silent heart disease) was 2.3 for SCT, which was not statistically 
significant. In contrast, the relative risk of exercise-related death unexplained by 
 preexisting disease was 28 for SCT subjects (95% CI, 9–100; p < .001). The timing 
of  exercise-related complications in SCT has generally been linked to the imme-
diate stress of exercise. About 50% of the deaths resulted from heat illness from 
overexertion, while the remaining cases were classified as idiopathic. Poor physical 
conditioning of recruits and dehydration appeared to increase the risk for adverse 
events during exercise (Kark et al. 1987, Kark and Ward 1994; O’Connor et al. 
2012). Harmon and colleagues (2012) recently reviewed the causes of all cases of 
sudden death in student athletes from the National Collegiate Athletic Association 
(NCAA) in the United States from January 2004 through December 2008. Seventy-
two deaths occurred in American football players due to trauma unrelated to sports 
activities or medical causes. The overall risk of exertional death from any cause was 
5.2 times higher in African-American players with or without SCT compared with 
that in non-African-American football players. The calculated relative risk of exer-
tional death in all Division I football players (i.e., all ethnicities) with SCT was 1:827, 
which represented a 37-fold higher relative risk than in athletes without SCT. It has 
been suggested that the repetition of very intense exercise with incomplete recovery 
during football training sessions could result in massive sickling and rhabdomyolysis 
leading to death in affected individuals (Eichner 2011).

17.4.2 HypotHEtical mEcHanisms

Abnormal blood rheology, impaired nitric oxidative bioavailability, enhanced oxi-
dative stress, inflammation, and loss of vascular reactivity are among the factors 
involved in the pathophysiology of vaso-occlusive like events in SCA. 

Indeed, several studies investigated the biological responses to various exer-
cises in small groups of SCT carriers, trying to identify abnormalities that could 
be responsible for the exercise-related complications occurring, sometimes, in this 
population. On the whole, it has been shown that acute intense exercise in SCT car-
riers may (1) cause mild RBC sickling (Bergeron et al. 2004), (2) increase blood vis-
cosity at higher level than controls (Connes et al. 2006c; Tripette et al. 2010c, 2013), 
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and (3) cause higher oxidative stress and inflammatory responses in SCT carriers 
than in non-SCT carriers (Aufradet et al. 2010; Faes et al. 2012; Monchanin et al. 
2007; Tripette et al. 2010b). However, fortunately, these abnormalities seem insuf-
ficient to trigger frequent exercise-related complications in SCT carriers. It seems 
that additional factors are needed such as (1) exercising in extreme heat and humid-
ity exposure, (2) severe dehydration, (3) exercising at high altitude, (4)  exercise-
induced asthma, and (5) pre-exercise fatigue due to illness (viral infection for 
example) or lack of sleep and poor physical fitness (Key et al. 2015; Tripette et al. 
2013).

17.4.3 Role of AdequAte HydRAtion

Exercising in the heat and dehydration seem to play an important role in the occur-
rence of exercise-related complications in SCT carriers (Hedreville et al. 2009; Kark 
et al. 1994). Few works focused on the strategies to normalize, or at least to reduce, 
the biological alterations described in SCT carriers. Bergeron et al. (2004) previously 
demonstrated that 45 min of brisk walking in hot condition favored RBC sickling 
in SCT carriers but promoting active hydration prevented it. More recently, Tripette 
et al. (2010c) and Diaw et al. (2014) compared the hemorheological responses of SCT 
carriers and control individuals during a cycling test and a soccer game, respectively, 
with and without ad libitum hydration. The two studies clearly observed blood hyper-
viscosity in SCT carriers before exercising. Blood viscosity moderately increased 
with exercise in controls and hydration had very limited effect. In contrast, blood 
viscosity exhibited a very large rise in dehydrated SCT carriers but ad libitum hydra-
tion was able to limit the rise and to normalize the blood viscosity at the same level as 
control individuals. These findings clearly demonstrate the major role played by dehy-
dration on the worsening of the biological profile of SCT carriers. Indeed, adequate 
hydration, by normalizing the biological abnormalities of SCT carriers, should help in 
preventing exercise-related complications in this population (O’Connor et al. 2012).

17.5 SUMMARY

SCT is generally considered as a benign condition. However, recent epidemiologi-
cal data demonstrated an increased risk for several complications such as glomeru-
lopathy, thromboembolism, and stroke. In addition, while exercise performances 
are almost similar in SCT carriers and non-carriers; the risk for exercise-related 
idiopathic sudden death is increased in the former population. Several biological 
abnormalities could be involved in these complications and promoting adequate and 
active hydration could be an easy way to normalize them.
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18 Water Replacement 
before, during, and 
after Exercise
How Much Is Enough?

Ronald J. Maughan and Susan M. Shirreffs

18.1 INTRODUCTION AND RATIONALE

Sport embraces an enormous diversity of activities and each places different demands 
upon the individual. Whatever the intensity and duration of the activity, however, 
there is the potential for hydration status, and therefore for drinking behavior, to 
affect the performance capacity. While the literature on this topic is mixed, there can 
be no doubt that hypohydration, if sufficiently severe, will have an adverse effect on 
all types of activity. The more relevant question is whether the levels of water loss 
normally encountered in sporting contexts are sufficient to impair performance or to 
compromise health. Following on from this are questions about how much should be 
consumed, when it should be consumed, and what drinks might be most effective. 
Abstinence from fluid intake will have measurable effects on performance over a 
timescale that may range from an hour or less in hard exercise in a warm environ-
ment to a few days for individuals at rest in a cool environment. Some activities will 
be more affected than others, and the effect on performance will also be influenced 
by the environment, by the clothing worn, by the training and acclimation status of 
the individual, and by other factors too.
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The extent of fluid and electrolyte losses during exercise will obviously have a 
major influence on the need for replacement during exercise, and the loss will depend 
on the volume of sweat lost and on the composition of the sweat. This in turn will 
depend on the size and surface area of the individual, the intensity and duration of 
the exercise, the training and acclimation status of the individual, the clothing worn, 
and the environmental conditions. Sweat losses also vary greatly between individu-
als, making predictions of loss, and therefore of the need for replacement, difficult. 
Typical values for sweating rate are often reported in the literature, but the range of 
values is very large, even when the obvious factors are accounted for. In a number 
of studies of relatively homogeneous groups of young male football (soccer) players, 
for example, all doing the same training at the same time (and therefore in the same 
environment), sweat losses varied from less than 1 L to more than 3 L (Maughan 
et al. 2010). The main electrolytes lost in sweat are sodium (at concentrations that 
typically range from about 20 to 80 mmol/L) and chloride (20–60 mmol/L) with 
a range of other electrolytes present at much lower concentrations (Shirreffs and 
Maughan 1997). With such a large individual variability, formulating general guide-
lines for replacement strategies is therefore almost impossible, and individualization 
of rehydration strategies is essential (Maughan and Shirreffs 2008).

The need for fluid intake during exercise will be dictated by many factors, includ-
ing the immediate effects of the exercise and the environment but also the pre- exercise 
hydration status. Fluid intake in the hours before exercise is therefore a critical con-
sideration, especially when there is a possibility that hypohydration may exist due 
to prior exercise or because of deliberate hypohydration to achieve a required body 
mass target. The role of drinks as a vehicle for the provision of energy substrates 
during exercise, primarily carbohydrate, is also important when the exercise stress 
results in depletion of the endogenous glycogen stores or when these are inadequate 
at the onset of exercise. Effects other than those on hydration status must also be 
considered. The temperature of ingested drinks will affect body heat content, with 
implications for thermoregulatory responses and for performance, especially in con-
ditions of heat stress (Lee et al. 2008a, b). The act of drinking itself, or the conscious 
response to the withholding of drinks, will also induce effects on mood, expectation, 
and other psychological states that may affect performance. Finally, restoration of 
water and salt balance is a critical aspect of the recovery process after exercise.

Against this, background of the positive effects of drinking and maintaining an 
adequate hydration status is the issue of overdrinking and the risk of hyponatremia. 
Although rare, the consequences are serious and, in extreme cases, occasionally 
fatal. This condition was first recognized in men undertaking occupational tasks 
such as coal mining that involved many hours of hard physical work in hot environ-
ments (Haldane 1923, 1929). Much later, it was reported in slower participants in 
endurance road races and triathlons (Noakes et  al. 1985), but has now been seen 
to occur in other sports, for example, American football (Dimeff 2006). There is a 
real need, therefore, to give careful consideration to the amount of fluid that should 
be consumed before, during, and after exercise and to the composition of that fluid.

In assessing the evidence, it must be remembered that performance effects that 
are highly meaningful to the athlete are often far below the sensitivity of the labora-
tory tests of performance that are commonly used (Hopkins 2001). There has been 
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much debate about the appropriateness of the tests used where the intention is to 
apply results to a competitive environment. Laboratory tests differ in several impor-
tant aspects from real competition: tests may involve measurement of time to fatigue 
at a constant speed or power output, a simulated time trial where a fixed distance or 
a fixed amount of work must be completed as fast as possible, or a combination of 
the two where a period of exercise at a fixed power output is followed by a simulated 
time trial. None of these can truly reflect what happens in a race, where tactical 
considerations come into play. The argument that time trial tests are ecologically 
valid while time to fatigue tests are not is often advanced and is used to dismiss the 
results of studies that have used time-to-fatigue tests (Goulet 2013). This argument 
is, however, fundamentally flawed: for the serious athlete, the time to fatigue test 
more closely resembles the race situation than does a laboratory time trial. Although 
some continue to voice concerns over a lack of ecological validity, the challenge for 
most runners or cyclists is to maintain contact with the leading group: if dropped, 
the chances of winning are almost nil, and the point at which contact with the lead-
ers is lost is in effect the point of fatigue. The ability of inexperienced individuals 
to maximize performance by choosing an optimum pacing strategy is also highly 
questionable.

A key factor to consider when selecting an appropriate exercise test is its sensi-
tivity and the smallest worthwhile effect that can be reliably detected (Currell and 
Jeukendrup 2008). Data from our research group report a relatively consistent per-
formance (coefficient of variation  =  6%) in time-to-fatigue tests (Maughan et  al. 
1989), and more recent reports have highlighted similar errors of measurement 
when changes in performance are normalized across a series of tests (Hinckson and 
Hopkins 2005). Although this variability may seem large when compared with the 
margin between success and defeat in elite sport, Amann et al. (2008) demonstrated 
that time-to-fatigue and time trial protocols display a similar sensitivity to the effects 
of hypoxia and hyperoxia on performance and suggest that this finding will extend to 
other factors influencing performance. This is brought about by larger effects on per-
formance in response to an intervention with constant power tests than are typically 
observed in time trial protocols, and this greater effect compensates for the larger 
test–retest variability, resulting in a signal-to-noise ratio that is very similar to that 
seen with time trial protocols (Amann et al. 2008; Currell and Jeukendrup 2008). It 
must nevertheless be recognized that there are some differences between the com-
petitive environment and exercise in a laboratory on a rowing or cycle ergometer or 
on a treadmill. In the absence of forward movement, convective heat loss may be 
dramatically reduced and local humidity rises sharply, reducing evaporative heat 
loss. Laboratory studies therefore generally impose a much higher heat stress on 
subjects than do field trials.

It is also the case that most of the available information is derived from recre-
ationally active individuals, many or whom are not competitive athletes and some of 
whom have done little or no training. The factors that limit performance are likely 
to be different in the highly trained athlete than in the less well-trained, so it is also 
likely that the responses to interventions such as fluid provision are also different. 
Whether hydration status and fluid ingestion are more or less important factors in 
these distinct populations is, however, not known. 
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18.2 PRE-EXERCISE HYDRATION

The evidence on the effects of pre-exercise hydration status and exercise perfor-
mance is mixed, perhaps because of the various experimental protocols that have 
been applied. These have involved exercise performance tests ranging from the 
assessment of isometric or dynamic muscle strength through short duration cycling 
or running tests to endurance performance. In some cases, these exercise tests have 
been performed in a cool or temperate environment, while others have been under-
taken under conditions of heat stress. Hypohydration has been induced prior to the 
exercise test by heat exposure, exercise, or a combination of both: other studies have 
used a period of fluid restriction or incomplete recovery from prior dehydration, and 
some have induced hypohydration by the administration of diuretic agents. In some 
cases, the degree of hypohydration has been modest (1%–3% of body mass), while in 
others it has been more severe (6%–8% of body mass). Pre-exercise hyperhydration 
has been induced by water ingestion or by administration of saline or glycerol solu-
tions. Given all the possible permutations of experimental conditions, it is perhaps 
unsurprising that there is no simple answer to the question of whether or how pre-
exercise hydration status affects performance.

Armstrong et al. (1985) induced hypohydration by administration of a diuretic 
agent prior to participation in simulated distances over distances of 1500, 5,000, and 
10,000 m: they found that performance was dramatically impaired in the hypohy-
drated state relative to performance in races where the subjects were fully hydrated. 
Not all studies have found performance impairments, though. Stewart et al. (2014) 
showed that pre-exercise hypohydration equivalent to a 4% body mass loss had no 
effect on performance in a 5-km cycling time trial lasting about 7 min that was per-
formed in a temperate environment.

In spite of the potential for negative effects on performance, it is clear that sig-
nificant numbers of athletes are hypohydrated when they begin training (Maughan 
et al. 2005) or competition (Maughan et al. 2007). In the case of morning training 
sessions, many of these players simply eschewed breakfast, meaning that they had 
drunk nothing since the evening before. In matches played later in the day, there 
seems to be little reason for players not to be well hydrated when arriving at the sta-
dium. Education programs aimed at athletes, coaches, and support staff have gener-
ally focused on issues related to drinking during training and competition, but there 
is perhaps a need for greater attention to fluid intake in the hours before competition.

It has been suggested that if dehydration is one of the major factors contributing 
to fatigue in prolonged exercise, then increasing body water content prior to exercise 
should, by analogy with glycogen loading, improve performance. Drinking large 
volumes of plain water provokes a diuretic response, but some degree of tempo-
rary hyperhydration appears to result when drinks with high (100 mmol/L or more) 
sodium concentrations are ingested. Sims et al. (2007a) have shown that pre-exercise 
ingestion of a high-sodium beverage (164 mmol/L Na+ in a volume of 10 mL/kg 
body mass) increased plasma volume before exercise and resulted in reduced ther-
moregulatory and perceived strain of men during exercise in the heat, with a con-
sequent improvement in exercise capacity. They subsequently reported very similar 
effects in women using the same procedures (Sims et  al. 2007b). An alternative 
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strategy that has been attempted with the aim of inducing an expansion of the blood 
volume prior to exercise is to add glycerol to ingested fluids. Glycerol, as further 
discussed in Chapter 20, exerts an osmotic action: although its distribution in the 
body water compartments is variable, glycerol will expand the extracellular space 
and some of the water ingested with the glycerol will be retained, at least for a few 
hours (Riedesel et al. 1987; Freund et al. 1995). The elevated osmolality of the extra-
cellular space will, however, result in some degree of intracellular dehydration, and 
the implications of this are unknown. It might be expected, however, that the raised 
plasma osmolality will have negative consequences for thermoregulatory capacity. 
The evidence for increased water retention and improved exercise performance after 
administration of glycerol and water prior to prolonged exercise is, however, fairly 
convincing (Goulet et al. 2007; Van Rosendal and Coombes 2012). Athletes liable to 
testing under the regulations of the World Anti-Doping Agency must be aware of the 
prohibition on the use of glycerol that was introduced in 2010 (Koehler et al. 2014).

A concern with pre-exercise hyperhydration is that it may result in reductions in 
plasma sodium concentrations before starting exercise and therefore increase the 
risk of dilutional hyponatremia if large volumes of fluid are consumed during subse-
quent exercise (Sawka et al. 2007). Hyponatremia is further discussed below, but it 
should be noted that most of the reports on exercise-associated hyponatremia (EAH) 
did not assess pre-exercise sodium status. Where it was measured, this was most 
often done at the pre-race registration 2–3 days before the event rather than in the 
immediate pre-exercise period. While those reported cases were therefore undoubt-
edly associated with exercise, it is less clear that they were caused by the exercise or 
by behaviors specifically associated with exercise.

18.3  FLUID INGESTION DURING 
EXERCISE: HOW MUCH IS ENOUGH?

There has been considerable controversy in recent years about the amount of fluid 
that it is appropriate to drink during exercise and the advice that should be given to 
athletes and to participants in various exercise activities. It was recognized many 
years ago that dehydration, if sufficiently severe, would impair performance. As a 
consequence, it was also recognized that opportunities to drink should be made avail-
able during endurance events and that participants should be encouraged to make 
use of these facilities. Nonetheless even as late as the 1970s, drinks stations were 
provided at only four points during marathon races and most runners consumed little 
during the race, perhaps in part because drinking was often seen as a sign of weak-
ness, but also because of the physical difficulty in drinking from an open cup while 
running at speed. With the growing popularity of mass participation events in the 
1980s, the picture changed: race organizers provided large amounts of fluid every 
mile (1.6 km) and participants, many of whom were totally unprepared for the chal-
lenge of running 42.2 km, were encouraged to drink copiously. Many were happy to 
stop and linger at drinks stations, and an unforeseen consequence was that a small 
number of individuals drink far in excess of their requirements, leading to overhy-
dration and EAH (Noakes et al. 1985). At that time, guidelines on drinking were 
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directed to serious athletes who were generally well trained and  experienced in race 
participation. These guidelines recognized both the limited availability of drinks in 
most endurance events and the difficulties in drinking during intense exercise: they 
therefore encouraged athletes to drink as much as tolerable up to a rate equal to that 
lost from sweating (Convertino et al. 1996). Subsequent guidelines were more con-
servative, recognizing the potential problem of overhydration and telling participants 
in endurance events that they should aim to prevent excessive (>2% body weight loss 
from water deficit) dehydration, but again emphasizing that they should not drink so 
much as to gain weight (Sawka et al. 2007).

In assessing the evidence on hyponatremia in sport, it is important to remember 
that the normal range is defined as that embracing 95% of the normal population val-
ues. In other words, 5% of the normal population will be outside the reference range: 
if the values are normally distributed—as they should be—then we would expect 
that 2.5% of the population will return a serum sodium concentration of less than the 
lower limit of the normal range and that 2.5% will be above the normal range. This 
has real implications for the interpretation of the literature in this area, especially 
as most studies of EAH have not collected pre-event blood samples. We also do not 
know for sure whether the normal range of values for athletes is that same as that 
for non-athletes with whom their values are compared. It is almost certainly the 
case too that mild hyponatremia that develops slowly will be less harmful than the 
same level of hyponatremia that develops rapidly. A serum sodium concentration of 
132 mmol/L for the individual whose habitual value is 132 mmol/L is very different 
from the individual whose normal value is 145 mmol/L but who has experienced an 
acute fall to 132 mmol/L. We need to know the normal baseline value rather than 
trying to overinterpret single values.

Concerns over the possibility of excessive fluid intake leading to the development 
of hyponatremia, with potentially serious sequelae, led to the proposal that, rather 
than encouraging participants to follow a planned drinking strategy, they should 
instead be told simply to drink according to the dictates of thirst (Noakes 2007). In a 
recent investigation, however, Armstrong et al. (2014) pointed out that instructing ath-
letes to drink according to the sensation of thirst is different from the complex behav-
ior of drinking ad libitum. To evaluate this, they compared two groups of trained 
cyclists: participants in one group were told to drink only when thirsty, while those 
in the other group consumed fluid ad libitum (i.e., whenever and in whatever volume 
they desired). There were no differences between groups on the day of a 164-km 
race for total exercise time, urinary indices of hydration status, body mass change or 
fluid intake, but those instructed to drink ad libitum drank more on the day after the 
race. The authors concluded that specific instructions to drink to thirst are unneces-
sary and may distract athletes by requiring ongoing evaluation of thirst  sensations. 
In a recent review, Goulet (2012) concluded that “In athletes whose thirst sensation 
is untrustworthy or when external factors such as psychological stress or repeated 
food intake may blunt thirst sensation, it is recommended to program fluid intake to 
maintain exercise-induced body weight loss around 2% to 3%.”

The fear of development of a potentially fatal hyponatremia has led to a gen-
eral consensus that athletes should never drink so much that they gain weight. This 
ignores the situation of the athlete who begins exercise in a hypohydrated state and 
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who might benefit, but if proper pre-exercise hydration strategies are adopted this 
situation should seldom arise.

It is not unusual for some athletes and coaches to deliberately restrict fluid intake 
in training in the belief that the body will adapt to a lack of fluid and will therefore 
cope better with dehydration in competition. Deliberate restriction of fluid intake 
has long been a common practice in sport and added to this the use of purgatives, 
laxatives, and sweating liquors was also common among early athletes to promote 
weight loss (Thom 1813; Shearman 1888). Shearman (1888) did, though, express 
some doubts when he wrote that “Sweating, meat-eating and purging constituted 
the old system of training. It was chiefly applied to men of the lower classes, used to 
coarse food, and with no highly-organised nervous system. Such a method could not 
be beneficial to an amateur, who takes up athletic sports as a recreation, and not as 
a business.” Practices in many sports have changed substantially, but particularly in 
the weight category or weight-sensitive sports, where acute, and sometimes severe, 
dehydration is a normal part of pre-competition preparation for the majority of com-
petitors, chronic hypohydration is not uncommon (Wilson et al. 2012). It is perhaps 
also likely that those who persist in participation in weight-category sports are those 
who are most resistant to the effects of dehydration. Those who cannot tolerate the 
weight-making process are unlikely to be successful and are therefore more likely to 
discontinue participation in the sport.

Even when fluids are readily available, it is common for athletes in weight- 
category sports to drink little or nothing during training, perhaps in the belief that 
they will adapt to the dehydrated state (Rivera Brown et  al. 2012). There is very 
limited evidence of any physiological adaptations to dehydration, although those 
who frequently restrict fluid intake may learn to complain less about the symptoms 
that accompany it (Fleming and James 2014). Some recent evidence, though, does 
suggest that the adaptations induced by short-term (5-day) heat acclimation may be 
more pronounced if dehydration is allowed to develop (Garrett et  al. 2012). This 
seemed to be a consequence of the greater elevation of core temperature that occurs 
when exercising in the heat in a hypohydrated state and the consequently greater car-
diovascular adaptations that ensue, including the extent of the increase in vascular 
volume (Fan et al. 2008; Ikegawa et al. 2011). A follow-up study, however, confirmed 
these responses but suggested that they are not due entirely to effects on body tem-
perature (Garrett et al. 2014). Emerging evidence suggests that the adaptations that 
occur in response to even a short period of heat acclimation may promote enhanced 
endurance performance in a temperate environment (Lorenzo et al. 2010).

18.4 POST-EXERCISE REHYDRATION AND RECOVERY

The need for rehydration as part of the post-exercise recovery process will depend 
largely on the extent of water and salt losses during the exercise period and on the 
time available before the next exercise. Where losses are small and a prolonged 
period (24 h or more) is available, no special effort is needed to achieve an adequate 
hydration status; eating and drinking normally will achieve this. Large losses that 
must be replaced over a short period of time, however, will require a more aggressive 
approach to restoring fluid balance.
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The important aspects of volume replenishment are the ingestion of an adequate 
quantity of fluid and replacement of electrolyte losses. The need for ingestion of fluid 
is obvious, and it is common to recommend that athletes drink 1 L of fluid for each 
kg of mass lost during training. The volume of fluid consumed should, however, 
exceed that lost in sweat—perhaps by as much as 50%—if effective rehydration is 
to be achieved (Shirreffs et al. 1996). This stems from the need to allow for ongoing 
urine and other losses during the recovery period. It is also now known that restora-
tion of euhydration (a state of fluid balance) after exercise-induced sweat losses will 
not be achieved without replacement of the electrolytes lost in sweat (Maughan et al. 
1994). These electrolytes (especially sodium) prevent the drop in plasma sodium 
concentration and plasma osmolality that would occur with the acute ingestion of 
large volumes of plain water. If plasma osmolality and sodium concentration fall, a 
diuresis is initiated, leading to the prompt loss of a significant fraction of the ingested 
fluid (Maughan and Leiper 1995). The thirst mechanism is also inhibited by these 
changes, leading to the termination of drinking before a volume sufficient to meet 
the body’s needs has been ingested (Nose et al. 1988). Wong et al. (1998) showed that 
a prescribed fluid intake was more effective than an ad libitum drinking schedule 
in restoring exercise capacity when applied during the 4-h recovery period between 
two endurance exercise bouts. Even though the total fluid intake was the same on 
both trials, a greater volume was ingested in the early stages of recovery with the 
prescribed drinking schedule.

The addition of salt to drinks can prevent or at least reduce the changes in 
plasma composition that follow the ingestion of large volumes of plain water, 
thereby reducing the urinary loss and maintaining the drive to drink. If food is 
eaten together with water, the electrolytes present in the food eaten may achieve 
this, depending on the foods chosen, but there are many situations, especially 
when the recovery time is short, when athletes may not be willing or able to tol-
erate solid food, or where the amount and type of food eaten may not supply an 
adequate amount of sodium (Maughan et al. 1996). The presence of food or the 
ingestion of drinks with a high energy content will also slow the rate of gastric 
emptying, delaying water absorption and avoiding large excursions of plasma 
osmolality, which may result in a less pronounced diuresis (Evans et al. 2009a). 
If no food is consumed, the drinks consumed during the recovery period must 
provide sufficient electrolytes to replace the sweat losses and should also perhaps 
contain carbohydrate and protein to address other aspects of the recovery process 
(Maughan and Burke 2011). Drinks with a very high solute content will, however, 
have a high osmolality and may result in a temporary net secretion of water into 
the small intestine. This will be reabsorbed in time but has the effect of causing a 
temporary reduction in the total body water pool that may be large enough to have 
physiological effects (Evans et al. 2009b).

Because the electrolyte concentration of sweat varies so greatly between individ-
uals, it is not possible to produce general recommendations that will meet the needs 
of all athletes in all situations. Nonetheless, the average sweat sodium concentration 
is about 50 mmol/L, and it is recognized that the amount of sodium that must be 
replaced to maintain volume homeostasis approximates to that lost (Shirreffs and 
Maughan 1998). Ingesting more is probably not harmful for most active individuals, 
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but there is a need to be cautious about chronic high salt intakes that are in excess of 
requirements. The ingestion of salt tablets is seldom necessary, but may be contem-
plated when sweat losses are exceptionally high or if the intake of food is limited.

18.5 CONCLUSION

Hydration is an important issue for everyone who engages in physical activity and 
sport, whether at the elite level or simply for enjoyment and for the health benefits 
that ensue. In recent years, the simple act of drinking before, during, or after partici-
pation in exercise has become the subject of heated debate and controversy. It should 
remain simple. Dehydration, if sufficiently severe, will impair all aspects of physical 
and cognitive performance: it will make exercise feel harder and it will reduce per-
formance. Those engaging in exercise should ensure that they begin exercise with an 
adequate hydration status and, where the situation requires, should drink sufficient 
but not too much during exercise. Rehydration practices after exercise should be 
appropriate to the situation.
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19.1 INTRODUCTION

There is not a one-size-fits-all type of answer to the question of whether  athletes 
should drink water or carbohydrate–electrolyte beverages. The optimal compo-
sition of a fluid replacement beverage during/after exercise depends on several 
factors, including the duration and intensity of exercise, environmental con-
ditions, and rate of sweat water and electrolyte losses, as well as the athlete’s 
personal preferences and goals. The primary goal for many competitive ath-
letes is to enhance performance or mitigate fatigue during training/competition. 
Fatigue during prolonged exercise can be associated with dehydration and/or 
energy (carbohydrate) depletion, and beverage composition can have a substan-
tial impact on both processes. In this chapter, we discuss the role that water, car-
bohydrate, electrolytes, and flavor play in fluid replacement and energy provision 
for athletes during/after exercise. Based on these scientific principles as well as 
some practical considerations, we conclude this chapter with recommendations 
related to beverage composition choices for athletes. Recommendations regard-
ing timing and volume of fluid intake are discussed in Chapter 18 by Maughan 
and Shirreffs.

19.2  OBJECTIVES OF A FLUID REPLACEMENT 
BEVERAGE FOR ATHLETES

The main objective of drinking a beverage during exercise is to replace fluids 
lost from sweating. Fluid replacement is a process that involves thirst and vol-
untary fluid intake, gastric emptying and intestinal absorption of fluid, distribu-
tion within the body fluid compartments, and whole-body fluid retention. Another 
potential objective of a fluid-replacement beverage (unrelated to hydration) is to 
provide nutrients or compounds to enhance exercise performance, such as carbo-
hydrate for energy provision. In this section, we discuss the scientific principles 
and practical ramifications of fluid replacement and energy provision during exer-
cise (see also Baker and Jeukendrup 2014; Coombes and Hamilton 2000; Murray 
and Stofan 2001).

19.2.1 ThirsT and VolunTary Fluid inTake

In a laboratory, the type and amount of fluid intake is usually controlled to determine 
the effect of beverage formulation on factors such as fluid absorption, rehydration, or 
performance. However, in real life, the athlete’s drinking pattern and their choice of 
beverage is often decided on an ad libitum or voluntary basis. Voluntary fluid intake 
is dictated in part by thirst (both physiological and perceived), but also by many 
other factors such as social influences, cultural preferences, and beverage-related 
factors (e.g., availability and organoleptic properties) (Adolph et al. 1954; see Passe 
2001 for review). As discussed in Sections 19.3.2 and 19.3.3, the inclusion of sodium 
and/or flavoring in a fluid replacement beverage can impact thirst and/or voluntary 
fluid intake (Rothstein et al. 1947).
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19.2.2 GasTric empTyinG and inTesTinal absorpTion

Fluid absorption through the stomach is very limited; thus, ingested fluid must be 
emptied from the stomach and delivered to the lumen of the small intestine before 
it can enter the circulation. The rates of gastric emptying and fluid absorption are 
impacted by several factors, including various types of stressors. For example, ≥3% 
dehydration has been shown to impair gastric emptying (Neufer et al. 1989; Rehrer 
et al. 1990; Van Nieuwenhoven et al. 2000). Exercise intensity >∼70%–75% VO2max 
decreases gastric emptying and intestinal water absorption (Costill and Saltin 1974; 
Fordtran and Saltin 1967). Further discussion on the factors affecting gastrointesti-
nal responses during exercise is provided in Chapter 6.

In this chapter, the discussion will primarily focus on the effects of beverage 
composition, particularly energy (carbohydrate) content and osmolality, which can 
significantly impact the rate at which gastric emptying and intestinal absorption of 
water occur. In addition, intestinal absorption is an important rate limiting step for 
energy provision (i.e., carbohydrate oxidation) during exercise.

19.2.3 Fluid disTribuTion

Once fluid is absorbed into circulation, it is distributed to the intracellular and extra-
cellular fluid compartments according to osmotic gradients. The most osmotically 
active ions in the intracellular and extracellular fluid compartments are potassium 
and sodium, respectively. The maintenance of extracellular volume, particularly 
plasma volume, is important for cardiovascular and thermoregulatory function. 
Sodium ingestion plays a critical role in the maintenance and/or restoration of 
plasma volume when drinking to replace sweat fluid losses, especially rehydration 
after exercise (Maughan et al. 1994, 1997; Nose et al. 1988).

19.2.4 physioloGic and perFormance eFFecTs

The physiologic and performance effects of ingesting water to maintain body water 
balance are discussed in detail in this book (Chapters 4 through 9) and elsewhere 
(Cheuvront and Kenefick 2014; Sawka et al. 2007). In brief, drinking water to avoid 
a significant body mass deficit can prevent the deleterious effects of dehydration on 
cardiovascular and thermoregulatory function. Performance during activities greatly 
dependent upon the cardiovascular system, such as endurance exercise, is more likely 
to be impaired by dehydration than strength or anaerobic exercise (Cheuvront and 
Kenefick 2014). Although some individuals may be more or less sensitive to dehydra-
tion, the level associated with performance degradations approximates >2% decrease 
in body mass (Sawka et al. 2007; Shirreffs and Sawka 2011) and further body water 
deficits can result in further deteriorations in performance (Baker et al. 2007; McConell 
et al. 1997; Montain and Coyle 1992; Sawka et al. 1985). The likelihood and magnitude 
of performance impairment with dehydration is also dependent upon the environmen-
tal conditions. When heat stress is combined with dehydration, there is greater car-
diovascular strain resulting from the competition between the central and peripheral 
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circulation for limited blood volume. In short, hyperthermia (particularly hot skin) 
exacerbates the performance decrement for a given level of dehydration (>2% body 
mass deficit), such that the percentage decrement in aerobic time trial performance 
declines linearly by ~1.3% for each 1°C rise in skin temperature (starting at a skin 
temperature of ~27°C–29°C) (see Cheuvront and Kenefick 2014 for review).

Fatigue during prolonged exercise is often associated with muscle glycogen 
depletion, diminished total carbohydrate oxidation, and/or reduced blood glucose 
concentrations. It is well established that provision of carbohydrate during exercise 
can improve endurance performance (Burke et al. 2011; Cermak and van Loon 2013; 
Stellingwerff and Cox 2014). In addition, carbohydrate intake has been shown to 
improve sustained high-intensity (Below et  al. 1995; Jeukendrup et  al. 1997) and 
intermittent high-intensity exercise capacity (Phillips et al. 2011) as well as sport-
specific skills (Currell et  al. 2009; Dougherty et  al. 2006). However, documenta-
tion of the performance-enhancing effects of carbohydrate ingestion on skill is less 
consistent when compared with findings on endurance outcomes, and more work is 
needed to establish the potential underlying mechanisms (Baker et al. 2014; Russell 
and Kingsley 2014).

19.2.5 posT-exercise rehydraTion (Fluid reTenTion)

After exercise in which the athlete has incurred a body mass deficit, the goal is to 
drink to replace sweat losses and restore body fluid balance (Sawka et al. 2007; 
Shirreffs and Sawka 2011). Electrolytes, specifically sodium, play a critical role in 
the completeness of rehydration. The increase in blood sodium concentration and 
osmolality with sodium ingestion stimulates renal water reabsorption (Maughan 
and Leiper 1995). In addition, slowing the appearance of the ingested fluid into the 
circulation can help attenuate diuresis during rehydration. This can be achieved by 
a gradual drinking pattern (Kovacs et al. 2002; Wong et al. 1998) or decreasing the 
rate of gastric emptying of the ingested beverage by increasing the energy density 
(e.g., carbohydrate concentration) of the drink (Evans et al. 2009a, 2011).

19.3  COMPONENTS OF CARBOHYDRATE–ELECTROLYTE 
BEVERAGES 

Table 19.1 lists the composition of water and carbohydrate–electrolyte beverages, as 
well as other common beverages for comparative purposes. Carbohydrate– electrolyte 
beverages, or sports drinks, are formulated for consumption before, during, and/or 
after physical activity. They are generally composed of 6%–8% carbohydrate, low-
moderate amounts of the primary electrolytes lost in sweat (i.e., sodium, chloride, 
and potassium), and flavor (usually fruit-related). Carbohydrate–electrolyte bev-
erages are typically formulated with the types and amounts of carbohydrates (or 
combinations of carbohydrates) that are rapidly digested and absorbed to facilitate 
delivery of fluid and carbohydrate to the body. The following sections discuss the 
roles that carbohydrates, electrolytes, and flavor play in the fluid replacement process 
(see Table 19.2 for a summary) (see also Baker and Jeukendrup 2014; Coombes and 
Hamilton 2000; Murray and Stofan 2001).
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19.3.1 role oF carbohydraTe

19.3.1.1 Voluntary Fluid Intake
Lightly sweetened beverages help improve beverage palatability (hedonic ratings 
such as liking and acceptability) and can increase voluntary drinking compared with 
water (Passe et  al. 2000; Rolls 1994; Szlyk et  al. 1989; Wilk and Bar-Or 1996). 
However, based on anecdotal accounts the desire for or palatability of a sweet bever-
age may decline during very prolonged exercise. The amount and type of carbohy-
drate impact the sweetness level of a beverage. Compared with sucrose (table sugar, 
relative sweetness rating of 100), solutions that contain crystalline fructose (rating 
of 180) or high fructose corn syrup (rating 105–130) have higher relative sweet-
ness, whereas glucose (rating of 50–70) and maltose (rating 50) taste less sweet. 
Maltodextrin, especially those of a relatively long chain length of glucose units, and 
starch have very low sweetness levels (BeMiller 1992; Murray and Stofan 2001).

TABLE 19.1
Composition of Water, Sports Drinks, and Other Common Beverages

Carbohydrate 
(% Weight/Volume)

Sodium 
(mmol/L)

Potassium 
(mmol/L)

Water (plain, bottled) 0 0 0

Sports drinks Moderate
(~6–8)

Low to moderate
(~15–35)

Low
(~2–10)

Oral rehydration solutions Low
(~1–3)

High
(~45–75)

Moderate
(~20)

Juice High
(~10–15)

Low
(~0–5)

Low to high
(~15–50)

Regular sodas High
(~10–13)

Low
(~3–10)

Low
(~0)

White milk Moderate
(~5–6)

Moderate
(~20–25)

Moderate to high
(~35–45)

Chocolate milk Moderate to high
(~8–11)

Moderate
(~30–35)

Moderate to high
(~35–45)

Coffee Low
(~0–2)

Low
(~0–5)

Low to moderate
(~10–20)

Tea Low to high
(~0–10)

Low
(~1–20)

Low
(~0–10)

Energy drinks High
(~11–13)

Low
(~5–20)

Low
(~0–1)

Beer Low
(~1–4)

Low
(~1–5)

Low
(~0–10)

The ranges for each category include a variety of more common types and brands of beverages  consumed 
(primarily US-based). White milk includes fat-free, 2% fat, and whole fat. Chocolate milk is low fat. 
Coffee includes black and with two tablespoons of cream and/or one packet of sugar per cup. Tea includes 
self-brewed, bottled, sweetened, and unsweetened varieties.
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19.3.1.2 Gastric Emptying and Intestinal Absorption
Carbohydrate–electrolyte beverages intended for consumption during exercise 
are formulated to promote rapid delivery of fluid and carbohydrate. The type and 
amount of beverage carbohydrate have a significant effect on fluid/substrate delivery 
by influencing the rates of gastric emptying and intestinal absorption. The pres-
ence of some carbohydrate (~1%) is important to stimulate water absorption via the 
sodium–glucose link transporter (SGLT1) (Gisolfi 1994). However, in general, bev-
erages with high energy density (i.e., carbohydrate concentration) result in a slower 
rate of gastric emptying (Brouns et al. 1995; Lambert et al. 2012; Murray 1987). For 
example, beverages with ≥8% carbohydrate solution have been found to decrease 
gastric emptying rate and increase gastrointestinal discomfort compared with water 
(Murray et al. 1999; Rehrer et al. 1989, 1992; Shi et al. 2004). Furthermore, there 
is a significant inverse relation between beverage osmolality and intestinal fluid 
absorption (Shi and Passe 2010; Shi et al. 1995). However, formulating drinks with 
multiple transportable carbohydrates (i.e., utilizing both SGLT1 and GLUT5 trans-
porters) can increase gastric emptying rate (Shi et al. 2000; Jeukendrup and Moseley 
2010) and intestinal absorption of beverages with >8% carbohydrate (Gisolfi et al. 
1998; Jeukendrup 2010; Shi et  al. 1994, 1995). Thus, as discussed in more detail 
in subsequent sections (19.3.1.3 and 19.5), multiple transportable carbohydrates are 
an important consideration when high rates of carbohydrate (>60 g/h) delivery are 
needed (e.g., during prolonged exercise >2–3 h). For more information, the reader 
is referred to recent review papers, which discuss in more detail the effect of carbo-
hydrate amount and type on intestinal fluid and carbohydrate absorption (Baker and 
Jeukendrup 2014; Jeukendrup 2010; Shi and Passe 2010).

19.3.1.3 Physiologic and Performance Effects
Several reviews have discussed the ergogenic effects of carbohydrate ingestion dur-
ing exercise in detail (Cermak and van Loon 2013; Coombes and Hamilton 2000; 
Jeukendrup 2004; Karelis et al. 2010). In brief, carbohydrate delivery is important 
because muscle glycogen and blood glucose are the primary substrates for the con-
tracting muscle during exercise (Romijn et al. 1993). Maintaining carbohydrate oxi-
dation through carbohydrate feeding has been shown to be an effective strategy to 
delay fatigue (Coyle et  al. 1983). During prolonged exercise (>2  h) there seem to 
be dose–response relations among carbohydrate intake, carbohydrate oxidation, and 
improved performance (Smith et al. 2010, 2013; Vandenbogaerde and Hopkins 2011). 
In a large multicenter study, Smith et al. (2013) tested the effects of ingesting 0–120 g 
carbohydrate/h during a 2-h constant load ride on subsequent 20-km cycling time trial 
performance. The ingestion of carbohydrate significantly improved performance in a 
curvilinear dose-dependent manner, and the greatest performance enhancement was 
seen with an ingestion rate of 68–88 g carbohydrate/h (Smith et al. 2013).

Exogenous carbohydrate oxidation is mainly limited by the intestinal absorption 
of carbohydrates. In general, carbohydrates can be divided into two categories: faster 
oxidized (up to about 60 g/h) and slower oxidized (up to about 40 g/h). The faster oxi-
dized carbohydrates include glucose, maltose, sucrose, maltodextrins, and amylopectin 
starches. The slower oxidized carbohydrates include fructose,  galactose, isomaltulose, 
trehalose, and insoluble (amylose) starches (see Jeukendrup 2010 for  review). 
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Commercially available carbohydrate–electrolyte beverages typically contain glucose, 
sucrose, fructose (in relatively small amounts), and/or maltodextrins (Coombes and 
Hamilton 2000; Murray and Stofan 2001).

During prolonged exercise (i.e., >2 h), the benefits of carbohydrate are mainly 
metabolic in nature. However, the underlying mechanism for the ergogenic effect 
of carbohydrate ingestion during high-intensity, shorter duration exercise may be 
related more so to the central nervous system. Rinsing the mouth with a carbohy-
drate-containing drink has been shown to improve performance (Jeukendrup and 
Chambers 2010) and activate regions of the brain associated with reward and motor 
control (Chambers et al. 2009). Thus, it is thought that carbohydrate may influence 
the brain via carbohydrate-sensitive receptors in the mouth. However, more work 
regarding this potential mechanism is clearly needed to identify carbohydrate recep-
tors in the oral cavity and better understand the brain regions involved. The reader is 
referred to review papers for a more detailed discussion on the topic of carbohydrate 
mouth rinse (Jeukendrup 2013; Silva et al. 2014).

19.3.1.4 Post-Exercise Rehydration (Fluid Retention)
Recent research indicates that the carbohydrate concentration of a fluid replacement 
beverage may have an impact on fluid retention during post-exercise rehydration. 
Carbohydrate solutions ranging from 6% to 12% have been shown to promote greater 
fluid retention compared with electrolyte-matched, carbohydrate-free placebo solu-
tions (Evans et al. 2009b; Kamijo et al. 2012; Osterberg et al. 2010). Highly concen-
trated carbohydrate solutions (e.g., 10%–12%) could affect fluid retention by delaying 
gastric emptying or intestinal absorption (from the increased energy density and/
or osmolality of the higher carbohydrate beverages), which would effectively delay 
the appearance of fluid in the circulation (Evans et al. 2009b; Osterberg et al. 2010). 
The delayed absorption of fluid and/or the higher plasma osmolality elicited by the 
carbohydrate drink would attenuate renal water excretion. Other proposed mecha-
nisms, particularly regarding the fluid retention benefits of less concentrated carbo-
hydrate solutions (e.g., 6%), include an insulin-mediated increase in renal sodium 
and water reabsorption (Kamijo et al. 2012). However, more work is needed to elu-
cidate the exact mechanisms involved and their relative contributions to enhanced 
fluid retention.

19.3.2 role oF elecTrolyTes

19.3.2.1 Voluntary Fluid Intake
The presence of low to moderate amounts of sodium improves beverage palatability 
and stimulates the physiological drive to drink. Consumption of plain water decreases 
plasma osmolality and sodium concentration, which reduce the drive to drink, often-
times before body water volume has been fully restored (Nose et al. 1988; Sawka 
et  al. 2007; Takamata et  al. 1994; Wilk and Bar-Or 1996). However, palatability 
and voluntary fluid intake also decrease with high beverage sodium concentrations 
(≥50 mmol/L) (Passe 2001; Wemple et al. 1997). In these instances, other anions 
(such as citrate) could be used in place of chloride (the typical anion with sodium) to 
decrease beverage saltiness (Shirreffs 2003).
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19.3.2.2 Gastric Emptying and Intestinal Absorption
There is limited data available; however, there seems to be no effect of beverage 
sodium concentration on the rate of gastric emptying of ingested fluids (Gisolfi 
et al. 2001). Regarding intestinal fluid absorption, it is well established that sodium 
is important for SGLT1 transport of substrate and water flux across enterocytes. 
However, beverage sodium has been found to play only a minor role in intestinal 
fluid absorption, likely because sodium is readily available through intestinal secre-
tions (Gisolfi et al. 1995, 2001; Murray and Stofan 2001). Very limited information 
is available on the effects of other electrolytes on gastric emptying and intestinal 
fluid absorption. One study reported faster intestinal absorption when the conjugate 
anion of sodium was chloride compared with bicarbonate or sulfate (Fordtran 1975); 
however, more research is needed for other anion comparisons.

19.3.2.3 Physiologic and Performance Effects
Sodium is the predominant electrolyte lost in sweat; average sweat sodium concen-
tration is ~40  mmol/L, but ranges from ~15 to ~90  mmol/L (Baker et  al. 2009). 
Potassium is also lost in sweat, but in much smaller amounts (~3–5 mmol/L) com-
pared with sodium (Baker et al. 2009). The presence of sodium and potassium in a 
fluid replacement beverage helps replace sweat electrolyte losses. However, there are 
currently not enough data to elucidate exactly how much of the sweat electrolyte loss 
should be replaced during exercise. Acute sweat sodium loss does not typically have 
deleterious effects except in situations where losses are especially large (>3–4 g) 
(Coyle 2004; Shirreffs and Sawka 2011). There is insufficient evidence to date to sug-
gest that sweat potassium loss and/or the replacement of those losses during exercise 
impacts physiological function and/or performance (Leiper 2001; Murray and Stofan 
2001; Shirreffs and Sawka 2011).

19.3.2.4 Post-Exercise Rehydration (Fluid Retention)
The sodium concentration of a fluid replacement beverage has a significant impact 
on fluid retention and thus the completeness of rehydration after exercise. In fact, 
there is a significant direct linear relation between beverage sodium concentration 
and fluid retention (Maughan and Leiper 1995). The increase in serum sodium con-
centration and osmolality with sodium ingestion stimulates renal water reabsorp-
tion and thus decreases urine output. In addition, because sodium is the primary 
extracellular cation, ingesting a beverage with sodium can promote fluid retention in 
the vascular space (i.e., plasma volume maintenance) (Gonzalez-Alonso et al. 1992; 
Maughan and Leiper 1995; Shirreffs et al. 2007; Wemple et al. 1997). 

19.3.3 role oF FlaVor

19.3.3.1 Voluntary Fluid Intake
Flavored beverages are generally preferred by athletes and thus associated with 
increased ad libitum fluid intake. This has been demonstrated in a range of athletes, 
including male and female as well as youth and adults (Minehan et al. 2002; Passe 
2001; Passe et al. 2000, 2004; Rivera-Brown et al. 1999; Rolls 1994).
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It is also important to note that the athletes’ perception and acceptability of bever-
age flavor differs from rest to exercise. For example, in one study subjects rated the 
acceptability of two flavored sports drinks and water prior to exercise (Passe et al. 
2000). As expected, the subjects consumed greater quantities of their most accept-
able flavor of sports drink than water and the least acceptable sports drink flavor at 
rest and during the first 75 min of exercise. However, at 90 and 180 min of exercise, 
subjects’ hedonic ratings of the least acceptable flavor dramatically improved com-
pared to the ratings taken at rest (from a liking rating of ~4 to ~7 on a 9-point scale). 
Furthermore, total consumption of the least acceptable flavor of sports beverage was 
greater than water (Passe et al. 2000).

In addition to changes in flavor perception, the perception of other organoleptic 
properties of beverages, such as sweetness, tartness, mouthfeel, and aftertaste, is 
also modified by physical activity (Murray and Stofan 2001). Thus, sports drinks are 
formulated with consideration of these changes in sensory parameters to optimize 
palatability during exercise. Other factors such as time of day (Birch et al. 1984), pre-
vious experience (Pliner 1982), cultural background (Rozin and Vollmecke 1986), 
and environment (Sohar et  al. 1962) can also influence beverage palatability and 
voluntary drinking behavior.

19.4 PRACTICAL CONSIDERATIONS

19.4.1 meeTinG hydraTion and Fuel demands durinG exercise 

There are two main nutrition-related factors that impact an athlete’s performance: 
(1) fluid replacement (hydration) and (2) carbohydrate provision (fuel). It is important 
to keep in mind that the goals of fluid replacement and carbohydrate provision are 
usually not mutually exclusive. Oftentimes when there is a need for fluid intake to 
replace heavy sweat losses, there is also a need for carbohydrate intake to support 
energy demands (e.g., prolonged or intermittent high-intensity exercise). When both 
fluid replacement and energy provision are important, the goal is to deliver carbo-
hydrate to the body without impeding gastric emptying and intestinal absorption of 
water. In short, carbohydrate intake should be balanced with consideration for fluid 
replacement needs.

In some instances, either fluid replacement or energy intake may take top prior-
ity. For example, there may be individuals (e.g., heavy sweaters) or situations (e.g., 
exercise in a hot environment) where replacing sweat losses is of higher priority and 
thus water intake is the primary aim. On the other hand, when sweat losses are low 
(e.g., exercise in very cool weather) or high rates of carbohydrate delivery are neces-
sary (e.g., >2 h of moderate to high-intensity exercise), more concentrated beverages 
or solid/semisolid forms of carbohydrate may be warranted. The reader is referred 
to papers that discuss the idea of potential trade-offs between carbohydrate and fluid 
ingestion during exercise (Coyle and Montain 1992a, 1992b).

To meet fuel needs, carbohydrate can be consumed in a liquid or solid/semisolid 
form. Liquid forms of carbohydrate provide an option to replace fluid and sweat elec-
trolyte losses in addition to meeting fuel needs. However, it has been shown in endur-
ance studies that solid (bar) or semisolid (gel or chew) carbohydrate is oxidized as 
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effectively as a carbohydrate solution, provided that sufficient water is also  consumed 
(Pfeiffer et al. 2010a, 2010b).

19.4.2 indiVidual preFerences and sTraTeGies 

It is clear that the optimal nutrition/hydration strategy is personalized rather than 
based on one-size-fits-all recommendations (Jeukendrup 2014; Maughan and 
Shirreffs 2008, 2010). For example, an appropriate drinking strategy during exercise 
takes into account pre-exercise hydration status as well as sweat water and electro-
lyte losses, which are largely dependent upon genetics, body mass, exercise inten-
sity, exercise duration, and environmental conditions (Maughan and Shirreffs 2008, 
2010; Sawka et al. 2007). In addition, recommendations for carbohydrate intake dur-
ing exercise depend on the athlete’s exercise duration and absolute exercise intensity 
(Jeukendrup 2014). Given the many factors governing hydration and carbohydrate 
needs, it follows that the recommendations vary from athlete to athlete and even 
within individuals between training sessions/competitions. For more detail on per-
sonalized nutrition for endurance athletes, the reader is referred to a recent review 
(Jeukendrup 2014).

Research has shown that athletes’ actual fluid and/or carbohydrate intake rates 
during exercise are highly variable and in some cases fall short of recommendations 
(Baker et al. 2014; Garth and Burke 2013; Pfeiffer et al. 2012). There are several pos-
sible reasons why some athletes fail to meet recommendations, some of which may 
be related to practicality. Thus, it is important to promote a hydration and carbohy-
drate intake strategy that is flexible and relatively easy to follow. This includes offer-
ing a variety of options for the source of fluid (water and/or carbohydrate–electrolyte 
beverages) and carbohydrate (carbohydrate–electrolyte beverages and/or semisolid 
or solid foods), with consideration for personal preferences (flavor, sweetness, and 
liquid/solid form preferences) and fluid/food availability (e.g., on a race course or 
other competition setting).

Personalized strategies should also take into account an individual’s gut tolerance 
for different types and amounts of fluid and carbohydrate intake. In some circum-
stances, gastrointestinal discomfort may deter athletes from consuming sufficient 
fluid or carbohydrate during exercise. Importantly, there is some evidence that train-
ing the gut can be an effective strategy to reduce gastrointestinal discomfort when 
aiming to increase fluid (Lambert et al. 2008) and carbohydrate (Cox et al. 2010; De 
Oliveira et al. 2014) intake during exercise, which further demonstrates that athletes 
should practice their competition nutrition strategy in training. For a more in-depth 
discussion on the gut and nutritional strategies to reduce the risk of gastrointestinal 
problems, the reader is referred to a recent review (De Oliveira et al. 2014).

19.5 RECOMMENDATIONS

Table 19.3 summarizes the current recommendations for water, carbohydrate, and 
electrolyte intake for before, during, and after exercise. These guidelines (from 
Burke et al. 2011; Sawka et al. 2007) can be used to help athletes determine when water 
and/or carbohydrate beverages are needed to meet their hydration and fuel demands. 
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Further guidelines (from Jeukendrup 2014) specific to the amount and type of 
carbohydrate recommended for various exercise durations are in Figure 19.1. It is 
important to reiterate that the recommended intake rates of water, carbohydrate, 
and electrolytes are not one-size-fits-all across all athletes or even static for a given 
individual athlete, but instead shift according to changes in training goals, exercise 
intensity and duration, and environmental conditions.

The recommendations for water, carbohydrate, and electrolyte intake are mostly 
drawn from studies involving endurance exercise such as cycling and running. 

TABLE 19.3
Water, Carbohydrate, and Electrolyte Intake Recommendations for Athletes

Description Water Ingestion
Carbohydrate 

Ingestion
Electrolyte 
Ingestion

Before exercise Before 
competition 
or training 
lasting >1 h

Slowly drink water 
and/or other fluid 
(e.g., ~5–7 mL/kg) 
≥4 h before 
exercise. If no urine 
is produced, or 
urine is dark or 
highly 
concentrated, 
slowly drink more 
fluid (e.g., 
~3–5 mL/kg) ~2 h 
before exercise.

1–4 g CHO/kg 
body mass 
consumed 
1–4 h before 
activity from 
drinks, gels, 
bars, or food

Na+ from fluids 
(20–50 mmol/L) or 
solids (e.g., 
Na+-containing 
foods or snacks) 

During exercise Competition or 
training 
lasting 
1.0–2.5 h

Drink water and/or 
6%–8% 
carbohydrate–
electrolyte beverage 
to prevent >2% 
body mass deficit, 
especially in 
warm-hot 
environments

30–60 g/h from 
fluids (e.g., 
6%–8% 
carbohydrate 
solution) or 
solids (e.g., 
gels, bars)

Na+ and K+ from 
fluids (20–30 mmol 
Na+/L and 
3–5 mmol K+/L) 
or solids (e.g., gels 
and bars) 

After exercise When there is 
<8–12 h 
recovery 
between two 
competition/
training 
sessions

Drink ~1.5 L of 
water and/or other 
fluid for each 1 kg 
of body mass 
deficit

1.0–1.2 g CHO/
kg body 
mass/h for first 
4 h from 
drinks, gels, 
bars, or food

Na+ from fluids 
(20–50 mmol/L) or 
solids (e.g., 
Na+-containing 
foods or snacks)

Sources: Burke, L.M. et al., J. Sports Sci., 29(Suppl 1), S17–27, 2011; Sawka, M.N. et al., Med. Sci. 
Sports. Exer. 39(2), 377–90, 2007.

CHO, carbohydrate; K+, potassium; Na+, sodium.
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Historically, research specific to intermittent high-intensity exercise or skill-based 
sports (e.g., team sports) has been sparse, but is gaining increased attention more 
recently. Emerging research suggests that sport-specific skills and endurance capac-
ity in team sports (such as soccer and basketball) can be improved by the inges-
tion of fluid (Baker et al. 2007; Edwards et al. 2007) and carbohydrate (Currell 
et al. 2009; Dougherty et al. 2006; Phillips et al. 2012). More detailed reviews and 
recommendations specific to carbohydrate and team sports can be found elsewhere 
(Holway and Spriet 2011; Mujika and Burke 2010; Phillips et al. 2011). The impact 
of hydration status on intermittent high-intensity sports performance is covered in 
Chapter 8 of this book. Nevertheless, the effects of fluid and carbohydrate ingestion 
on team sports performance have been inconsistent and many gaps still exist in the 
literature. Therefore, more work is needed to determine the effects and underlying 
mechanisms of carbohydrate and fluid ingestion on performance outcomes related 
to team sports.

Duration
of exercise

30–75 minutes

1–2 hours

2–3 hours

>2.5 hours

Amount of
carbohydrate needed

Recommended type
of carbohydrate

Additional
recommendation

Small
amounts

or mouth rinse

Single or multiple
transportable
carbohydrates

Nutritional training
recommended

90 g/hour

Only multiple
transportable
carbohydrates

Nutritional training
essential

60 g/hour

Single or multiple
transportable
carbohydrates

Nutritional training
highly

recommended

30 g/hour

Single or multiple
transportable
carbohydrates

Nutritional training
recommended

FIGURE 19.1 The new carbohydrate intake guidelines. Carbohydrate intake recommen-
dations during exercise depend on the duration of exercise. In general, carbohydrate intake 
recommendations increase with increasing duration. The type of carbohydrate may also 
vary as well as recommendations for nutritional training. These recommendations are for 
well-trained athletes. Aspiring athletes (exercising at lower absolute exercise intensities) may 
need to adjust these recommendations downward. (Data from Jeukendrup, A., Sports Med., 
44:S25–33, 2014.)
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19.6 CONCLUSION

Athletes should take into account several factors when deciding the optimal fluid 
replacement beverage to meet their individual needs. The most important factors 
to consider are the athlete’s hydration and fuel needs, and these depend on tim-
ing (before, during, or after exercise), exercise duration and intensity, sweating 
rate, electrolyte losses, and environmental conditions. Water is likely a sufficient 
fluid replacement drink when fuel demands are low, such as during short duration 
(<1 h) and/or low intensity exercise. However, during/after prolonged or intermit-
tent high-intensity exercise, carbohydrate ingestion can enhance performance and 
sodium can aid rehydration. Depending on the athlete’s preference, hydration and 
carbohydrate provision can come in the form of either a carbohydrate–electrolyte 
solution or water in combination with a solid/semisolid form of carbohydrate and 
electrolytes.
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20 Need of Other 
Elements

Luis Fernando Aragón-Vargas

20.1 INTRODUCTION

Athletes and physically active people consume many ingredients with purported 
ergogenic effects, a few of which have already been well documented, while most 
others have not. A good example is dietary nitrate, mostly in the form of beetroot 
juice (Hoon et al. 2013; Jones 2014). Some of these components may interact neg-
atively with the major, conventional ingredients in sports drinks; only those that 
have been studied in association with the rehydration properties of beverages will 
be discussed in this chapter. Because the main ingredients in rehydration beverages 
have already been discussed in Chapters 18 and 19, and some others have already 
been reviewed extensively, emphasis will be placed on some recent work on other 
elements as they relate to post-exercise rehydration. And since potential ingredi-
ents will be presented from the perspective of the renal paradox—the fact that fluid 
intake by dehydrated humans results in a significant urine output and a compromised 
 rehydration—the chapter begins with a presentation of this concept.
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20.2  THE RENAL PARADOX AND THE POTENTIAL 
ROLE OF POTASSIUM

When it comes to post-exercise rehydration, the renal system does not function quite 
as expected. From a homeostasis perspective, one would expect the kidneys to retain 
water as long as the body is in negative fluid balance, but when humans drink flu-
ids, urine production follows. A large overload is not necessary for urine output 
to exceed balance (Pérez-Idárraga and Aragón-Vargas 2014). This phenomenon is 
apparent with water intake, but even when reasonable concentrations of sodium are 
used in the drinks, there is a considerable water excretion in the presence of hypo-
hydration. This may be called the renal paradox: high urine output after fluid intake 
undermines the very goal of drinking in a hypohydrated state. One of the major 
goals in the formulation of a rehydration beverage is to achieve better fluid reten-
tion by recurring to sodium, potassium, or even protein, while other resources have 
been explored with different degrees of success, such as moderate hydration proto-
cols (Kovacs et al. 2002; Mayol-Soto and Aragón-Vargas 2010; Pérez-Idárraga and 
Aragón-Vargas 2011a).

As an example of this renal paradox, Jimenez et al. (2002) had participants dehy-
drated by exercise or passive heat and then rehydrated with a homemade beverage 
containing 5% glucose and 40 mEq/L of NaCl. This sodium content, together with 
the level of dehydration (2.7% of body mass [BM]) and the ingested volume (92% of 
sweat losses), would be expected to favor fluid retention. Nevertheless, rehydration 
resulted in 400–500 mL of urine loss over 3 h of recovery, out of about 1800 mL 
of fluid intake. Urine output was significantly higher than under the no rehydration 
conditions (p < .05).

As discussed in this book (Chapter 19), sodium has been used in sports drinks 
as an electrolyte to promote fluid retention of physically active people who dehy-
drate from sweating. Sodium promotes acute plasma volume expansion during 
exercise, which is desirable to maintain performance. It also reduces diuresis result-
ing in lower water losses than when drinking pure water. It is possible, however, 
that aggressive rehydration with large fluid volumes causes the mechanical signal 
(baroreceptors) to be stronger than the osmotic and chemical signals which, during 
hypohydration, would normally help fluid retention by preventing diuresis. In other 
words, the human body is able to detect when it is hypohydrated and shifts into fluid 
conservation mode, but if it gets information about an acute plasma volume expan-
sion, this is incorrectly interpreted as being hyperhydrated and diuresis is increased. 
By the time the error is detected, the body is hypohydrated again. In support of this 
hypothesis, the previously mentioned study by Jimenez et al. (2002) showed a clear 
association between acute changes in plasma volume and urine output.

One strategy to solve the problem of inducing excess diuresis would be to identify 
osmolytes which may promote water movement to the intracellular space, thereby 
preventing acute plasma volume expansion and helping the body keep the ingested 
water. In a discussion of the mechanisms of cell volume regulation, Pasantes-Morales 
et al. (2006) described volume regulation substances (p. 56): “… the organic osmo-
lyte pool involved in volume regulation is formed by a heterogeneous group of small 
molecules, including aminoacids (taurine, glutamate, glycine, alanine), polyalcohols 
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(myoinositol, sorbitol), and other compounds such as creatine, phosphocreatine. (…)”. 
They also mentioned the two major electrolytes that could be involved: potassium 
and chloride. Only some of those substances have been experimentally tested; the 
possible success of any particular osmolyte would depend on the ability to acutely 
and transiently increase its intracellular content.

In a research report not published in a peer-reviewed journal (Aragón-Vargas and 
Shirreffs 2014), the authors attempted to design a sports drink for effective post-
exercise rehydration, using potassium and other osmolytes at considerably higher 
concentrations than normally used, while sodium was included in small amounts 
(about one-third of a conventional sports drink). The rationale was that the par-
ticular composition of the experimental drinks would promote intracellular hydra-
tion, thus promoting fluid retention, as explained in the previous paragraph. The 
drinks evaluated in the study were a commercially available flavored water with 
added creatine (A), a high-electrolyte commercially available sports drink (B), a 
conventional sports drink with added potassium and creatine (C), a 6% carbohy-
drate, low-sodium, high-potassium drink (D), and Evian® bottled water as a stan-
dard for comparison purposes (see Table 20.1). In a repeated-measures design, ten 
healthy, young volunteers did one familiarization trial and then five experimen-
tal trials assigned for five consecutive weeks. They arrived in the laboratory in a 
fasted, euhydrated state and were dehydrated by intermittent exercise in the heat to 
approximately 2% of BM loss. After dehydration and some rest, they began a 1 h 
rehydration period with one of the five beverages allocated according to a balanced 
randomized design; they drank a volume equivalent to 150% of BM loss. At the end 
of rehydration, they were monitored for a total of 4 h, taking blood samples and col-
lecting all urine every 60 min.

Initial conditions were similar among drinks for pre-exercise BM, dehydra-
tion level, time to dehydration, mean sweat rate, sweat loss, and fluid intake volume 
(p >  .05). The study, however, failed to find a significant difference in total urine 
output among trials (p = .120), even though acute plasma volume changes tended 

TABLE 20.1
Drink Composition

Drink

A B C D E

Carbohydrate solution (%) 1 6 6 6 0

Na+ (mmol/L) 6.5 35 18 7 0

K+ (mmol/L) 4.5 10 50 50 0

Creatine monohydrate (g/L) 3.3 0 3.3 0 0

Source: Aragón-Vargas, L. F. and Shirreffs, S. M., Rehydration following exercise in the heat: A look at 
alternative formulations and the role of plasma volume expansion in excess diuresis, http://
kerwa.ucr.ac.cr/handle/10669/11115, 2014. Used with permission. This work is licensed under 
a Creative Commons Attribution 4.0 International License.
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to follow the expected pattern. This has also happened in other studies: in one 
 experiment using drinks with 0%, 2%, 5%, and 10% glucose concentrations (Evans 
et al. 2009), plasma volume changes were negative with the 10% glucose solution at 
the 10 and 60 min time points, but this did not result in lower urine output.

More recently, a study attempted to achieve better fluid retention by using 
high-potassium beverages (Pérez-Idárraga and Aragón-Vargas 2014). Because the 
study included fresh coconut water as one of the experimental drinks, it is further 
described in Section 20.5.1, but is mentioned here to demonstrate the effect of potas-
sium concentrations in beverages on diuresis. Urine output and fluid retention were 
compared after rehydration with plain water, fresh coconut water (naturally high in 
potassium), a conventional sports drink, or a specially formulated, high-potassium 
drink. Cumulative urine output was significantly higher after rehydrating with water 
than after the sports drink or the specially formulated drink (p < .05), but not than 
after fresh coconut water (p = .147). Fluid retention was only significantly higher for 
the sports drink compared to plain water (p = .013). 

The possibility that potassium or other important intracellular molecules in a 
rehydration beverage may help shift fluids away from the extracellular space, pre-
venting rapid plasma volume increases and hence limiting excess diuresis, has not 
been confirmed, but it warrants further study. Another possibility for limiting excess 
diuresis would be to use drinks that are absorbed more slowly, as in the protein stud-
ies that follow.

20.3 MAJOR ELEMENTS

20.3.1 Protein

Nutritional products with protein or combinations of amino acids represent an 
important share of all supplements used by athletes. Because a major goal of protein 
ingestion is to support or enhance post-exercise muscle recovery by promoting a 
positive nitrogen balance at a critical time, amino acids or protein have been used in 
rehydration beverages. It is important to understand to what extent these ingredients 
contribute to or deter from the rehydration effectiveness of the drinks.

In a discussion about intestinal fluid absorption, Schedl et al. (1994) suggested 
that because amino acids use sodium-coupled transport systems that are independent 
from glucose transporters, they could enhance sodium and water absorption beyond 
the use of carbohydrate and sodium alone. While this possibility has been explored, 
mainly for the formulation of oral rehydration solutions (ORS) to treat diarrhea, 
success has been limited if the goal is to improve the results obtained from multiple 
carbohydrate solutions. This and other hydration-related effects of amino acids have 
been recently reviewed by Baker and Jeukendrup (2014).

On the other hand, rehydration beverages with protein have been shown to 
favor fluid retention. Several earlier studies showed the effectiveness of skimmed 
milk (discussed in detail in Section 20.5.3), but the research design did not allow 
to study the effect of protein per se. In a parallel line of research, a 2006 study 
by Seifert et  al. looked at fluid retention after rehydration with a 6% carbohy-
drate plus 1.5% protein beverage (including 53 mg sodium and 18 mg potassium), 
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compared  with a conventional sports drink (6% carbohydrate, 46  mg sodium, 
and 12.5  mg  potassium) and plain water (Seifert et  al. 2006). Each participant 
ingested a volume equivalent to 100% of weight loss (~1700 mL in 20 min) after 
exercise-induced dehydration to 2.5% BM. Water showed the least fluid retention 
(about 53%) of all drinks, and a greater fluid retention was attained with the bever-
age with protein (88% ± 4.7%) in comparison with the conventional sports drink 
(75% ± 14.6%). The authors attributed this latter effect to the additional protein, 
but because the drinks were not isoenergetic and osmolalities were different, other 
explanations could not be ruled out. More recently, the effort has focused on teas-
ing out the specific role of protein by comparing solutions otherwise matched in 
electrolyte and energy content.

James et al. (2011) compared two isoenergetic drinks, formulated with the same 
electrolyte and fat content but differing only in total carbohydrate and protein. One 
contained 65 g/L of carbohydrate, while the other had 40 g/L of carbohydrate and 
25 g/L of milk protein, and they were ingested in a volume equivalent to 150% of 
sweat loss after exercise-induced dehydration to about 2% BM. All measures of 
hydration (total urine output, fluid retention, and net fluid balance) were better with 
the beverage with carbohydrate and protein than the drink with only carbohydrate 
after 4 h of monitoring. Later, in a very similar study design, James et al. (2013) 
confirmed these results but using two different carbohydrate and milk protein bev-
erages instead of one (drink A: 40 g/L carbohydrate + 20 g/L milk protein, and 
drink B: 20 g/L carbohydrate +  40 g/L milk protein), which were better than a 
60 g/L carbohydrate beverage but not different between them. In both studies, the 
authors attributed the milk protein advantage to a possible slower gastric emptying 
(not measured). While any fluid in the stomach and intestines at a particular time 
is not contributing to fluid balance, a somewhat slower gastric emptying and intes-
tinal absorption would be a welcome effect to the extent that it might be preventing 
excess diuresis.

Interestingly, no beneficial effects on rehydration have been found from adding 
whey protein to carbohydrate–electrolyte drinks, matching energy density and elec-
trolyte content. James et al. (2012) used a very similar protocol to those described 
in the previous paragraph to compare a 65 g/L carbohydrate solution with a 50 g/L 
carbohydrate and 15 g/L whey protein isolate solution and found almost identical 
urine output, fluid retention, and net fluid balance with both beverages. Hobson and 
James (2015) compared a 62.2 g/L carbohydrate–electrolyte solution (CES) to the 
same solution with added whey protein (20.4 g/L; in this case, the drinks were not 
isoenergetic). They obtained similar urine output, fluid retention, and net fluid bal-
ance. In another non-isoenergetic comparison, the addition of 20 g/L whey protein 
isolate to a mineral water was not more effective for rehydration than mineral water 
alone (James et al. 2014). For additional details on the effects of protein on hydration, 
the reader is referred to the review by Baker and Jeukendrup (2014).

In summary, CESs with milk protein have been shown to provide better post- 
exercise rehydration than conventional CESs. Furthermore, the addition of whey 
protein to sports drinks has been shown not to hinder rehydration. Therefore, when-
ever protein intake may be of interest in addition to fluid replacement during exercise 
recovery, rehydration beverages properly formulated with milk or whey protein may 
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be used. Practical recommendations and potential contraindications will likely be 
developed as these newer formulations are more widely used.

20.3.2 Glycerol

Research on glycerol as a hydrating agent started in 1987, with a study on human sub-
jects at rest (Riedesel et al. 1987). When glycerol is ingested with water, it promotes 
hyperhydration by creating an osmotic load and favoring water reabsorption (Freund 
et al. 1995). By limiting free water clearance, fluid retention is improved; this effect 
is believed to be independent of hormonal responses (Nelson and Robergs 2007). 
Glycerol-induced hyperhydration is, naturally, transient, as glycerol will be metabo-
lized by the liver and excreted by the kidneys, but because its metabolic clearance 
from the blood is slow, hyperhydration can be maintained for a few hours (Nelson 
and Robergs 2007; Riedesel et al. 1987). The use of glycerol is, however, currently 
banned by the World Anti-Doping Agency (WADA) because it is considered a mask-
ing agent (World Anti-Doping Agency 2014). Glycerol intake levels necessary for 
enhancing hydration are much higher than the dose shown to give positive results in 
anti-doping tests (Van Rosendal and Coombes 2012).

Several extensive reviews have addressed the use of glycerol for hydration pur-
poses (Goulet et al. 2007; Nelson and Robergs 2007; Van Rosendal and Coombes 
2012; Van Rosendal et al. 2009), but they focus on hyperhydration, as does most of 
the available research. Few studies have looked at glycerol as a potential ingredient 
in rehydration beverages for post-exercise utilization.

Briefly, most hyperhydration studies have found an increase in total body water 
with glycerol. A meta-analysis (Goulet et al. 2007) based on 14 comparisons and a 
total of 99 subjects found an increased body water of 7.7 ± 2.8 mL/kg BM (p < .01); 
their pooled effect size was 1.64 ± 0.80 (p <  .01). Almost all studies have been 
performed comparing plain water and water plus glycerol. While the hyperhydra-
tion results are rather clear, the cardiovascular or thermoregulatory benefits are 
less consistent (Baker and Jeukendrup 2014; Goulet et al. 2007; Van Rosendal et al. 
2009). General recommendations for hyperhydration prior to exercise are to ingest 
1  g of glycerol/kg BM, with approximately 20  mL of water/kg BM (Baker and 
Jeukendrup 2014), or 1.2 g of glycerol/kg BM with 26 mL of water/kg BM (Van 
Rosendal et al. 2009).

The first study to look at glycerol as an ingredient in a rehydration beverage was 
performed by Scheett et al. (2001). Eight males dehydrated to ~3% BM by exercising 
in the heat, and rehydrated with water or water plus glycerol (1 g glycerol/kg BM) in 
a volume equivalent to 100% of sweat losses, over 3 h. The focus of the manuscript 
was on performance during a subsequent task to exhaustion, which was improved 
in the glycerol trial. The authors reported no significant difference in total urine 
output between control and glycerol (p > .05), but unfortunately the numbers they 
presented are internally inconsistent. They did report, however, a significant differ-
ence in percent change in body weight at the end of the rehydration protocol, for the 
control (−0.73% ± 0.09% BM) and glycerol (−0.50% ± 0.08% BM) trials (p < .05).

The only other study using a conventional post-exercise rehydration protocol 
was by Kavouras et al. (2006). Eight highly trained male cyclists completed three 
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separate exercise trials that induced 4% dehydration. Subjects were given no fluid 
during exercise but were then rehydrated within 80  min with water (placebo) or 
water plus glycerol equivalent to 3% BM. Ninety minutes later they performed an 
exercise test to exhaustion. Time to exhaustion was improved in the glycerol trial, but 
no fluid retention, net fluid balance, or urine output data were reported.

Both abovementioned studies reported improved performance (greater time of 
exercise to exhaustion) and a greater plasma volume expansion with glycerol; the lat-
ter was presented in the original studies as the only clear hydration advantage with 
glycerol use. Even with limited evidence, guidelines for glycerol use as a rehydrating 
agent post-exercise have been provided (Van Rosendal et al. 2010). However, plasma 
volume restoration or expansion is a transient result, which may be beneficial only 
if subsequent exercise is undertaken in thermally adverse conditions. Given that no 
data are yet available supporting better fluid retention after exercise-induced dehy-
dration, glycerol use is not warranted as an ingredient in a post-exercise rehydration 
beverage.

Apart from being prohibited for athletes under the jurisdiction of WADA, glyc-
erol has a few contraindications. Some side effects have been reported, such as 
nausea, diarrhea, vomiting, and headache, but reviewers agree that these are uncom-
mon, considering the large number of studies without any adverse reports (Baker 
and Jeukendrup 2014; Van Rosendal et  al. 2009); they are apparently associated 
with higher doses or concentrations of glycerol and should not be a problem with 
more diluted use (Baker and Jeukendrup 2014; Kavouras et al. 2006; Nelson and 
Robergs 2007; Van Rosendal et al. 2009). Nevertheless, glycerol ingestion is not 
recommended for pregnant women or individuals with migraine, headache, or liver 
disorders, with diabetes, or with renal or cardiovascular disease (Van Rosendal 
et al. 2009).

20.3.3 caffeine

Caffeine is widely used as an ergogenic aid and is often present in the regular diet of 
athletes and sedentary individuals. There are multiple studies and several important 
literature reviews addressing the ergogenic properties of caffeine (Armstrong 2002; 
Burke 2008; Doherty and Smith 2005; Kovacs et al. 1998; Spriet 1995) and its effect 
on hydration (Armstrong et al. 2007; Maughan and Griffin 2003). This section will 
only discuss the acute rehydration characteristics, with emphasis on the role of caf-
feine on post-exercise rehydration.

As explained by Armstrong et al. (2007) in their review paper, caffeine increases 
renal glomerular filtration and inhibits reabsorption of sodium, resulting in higher 
water and sodium excretion by the kidneys. In addition to this diuretic effect, other 
physiological responses to caffeine may impair performance during exercise in the 
heat: sweat rate may be increased because of the stimulation of the sympathetic 
nervous system, which would compound dehydration, and core temperature may be 
increased because of a higher resting metabolic rate. Based on their analysis of the 
available evidence at the time, the authors of the review proposed that caffeine con-
sumption does not result in water–electrolyte imbalances, hyperthermia, or reduced 
exercise–heat tolerance. Their conclusions followed the same direction of Maughan 
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and Griffin (2003), who concluded tentatively that single caffeine doses found in 
common beverages have little or no diuretic action and that habitual caffeine users 
develop tolerance to the effects of caffeine, although they acknowledged that a dose 
greater than 250 mg of caffeine has an acute diuretic action. Baker and Jeukendrup 
(2014) concluded, in a more recent review, that moderate caffeine intake in the order 
of 450 mg (≈6.4 mg/kg for a 70 kg individual) has no chronic negative effects on 
hydration, heat tolerance, or risk of heat illness. The issues warrant further analysis 
and discussion.

The emphasis of the review by Armstrong et al. (2007) was on chronic hydration 
and daily living. Interestingly, Maughan and Griffin (2003) made a similar emphasis. 
This perspective makes sense as caffeine is ingested with a wide variety of beverages 
in the regular diet, and not only as an ingredient of hydrating beverages. The ques-
tion they pose is: does the regular intake of moderate doses of caffeine impair hydra-
tion status or thermoregulation? The answer seems to be no. But that is different 
from the question normally posed for other potential ingredients of a drink intended 
to replace fluids lost through sweat. If the intent is to formulate a beverage to improve 
exercise performance or enhance immediate post-exercise recovery, the acute effects 
of caffeine on diuresis, core temperature, and sweating during exercise in the heat, as 
well as fluid retention during post-exercise rehydration, must be analyzed.

A few experiments are presented here in detail. First, Falk et  al. (1990) asked 
seven trained males, not habitual users of caffeine, to exercise to exhaustion in thermo-
neutral conditions, once after caffeine ingestion and once after the intake of a placebo in 
100 mL of an artificially sweetened drink. Total caffeine intake was 7.5 mg/kg of body 
weight, all before the exercise. The authors stated that ad libitum water consump-
tion was encouraged during exercise and was not different among conditions, but 
no ingested volume was reported. This study concluded that the amount of  caffeine 
ingested did not significantly affect water deficit, sweat loss, or thermoregulation, 
but acknowledged that during exercise performed under a greater heat stress, ther-
moregulation might be hindered.

Later, another study (Wemple et  al. 1997) compared caffeinated versus non- 
caffeinated sports drinks at rest and during exercise. This is a carefully designed 
study, although it only tested six highly active subjects (4 males and 2 females) who 
participated in four randomly assigned, counter-balanced trials, two at rest (4 h) and 
two involving exercise (1 h rest, 3 h of cycling at 60% VO2max followed by a maxi-
mal performance test). All trials were performed in the heat; participants drank 
a conventional sports drink, 8 mL/kg of body weight (≈560 mL for a 70 kg indi-
vidual) at the beginning of each trial, and then 3 mL/kg of body weight (≈210 mL) 
every 20 min, beginning after 60 min from the start of the trial. One rest trial and 
one exercise trial were performed with caffeine in the drinks (490–680  mg, the 
equivalent of 8.7 mg/kg); the other exercise and rest trials were performed without 
caffeine but drinking the same fluid volume. The authors reported lower urine flow 
rate during exercise than at rest (as expected), and a higher urine flow rate at rest 
with the caffeinated drink than with the placebo, but there was no effect of caffeine 
on urine flow during exercise. The reductions in plasma volume, and the increase in 
sweat rate, heart rate, and core temperature were consistent during the exercise tri-
als, but the effects of caffeine were not significant. They concluded that the caffeine 
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dose provided in this volume of sports drink increases urine production at rest but 
not during prolonged cycling in the heat.

Diuresis during exercise is undesirable, not only logistically, but because it 
exacerbates exercise-induced dehydration. To better understand the effects of caf-
feine on thermoregulation and fluid–electrolyte losses during prolonged exercise 
in the heat, Del Coso et al. (2009) performed a double-blind, placebo-controlled, 
 randomized experiment with seven endurance-trained, heat-acclimatized males, 
each serving as his own control. Each participant cycled for 2 h at a moderate inten-
sity in a hot-dry environment on six different occasions. Three trials included no 
caffeine: without fluid replacement, drinking water to replace 97% of fluid loss, or 
drinking a  carbohydrate–electrolyte beverage to replace 97% of fluid loss. The other 
three were identical to the aforementioned three, but included the ingestion of 6 mg 
caffeine/kg of body weight 45 min before the exercise. Fluid intake was ≈2.4 L, dis-
tributed evenly over each trial; drinks were at room temperature. Overall, urine flow 
was increased by 28% in the caffeine conditions (pooled data), while sweat losses of 
sodium, potassium, and chloride were increased by about 14% (p < .05). Caffeine 
did not alter heat production, forearm skin blood flow, or sweat rate. While rehy-
dration during exercise increased sweat loss, the combination of caffeine ingestion 
with rehydration had no effect on sweat loss. The combination of water intake and 
caffeine ingestion increased exercise urine production compared with water alone 
(664 ± 350 mL vs. 464 ± 278 mL, p < .05), but the CES with caffeine resulted in a 
similar urine output compared with CES alone (422 ± 303 mL vs. 486 ± 380 mL, 
p  >  .05). The authors highlighted the fact that because diuresis during exercise 
in the heat is relatively small compared to sweat losses, net fluid balance was not 
different between caffeine and no-caffeine trials despite higher diuresis in the 
 former. They also pointed out that caffeine is diuretic even during exercise, but 
suggested that this effect may be counteracted when it is used in combination with 
 carbohydrate–electrolyte drinks.

Published studies on the acute effects of caffeine during post-exercise rehydration 
are scarce. A seminal study (Gonzalez-Alonso et al. 1992) compared water, a 6% 
CES, and a diet cola during a 2-h rehydration period after exercise-induced dehydra-
tion to 2.5% BM. Ten physically active subjects exercised at a self-selected intensity 
between 60% and 80% VO2max in the heat (32°C, 40% relative humidity) until they 
reached the desired dehydration, on four separate occasions. With the exception of 
a no-fluid trial used only for monitoring, the rehydration protocol involved drink-
ing one of the three beverages in two boluses. The diet cola contained 128 mg/L of 
caffeine, for an average intake of 250 mg. Fluid retention at the end of monitoring 
was significantly lower with the diet cola (54% ± 5%) than with water (64% ± 5%) or 
CES (69% ± 5%) (p < .05%). The authors attributed the lower rehydration obtained 
with diet cola to the diuretic effect of caffeine, showing a statistically significant 
difference in urine output between diet cola and the carbohydrate–electrolyte drink 
(710 ± 100 mL vs. 480 ± 90 mL, respectively, p <  .05). However, because of the 
study objectives, the beverages were different in other ingredients besides caffeine, 
and the difference between diet cola and water was not significant. No clear conclu-
sions may be reached from this paper regarding post-exercise fluid recovery and a 
possible diuretic effect of caffeine.
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The other study (Brouns et al. 1998) related to the acute effects of caffeine during 
post-exercise rehydration used voluntary fluid intake. Eight well-trained cyclists par-
ticipated in three exercise tests, at least four days apart, in a randomized cross-over 
design. They cycled in a warm environmental chamber to a median dehydration of 
3.21% BM. Ad libitum rehydration took place over 2 h with one of the beverages: min-
eral water, carbohydrate–electrolyte drink, and caffeinated soft drink. Participants 
were then monitored for four additional hours. Fluid intake was greater for the CES 
than for the mineral water (median = 2.86 and 2.15 kg, respectively), but intake of 
the caffeinated drink was not different from the others (median = 2.77 kg, for about 
379 mg of caffeine). Total urine output after 4 h of the recovery period was similar 
for all drinks, and fluid restoration was not significantly different either (p > .1). The 
authors concluded that a diuretic effect of caffeine at this level of consumption was 
ruled out, although they pointed out that acute magnesium and calcium excretion 
was potentiated with the caffeinated beverage.

In summary, the available evidence suggests that there is no chronic negative 
effect of moderate caffeine intake on hydration or thermoregulation. There is also 
some evidence to support the notion that ingestion of caffeine before or during exer-
cise has no biologically significant acute effect on diuresis (especially when com-
bined with carbohydrate–electrolyte drinks), core temperature, or sweating. In the 
case of the acute effects of caffeine on post-exercise rehydration, two aspects must 
be considered. First, there would be no rationale for using caffeine during recovery, 
with the exception of personal preferences. Second, there is a dearth of information 
on caffeine related to rapid rehydration and recovery after training and competition. 
More well-designed experiments are warranted before sound recommendations can 
be made.

20.3.4 alcohol

With the exception of beer, alcohol (ethanol) is rarely ingested as post-exercise 
rehydration, because of its proven diuretic effect (Eggleton 1942; Murray 1932). 
Furthermore, alcohol should be avoided before or during exercise, as it will impair 
motor control and performance, particularly at higher doses (Lecoultre and Schutz 
2009; Shirreffs and Maughan 2006). Recently, a high dose of ethanol has been 
shown to impair myofibrillar protein synthesis during recovery from exercise (Parr 
et al. 2014). In the particular case of beer, there is a widespread belief that, because 
of the presence of some electrolytes and due to the lower alcohol concentrations (in 
comparison with other alcoholic beverages such as vodka, rum, whiskey, or even 
wine), beer should be a good choice for rehydration. The possibility of rehydrating 
with beer is appealing to many; there is, however, some strong evidence that beer is 
not a good choice if the goal is to replace the fluids lost during exercise.

A widely cited study by Shirreffs and Maughan (1997) used especially formu-
lated beers with 0%, 1%, 2%, and 4% ethanol to test the effects of alcohol consump-
tion on restoration of fluid balance after exercise-induced dehydration. They found 
non-significant differences between the 0% beer and beer with 1% or 2%. Even with 
the 4% beverage, no significant differences were found in urine output or net fluid 
balance, although other variables showed small differences. The authors concluded 
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that only at the higher concentration, there was a small detrimental effect of alcohol 
on fluid retention. This publication has been used to support the claim that beer is a 
good rehydration beverage, but there is an important problem: apparently, most beers 
available for consumption contain more than 4% alcohol. According to some market-
ing data from early 2014 (“Top 10 Best Beers in the World” 2014), the top-ten list of 
beers with the highest volume consumption in the world include eight which have 
>4% alcohol by volume (ABV) and two with exactly 4% ABV. Out of another list 
of more than one thousand of the major world beers, only 62 had less than 4% ABV 
(“Find the Alcohol Content of Your Favorite Beer” 2014).

More recently, other scientists have experimentally addressed the potential 
qualities and complications of rehydrating with alcoholic drinks after exercise. 
Irwin et al. (2013) studied 16 healthy males who were first dehydrated to approxi-
mately 2.5% BM by exercising in thermally adverse conditions, in order to assess 
the impairment in cognitive functions resulting from mild or moderate dehydration 
combined with moderate alcohol consumption, compared with the consumption of 
alcohol under fully rehydrated conditions. Because of the study objectives, alcohol 
was administered with a low volume of fluid and only after a period of rehydration 
with water and electrolytes or no fluid intake, so the study was not strictly about 
rehydration with alcoholic drinks. The results, nevertheless, showed a deterioration 
of choice reaction time, executive function, and response inhibition after alcohol 
consumption. Perhaps the most important finding was that the negative effects were 
more pronounced when alcohol intake occurred in a dehydrated condition, which 
suggests that alcohol intake may be more detrimental to cognitive function when 
rehydration is needed.

Desbrow et al. (2013) studied rehydration with light beer (2.3% ABV) or regular 
beer (4.8% ABV), alone or with the addition of 25 mEq L−1 Na+. Their purpose was to 
evaluate the effects of different alcohol concentrations on fluid retention, but also to 
explore the potential benefits of adding enough sodium to beer, in an attempt to off-
set the reported increased diuresis that takes place when using regular strength beer 
(interestingly, this effect was only mentioned anecdotally in the rationale, although 
it was empirically confirmed in the study). Seven males exercised in a thermoneutral 
environment but wearing evaporation-restrictive clothing, until dehydrated to ~2% 
BM. After exercise, they were rehydrated with a volume equivalent to 150% of the 
total fluid volume lost, or about 2.5 L of beer, resulting in an average ethanol intake 
close to 60 g with the light beer and 120 g with the regular beer. Following rehydra-
tion, urine output was monitored for 4 h. Net fluid balance was negative for all drinks 
at the end of monitoring, but there were some differences among drinks at the 3 and 
4 h time points. The addition of sodium to light beer did not result in a significant 
improvement of total urine output (p = .25) or net fluid balance (p = .26). Adding 
sodium to regular strength beer showed no benefit either (total urine p = .75; net fluid 
balance p =  .77). Only the combination of low-alcohol and extra sodium was able 
to improve net fluid balance and total urine output, compared to both full-strength 
beers. Based on their results, the authors suggested that “beer, irrespective of ingre-
dient profile, is an undesirable postexercise fluid” (p. 598) but, acknowledging the 
ingestion of high volumes of beer by some individuals after exercise, recommended 
an emphasis on lower alcohol content to minimize harm during recovery.
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Flores-Salamanca and Aragón-Vargas (2014) compared fluid retention, blood 
alcohol concentration, balance, and reaction time in 11 healthy young men who 
rehydrated with beer (4.6% ABV), low-alcohol beer (0.5% ABV, often called no-
alcohol beer by the industry), or water, after exercising in the heat. Participants 
dehydrated to ~2% BM and then ingested a volume equivalent to 100% of weight 
loss of the randomly assigned beverage for each day; this resulted in the regular 
beer providing almost the same amount of ethanol (60.1 ± 6.5 g) as the light beer 
in the study by Desbrow et al. (2013), due to the combination of a lower volume 
and a higher alcohol concentration. Total urine output results are summarized in 
Figure 20.1. Fluid retention was just about one half with regular beer when com-
pared to low-alcohol beer. Urine output was significantly higher (p < .05) after only 
30 min of monitoring. Net fluid balance was lower after rehydrating with beer; at 
the end of monitoring, it was not different from the end of dehydration. In other 
words, 3 h after ingesting ~1.7 L of regular beer, participants were as dehydrated as 
they were before drinking.

Figure 20.2 shows the blood alcohol content over time. For the low-alcohol beer 
and water, it was not possible to register an increase at any time point; with regu-
lar beer, however, it reached an average of 0.857 g/L, with a 95% confidence inter-
val of 0.752–0.963 g/L. This is well above legal driving limits in many countries 
(0.50 g/L). It is to be expected, then, that rehydrating with beer resulted in slower 
reaction time and impaired balance: reaction time was longer for the beer condition 
(0.314 ± 0.039 s, mean ± SD) than the low-alcohol beer (0.294 ± 0.034 s, p = .009), 
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FIGURE 20.1 Fluid intake, total urine output, and retention. NAB: no-alcohol beer (in real-
ity it contained 0.5% ABV). Columns are mean values plus standard error of the mean. 
F = 8.63, p = .002. Lower portion of each column represents urine output, and upper portion 
is the volume that was retained. (a) Urine volume different from water, p = .043. (b) Urine 
volume different from NAB, p  =  .007. (From Flores-Salamanca, R. and Aragón-Vargas, 
L.F., Post-exercise rehydration with beer impairs fluid retention, reaction time, and balance, 
http://kerwa.ucr.ac.cr/handle/10669/9237, 2014. Used with permission. This work is licensed 
under a Creative Commons Attribution 4.0 International License.)
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but not different from water (0.293 ± 0.049 s, p = .077). Balance was significantly 
impaired for the beer condition from the end of rehydration up to 90 min of follow 
up, compared with both water and low-alcohol beer.

In summary, recent data show a clear detrimental effect of alcohol on post- exercise 
rehydration. The presence of alcohol in a rehydration drink is not compatible with 
the goal of replacing lost fluids quickly and effectively, while it has a negative effect 
on other aspects of recovery and motor control. This applies to regular beer, despite 
the presence of a small amount of electrolytes.

20.4 SECONDARY INGREDIENTS

20.4.1 creatine

Among all nutritional supplements, creatine is one of the most widely utilized by 
athletes; it is also well studied by scientists. Various oral loading and maintenance 
protocols have been shown to increase intramuscular creatine, with a concomitant 
improvement in sports performance in tasks such as jumping, cycling, and sprint-
ing, where short, high-intensity, limited-recovery repetitive bouts are required 
(Bemben and Lamont 2005; Mujika and Burke 2010). The potential use of this 
ingredient in rehydration beverages has received little attention, possibly because 
of concerns that creatine supplementation may impair thermoregulation or hydra-
tion status, mostly from anecdotal reports. Most studies on creatine and rehydration 
have focused on the consequences of chronic creatine use for conventional purposes 
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FIGURE 20.2 Blood alcohol content. Points are mean values; bars represent standard 
error of the mean. Interaction F = 214.1, p = 4.4 × 10−8. Condition main effect F = 442.3, 
p = 1.3 × 10−9. Time main effect F = 214.1, p = 4.4 × 10−8. a, Different from post-exercise 
(p < .05). b, Different from 0 min (p < .05). c, Different from 30 min (p < .05). d, Different 
from 60 min (p < .05). e, Different from 90 min (p < .05). (From Flores-Salamanca, R. and 
Aragón-Vargas, L.F., Post-exercise rehydration with beer impairs fluid retention, reaction time, 
and balance, http://kerwa.ucr.ac.cr/handle/10669/9237, 2014. Used with permission. This work 
is licensed under a Creative Commons Attribution 4.0 International License.)



410 Fluid Balance, Hydration, and Athletic Performance

(improved anaerobic performance). A recent exhaustive review of the literature 
on fluid replacement beverages omits the topic of creatine altogether (Baker and 
Jeukendrup 2014).

Several reviews have been published on chronic creatine use and hydration (Dalbo 
et al. 2008; Ganio et al. 2007), but the most comprehensive review was performed 
by Lopez et al. (2009). These reviews agree that chronic creatine supplementation 
leads to a rapid increase in BM, mostly due to an increase in intracellular water. 
Many of the studies reviewed showed increases in total body water and intracellular 
water, while no evidence was found of an impaired thermoregulation. Ganio et al. 
(2007) argued that several studies showed no change or even an advantageous core 
temperature in creatine-supplemented subjects exercising in the heat. Lopez et al. 
(2009) concluded from their meta-analysis that there was no substantial evidence at 
that point to show that chronic creatine supplementation would hinder thermoregula-
tion or fluid balance.

As mentioned in the previous paragraphs, chronic supplementation with creatine 
results in increased intracellular water and total body water. No studies have been 
published addressing the acute hydration effects of creatine in a rehydration bever-
age. The one report that looked at this issue found no fluid retention advantage when 
creatine was combined with flavored water or a conventional sports drink with added 
potassium, in comparison with plain water (Aragón-Vargas and Shirreffs 2014). The 
time course for the entrance of creatine into muscle cells may be too slow to act as 
an osmolyte and benefit acute fluid retention. At this point, there is no evidence to 
support the inclusion of creatine in rehydration beverages; at the same time, there 
is no basis for contraindicating its chronic use because of thermoregulatory or fluid 
balance concerns.

20.4.2 artificial Preservatives

Artificial preservatives are often included in bottled, ready-to-drink beverages to 
avoid spoilage and therefore extend the shelf life of the product. They act mainly 
by preventing growth of bacteria, molds, fungi, and yeasts, and they represent a 
less costly alternative to processes such as pasteurization combined with hot or cold 
filling industrial procedures. There are, however, two disadvantages of artificial 
preservatives. First, artificial ingredients are not well accepted in many cultures, 
particularly in association with a beverage used for hydration, as the drink is meant 
to be ingested in large volumes, and it should share the healthy image associated 
with exercise. Second, some preservatives such as sodium benzoate and potassium 
sorbate may negatively modify the palatability characteristics of drinks, which is 
undesirable as it may decrease voluntary intake (Passe et  al. 2004). Specifically, 
the presence of sodium benzoate at 0.03% has been reported to reduce voluntary 
fluid intake by 10.8% during 30 min of moderate intensity exercise in thermoneutral 
conditions (Passe et al. 1997), even though it had no measurable effects on sensory 
variables.

A study reported originally in abstract form (Rivera-Brown et  al. 2007) but 
available also as a pre-print (Rivera-Brown et al. 2014) sheds light on the role of 
artificial preservatives in hydration beverages. Palatability and voluntary intake of 
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four commercially available beverages were compared, in 36 athletes (males and 
females, mean age 19.5 years), during prolonged exercise in a warm and humid 
environment (WBGT  =  30.1  ±  1.1°C). The beverages varied in carbohydrate and 
electrolyte composition and preservative content (see Table 20.2). On separate days, 
athletes completed four 90-min sessions, running or race walking outdoors at 80%–85% 
of age-predicted maximum heart rate. Each time, they ingested in a randomized order 
and double-blinded design one of four beverages: bottled water, 6%  carbohydrate–
electrolyte  (6%  CES), 6%  CES +  preservatives solution (CESP1), 8% CES  + 
 preservatives + B vitamins solution (CESP2) (see Table 20.2).

Beverages were served cold (~9°C) in squeeze bottles and subjects drank as 
desired as they ran around a marked, 420-m area, while fluid intake was carefully 
monitored. Palatability was measured during a 1-min exercise break at 15-min inter-
vals: overall acceptance, liking of flavor and liking of sweetness were measured 
using 9-point hedonic category scales. Perceived intensity of thirst, sweetness, salti-
ness, tartness, thirst quenching, palatability, and flavor strength were measured using 
visual analog 10-point scales. This scale was also used to rate perception of exercise 
difficulty, how hot/overheated subjects felt, and the question “Can you drink a lot of 
this beverage?”

Overall, males covered 18.0 ± 2.0 km, while the females completed 13.1 ± 1.7 km 
in each trial, with no significant differences found among conditions (bever-
ages) in terms of environmental variables, sweat rates, or exercise intensity (see 
Table 20.3). In other words, any dissimilarity in voluntary fluid intake or fluid bal-
ance among conditions could be attributed to the qualities of the beverages used in 
the study. However, the amounts consumed of the four drinks were not different 
(W = 17.0 ± 4.8; CES = 16.9 ± 5.4; CESP1 = 17.8 ± 5.4; CESP2 = 17.5 ± 5.2 mL/kg, 
p > .05) (see Figure 20.3 and Table 20.4). 

TABLE 20.2
Composition of Commercial Beverages Offered in the Four Experimental 
Conditions (Per 100 mL)

Beverage
CHO 
(g)

Na+ 
(mg)

K+ 
(mg) Preservatives Vitamins

Osmolality 
(mOsm/L)

Water 0 0 0 None None 0

CES 6 46 12.5 None None 325–380

CESP1 6 46 12.5 Sodium 
hexametaphosphate

None 325–380

CESP2 8 31 21 Potassium sorbate 
sodium benzoate 
(<0.06%)

B12 (0.25 μg)
B3 (0.75 mg)
B6 (0.10 mg)

381

Source: Rivera-Brown, A. et al., Palatability and voluntary intake of three commercially available sports 
drinks and unflavored water during prolonged exercise in hot and humid conditions, http://www. 
kerwa.ucr.ac.cr/handle/10669/11105, 2014. Used with permission. This work is licensed under 
a Creative Commons Attribution 4.0 International License.
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As may be seen on Table  20.4, sweat losses and voluntary fluid intake were 
remarkably similar for the different beverages, resulting in nearly identical dehydra-
tion. In addition, fluid intake was insufficient to match sweat rates.

Careful analysis of sensory data shows that insufficient intake was not related 
to palatability, as the overall acceptance was close to 8.0 on a 9-point scale for all 

TABLE 20.3
Environmental Variables, Intensity, and Distance Covered under Each of 
the Four Conditions

W CES CESP1 CESP2

Wet bulb temperature (°C) 26.5 ± 0.5 26.4 ± 0.6 26.5 ± 0.7 26.5 ± 0.5

Dry bulb temperature (°C) 31.5 ± 2.1 31.2 ± 2.2 31.5 ± 1.4 31.6 ± 2.2

Globe temperature (°C) 42.2 ± 3.5 41.5 ± 4.1 41.4 ± 4.2 42.4 ± 3.9

WBGT index (°C) 30.1 ± 0.9 29.9 ± 1.2 30.0 ± 1.3 30.2 ± 1.1

Relative humidity (%) 66.7 ± 5.8 67.6 ± 6.8 67.9 ± 5.9 66.2 ± 6.7

Heart rate (beats min−1) 163.3 ± 5.0 163.9 ± 5.9 163.8 ± 5.9 163.7 ± 7.0

% Maximum heart rate 81.8 ± 2.4 82.0 ± 2.9 81.9 ± 3.0 81.9 ± 3.3

Distance covered (km) 15.6 ± 3.2 15.5 ± 3.2 15.6 ± 3.1 15.5 ± 3.1

Source: Rivera-Brown, A. et al., Palatability and voluntary intake of three commercially available 
sports drinks and unflavored water during prolonged exercise in hot and humid conditions, 
http://www.kerwa.ucr.ac.cr/handle/10669/11105, 2014. Used with permission. This work is 
licensed under a Creative Commons Attribution 4.0 International License.

Note: No significant differences were found between conditions, p > .05.
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FIGURE 20.3 Fluid balance under the four conditions. (Adapted from Rivera-Brown, A. 
et al., Palatability and voluntary intake of three commercially available sports drinks and 
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four beverages, and it did not decline over time (Figure 20.4). There were no sig-
nificant differences among beverages in terms of liking of flavor, thirst quenching, 
or declared willingness to drink a substantial volume; on the other hand, the scales 
were able to detect the expected differences between water and the other three drinks 
regarding flavor strength, sweetness, saltiness, and tartness. From this study, it may 

TABLE 20.4
Body Fluid Balance

Water CES CESP1 CESP2

Body weight pre (kg) 56.3 ± 7.6 56.4 ± 7.6 56.3 ± 7.6 56.6 ± 7.9

Body weight post (kg) 55.1 ± 7.1 55.2 ± 7.1 55.1 ± 7.1 55.4 ± 7.5

∆ in body weight (kg) 1.2 ± 0.6 1.2 ± 0.7 1.2 ± 0.6 1.2 ± 0.6

Fluid intake (mL kg−1) 17.0 ± 4.8 16.9 ± 5.4 17.8 ± 5.4 17.5 ± 5.3

Sweat loss (mL kg−1) 37.2 ± 8.7 37.1 ± 9.0 36.9 ± 8.9 37.6 ± 8.8

Sweat rate (L · h−1) 1.41 ± 0.45 1.42 ± 0.47 1.41 ± 0.48 1.44 ± 0.48

Fluid loss (mL kg−1) 38.3 ± 8.7 38.0 ± 9.0 38.0 ± 9.2 38.5 ± 8.7

Dehydration (% BW) 2.1 ± 1.0 2.1 ± 1.0 2.0 ± 0.9 2.1 ± 0.9

Rehydration (%) 46.9 ± 17.2 47.1 ± 18.7 48.9 ± 16.6 47.1 ± 16.9

Source: Rivera-Brown, A. et  al., Palatability and voluntary intake of three commercially available 
sports drinks and unflavored water during prolonged exercise in hot and humid conditions, 
http://www.kerwa.ucr.ac.cr/handle/10669/11105, 2014. Used with permission. This work is 
licensed under a Creative Commons Attribution 4.0 International License.

Note: No significant differences between conditions, p > .05.

1
15Pre 30 45

Measurement time (min)

O
ve

ra
ll 

ac
ce

pt
an

ce
 (a

.u
.)

60 75 90

9

8

7

6

5

4

3

2

CES

CESP1

CESP2

Water

FIGURE 20.4 Overall acceptance of the drinks. (From Rivera-Brown, A. et al., Palatability 
and voluntary intake of three commercially available sports drinks and unflavored water 
during prolonged exercise in hot and humid conditions, http://www.kerwa.ucr.ac.cr/handle/ 
10669/11105, 2014. Used with permission. This work is licensed under a Creative Commons 
Attribution 4.0 International License.)



414 Fluid Balance, Hydration, and Athletic Performance

be concluded that the reluctance of young male and female athletes to drink while 
running or race walking in hot and humid conditions did not seem to be related to 
the presence of artificial preservatives in these beverages.

In summary, the few available data suggest that while artificial preservatives 
such as sodium benzoate may have a negative impact on voluntary fluid intake dur-
ing moderate intensity exercise in warm conditions, the effect disappears when 
heat-acclimated humans exercise at a moderate-to-high intensity in hot and humid 
conditions.

20.5 NATURAL DRINKS

Independently from the balance of the evidence in favor or against the presence 
of different artificial ingredients in beverages at any particular point in time, natu-
ral drinks appeal to an important segment of the population. These include fruit 
juices and diluted drinks, mineral waters, infusions, and even milk. Scientific studies 
are limited because the composition of any particular natural drink varies widely, 
depending not only on preparation and freshness but also, in the case of fruit, on 
ripeness and site of cultivation.

It is also necessary to recognize the weight of what could be called the cultural 
ingredient: acceptability of a natural drink varies widely, depending on cultural 
aspects. It has long been recognized that voluntary fluid intake is strongly influenced 
by factors such as flavor, temperature, and texture, making them key elements in the 
formulation of beverages (Baker and Jeukendrup 2014). In the case of natural drinks, 
those elements are often not manipulated, yet remain an important component of the 
effectiveness of the beverages, as the best rehydration fluid in the world will not be 
optimal unless a sufficient amount is ingested.

Each drink in this section is discussed as it is normally consumed, presenting its 
acceptability and composition but not necessarily focusing on single ingredients. 
Natural drinks are included in this chapter because they comprise an important seg-
ment of all rehydrating beverages.

20.5.1 coconut Water

Perhaps the most popular natural drink, coconut water has been studied for decades 
as a rehydration fluid. A few papers published during or immediately after World 
War II pointed out its high biological value (Picado Twight 1942), and some medi-
cal uses such as child feeding or its administration to dehydrated patients orally 
or intravenously with very few allergic reactions (Eiseman 1954; Soto et al. 1942). 
Other papers have reported its utilization in medical emergencies, also for rehydra-
tion (Campbell-Falck et al. 2000, Kuberski et al. 1979).

Coconut water is currently packaged and sold in many countries. Typically, 
commercial processing and the addition of preservatives degrades the flavor, pro-
ducing an inferior product. The Food and Agricultural Organization (FAO) has 
been granted a patent for a process that allows manufacturers to bottle coconut 
water, theoretically preserving its microbiological and organoleptic properties 
(Rolle 2014).
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Fresh coconut water is a crystal clear, biologically sterile fluid found in green 
coconuts, about 6–9 months old. One green coconut may have about 500–750 mL 
of fluid. Many people in the tropics see fresh coconut water as the natural choice for 
hydration. Studies have shown that coconut water is subject to variability in its car-
bohydrate and electrolyte content, according to place of growth, plant species, and 
maturation (age upon harvesting) (Child and Nathanael 1950; Vigliar et al. 2006). 
On average, there are 2–5 g of carbohydrate in 100 mL of fresh coconut water, com-
pared with 6 g in a conventional sports drink. Sodium content (about 4 mEq/L) is low 
for rehydration purposes, about one-fifth the content in a conventional sports drink. 
Potassium content (about 50 mEq/L) is much higher than normally found in sports 
drinks (about 3 mEq/L). Pérez-Idárraga and Aragón-Vargas (2014) report 31 mEq/L 
of chloride. Major carbohydrates are glucose, sucrose, and fructose, in a ratio of 
about 50:35:15. Coconut water also contains inulin, a fructose-containing carbo-
hydrate that has been shown to boost calcium absorption (Coxam 2007), although 
coconut water has not been tested in this regard. Osmolality has been reported to 
be between 282 and 452 mOsm/kg water (Pérez-Idárraga and Aragón-Vargas 2014; 
Vigliar et al. 2006).

The first experimental study looking at the effectiveness of coconut water for 
post-exercise rehydration was published as an abstract (Aragón-Vargas and Madriz-
Davila 2000). Nineteen teenage boys ran intermittently in the heat until they were 
dehydrated to 2.3% BM. Each one rehydrated with water, fresh coconut water, or a 
sports drink on three different occasions, one week apart, in random order. After 3 h 
of monitoring, their net fluid balance was about 300 g greater (p < .05) with both the 
coconut water and the sports drink than with plain water.

Later, Saat et al. (2002) failed to find any difference in fluid retention between 
water and fresh coconut water. Recent results have also been inconsistent, with 
a majority of the studies showing fresh coconut water to be more effective than 
plain water, and another showing no difference. Ismail et al. (2007), after dehy-
drating subjects to 3% BM and rehydrating them with a volume equivalent to 
120% of sweat losses of plain water, fresh coconut water, sports drink, or sodium-
enriched fresh coconut water, obtained a better fluid retention with coconut water 
(65.1% ± 1.7%) than with plain water (58.9% ± 1.8%). Pérez-Idárraga and Aragón-
Vargas (2011b) exercised 11 young participants in the heat to 1.84% ± 0.2% BM 
dehydration and had them drink within an hour plain water, fresh coconut water, 
or a sports drink in a volume equivalent to 120% BM loss. Fluid retention was 
similar for the latter two beverages (71%), but both were better than water (56%, 
p  <  .001). Another recent paper by Pérez-Idárraga and Aragón-Vargas (2014) 
was unable to confirm the advantage of fresh coconut water compared with plain 
water. Twelve physically active participants exercised in the heat to about 2% 
dehydration and then ingested 120% of weight loss of one of four beverages ran-
domly assigned to each trial: plain water, fresh coconut water, a conventional 
sports drink, or a high-potassium drink. All beverages were well tolerated and 
scored high in palatability, but fluid retention was similar between coconut water 
(62.5% ± 15.4%) and plain water (51.3% ± 12.6%). It is possible that statistics 
did not reach significance due to the higher number of comparisons (4 instead of 3) 
in this study.
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The studies of the previous two paragraphs refer to post-exercise rehydration with 
fresh coconut water. A recent paper by Laitano et al. (2014) evaluated the effects of 
prior ingestion of a commercial coconut water on fluid retention and exercise capac-
ity in the heat. They provided 10 mL/kg BM of a flavored drink, plain water, or com-
mercially available coconut water to eight subjects before performing an exercise 
capacity trial on a cycle ergometer in the heat. Time to exhaustion was about 24% 
longer with the commercial coconut water (p < .05), and urine output was signifi-
cantly reduced by 25% when compared with plain water, despite being collected over 
a longer period (urine collection took place after the end of the exercise capacity 
trial). Another recent paper evaluated commercially available bottled coconut water 
and coconut water from concentrate, but failed to provide the beverage composition 
of the drinks and presented internally inconsistent results (Kalman et al. 2012).

In summary, available research on post-exercise rehydration with fresh coconut 
water shows either better fluid retention or no difference in comparison with plain 
water. For that reason and because of its good palatability and tolerance when ingested 
in large volumes, coconut water is deemed suitable as a rehydration beverage.

20.5.2 Jamaica (roselle) floWer infusion

Many herbal infusions are ingested—not necessarily for exercise hydration 
 purposes—in different regions of the world, and some have been studied for their 
rehydration effectiveness, such as rooibos tea (Utter et al. 2010), regular tea (Chang 
et al. 2010), and lemon tea (Wong and Chen 2011), but they have been found to be 
no more effective than plain water. An interesting beverage in this category is Roselle 
flower infusion, a beverage ingested in large volumes as a refreshing drink in Mexico 
and other parts of the world. Roselle flower or Jamaica flower (Hibiscus sabdariffa) 
infusion has purported medicinal properties and is popularly thought to be a diuretic; 
this would make it a bad selection for post-exercise rehydration. A study by Mayol-
Soto and Aragón-Vargas (2002) compared Roselle infusion with plain water and a 
conventional sports drink, with the purpose of verifying whether Roselle tea would 
induce diuresis beyond the normal effect of a high water volume load. Sixteen young 
men exercised in the heat and lost approximately 2.3% of their BM. They ingested 
one of the three beverages on each opportunity, in random order, in a volume equiva-
lent to 150% of sweat lost. While rehydration was almost identical with the three 
drinks, urine composition and output dynamics were different with each beverage. 
Because urine output was not higher with Roselle infusion than with plain water, the 
authors concluded that Roselle tea did not show a diuretic effect 3 h after consump-
tion of ~2.4 L in exercise-dehydrated subjects. Therefore, there seems to be no basis 
for contraindicating Roselle infusion as a post-exercise rehydration beverage.

20.5.3 milk and chocolate milk

Milk is not necessarily considered a natural drink, because of the high processing 
normally involved in pasteurization, bottling, and distribution. It is, however, widely 
consumed by humans, particularly in regions where lactose intolerance (a character-
istic strongly associated with race [De Vrese et al. 2001]) is not prevalent. Several 
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reviews have discussed the qualities of milk in association with sports performance, 
protein synthesis during recovery, and post-exercise rehydration (Aragón-Vargas 
2009; James 2012; Roy 2008); this section will focus on the hydration aspect.

Before looking at milk and its potential use as a rehydration beverage, a quick anal-
ysis of its composition is warranted (see Table 20.5). Milk is not very different from a 
conventional sports drink in terms of carbohydrate and sodium content, but it has a higher 
energy density and it contains fat and protein, together with a higher concentration of 
potassium and calcium. Probably the most important differences among milk types, for 
rehydration purposes, are total energy, and fat and carbohydrate content. Skim milk is the 
most commonly tested dairy product in association with exercise and hydration.

Shirreffs et al. (2007) compared the effectiveness of low fat milk (with or without 
added sodium) with a conventional sports drink and water. Eleven subjects exer-
cised intermittently in the heat until they reached a dehydration of ~1.8% BM. They 
replaced 150% of the sweat losses (~2 L) on four different opportunities, one with 
each beverage, in a cross over design; the total volume was ingested in 1 h. Subjects 
were monitored for 4 h after rehydration was completed. Partial urine output was 
remarkably different among the drinks, because water and the sports drink resulted 
in the typical pattern of a marked increase in urine volume 1 and 2 h after ingestion, 
but the two milk products did not. Furthermore, total urine output was lower with 
milk (611 ± 207 mL; mean ± SD) and with milk + sodium (550 ± 141 mL), com-
pared with water (1184 ± 321 mL) or the sports drink (1205 ± 142 mL) (p < .001). 
The authors concluded that milk can be an effective beverage for post-exercise rehy-
dration, as long as the individual has no lactose intolerance.

TABLE 20.5
Comparison of a Conventional Sports Drink with Different Types of Milk 
and Chocolate Milk

Gatorade®

Whole 
Milk 2% Milk

Skim 
Milk

Chocolate 
Milk

Energy (kcal) 52 155 125 83 213

Energy (kJ) 218 649 525 347 892

Protein (g) 0 8 8 8 8

Fat (g) 0 8.3 5 0.3 5

CHO (g) 15 12 12 12 34

Sodium (mg) 115 126 129 133 150

Potassium (mg) 31 391 398 431 422

Calcium (mg) 0 300 300 300 248

Source: Translated from Aragón-Vargas, L.F. La leche... ¿Bebida deportiva? http://www.kerwa.ucr.ac.cr/
handle/10669/444, 2009. Used with permission. This work is licensed under a Creative 
Commons Attribution 4.0 International License.

Data are reported for 250 mL, as obtained from nutritional information labels from Dos Pinos® Dairy 
Products (San José, Costa Rica), with the exception of sodium and potassium contents which are adapted 
from Roy, B.D., J. Int. Soc. Sports Nutr., 5, 15, 2008.
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Watson et  al. published a study in 2008, comparing the effects of milk and a 
carbohydrate-electrolyte drink on the restoration of fluid balance and exercise capac-
ity. They dehydrated seven males to ~2% BM with an intermittent exercise protocol 
in the heat, and rehydrated them with 150% of their sweat losses with a sports drink 
or skim milk, following them up for 3 h. No comparison with water was attempted 
in this case. Exercise capacity results are beyond the scope of this chapter, but were 
almost identical between drinks. While net fluid balance was not different between 
beverages at the end of monitoring (p < .051), it was positive for the milk (p = .02 
vs. baseline) but not different from zero for the sports drink (p = .796). Cumulative 
urine output was not different at the end of follow-up (p = .056), but it was lower for 
milk at the 2-h time point (p < .05). Another rehydration measure, percentage of the 
drink retained at the end of the recovery period, was greater with the milk than with 
the carbohydrate-electrolyte drink (p = .045). The authors pointed out the ability of 
skim milk to match a sports drink specifically designed for rehydration and perfor-
mance, but warned individuals who are lactose intolerant against its use.

A recent study comparing water, a sports drink, and skim milk in children and 
adolescents confirmed earlier findings with adults (Volterman et al. 2014). Thirty-
eight heat-acclimated boys and girls, 7–17 years of age, completed a fixed-time, 
moderate-intensity exercise protocol in the heat, on three separate opportunities, in 
a randomized, repeated-measures cross-over design. They dehydrated to ~1.3% BM, 
and ingested each of the three beverages in a volume equivalent to 100% of BM loss. 
The authors made several important comparisons by gender and age group, which 
are beyond the scope of this chapter; most importantly, the rehydration measures 
showed a better fraction of beverage retention for the skim milk than the sports 
drink, and both were better than water (p < .05). Body fluid balance was negative 
for all three drinks at the end of the 2 h of monitoring, but it was significantly less 
negative for the skim milk than for water (p <  .05), and cumulative urine output 
was lower for skim milk than both sports drink and water (p  <  .001). Beverage 
acceptance was measured on a scale from 1 to 9, with 9 being the worst score, and 
participants reported enjoying the taste of the sports drink (2.3 ± 1.5) better than 
water (3.7 ± 1.7) and skim milk (3.4 ± 1.5) (p < .001). The authors concluded that 
skim milk was found to be more effective than water and the selected sports drink at 
replacing fluid losses that occur during exercise in the heat, but mentioned the limita-
tion of skim milk for practical uses since it was not as palatable as the sports drink.

Because of the important role played by voluntary fluid intake in rehydration 
during and after exercise in the heat. Mateos Román and Aragón-Vargas (2011) com-
pleted a study with 31 male soccer players, 10–14 years of age, who rehydrated ad 
libitum with water and partially skimmed milk (session A), or water and partially 
skimmed chocolate milk (session B) in a randomized fashion while exercising in 
the heat. The boys exercised in the heat in a controlled environment chamber at a 
moderate intensity, for a total of 120 min. Each dairy drink was always presented 
simultaneously with a bottle of water to avoid producing a floor effect, that is, that 
boys would drink more of a beverage they didn’t like simply because they were hot 
and thirsty; beverage temperature was ~16°C. 

The boys arrived to sessions A and B in practically identical conditions, and 
recorded the same exercise intensity and thermal stress. Sweat rates were very similar 
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(about 460 mL/h), and fluid balance was positive and the same for both sessions at 
the end of exercise (≈0.76% BM). Boys drank the same volume of water, milk, and 
chocolate milk but, in general terms, milk and chocolate milk scored better for pal-
atability than water. Chocolate milk was assigned higher scores for sweetness (7.6, 
p < .001), flavor intensity (5.8, p < .001), liking (7.9, p < .001), and overall acceptance 
(8.7, p < .001) when compared with milk and water; these two were not significantly 
different. In terms of overall acceptance, though, chocolate milk showed a tendency 
for declining scores over time, while milk remained constant and water increased 
over time. The authors concluded that when presented simultaneously with water, 
both partially skimmed milk and chocolate milk were effective in preventing vol-
untary dehydration in boys exercising in the heat. Palatability scores were favorable 
and GI symptoms were not clinically relevant.

To summarize, there is good experimental evidence to support skim milk as an 
effective beverage for rehydration after exercise in the heat, both in children, ado-
lescents, and adults. Apparently, not only does the sodium content promote fluid 
retention, but the total energy content in the form of carbohydrate and protein may 
be inducing a slower gastric emptying, delaying fluid delivery to the bloodstream 
and causing a smaller plasma volume expansion with the concomitant lower diuresis 
(Roy 2008). As far as chocolate milk is concerned, more experimental evidence is 
needed, particularly in the light of its high palatability. Rehydration with milk prod-
ucts is contraindicated for lactose-intolerant individuals.

20.5.4 mineral Water

Once it has been understood that the presence of electrolytes (minerals) in beverages 
favors rehydration, it naturally follows that mineral water should be a good choice for 
this purpose. However, naturally occurring minerals in melted ice and snow filtered 
through the mountains and obtained from natural springs are usually present in very 
low concentrations. In fact, many commercially available waters boast of their low 
mineral content, a quality called oligominerale. In spite of their common use, even 
by professional teams (Shirreffs et al. 2005), few studies have experimentally evalu-
ated the efficacy of mineral waters for post-exercise rehydration. 

Shirreffs et al. (2007) compared the hydration effectiveness of four commonly 
used drinks after exercise in the heat in eight subjects who dehydrated to about 2% 
BM. In a repeated-measures design, each participant ingested one of four bever-
ages in randomized order: a sports drink with 6% carbohydrate, 23 mEq/L sodium, 
6 mEq/L potassium and 17 mEq/L chloride; mineral water A with no carbohydrate, 
and virtually no sodium or potassium, and 3 mEq/L chloride; mineral water B with 
no carbohydrate, 1 mEq/L sodium, 0 mEq/L potassium, and 5 mEq/L chloride; and 
a homemade beverage mixing four parts of apple juice and six parts of carbon-
ated mineral water (Apfelschörle), providing 6.7% carbohydrate, 8 mEq/L sodium, 
30 mEq potassium, and 1 mEq/L chloride. Participants drank a volume equivalent 
to 150% of sweat losses in 1 h, and were monitored for 4 h. Only the sports drink 
was able to maintain euhydration by the end of monitoring, suggesting that the 
mineral content in the waters used was too low to have a positive impact on net 
fluid balance. The mineral water used by Real Madrid and reported by Shirreffs 
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et al. in 2005 had similarly low concentrations of sodium (2.3 mEq/L), potassium 
(0.3 mEq/L) and chloride (2.2 mEq/L), and would not be expected to produce bet-
ter results.

20.6 OTHER INGREDIENTS

Very little work has been published on the rehydration qualities of other poten-
tial ingredients such as magnesium (Brilla et al. 2003), calcium (Brancaccio et al. 
2012), oxygen, taurine (Janeke et  al. 2003), betaine (Sayed and Downing 2011), 
and vitamins (Snell et al. 2010), even though they have all otherwise been stud-
ied in association with sports performance. Some of the experiments have not yet 
been performed in humans, and most of them have not studied these ingredients 
independently. None of them seem promising as possible elements in rehydration 
beverages.

There is some information on glutamine, which has been tested as a  potential 
ingredient in ORS for the treatment of diarrhea. Schedl et al. had proposed in 1994 
that a glutamine-glucose ORS had the potential to maximize water, electrolyte, and 
energy transport in the small intestine. Unfortunately, glutamine has not proven 
to be more effective when compared with a standard World Health Organization 
ORS (Gutiérrez et al. 2007, Ribeiro Júnior et al. 1994). A recently published experi-
ment, focusing on exercise performance (Hoffman et al. 2010), is probably the only 
 exercise-related study on glutamine and hydration; hormone concentrations associ-
ated with fluid balance were reported, but no data were presented regarding fluid 
retention, net fluid balance, or urine output. Available data on glutamine are not 
enough to support its use for post-exercise rehydration.

20.7 SUMMARY

A number of natural drinks and ingredients used in hydration beverages have been 
discussed, focusing on their effectiveness for post-exercise rehydration. Because of 
excess diuresis, complete, rapid, and sustained restoration of fluid balance remains 
a challenge. The most effective ingredient to promote fluid retention is sodium, 
although the possible merits of milk protein, creatine, and additional potassium were 
presented.

Cultural preferences may lead some individuals to rehydrate with Roselle infu-
sion, mineral water, or coconut water; doing so has been shown not to deter from 
the goal of restoring body fluid. Skimmed milk has been shown to be more effective 
than conventional sports drinks and water and may be a good rehydration choice 
in the absence of lactose intolerance. Furthermore, sports drinks with added milk 
or whey protein, which may be desirable to provide amino acids and help recov-
ery, have been shown not to impair rehydration. The use of caffeinated beverages, 
although favored by many consumers and shown not to impair chronic hydration, 
remains more of an open question for quick post-exercise rehydration. Evidence was 
provided to show why regular beer is contraindicated when effective post-exercise 
rehydration is desired, together with evidence about the serious limitations associ-
ated with the use of glycerol.
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Slower oxidized carbohydrates, 384
Sodium, 23, 212

concentration and loss in athletes, 212, 213t–214t
content and sweat rate, 26–27, 27f
deficit in young athletes, 215
ingestion, 379
involved in, 23
in sports drinks, 398

Sodium deficits, exchangeable, 85–86
effects of, 86–88
preparatory steps and actions, 93

Sodium/glucose cotransporter 2 (SGLT2), 277
Sodium–glucose link transporter (SGLT1), 384
Solitary kidney, 323
Somatic nervous system, 338f
Spinal cord injury (SCI), 47–48

fluid replacement, 346–351
drinking practices in athletes with, 

346–347
fluid choices in athletes with, 347–350
monitoring fluid balance in athletes with, 

350–351

paralympic sport for individuals with, 333–339
anatomy of spinal cord and nervous 

system, 335, 338–339
epidemiology of, 335
heat stress risk associated with, 334t

physiological consequences of, 339–345
cardiovascular and autonomic control, 

339–340
gastric emptying, 341–342
physical capacity, 340–341
thermoregulation and sweat rates, 343

practitioner checklist, 351–352
Sports drinks, 229–230, 380

caffeinated vs. non-caffeinated, 404
composition, 399t
conventional, 401
isotonic, 342
overall acceptance of, 413f
sodium concentration of, 311, 398

Sports-related proteinuria, 324
Static exercise, 302

sports classification, 303t
Sternberg test, 160–161
Stress hormones, 145
Subsequent correlational analysis, 157
Supine exercise, 68
Sweat glands, 47–48

sweat filtrate in, 62
Sweating liquors, 371
Sweat patch technique, 212, 213t–214t
Sweat/sweating, 135

abnormalities in type 1 diabetes, 273
absence in split-thickness grafts, 49
composition of, 10
in elderly people, 254–255
electrolyte concentration of, 372
electrolyte loss in, 212, 215, 366
evaporation of, 84
exercise-induced, 10
filtrate in sweat glands, 62
gland. See Sweat glands
less in young female, 212
loss of

maturity/sex-related differences in, 203
sports-related differences in, 210–211
young female athlete in playing field, 

211–212
monitoring, 147
production, 10
rate, 39, 85

affected by, 135
production, 61
and sodium content, 26–27, 27f
values, 203
via capacitance hygrometry, 50

reduced/complete absence of, 47
test, 231
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Sympathetic nerves of skin, 35, 44
Systemic hypertension, 301

acute responses of, 301–305
in athletes, 307–308
chronic effects of physical activity on, 

305–307
Systolic blood pressure (SBP), 157, 302

formula, 304

T

Tandem cycle ergometer, 40
Tapering periods, 307
Tetraplegia, 335

athletes with, 343, 346
Thermal strain, 84–85

mitigating, 88–91
and pre-training fluid deficit, 216, 

220
primary determinant of, 91
during training/competition, 92

Thermoregulation process, 33, 34f, 35
athletes with impaired, 352
in elderly people, 245–246
in obese individuals, 295–298

extrinsic factors, 296t, 297–298
intrinsic factors, 295–297, 296t

obesity and exercise from, 292, 295
responses evaluation, 36–37
and sweat rates, 343

Thiazide diuretics, 277
Thiazide-induced hyponatremia, 277
Thirst

in elderly people, 248–250
mechanism, 372
sensation, 146
and voluntary fluid intake, 378

Time trial tests, 367
Total body water (TBW)

deficits, 85
effects of, 86–88
to FFM and in males/females, 14t
and its components, 4–5
preparatory steps and actions, 93
water balance and turnover, 5–11

Tracers, 15
for direct measure of blood volume, 16

Traumatic spinal injuries, 335
Type 1 diabetes, 267–278

complications of, 275–276
electrolyte considerations for athletes with, 

273–275
magnesium, 275
potassium, 274–275
sodium, 273–274

exercise and blood glucose levels in, 
267–273

hyperglycemia, 268–273
hypoglycemia, 268

glucose monitoring tracings of patients 
with, 271f

insulin-dependent, 45
medications for individuals with, 276–278

affecting fluid and electrolyte balance, 
276–277

causing hyperglycemia, 277–278
sweating abnormalities in, 273

Type 2 diabetes, 278–282
blood glucose management during exercise 

in, 278
complications of, 279–280
medication for individuals with, 281–282

causing hyperglycemia, 282
impact electrolyte balance, 281–282

non-insulin-dependent, 45
potential causes of hyperglycemia in, 279
renal handling of water and electrolytes, 

280–281
magnesium, 281
potassium, 281
sodium, 280–281

sweating abnormalities in, 280

U

Ultra-endurance cyclists, 146
Upright cycling, 68
Urinary tract infections (UTIs), 346
Urine

cloudy, 351
electrical conductivity, 18
fluid loss by, 326
osmolality, 17, 351
protein excretion, 324
volume and color, 147

Urine-specific gravity (USG), 147, 216, 351

V

Vasopressin hormone, 25
Voluntary dehydration, 349
Voluntary fluid intake

dissimilarity in, 411
role of

carbohydrate, 381
electrolytes, 385
flavor, 386–387

thirst and, 378

W

Water
combination of caffeine and, 405
composition of, 380, 381t
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Water balance
in process of aging, 246–247
and thermoregulation, 244–246
and turnover, 5–11

balance and euhydration, 5–6
change and states of hydration, 

6–7
water imbalance in athletes, 7–11

Water imbalance, 7–11
environment, 8–9

altitude, 8
microgravity, 8–9
underwater, 9

exercise and heat acclimation, 10
heat and humidity, 9–10
illness and travel, 10–11
other factors, 11

Weight category sports, 221–222
Wheelchair sport, 340, 342, 342f
Whey protein, 326, 401
World Anti-Doping Agency (WADA), 278, 310, 

369, 402

Y

Young athletes, 202
beverages, 226
fluid intake guidelines for, 231–233

general, 231
prevention of dehydration during 

exercise, 233
sweat test in children and adolescents, 

231, 233
fluid replacement during exercise, 232t
in intermittent intensity sports, 210
protective equipment, 210
race time and change in body weight, 

224, 225f
rehydration opportunities, 231
sodium deficit in, 215
study on sports drinks, 229
sweating rates/dehydration levels in, 203, 

204t–209t
in tennis, 228, 228f
urinary indices in, 217t–219t
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