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Abstract
Purpose  To examine if ad libitum drinking will adequately support hydration during exertional heat stress.
Methods  Ten endurance-trained runners ran for 2 h at 60% of maximum oxygen uptake under different conditions. Participants drank 
water ad libitum during separate trials at mean ambient temperatures of 22 °C, 30 °C and 35 °C. Participants also completed three 
trials at a mean ambient temperature of 35 °C while drinking water ad libitum in all trials, and with consumption of programmed 
glucose or whey protein hydrolysate solutions to maintain euhydration in two of these trials. Heart rate, oxygen uptake, rectal tem-
perature, perceived effort, and thermal sensation were monitored, and nude body mass, hemoglobin, hematocrit, and plasma osmo-
lality were measured before and after exercise. Water and mass balance equations were used to calculate hydration-related variables.
Results  Participants adjusted their ad libitum water intake so that the same decrease in body mass (1.1–1.2 kg) and same 
decrease in body water (0.8–0.9 kg) were observed across the range of ambient temperatures which yielded significant dif-
ferences (p < .001) in sweat loss. Overall, water intake and total water gain replaced 57% and 66% of the water loss, respec-
tively. The loss in body mass and body water associated with ad libitum drinking resulted in no alteration in physiological 
and psychophysiological variables compared with the condition when hydration was nearly fully maintained (0.3 L body 
water deficit) relative to pre-exercise status from programmed drinking.
Conclusions  Ad libitum drinking is an appropriate strategy for supporting hydration during running for 2 h duration under 
hot conditions.
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Abbreviations
Pa	� Ambient water vapor pressure
V̇CO2	� Carbon dioxide production

Δbody mass	� Change in body mass
Δbody water	� Change in body water
gasesin—gasesout	� Change in mass due to gas exchange
FODMAP	� Low-fermentable oligo-, di-, monosac-

charide, and polyol
Solidsout	� Mass of solids lost
Solidsin	� Mass of solids taken in
V̇O2max	� Maximum oxygen uptake
V̇O2	� Oxygen uptake
ṁ

e
	� Rate of evaporative water loss in 

expired air
RPE	� Rating of perceived exertion
Wgain	� Total water gain
Wloss	� Total water lost
Wfood	� Water consumed in food
Wdrink	� Water consumed in drink
Wmet	� Water generated from fuel oxidation
Wfeces	� Water lost in feces
Wskin	� Water lost in sweat
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Wurine	� Water lost in urine
Wresp	� Water lost through respiration
WBGT	� Wet bulb globe temperature

Introduction

There is continued disagreement about whether or not hydra-
tion can be adequately maintained by “drinking to the dictates 
of thirst” (Armstrong et al. 2016a, b; Hoffman et al. 2016b, 
c), which has been suggested to be interchangeable with “ad 
libitum drinking” (Armstrong et al. 2014). However, once 
recognizing that body mass loss does not fully and directly 
equate to body water loss (Cheuvront and Kenefick 2017; 
Cheuvront and Montain 2017; Hoffman et al. 2018; Maughan 
et al. 2007), current evidence suggests that ad libitum drink-
ing, even during prolonged exercise under hot conditions, 
generally provides for adequate hydration (Costa et al. 2013, 
2014; Dempster et al. 2013; Hoffman and Stuempfle 2014, 
2016; Nolte et al. 2011; Tam et al. 2011).

Ad libitum drinking has been shown to attenuate thermal 
and circulatory strain (Armstrong et al. 1997). Most stud-
ies have also demonstrated that ad libitum drinking during 
exercise does not impair performance compared with higher 
volumes of fluid intake (de Melo-Marins et al. 2018; Dion 
et al. 2013; Dugas et al. 2009; Lee et al. 2014; Lopez et al. 
2016), though this finding is not consistent (Bardis et al. 
2017) and hydration guidelines commonly indicate that 
ad libitum drinking is an inadequate hydration strategy dur-
ing prolonged exercise (Hoffman et al. 2016a).

The present work further explores the effect of ad libitum 
drinking on plasma osmolality, change in plasma volume and 
body water balance from 2-h running trials that were originally 
performed to study gastrointestinal perturbations and symptoms 
(Snipe et al. 2017, 2018a, b). Analysis 1 of the present work, 
compares these hydration variables with ad libitum water intake 
during exercise across a range of ambient temperature condi-
tions. Analysis 2 compares hydration variables and physiological 
and psychophysiological responses for ad libitum water intake 
with that for programmed fluid consumption resulting in nearly 
complete replacement of exercise-associated body water losses 
during the prolonged exercise in a hot ambient temperature.

Methods

Participants

Study participants were endurance-trained runners liv-
ing in and around Melbourne, Victoria, Australia, where 
the studies were performed. All experimental procedures 
were conducted during the cooler seasonal periods (ambi-
ent temperatures consistently ≤ 20 °C). Analysis 1 had ten 

subjects (six men and four women) with mean (± SD) age 
of 31 ± 6 years, nude body mass of 66.3 ± 10.5 kg, height 
of 1.71 ± 0.10 m, and maximum oxygen uptake ( V̇O2max ) of 
55 ± 8 mL/kg/min. Analysis 2 had ten subjects (six men and 
four women) with mean (± SD) age of 32 ± 5 years, nude 
body mass of 65.5 ± 12.6 kg, height of 1.72 ± 0.10 m, and 
V̇O2max of 55 ± 7 mL/kg/min. Eight individuals (five men and 
three women) participated in trials for both analyses. The 
subjects and the researchers at the time of data collection 
were unaware that the data would be used for analysis of 
hydration-related variables. The study was approved by the 
local ethics committee and all participants provided written 
informed consent.

Experimental procedures

One week before the first experimental trial, height and nude 
body mass were measured and V̇O2max (Vmax Encore Meta-
bolic Cart; Carefusion, San Diego, CA, USA) was deter-
mined by a continuous incremental exercise test to volitional 
exhaustion on a motorized treadmill (Forma Run 500; Tech-
nogym, Seattle, WA, USA) as previously described (Costa 
et al. 2009). Running speed to generate approximately 60% 
V̇O2max at 1% gradient was extrapolated and then verified 
from individual relationships between oxygen uptake ( V̇O2 ) 
and speed.

Trials for analysis 1 and analysis 2 were conducted in 
a randomized order with each trial separated by at least 1 
week. All trials consisted of 2 h of running on a motor-
ized treadmill at the previously determined speed eliciting 
60% of V̇O2max , initiated at the same time of day (0900 h). 
Trials were performed in an environmental chamber with 
temperature and relative humidity recorded at 10-min inter-
vals during the exercise. For analysis 1, mean (± SD) ambi-
ent temperatures and relative humidities were 22.2 ± 1.2 °C 
and 44 ± 6%, 30.2 ± 0.9 °C and 35 ± 7%, and 35.2 ± 2.1 °C 
and 26 ± 4% for the three trials. Analysis 2 conditions were 
the same at 35.4 ± 2.2 °C and 26 ± 4%, 35.5 ± 1.4 °C and 
27 ± 6%, and 35.5 ± 2.2 °C and 28 ± 5% for the three trials. 
These conditions translate to mean wet bulb globe tempera-
tures (WBGTs) of 17 °C, 23 °C and 26 °C. For perspective, 
it has been advised that an increased risk for exertional heat 
illnesses, such as heat exhaustion and heatstroke, begins at 
WBGTs of 18 °C and exercise should be discontinued when 
WBGTs are above 28 °C (American College of Sports Medi-
cine et al. 2007a).

As part of the gastrointestinal studies reported elsewhere 
(Snipe et al. 2017, 2018a, b), participants were provided 
a low-fermentable oligo-, di-, monosaccharide, and polyol 
(FODMAP) diet, inclusive of 35 ml/kg/day of water, for the 
24-h period before each experimental trial as previously 
described (Snipe et al. 2017, 2018a, b), and were free to 
consume additional water as desired, but refrained from 
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consuming alcohol or caffeinated beverages during this 
time. They also refrained from strenuous exercise for 48 h 
before each trial. Two hours before each trial (0700 h), sub-
jects consumed a standardized low FODMAP breakfast with 
400 ml of water. They were asked to void before a nude body 
mass measurement was made and recorded to the nearest 
0.1 kg (Seca 515 MBCA; Seca Group, Hamburg, Germany). 
During voiding, subjects provided a mid-flow urine sample 
into a 30 ml universal tube. After seated rest for 5–10 min in 
a 20 °C room, blood was collected from the subject by veni-
puncture from an antecubital vein into a vacutainer (6 mL, 
1.5 IU/mL heparin). Subjects then inserted a thermocouple 
12 cm beyond the external anal sphincter (Grant REC soft 
insertion probe thermocouple; Grant 2010 Squirrel data log-
ger, Shepreth, UK).

In analysis 1, participants were provided water and 
advised to drink ad libitum. In analysis 2, subjects drank 
water ad libitum in one trial. In the other trials as part of 
the gastrointestinal studies reported elsewhere (Snipe et al. 
2017, 2018a, b), they were provided either an in-house 
formulated flavored glucose solution (255 kJ of which pro-
tein = 0 g, carbohydrate = 15.0 g, and fat = 0 g, 6.0% mass/
volume; Glucodin, Valeant, Laval, Que., Canada) or an in-
house formulated flavored whey protein hydrolysate solution 
(255 kJ of which protein = 14.8 g, carbohydrate = 0.1 g, and 
fat = 0.1 g, 6.4% mass/volume; Tatua HWP406, Morrins-
ville, New Zealand) immediately pre-exercise and every 
20 min during the 2-h run for a total of ~ 1400 ml, with 
additional water provided to be consumed ad libitum. The 
water for ad libitum consumption was provided in a 750-
ml insulated opaque sports bottle with high-flow bite valve 
(Podium Big Chill .75L – Race Edition, Camelbak, Peta-
luma, CA, USA) that was placed directly in front of the sub-
ject so it could be easily reached while on the treadmill. The 
bottle was checked every 20 min and refilled when emptied 
or at the request of the subject. In all trials, 100 ml of water 
with 5 g lactulose (Duphalac; Abbott Biologicals, Olst, 
Netherlands) and 1 g L rhamnose (MP Biomedicals; LLC, 
Solon, USA) was consumed at 90 min into exercise as part of 
the gastrointestinal studies reported elsewhere (Snipe et al. 
2017, 2018a, b). Fluid temperature was measured (Acurite, 
Lake Geneva, WI, USA) and maintained at 22 °C. Subjects 
were allowed to stop briefly to urinate during the run when 
necessary, but a full 2 h of running was still completed. 
Urine mass was measured to the nearest g (digital precision 
APTK-461 scales).

Heart rate (Polar Electro, Kempele, Finland), rating of 
perceived exertion (RPE) (Borg 1982), thermal comfort rat-
ing (13-point Likert-type scale with 7 indicative of comfort-
able, 10 indicative of hot, and 13 indicative of unbearably 
hot, adapted from Hollies and Goldman 1977), thirst rating 
(10-point Likert-type scale with 0 indicative of no thirst, 5 
indicative of moderate thirst, and 10 indicative of extremely 

high thirst) (Miall et al. 2018), and rectal temperature were 
recorded every 10 min while the subjects were running. 
Breath-by-breath indirect calorimetry (Vmax Encore Meta-
bolic Cart, CaseFusion-BD, Franklin Lakes, NJ, USA) was 
used to determine V̇O2 , carbon dioxide production ( V̇CO2 ), 
and respiratory quotient for 5 min continuously every 20 min 
during the run. Total water intake was also determined dur-
ing each trial through measurements to the nearest g (digital 
precision APTK-461 scales).

Immediately after exercise, nude body mass was again 
measured on the same scale after towel drying, and a blood 
sample was collected from the subject after seated rest in a 
20 °C room, mirroring pre-exercise procedures. Blood sam-
ples were analyzed for whole-blood hemoglobin and hema-
tocrit for determination of change in plasma volume (Dill 
and Costill 1974). Hemoglobin was determined in duplicate 
using lithium heparin blood samples (HemoCue Hb 201, 
HemoCue AB, Angelholm, Sweden) and hematocrit was 
determined in triplicate by capillary method (Maughan et al. 
2001) using lithium heparin blood samples and a micro-
hematocrit reader. Aliquots of plasma in heparin (50 µl) 
were used to determine plasma osmolality in duplicate [coef-
ficient of variation (CV): 2.7%], by freezepoint osmometry 
(Osmomat 030, Gonotec, Berlin, Germany). In the 8 of 60 
cases when pre-exercise plasma osmolality was over 300 
mOsmol/kg, pre-exercise urine-specific gravity and urine 
osmolality were determined and verified to be below 1.020 
and 600 mOsmol/kg, respectively, to assure subjects were 
euhydrated at the start of exercise (Armstrong 2007; Arm-
strong et al. 1994).

Calculations

Body water balance

Body water balance (Δbody water) is accounted for by a 
basic equation that includes water gain (Wgain) and water loss 
(Wloss) as follows (Consolazio et al. 1963):

where,

and

In the context of this study, no participant required def-
ecation between the pre-exercise and post-exercise body 
mass measurements and we considered fecal mass and fecal 
water content to be unchanged, so Wfeces can be removed 
from the equation. Additionally, no solid food was con-
sumed, so Wfood can also be removed. Thus, the remain-
ing components include water consumed in drink (Wdrink), 

(1)Δbody water = Wgain − Wloss

(2)Wgain = Wdrink + Wfood + Wmet

(3)Wloss = Wurine + Wfeces + Wresp + Wskin



2690	 European Journal of Applied Physiology (2018) 118:2687–2697

1 3

water generated from fuel oxidation (Wmet), and water lost in 
urine (Wurine), through sweat (Wskin) and through respiration 
(Wresp), yielding:

Wdrink and Wurine were measured in this study, while the other 
variables were calculated as outlined below.

Metabolic water

Total carbohydrate and fat oxidation (g/min) were calculated 
from the V̇O2 and V̇CO2 (L/min) determined during each 
measurement period using nonprotein respiratory quotient 
values in accordance with Péronnet and Massicotte (1991) 
such that:

Wmet was then calculated as the sum of metabolic water 
from carbohydrate oxidation and the metabolic water from 
fat oxidation, with 0.60 and 1.13 being the proportional mass 
of water generated from oxidation of carbohydrate and fat, 
respectively (Maughan et al. 2007). The effect of protein 
oxidation was considered negligible under the study condi-
tions and was, therefore, ignored.

Respiratory water

Wresp was determined after calculating the rate of evapora-
tive water loss in expired air ( ṁe , g/min), from V̇O2 (L/min) 
and the ambient water vapor pressure (Pa, mmHg) (Mitchell 
et al. 1972):

Sweat

Wskin determination was based on a mass balance equation 
accounting for the mass exchange of all liquids, solids and 
gases between a subject and the environment (Consolazio 
et al. 1963):

As noted above, we can exclude Wfeces and Wfood in the 
context of this study. Thus, solving for Wskin yields:

(4)
Δbody water = Wdrink +Wmet −

(

Wurine + Wresp + Wskin

)

(5)
carbohydrate oxidation =

(

4.585V̇CO2

)

−
(

3.226V̇O2

)

(6)fat oxidation =
(

1.695V̇O2

)

−
(

1.701V̇CO2

)

(7)ṁe = 0.019 V̇O2

(

44 − Pa
)

(8)

Δ body mass =
(

Wdrink + Wfood

)

−
(

Wurine + Wfeces

+ Wresp + Wskin

)

+
(

solidsin − solidsout
)

+
(

gasesin − gasesout
)

The change in body mass (Δbody mass), Wdrink and 
Wurine were measured, and Wresp was calculated as described 
above. The mass of solids taken in (solidsin) was the sum of 
solid mass in the dual sugar solution for all trials plus the 
solid mass in the programmed glucose and whey protein 
hydrolysate solutions when taken. The mass of solids lost 
(solidsout) was considered to be zero. The change in mass 
due to gas exchange (gasesin − gasesout) was calculated with 
consideration that oxygen inhalation and carbon dioxide 
exhalation were 1.07 and 1.47 g per g of carbohydrate oxi-
dized, and 2.88 and 2.75 g per g of fat oxidized (Maughan 
et al. 2007).

Assumptions of equivalence were accepted for 1  kg 
equating to 1 L for water, sweat and urine in all calculations 
(Cheuvront and Kenefick 2017).

Statistical analysis

Power calculations were based on previously reported 
impact of exertional heat stress on markers of cardiovascular 
and thermoregulatory strain (Snipe et al. 2018a, b; Snipe and 
Costa 2018). This resulted in an effect size (Cohen’s d) of 
1.04, 2.86, 3.39 and 2.73 for rectal temperature, heart rate, 
thermal comfort rating and RPE, respectively. Using stand-
ard alpha (0.025) and beta (0.95) values, the current cohort 
size (n = 10) provides sufficient power for adequate statistical 
precision to detect the magnitude of effect on physiological 
and psychophysiological responses.

Comparisons of pre-exercise to post-exercise hydration-
related variables and rectal temperature at the cessation of 
running among the two sets of three conditions were made 
with one-way repeated measures analysis of variance and 
Tukey–Kramer post hoc tests since most of the data were 
found to be normally distributed by the D’Agostino-Pearson 
normality test. Environmental, physiological and psycho-
physiological measurements made at multiple time points 
during each trial were compared with two-way (condition x 
time) repeated measures analysis of variance. For examina-
tion of the relationships between ad libitum water intake and 
total water gain with total water loss, mean slopes from indi-
vidual linear regressions forced to pass through the origin 
were determined. Significance was set at p ≤ .05.

(9)

Wskin = − Δbody mass + Wdrink − −
(

Wurine + Wresp

)

+
(

solidsin − solidsout
)

+
(

gasesin − gasesout
)
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Results

Analysis 1

The mean (± SD) running speed for trials in analysis 1 was 
10.4 ± 0.8 km/h. Mean (± SD) heart rates (overall trial values 
146 ± 15 beats/min at 22 °C, 155 ± 14 beats/min at 30 °C, 
and 163 ± 16 beats/min at 35 °C; p = .038), RPEs (11 ± 1 at 
22 °C, 12 ± 2 at 30 °C, and 14 ± 2 at 35 °C; p = .011), and 
thermal comfort ratings (8 ± 1 at 22 °C, 9 ± 1 at 30 °C, and 
10 ± 1 at 35 °C; p = .0016) during running, and rectal tem-
perature at the cessation of running (38.4 ± 0.4 °C at 22 °C, 

38.8 ± 0.6 °C at 30 °C, and 39.6 ± 0.7 °C at 35 °C; p < .0001) 
were significantly affected by ambient temperature, con-
firming findings reported previously (Snipe et al. 2018a, b). 
Thirst rating showed a small (p = .041) time effect, but no 
condition (p = .074) or interaction (p = .82) effect and mean 
values remained well below “moderate thirst” throughout 
the exercise (Fig. 1).

Comparisons of pertinent hydration variables for ad libi-
tum drinking of water across the three different ambient 
temperature conditions are shown in Table 1. Across the 
wide ambient temperature range, mean measured body 
mass change did not differ, ranging from − 1.7% to − 1.9%. 
Plasma volume change and urine output were also not dif-
ferent among conditions. Significantly different (p < .0001) 
sweat losses among the three conditions were partially off-
set by significantly different (p < .0001) water intakes so 
that mean body water loss amounted to 0.8–0.9 L across all 
three conditions. Mean post-exercise plasma osmolalities 
of 294–295 mOsmol/kg did not differ (p = .058) from pre-
exercise values of 292–293 mOsmol/kg or across tempera-
ture conditions (p = .94).

Individual relationships for water intake and total water 
gain with total water loss are shown in Fig. 2. Mean (± SD) 
slopes of 0.57 ± 0.07 and 0.66 ± 0.09 indicate that water 
intake and total water gain replaced on average 57% and 
66% of the water loss, respectively.

Analysis 2

The mean (± SD) running speed for trials in analysis 2 was 
10.4 ± 0.7 km/h. Mean (± SD) heart rates (overall trial values 
160 ± 17 beats/min for ad libitum water, 155 ± 15 beats/min 

Fig. 1   Thirst ratings during 2 h of running at 60% V̇O
2max

 at three dif-
ferent ambient temperatures while drinking water ad  libitum. Brack-
ets represent 1 SD and are shown in only one direction for two con-
ditions to preserve clarity. Statistical analysis revealed a small time 
effect (p = .046) but no condition or interaction effects

Table 1   Comparison of 
pertinent hydration variables for 
2 h of running at 60% V̇O

2max
 

at three different ambient 
temperatures while drinking 
water ad libitum

Data are reported as mean ± SD
*p < .05 compared with the 22 °C condition; †p < .05 compared with the 30 °C condition

Variable Condition

22 °C 30 °C 35 °C

Measured body mass change (kg) − 1.1 ± 0.4 − 1.2 ± 0.4 − 1.1 ± 0.4
Measured body mass change (%) − 1.7 ± 0.7 − 1.9 ± 0.7 − 1.7 ± 0.7
Plasma volume change (%) − 3.3 ± 1.9 − 3.5 ± 1.3 − 3.3 ± 1.9
Pre-exercise plasma osmolality (mOsmol/kg) 292 ± 8 292 ± 7 293 ± 9
Post-exercise plasma osmolality (mOsmol/kg) 295 ± 8 294 ± 5 295 ± 9
Body water balance
Water gain
 Water intake (L) 0.948 ± 0.117 1.430 ± 0.286* 1.730 ± 0.432*†

 Water of oxidation (L) 0.21 ± 0.04 0.21 ± 0.05 0.22 ± 0.05*
Water loss
 Urine output (L) 0.101 ± 0.179 0.144 ± 0.173 0.107 ± 0.144
 Sweat loss (L) 1.7 ± 0.5 2.2 ± 0.5* 2.5 ± 0.5*
 Respiratory water (L) 0.18 ± 0.03 0.20 ± 0.03 0.21 ± 0.04*

Change in body water (L) − 0.9 ± 0.4 − 0.9 ± 0.4 − 0.8 ± 0.4
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for programmed glucose solution, and 154 ± 14 beats/min 
for programmed whey protein hydrolysate solution; p = .61), 
RPEs (14 ± 2 for ad libitum water, 13 ± 2 for programmed 
glucose solution, and 13 ± 2 for programmed whey protein 
hydrolysate solution; p = .65), and thermal comfort ratings 
(9 ± 1 for all conditions; p = .94) during running, and rec-
tal temperature at the cessation of running (39.2 ± 0.8 °C 
for ad libitum water, 38.9 ± 0.7 °C for programmed glucose 
solution, and 39.0 ± 0.7 °C for programmed whey protein 
hydrolysate solution; p = .19) did not differ among condi-
tions, confirming findings reported previously (Snipe et al. 
2017). Thirst rating showed no time (p = .17) or condition 
(p = .20) effect, but there was a significant (p = .017) interac-
tion effect suggesting that thirst followed a different pattern 
with the ad libitum water condition compared with the other 
conditions, but mean values remained well below “moderate 
thirst” (Fig. 3).

Comparisons of pertinent hydration variables for ad libi-
tum drinking of water with and without programmed intake 
of a glucose or whey protein hydrolysate solution are shown 

in Table 2. The mean measured body mass change of -1.6% 
for the ad libitum drinking condition was significantly dif-
ferent (p < .01) from the small changes of − 0.7% with the 
glucose condition and − 0.6% for the whey protein hydro-
lysate condition. The glucose and whey protein hydrolysate 
conditions were also associated with minimal decrease in 
plasma volume and body water, which were significantly 
more (p < .01) for the ad libitum water condition. These 
effects were due to a significantly greater (p < .05) water 
intake with the glucose and whey protein hydrolysate condi-
tions, while urine output remained the same. A small (0.2 L) 
but significantly greater (p < .05) sweat loss occurred with 
the ad libitum condition compared with the other conditions. 
Mean post-exercise plasma osmolalities of 284–292 mOs-
mol/kg did not differ (p = .33) from pre-exercise values of 
285–291 mOsmol/kg or across conditions (p = .45).

Discussion

This work reveals that during 2 h of running at a moder-
ate intensity (1) ad libitum water intake was adjusted so 
that hydration status at exercise completion was compara-
ble across a wide range of ambient temperatures causing 
meaningful differences in sweat loss, and (2) consumption 
of programmed glucose or whey protein hydrolysate solu-
tions along with ad libitum water yielding nearly complete 
maintenance of euhydration throughout the exertional heat 
stress resulted in no improvement in physiological and psy-
chophysiological responses compared with ad libitum water 
intake that yielded a mean body mass loss of 1.6%.

Ad libitum drinking is commonly considered to be an 
inadequate strategy for maintaining euhydration during 

Fig. 2   Individual linear regressions for ad  libitum water intake (top) 
and total water gain (bottom) with total water loss during 2 h of run-
ning at 60% V̇O

2max
 and mean ambient temperatures of 22 °C, 30 °C 

and 35 °C. Each line extends across the range of values for the given 
subject. The dotted lines are the lines of equality. The mean (± SD) 
slopes of the linear regressions forced to pass through the origin were 
0.57 ± 0.07 and 0.66 ± 0.09, respectively

Fig. 3   Thirst ratings during 2 h of running at 60% V̇O
2max

 and 35 °C 
while drinking water ad  libitum (Water ad lib) or drinking either a 
programmed glucose solution (GLUC + ad lib water) or whey protein 
hydrolysate solution (WPH + ad lib water) and drinking water ad libi-
tum. Brackets represent 1 SD and are shown in only one direction for 
two conditions for clarity. Statistical analysis revealed no time or con-
dition effects, but there was a significant (p = .011) interaction effect
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prolonged exercise according to much of the scientific 
literature (Armstrong et al. 2016a, b; Bardis et al. 2017; 
Kenefick 2018), in professional sports, exercise nutrition and 
dietetic practice, and in most resources accessed by the pub-
lic (Hoffman et al. 2016a). A recent publication concluded 
that circumstances where drinking to thirst may be sufficient 
“include activities or competitions of < 1–2 h of duration, 
that are of lower exercise intensity, and that take place in 
cool or temperate environments” but otherwise, “a tailored 
programed drinking strategy will need to be employed 
to avoid potential thermoregulatory, cardiovascular, and 
exercise performance impairment (2% body mass loss)” 
(Kenefick 2018). Such inferences seem to be largely based 
upon the acceptance of hydration guidelines recommending 
that no more than 2% of body mass should be lost during 
exercise without regard for exercise duration (American Col-
lege of Sports Medicine et al. 2007a, b; American Dietetic 
Association et al. 2009; Casa et al. 2000, 2005; Kreider et al. 
2010; McDermott et al. 2017; Thomas et al. 2016). It is not 
unusual for those drinking in accordance to thirst during 
prolonged exercise to drop below this 2% body mass mar-
gin (Cheuvront and Haymes 2001; Dion et al. 2013; Dugas 
et al. 2009; Hoffman et al. 2013; Lopez et al. 2016; Noakes 
et al. 2005), so this may be used as further evidence for the 
inadequacy of ad libitum drinking. But, it is important to 
recognize the relevance of mass loss from endogenous fuel 
utilization and water generation from fuel oxidation in pro-
longed activities due to the additive effect of these factors 
that are relatively trivial during short periods of exercise. 

In fact, for the present 2-h exercise trials, our calculations 
demonstrate that roughly 0.3 kg (~ 0.5% body mass) loss 
was required to maintain a constant total body water pool.

The present work demonstrates the capability of humans 
to use thirst to adjust water intake in response to the extent 
of water loss during exercise. Across a range of mean sweat 
loss from 1.7 to 2.5 L, water intake was adjusted so that 
mean body mass loss was limited to 1.6–1.9% at the end of 
the 2 h of running in different ambient temperature condi-
tions. An innate ability to increase water intake to support 
exercise circumstances where water losses are greater is not 
a new finding. Previous work examined hydration status dur-
ing ad libitum drinking among women running 30 km at a 
mean intensity of 71% V̇O2max across WBGTs of 12 to 25 °C 
(Cheuvront and Haymes 2001). In that study, it was found 
that the women finished with similar mean body mass losses 
of 2.4–2.8% across the different temperature conditions by 
drinking more under the hottest condition. That study also 
demonstrated that ad libitum water intake replaced 63–73% 
of sweat losses, whereas the present study found that, on 
average, 57% of the water loss was replaced by water intake 
and 66% was replaced through the combination of water 
intake and generation of water during fuel oxidation.

Since water losses are not fully replaced through ad libi-
tum water intake or even through the combination of ad libi-
tum water intake and the production of metabolic water, 
some might consider this supporting evidence for the early 
belief that ad  libitum drinking is inadequate to support 
fluid needs during exercise (Dill et al. 1933; Greenleaf and 

Table 2   Comparison of pertinent hydration variables for 2 h of run-
ning at 60% V̇O

2max
 at 35  °C while drinking water ad  libitum, and 

when consuming a programmed carbohydrate (GLUC + ad lib water) 

or whey protein hydrolysate (WPH + ad lib water) drink and drinking 
water ad libitum

Data are reported as mean ± SD
*p < .05 compared with the ad libitum condition

Variable Condition

Ad libitum water GLUC + ad lib water WPH + ad lib water

Measured body mass change (kg) − 1.0 ± 0.4 − 0.5 ± 0.6* − 0.4 ± 0.5*
Measured body mass change (%) − 1.6 ± 0.5 − 0.7 ± 1.1* − 0.6 ± 0.8*
Plasma volume change (%) − 2.8 ± 1.3 − 0.6 ± 2.6* − 0.3 ± 2.1*
Pre-exercise plasma osmolality (mOsmol/kg) 291 ± 11 285 ± 12 287 ± 12
Post-exercise plasma osmolality (mOsmol/kg) 292 ± 11 284 ± 15 290 ± 14
Body water balance
Water gain
 Water intake (L) 1.689 ± 0.459 1.941 ± 0.292* 1.994 ± 0.406*
 Water of oxidation (L) 0.22 ± 0.05 0.22 ± 0.05 0.22 ± 0.05

Water loss
 Urine output (L) 0.135 ± 0.136 0.104 ± 0.140 0.149 ± 0.195
 Sweat loss (L) 2.4 ± 0.7 2.2 ± 0.6* 2.2 ± 0.6*
 Respiratory water (L) 0.16 ± 0.04 0.16 ± 0.04 0.16 ± 0.04

Change in body water (L) − 0.7 ± 0.4 − 0.3 ± 0.6* − 0.3 ± 0.5*
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Sargent 1965). On the other hand, the present work demon-
strates that there was no negative effect on plasma osmolal-
ity, heart rate, rectal temperature, RPE and thermal com-
fort rating during moderate intensity running from a 1.6% 
body mass loss (and calculated 0.7 L deficit in body water) 
compared with a 0.6–0.7% body mass loss (and calculated 
0.3 L deficit in body water). Since the fluid deficits from 
ad libitum water intake were not associated with evidence 
for physiological or psychophysiological impairment, the 
findings could reflect the presence of internal cues that 
stimulate adequate drinking to limit the water deficit by the 
end of exercise to a magnitude that will not adversely affect 
exercise responses.

It is appropriate to note the controversy about the fate 
of water generated during fuel oxidation. Some have sug-
gested that endogenous sources of water generation play an 
important role in offsetting the extent of fluid needs dur-
ing exercise (Hoffman et al. 2018; Maughan et al. 2007; 
Nolte et al. 2011; Pastene et al. 1996; Rogers et al. 1997). 
In contrast, others believe it is best to consider this water 
as being noncontributory to hydration status even though 
they may acknowledge that there should be some mass loss 
during prolonged exercise (Cheuvront and Montain 2017). 
In this work, we considered the water generated during fuel 
oxidation to become available to support the intravascular 
volume. This metabolic water amounted to 0.21–0.22 L, 
representing an additional 13–22% volume of water beyond 
that consumed during ad libitum drinking, so it is relevant 
in hydration considerations. As previously noted (Hoffman 
et al. 2018), it is reasoned that this water generated within 
the cell will be distributed throughout the body water pool 
according to local osmotic, oncotic and hydrostatic gradi-
ents. Since we do not anticipate a large increase in intracel-
lular osmolality in active muscles due to the accumulation 
of glycolytic intermediates and end products during modest 
intensity exercise, such exercise should cause relatively little 
disturbance to the osmolality of tissues that would promote 
retention of the water within the cells (Lundvall et al. 1969). 
Thus, it seems reasonable to consider this water as being 
available to contribute to the intravascular fluid compart-
ment. In contrast, we ignored all water that might be liber-
ated in the oxidation of glycogen based upon recent evidence 
suggesting that most of the water associated with glycogen 
may be osmotically active (King et al. 2018).

Avoiding significant hypohydration during 2 h of run-
ning is not very difficult. In fact, no water intake would have 
resulted in 3.2–4.4% body mass loss for the exercise tri-
als examined here, assuming sweat rate and urinary output 
was unchanged, which may overestimate the actual loss that 
would have occurred since hypohydration lowers sweating 
rate for a given core temperature (Sawka et al. 2001). To 
nearly maintain euhydration while exercising at 35 °C, a 
mean of slightly less than 1 L/h (nearly 2 L total in 2 h) 

of water was taken in. And to hydrate adequately to avoid 
evidence of alterations in exercise responses, a mean of less 
than 850 ml/h of water was consumed. These fluid intakes 
are well within the tolerable range for most individuals 
(Lambert et al. 2008). On the other hand, it would be reason-
able to question if athletes would voluntarily take in these 
volumes of fluid over longer bouts of exercise, such as the 
8–30 h that might be required to complete a long course 
triathlon, or 100-km to 161-km ultramarathon event. Fur-
thermore, if replacing only two-thirds of the water losses 
during 2 h of exercise via ad libitum drinking, it is legitimate 
to wonder if an increasing water deficit might develop during 
longer bouts of exercise. In this regard, prior field studies 
have observed that ad libitum drinking during long dura-
tions of exercise can be effective at maintaining adequate 
hydration even under hot conditions (Costa et al. 2013, 2014; 
Dempster et al. 2013; Hoffman and Stuempfle 2014, 2016; 
Nolte et al. 2011; Tam et al. 2011). In fact, studies at 161-
km ultramarathons have shown that ad libitum drinking is 
associated with a fairly stable body mass after the initial 
48 km even though it should actually continue to decrease to 
maintain euhydration (Hoffman and Stuempfle 2014, 2016).

It is interesting that the mean total programmed water 
consumed in the glucose and whey protein hydrolysate con-
ditions was approximately 1.5 L, compared with the con-
sumption of a mean of approximately 1.7 L of water in the 
ad libitum condition. The greater total water consumption 
in the programmed drinking conditions compared with the 
ad libitum condition resulted from the subjects choosing 
to drink a mean of 0.4–0.5 L of additional water beyond 
the programmed fluid intake. Participants reported that this 
water intake was not in response to thirst or interest in drink-
ing, but was rather consumed to rinse and cleanse the mouth 
of the prior consumed nutrient rich solution. Future studies 
examining ad libitum drinking should consider this factor 
when selecting the fluids to be consumed. Furthermore, this 
phenomenon could be used to encourage additional fluid 
intake when necessary and might partially account for the 
observed effectiveness of ad libitum drinking in field studies 
involving prolonged exercise.

We acknowledge some limitations to generalization of 
the present findings, namely that the exercise only lasted 
2 h, which limited the potential extent of hypohydration. 
For this reason, the present data do not allow us to make 
conclusions about the adequacy of ad libitum drinking to 
support hydration during longer bouts of exercise where 
it is possible that greater water deficits could develop as 
noted above. Thus, it would be valuable to examine hydra-
tion variables in the laboratory, as was done here, for longer 
bouts of exercise. The findings are also specific for exercise 
situations in which fluid is freely available during exercise, 
which is often the case with prolonged running and cycling 
because water can be carried by the athlete, but is not the 
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case with other activities, especially team sports. Another 
study limitation is that the exercise bouts did not include a 
period of maximum or near maximum exertion to adequately 
test for performance limitations from the water deficit of 
0.7 L with the ad libitum drinking condition. On the other 
hand, performance at a high intensity during long periods 
of exercise has little practical relevance for many endurance 
and ultra-endurance activities. Furthermore, several prior 
studies have suggested that high intensity exercise is not 
impaired with ad libitum drinking compared with greater 
intake during exercise lasting ~ 90 min to over 2 h (Dion 
et al. 2013; Dugas et al. 2009; Lee et al. 2014; Lopez et al. 
2016). A minor limitation was that body mass measurements 
were to the nearest 0.1 kg which limited the calculated sweat 
loss and body water change to the nearest 0.1 L. Finally, 
we cannot exclude the possibility that ad libitum drinking 
behavior might have been influenced by the request for a 
thirst rating every 10 min and the 5-min V̇O2 measurements 
every 20 min during the runs. We believe the former was 
unlikely to have had an important effect since a prior study 
of similar exercise duration that did not assess thirst rating 
(Lee et al. 2014) found even less decrease in body mass 
with self-selected drinking than the present work, and it 
also seems unlikely that the request of thirst ratings would 
have altered fluid intake for athletes who are already atten-
tive to internal cues. In terms of the latter issue, we believe 
the inability to drink during these short time periods would 
have been offset by a transient increase in water intake once 
allowed to drink.

Conclusion

In conclusion, this work demonstrates that during 2 h of run-
ning exercise in which water was readily accessible, ad libi-
tum water intake was adjusted so that plasma osmolality 
and plasma volume were preserved within physiologically 
acceptable limits across a wide range of ambient tempera-
tures resulting in large differences in sweat loss. Further-
more, ad libitum drinking was found to have no adverse 
effects on physiological and psychophysiological variables 
compared with a condition when hydration was essentially 
fully maintained through programmed drinking. Thus, this 
work is consistent with the prior findings that ad libitum 
drinking can be an appropriate hydration strategy during 
two hours of continuous running, even under hot conditions.
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