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ABSTRACT  24 
Background: Local airway water loss is the main physiological trigger for exercise-25 
induced bronchoconstriction (EIB). Aim: To investigate the effects of whole-body water 26 
loss on airway responsiveness and pulmonary function in athletes with mild asthma and/or 27 
EIB. Methods: Ten recreational athletes with a doctor diagnosis of mild asthma and/or EIB 28 
completed a randomized, cross-over study. Pulmonary function tests (spirometry, whole-29 
body plethysmography and diffusing capacity for carbon monoxide [DLCO]) were 30 
conducted before and after three conditions: i) 2 h exercise with no fluid intake 31 
(dehydration); ii) 2 h exercise with ad libitum fluid intake (control); and iii) time-matched 32 
rest period (rest). Airway responsiveness was assessed 60min post-exercise/rest via 33 
eucapnic voluntary hyperpnea (EVH) to dry air. Results: Exercise with no fluid intake 34 
induced a state of mild dehydration, with a mean body mass loss of 2.3±0.8% (SD). After 35 
EVH, airway narrowing was not different between conditions: median (interquartile range) 36 
maximum fall in forced expiratory volume in 1 sec was 13 (7–15)%, 11 (9–24)% and 12 37 
(7–20)% in the dehydration, control and rest conditions, respectively. Dehydration caused 38 
a significant reduction in forced vital capacity (300±190 ml, P=0.001) and concomitant 39 
increases in residual volume (260±180 ml, P=0.001) and functional residual capacity 40 
(260±250 ml, P=0.011), with no change in DLCO. Conclusion: Mild exercise-induced 41 
dehydration does not exaggerate airway responsiveness to dry air in athletes with mild 42 
asthma/EIB, but may affect small airway function. 43 
 44 
 45 
 46 
 47 
 48 
  49 



NEW & NOTEWORTHY  50 
This study is the first to investigate the effect of whole-body dehydration on airway 51 
responsiveness. Our data suggest that the airway response to dry air hyperpnea of 52 
athletes with mild asthma and/or exercise-induced bronchoconstriction is not exacerbated 53 
in a state of mild dehydration. Based on recorded alterations in lung volumes, however, 54 
exercise-induced dehydration appears to compromise the airway function of the small 55 
airways.  56 
 57 
KEY WORDS   58 
Airway hyper-responsiveness, eucapnic voluntary hyperpnea, exercise-induced 59 
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INTRODUCTION 62 
Whole-body dehydration commonly occurs in athletes engaging in endurance events (36), 63 
with loss of body mass averaging 2.3% after marathons (41) and 2.9% after ultra-64 
marathons (35). Whole-body dehydration is thought to limit exercise performance due to 65 
strain on multiple organ systems, including the circulatory, (central) nervous, muscular, 66 
integumentary, and urinary systems (8, 37). Lung fluid balance and water transport at 67 
pulmonary surfaces play an important physiological role in the maintenance of airway 68 
hydration and in proper airway clearance (19). Relatively little is known however about the 69 
impact of whole-body dehydration on the respiratory system. 70 
 71 
Early studies (15, 18) produced conflicting results on the effects of whole-body dehydration 72 
on pulmonary function in the healthy human. A reduction in forced expiratory volume in 73 
one second (FEV1) was initially observed in mildly dehydrated individuals following fluid 74 
deprivation (15), suggesting that whole-body dehydration is associated with airflow 75 
limitation. However, after diuretic drug administration resulting in moderate dehydration, an 76 
improvement in expiratory flow rates, including FEV1, was subsequently noted (18). 77 
Therefore, uncertainty remains as to the impact of whole-body dehydration on the healthy 78 
human lung.  79 
 80 
Equally uncertain is whether whole-body dehydration constitutes a significant risk factor for 81 
broncho-pulmonary disorders (19). A large body of evidence points toward acute 82 
dehydration of the airway surface liquid as a key determinant of exercise-induced 83 
bronchoconstriction (EIB) (2). EIB is characterized by a transient narrowing of the airways 84 
(with associated reduction in expiratory airflow) in response to vigorous exercise. 85 
Presence of EIB is established through serial measurements of FEV1 after exercise (or dry 86 
air hyperpnea), with a fall in FEV1 ≥10% used as the diagnostic criterion (31). EIB is 87 



thought to occur in response to osmotic and thermal stress within the airways during 88 
exercise-hyperpnea (2). Water and heat are lost from the airway surface in response to 89 
humidifying large volumes of inspired (unconditioned) air over a short period of time (12). 90 
The evaporative water loss is proposed to increase the osmolarity of the airway surface 91 
liquid – particularly at the level of the small airways (11) –. This would then stimulate the 92 
release of broncho-active mediators and cause, in susceptible individuals, the airway 93 
smooth muscle to contract (2).  94 
 95 
Endurance athletes and patients with asthma are at increased risk for EIB (13, 20). Airway 96 
surface dehydration may be exacerbated during exercise in both populations: in athletes, 97 
as a result of the high ventilatory demand associated with strenuous exercise; and in 98 
patients with asthma, due to dysregulation of body fluid secretions (30). Bronchial 99 
circulation is the primary provider of fluid to the airways. Since exercise-induced 100 
dehydration causes hypovolemia and increases blood plasma osmolarity (8), alterations in 101 
the volume and composition of bronchial blood flow are to be expected in a state of 102 
dehydration. Whole-body dehydration may therefore diminish airway surface hydration, 103 
resulting in an amplified bronchoconstrictive response to exercise.  104 
 105 
The primary aim of this study was to establish the impact of exercise-induced dehydration 106 
on airway responsiveness in athletes with a prior medical diagnosis of mild asthma and/or 107 
EIB. Our hypothesis was that the fall in FEV1 after dry air hyperpnea would be 108 
exacerbated in a state of mild dehydration. Since the effect of whole-body dehydration on 109 
resting pulmonary function remains uncertain, we also assessed pulmonary function, via 110 
spirometry, whole-body plethysmography and diffusing capacity for carbon monoxide, 111 
before and after induced dehydration.   112 



METHODS 113 
Participants 114 
Ten recreational athletes, aged 18 to 35 y, participated in the study. All participants had a 115 
prior doctor diagnosis of mild asthma and/or EIB and reported respiratory symptoms (chest 116 
tightness, wheeze, mucus hyper-secretion, cough) during and/or after exercise. 117 
Participants taking any asthma medication other than inhaled short acting β2-agonists or 118 
anti-histamines were excluded. Those on medication(s) were required to withhold inhaled 119 
short-acting β2-agonists for a minimum of 8 h and anti-histamines for 72 h prior to the visits 120 
(4). Participants were non-smokers, free from respiratory infections for 4 wk prior to the 121 
study, and had no known chronic medical condition other than asthma or EIB. All 122 
participants provided written informed consent. The institutional research ethics committee 123 
approved the study (ref#RE52-12). 124 
 125 
Protocol 126 
The study used a randomized crossover design with three experimental visits. Pulmonary 127 
function was assessed using spirometry, whole-body plethysmography and diffusing 128 
capacity before and up to 2 h after each of the following conditions: i) exercise with no fluid 129 
intake (dehydration); ii) exercise with ad libitum fluid intake (control); iii) time-matched rest 130 
period (rest). The ‘rest’ condition controlled for the possible confounding effect of airway 131 
refractoriness after the exercise bout that was used to dehydrate the participants (24). 132 
Airway responsiveness was assessed 2 h after the completion of exercise/rest using a 133 
standard eucapnic voluntary hyperpnea (EVH) challenge with dry air (1). To determine 134 
whether any changes caused by dehydration could be quickly reversed, a rehydration 135 
phase was included in the dehydration condition of the study. In that condition, participants 136 
were allowed to drink water ad libitum between 20 and 60 min after the EVH challenge, 137 



after which final spirometry testing was performed. A schematic of the experimental 138 
protocol is presented in Figure 1.  139 
 140 
All visits commenced in the morning so as to standardize for diurnal variation in pulmonary 141 
function (38).  Participants were asked to withhold alcohol, caffeine and exercise on the 142 
day of testing.  143 
 144 
Hydration status 145 
Participants were asked to arrive at each experimental visit in a euhydrated state. Upon 146 
arrival, urine osmolality was measured using a portable refractive index osmometer 147 
(Osmocheck, Vitech Scientific Ltd, UK). Adequate hydration was defined as <700 148 
mOsmol·kgH2O-1 (36). Nude body mass was recorded before and 60 min after exercise or 149 
time-matched rest using a calibrated scale (SECA model 798, Hamburg, Germany), with 150 
the change in body mass used as an index of dehydration.  151 
 152 
Exercise period 153 
In the control and dehydration conditions, participants completed 2 h of low intensity 154 
exercise.  The exercise involved four bouts of 20 min of cycling, with each bout followed by 155 
10 min of stepping.  Cycling was performed at 25% of estimated peak power (16).  156 
Stepping was conducted on a 20 cm step at a rate of 45 steps per minute.  Mid-way 157 
through each bout of exercise, heart rate was measured using telemetry (Polar H7, Polar 158 
Electro (UK) Ltd, Warwick, UK) and minute ventilation using offline gas analysis (Douglas 159 
bags and Harvard dry gas meter). To induce dehydration, exercise was performed in an 160 
environmental chamber (Procema Ltd, Twickenham, UK) set at 37°C and 50% relative 161 
humidity and fluid intake was prohibited. In the control condition, environmental 162 
temperature was set at 20°C (ambient humidity) and fluid consumption was ad libitum. In 163 



the rest condition, participants remained seated in ambient conditions and were allowed to 164 
consume fluid ad libitum. 165 
 166 
Pulmonary function tests 167 
Pulmonary function was assessed using a commercially available system (Masterscreen, 168 
CareFusion, Hochberg, Germany). Spirometry was conducted at baseline and at 10 min 169 
and 120 min after exercise (or rest). Forced expiratory maneuvers were performed in 170 
accordance with ATS/ERS guidelines (28). Measurements were performed in triplicate, 171 
and the largest FEV1 and FVC from reproducible maneuvers (i.e., between-maneuver 172 
differences <150 ml for FEV1 and FVC) were kept for analysis. Following the EVH 173 
challenge, expiratory maneuvers were performed in duplicate (1). The GLI-2012 equations 174 
(34) were used for calculation of predicted values and lower limits of normal.  175 
 176 
Whole-body plethysmography was used to determine static lung volumes and capacities 177 
according to ATS/ERS guidelines (39). Measurements were performed at baseline and at 178 
60 min after exercise (or rest). The mean of three reproducible trials (i.e., the three 179 
functional residual capacity [FRC] values agreeing within 5%) was used for analysis. 180 
Residual volume (RV) was derived from the mean FRC minus mean expiratory reserve 181 
volume (ERV), and TLC was calculated as the sum of maximum vital capacity (VC) and 182 
RV. 183 
 184 
Diffusing capacity of the lung for carbon monoxide (DLCO) was assessed using the single-185 
breath technique according to ATS/ERS guidelines (26). The measurements were 186 
performed at baseline and at 90 min after exercise (or rest). The maneuver was repeated 187 
at least twice to ensure repeatability (i.e., <10% variation in DLCO). The mean DLCO, 188 
transfer coefficient (KCO), and alveolar volume (VA) were calculated from two 189 



reproducible maneuvers and used for analysis. Diffusing capacity data for one participant 190 
was lost due to technical error.  191 
 192 
Airway responsiveness 193 
Airway responsiveness to dry air was assessed via EVH (1). Briefly, participants were 194 
asked to breathe for 6 min at a target ventilation of 85% predicted maximum voluntary 195 
ventilation (MVV, estimated as 30 × baseline FEV1). A dry gas mixture of 21% O2, 5% 196 
CO2, and N2 balance was delivered by a commercially available system (Eucapsys, 197 
SMTEC, Nyon, Switzerland). Ventilation was measured throughout the test, with 198 
participants receiving real-time visual feedback. The ventilation achieved during the first 199 
visit was set as the target ventilation for subsequent visits. Before and at regular time 200 
points after EVH (2, 5, 10, 15, 20 and 60 min), forced expiratory maneuvers were 201 
performed, with the maximum percentage change in FEV1 from ‘baseline’ (i.e., the value 202 
recorded immediately pre-EVH) used as the index for airway responsiveness.  A sustained 203 
≥10% fall in FEV1 (over two consecutive time-points) was consistent with a diagnosis of 204 
EIB (4).  205 
 206 
Statistics  207 
Sample size was based on previous studies that have investigated the effect of 208 
dehydration on pulmonary function (18) and on those that have tested the effect of EVH on 209 
airway caliber in recreationally active individuals (7, 21). All data were analyzed using 210 
statistical software (SPSS 20, Chicago, IL, US). Statistical significance was set at P<0.05 211 
(unless otherwise stated). Data were tested for normality using the Shapiro-Wilk test. Data 212 
for the maximum fall in FEV1 post-EVH were not normally distributed; therefore, 213 
differences between conditions were tested using a Friedman 2-way ANOVA by ranks test 214 



and data displayed as median and interquartile range (Q1-Q3). Resting spirometry, whole-215 
body plethysmography and diffusing capacity data were normally distributed. Differences 216 
in resting pulmonary function between conditions and across times were analyzed using 217 
repeated-measures ANOVA with Bonferroni post-hoc analysis, as needed, and data are 218 
presented as mean ± SD.  Heart rate and ventilation were averaged over the entire period 219 
of exercise and compared between dehydration and control conditions using paired t-test. 220 
Relationships between changes in body mass (kg) and pulmonary function (l) in the 221 
dehydration condition were assessed using Pearson’s correlation coefficient.  222 
 223 
 224 
 225 
 226 
  227 



RESULTS 228 
Participant characteristics 229 
Ten recreational athletes (five female) completed the study. Mean age, height and body 230 
mass were: 21 ± 2 yr, 170 ± 12 cm and 63 ± 10 kg, respectively. Participants were 231 
involved in summer sports and trained for 6 ± 4 h per week in aerobic activities. Five 232 
participants had childhood asthma, and eight were using short acting β2-agonist 233 
medication at the time of the study. All participants had baseline FEV1 and FVC above the 234 
lower limit of normal (34).  235 
 236 
Hydration status  237 
Baseline body mass was not different across conditions (P=0.74). The dehydration 238 
intervention caused a significant reduction in body mass (63.3 ± 10.4 kg at baseline vs. 239 
61.8 ± 10.1 kg post-exercise, P<0.001), which equated to a loss of 2.3 ± 0.8%. There was 240 
no change in body mass following exercise in the control condition (63.3 ± 10.5 kg at 241 
baseline vs. 63.1 ± 10.5 kg post-exercise, P=0.085) or over the rest period (63.2 ± 10.8 kg 242 
at baseline vs. 63.0 ± 10.7 kg post-rest, P=0.12). Over the rehydration period in the 243 
dehydration condition, participants drank 830 ± 190 ml of water (61 ± 19% of the loss in 244 
body mass).  245 
 246 
Exercise period 247 
As expected, heart rate was significantly higher during exercise in the dehydration 248 
condition compared to the control condition (148 ± 16 vs. 118 ± 20 bpm, respectively; 249 
P<0.001). Ventilation did not differ significantly between conditions (42 ± 15 l⋅min -1 in the 250 
dehydration condition vs. 34 ± 6 l⋅min-1 in the control condition; P=0.084).  251 



Airway responsiveness  252 
Participants achieved a mean ventilation of 104 ± 29 l⋅min-1 during the EVH challenge over 253 
the three experimental visits, which corresponded to 70 ± 9% of predicted MVV. No 254 
difference in ventilation was noted across conditions (P=0.64). Seven participants (70%) 255 
had an EVH response consistent with a diagnosis of EIB in at least one condition. One 256 
additional participant had a transient fall in FEV1 during one visit. The median and 257 
interquartile range for maximum reduction in FEV1 post-EVH was: 13% (7 – 15%), 11% (9 258 
- 24%) and 12% (7 - 20%) in the dehydration, control and rest condition, respectively 259 
(Figure 2). These values were not different between conditions (P=0.20).  260 
 261 
Dynamic lung indices 262 
At the start of the experimental visits, pulmonary function was not different between 263 
conditions (Table 1). However, a significant interaction effect over time was noted between 264 
conditions (P<0.001), with significant reductions in FVC only in the dehydration and control 265 
conditions (P<0.001 and P=0.014, respectively). In the dehydration condition, there was a 266 
sustained fall in FVC from baseline between 10 and 120 min of recovery [5.09 ± 1.22 l at 267 
baseline to 4.79 ± 1.10 l at 10 min (P=0.001) and 4.89 ± 1.10 l at 120 min post-exercise; 268 
(P=0.024)], while in the control condition the reduction in FVC was only transient (i.e., 269 
noted only at 10 min post-exercise) (Table 1). Further, the magnitude of change in FVC 270 
was greater under dehydration compared to both the control and rest conditions (Figure 3). 271 
In a state of dehydration, eight participants (80%) presented a clinically meaningful 272 
reduction in FVC (>200 ml), whereas only one participant demonstrated a >200 ml fall in 273 
FVC in the control condition and none in the resting condition. Following rehydration, FVC 274 
remained slightly, but significantly, lower than baseline (−90 ± 100 ml, P=0.022). No 275 
significant differences were noted between times and/or conditions for FEV1 and PEF 276 
(Table 1).  277 



Static lung volumes and capacities 278 
Static lung volumes and capacities at baseline were not different between-conditions  279 
(Table 2). Significant interaction effects were noted over the experimental conditions for 280 
FRC (P=0.004) and RV (P=0.001). In the dehydration condition, a significant increase in 281 
FRC was noted pre- to post-exercise (260 ± 250 ml, P=0.011); no difference was observed 282 
in the control or resting conditions (Table 2). A concurrent increase in RV of 260 ± 182 ml 283 
was observed under the dehydration condition (P=0.001) (Table 2). The magnitude of 284 
change in FRC and RV from pre- to post-exercise was greater under dehydration 285 
compared to control (P=0.015 and P=0.060, respectively). Further, the change in RV was 286 
greater under dehydration compared to rest (P=0.005) (Figure 4).  No significant changes 287 
were noted between times and/or conditions for ERV or TLC (Table 3). Consequently, 288 
RV/TLC was increased under dehydration (P<0.001) (Table 3).  289 
 290 
Diffusing capacity 291 
There were no differences in baseline DLCO, KCO or VA between conditions. Further, our 292 
conditions did not modify any of these variables (Table 3).  293 
 294 
Correlation analysis 295 
There was a significant negative correlation (r=−0.703, P=0.023) between the change in 296 
body mass and the change in RV at 60 min post-exercise in the dehydration condition 297 
(Figure 5). No other significant relationships were noted between study variables. 298 
  299 



DISCUSSION  300 
The aim of this study was to investigate the effects of exercise-induced dehydration on 301 
airway responsiveness and pulmonary function in athletes with a medical diagnosis of mild 302 
asthma and/or EIB. We showed that mild dehydration does not increase airway 303 
responsiveness to dry air hyperpnea, but is associated with alterations in lung volumes 304 
(i.e., reduced FVC and increased FRC and RV). Mild whole-body dehydration is therefore 305 
unlikely to put athletes at increased risk for EIB.  However, perturbations at the level of the 306 
small airways are likely to occur when athletes with pre-existing lung condition become 307 
dehydrated. 308 
 309 
This study is the first to assess the effect of whole-body dehydration on airway 310 
responsiveness. Given that athletes regularly experience exercise-induced dehydration 311 
(41) and that EIB is the most common chronic condition in elite sport (13), these findings 312 
are highly relevant. We reasoned that whole-body dehydration may have the potential to 313 
affect the volume and/or composition of airway surface liquid and, consequently, could 314 
enhance the osmotic stimulus responsible for EIB (2). However, considering that no 315 
difference in the severity of bronchoconstriction was noted following EVH between our 316 
dehydration and control conditions, our data do not support our hypothesis.  317 
 318 
To maintain ecological validity, we aimed to induce a state of mild dehydration using 319 
exercise. We were successful in that the average body mass loss was of 2.3%. A loss of 320 
2% in body mass is believed to be the threshold for impairment of endurance performance 321 
via, amongst others, contraction of blood volume, increase in heart rate and high relative 322 
effort for a given workload (8). However, the mild degree of dehydration noted in the 323 
current study may have been insufficient to interfere with the pathophysiology of EIB. The 324 
volume of airway surface liquid is very small, with <0.5 ml of liquid covering the first seven 325 



generations of airways (5). Relative to the small volume of water available at the airway 326 
surface, water loss occurring within the airways during hyperpnea of dry air is very high. 327 
Based on mathematical modeling, the net water loss within the airways during ventilation 328 
at 60 l·min-1 in temperate conditions (i.e., 26.7°C and 8.8 mg·H2O·L-1) can exceed 0.4 329 
ml·min-1 (12). In the present study, ventilation during EVH averaged 104 l·min-1 and 330 
inspired air (delivered through medical air canisters) was completely dry, consequently the 331 
net loss would be close to 1 ml·min-1. It is therefore possible that the large volume of 332 
respiratory water loss during EVH negated any changes in airway surface liquid induced 333 
by our dehydration protocol. 334 
 335 
An alternative explanation for airway responsiveness being unaffected by whole-body 336 
dehydration is that the EVH test provoked a maximal airway response. A maximum 337 
response plateau is commonly observed during methacholine and histamine challenges in 338 
healthy individuals and patients with mild asthma (17, 40). Similarly, a maximum response 339 
plateau has been shown to occur following bronchial provocation with exercise in children 340 
with asthma, with no further increase in the severity of EIB past six minutes of exercise 341 
(14). This raises the possibility that the use of EVH as bronchial stimulus may have 342 
masked the effects of whole-body dehydration on airway responsiveness. To address this 343 
issue, future work should be conducted using a dose-response bronchial challenge, such 344 
as the mannitol test (25). Further, since a maximal response plateau occurs less frequently 345 
in individuals with a greater degree of airway responsiveness (40), our findings should not 346 
be generalized to individuals with moderate-to-severe asthma/EIB.  347 
 348 
Our study used two control conditions, whereby hydration was maintained during exercise 349 
and a rest period. The purpose of the rest condition was to rule out airway refractoriness 350 
as a confounding variable. Given that i) ventilation during exercise remained relatively low, 351 



ii) that FEV1 and PEF were not different to baseline at 10 min post-exercise in either the 352 
control or dehydration condition, and iii) that no difference in airway responsiveness was 353 
noted between the two control conditions, we can be confident that the exercise protocol 354 
used to induce dehydration did not cause airway refractoriness and therefore interfere with 355 
our results. 356 
 357 
A concurrent aim of our study was to establish the effect of exercise-induced dehydration 358 
on basal pulmonary function. In contrast to previous research (15, 18), our results suggest 359 
that dehydration causes a reduction in FVC (with no associated change in FEV1). 360 
Previously, induced dehydration, by either fluid deprivation (15) or diuretic drug 361 
administration (18), had no effect on FVC. However, both types of intervention caused 362 
either a decrease (15) or an increase (18) in FEV1. The divergence in pulmonary function 363 
results in response to dehydration may be due to the various protocols. Fluid deprivation 364 
for 16 h resulted in smaller decreases in body mass than noted in the current study (range: 365 
0.0 to 2.5% (15) vs. 1.5 to 4.4% in our study). While a more pronounced state of 366 
dehydration was induced by diuretics (∼4.5 % loss of body mass) (18), the different types 367 
of water loss (hypertonic vs. isosmotic) may have contributed to the discrepancy in the 368 
findings. Exercise-induced dehydration is well known to increase plasma osmolarity, 369 
whereas dehydration induced via diuretic administration generally results in isosmotic 370 
hypovolemia (37). In the present study, the increase in plasma osmolarity might have 371 
caused a redistribution of fluid away from the airways, which, in turn, may have affected 372 
lung volumes. That an inverse relationship was found in a large (>10,000) adult population 373 
between serum osmolarity and FVC (33) supports the idea that hypertonic dehydration 374 
could adversely affect pulmonary function. 375 
 376 



In our study, the reduction in FVC was associated with a concomitant increase in RV, FRC 377 
and RV/TLC ratio; the latter a marker of air trapping (22). Further, a positive association 378 
was found between the degree of dehydration (as inferred by the reduction in body mass) 379 
and the increase in RV. Together, these results suggest that exercise-induced dehydration 380 
primarily affects the small airways. We propose that the main underlying mechanism for 381 
these changes is reduced peripheral airway stability caused by a change in the properties 382 
and/or volume of airway surface liquid in a dehydrated state. Airway surface liquid has low 383 
surface tension, which inhibits small airway closure at low lung volumes (27). If exercise-384 
induced dehydration increases airway surface tension, it would explain the reduction in 385 
FVC and the increase in RV. At present, there are no data pertaining to the effect of airway 386 
surface dehydration on surface tension; however, cystic fibrosis (a condition that causes 387 
depletion of airway surface liquid) may offer a reasonable model. Inhalation of dry powder 388 
mannitol – a treatment known to increase the secretion of fluid to the airway surface (9) – 389 
has been shown to reduce surface tension of mucus secretions (10). It is reasonable to 390 
speculate, therefore, that the reduced FVC and increased RV under dehydration in the 391 
present study were caused by an increased airway surface tension.  392 
 393 
Our data show that mild exercise-induced dehydration results in sustained, clinically 394 
significant reductions in FVC [>200 ml (32)] in the majority of athletes with mild 395 
asthma/EIB. Due to controversy over a potential impairment of airway secretions in 396 
individuals with asthma (23, 29, 30), our findings may not be applicable to all athletes. 397 
Nonetheless, considering the widespread prevalence of asthma/EIB in elite sport (13), the 398 
functional relevance of these findings deserves further attention. That end-expiratory lung 399 
volume decreases with exercise and that dehydration may affect peripheral airway stability 400 
at low lung volumes, it is tempting to speculate that exercise-induced dehydration may 401 
increase the risk of cyclic opening and closure of peripheral airways during exercise. In 402 



vitro, the re-opening of closed airways can cause epithelial injury (6). As repeated 403 
epithelial injury is regarded as a key mechanism in the pathogenesis of EIB in athletes (3), 404 
these findings could be highly relevant in the context of EIB.  405 
 406 
In conclusion, whole-body dehydration does not exacerbate airway responsiveness in 407 
recreational athletes with mild asthma/EIB. However, lung volumes (incl. FVC, RV, FRC 408 
and RV/TLC) could be compromised in a state of mild dehydration. The functional and 409 
clinical relevance of these novel findings are yet to be established. 410 
  411 
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Figure Captions  544 
 545 
Figure 1. Schematic of protocol to assess changes in airway responsiveness and 546 
pulmonary function in a dehydration condition (2 h of exercise in the heat with fluid 547 
restriction), a control condition (2 h of exercise in ambient conditions with voluntary fluid 548 
consumption), and a time-matched rest condition (2 h of rest with voluntary fluid 549 
consumption). EVH, eucapnic voluntary hyperpnea; DLCO, diffusing capacity of the lung 550 
for carbon monoxide; V̇E, ventilation; HR, heart rate.  551 
 552 
Figure 2. Change in forced expiratory volume in 1 sec (FEV1) after: i) exercise in a 553 
dehydrated state (dehydration), ii) exercise in a euhydrated state (control), and iii) a time-554 
matched rest condition (rest). Data are for ten recreational athletes with mild asthma 555 
and/or exercise-induced bronchoconstriction. Data are median and inter-quartile range.  556 
 557 
 558 
Figure 3. Change in forced vital capacity (FVC) after: i) exercise in a dehydrated state 559 
(dehydration), ii) exercise in a euhydrated state (control), and iii) a time-matched rest 560 
condition (rest). Data are for ten recreational athletes with mild asthma and/or exercise-561 
induced bronchoconstriction. Data are mean ± 95% confidence interval. * P≤0.05, different 562 
vs. control and rest; ** P≤0.01 different vs. control and rest. Reduction in FVC >200 ml (---) 563 
is considered clinically meaningful (32). 564 
 565 
Figure 4. Change in functional residual capacity (FRC) and residual volume (RV) after: i) 566 
exercise in a dehydrated state (dehydration), ii) exercise in a euhydrated state (control), 567 
and iii) a time-matched resting condition (rest). Data are for ten recreational athletes with 568 
mild asthma and/or exercise-induced bronchoconstriction. Data are mean ± 95% 569 
confidence interval. 570 



 571 
Figure 5. Relationship between change in body mass and change in residual volume (RV) 572 
after 2 h of exercise with fluid restriction.  573 
 574 
 575 
  576 
 577 
 578 
  579 



Table 1. Dynamic lung indices at baseline and after: i) exercise in a dehydrated state 580 
(dehydration), ii) exercise in a euhydrated state (control), and iii) a time-matched rest 581 
period (rest). 582 
  

Dehydration Control Rest 

FEV1 (l) Baseline 4.21 ± 0.89 4.17 ± 0.87 4.18 ± 0.85 

 10 min post 4.24 ± 0.90 4.21 ± 0.96 4.28 ± 0.90

 120 min post 4.23 ± 0.89 4.24 ± 0.93 4.31 ± 0.92 
 Rehydrated (60 min post-EVH) 4.19 ± 0.94 4.10 ± 0.90 4.10 ± 0.81 

FVC (l) Baseline 5.09 ± 1.22 5.09 ± 1.23 5.12 ± 1.19 

 10 min post 4.79 ± 1.10*CR 5.00 ± 1.21*R 5.10 ± 1.17 

 120 min post 
 
4.89 ± 1.10*CR 

 
5.06 ± 1.20 5.17 ± 1.25 

 Rehydrated (60 min post-EVH) 5.00 ± 1.20* 5.03 ± 1.25 5.06 ± 1.21

PEF (l⋅s-1) Baseline 9.13 ± 2.25 9.13 ± 2.13 9.20 ± 2.10 

 10 min post 
 
9.16 ± 2.01 9.47 ± 2.47 9.64 ± 2.44 

 120 min post 
 
9.12 ± 2.16 9.36 ± 2.31  9.62 ± 2.32 

 Rehydrated (60 min post-EVH) 8.90 ± 2.17 9.10 ± 2.40 8.89 ± 1.94 
 583 
Data are mean ± SD for 10 participants. FEV1, forced expiratory volume in 1 s; FVC, 584 
forced vital capacity; PEF, peak expiratory flow. * P<0.05, different versus baseline; C  585 
P<0.05, different versus control at corresponding time point; R P<0.05, different versus rest 586 
at corresponding time point. 587 
 588 
 589 
  590 



Table 2. Static lung volumes and capacities at baseline and after: i) exercise in a 591 
dehydrated state (dehydration), ii) exercise in a euhydrated state (control), and iii) a time-592 
matched rest period (rest). 593 
 594 
  Dehydration Control Rest 

TLC (l) Baseline 6.70 ± 1.58 6.72 ± 1.55 6.72 ± 1.66 

 
 
60 min post 6.74 ± 1.61 6.66 ± 1.62 6.71 ± 1.59 

FRC (l) Baseline 3.40 ± 0.99 3.46 ± 1.02 3.49 ± 0.97 

 60 min post 3.65 ± 0.90*C 3.35 ± 0.95R 3.55 ± 1.02 

RV (l) Baseline 1.73 ± 0.46 1.76 ± 0.45 1.77 ± 0.55 

 60 min post 1.99 ± 0.57*C 1.74 ± 0.51 1.81 ± 0.59 

ERV (l) Baseline 1.67 ± 0.64 1.71 ± 0.67 1.72 ± 0.61 

 60 min post 1.67 ± 0.48 1.61 ± 0.56 1.74 ± 0.66 

RV/TLC (%) Baseline 25.9 ± 2.9 26.1 ± 2.5 26.2 ± 3.1 

 60 min post 29.3 ± 2.9*C 26.1 ± 3.0 26.8 ± 4.5 
 595 
Data are mean ± SD for 10 participants. TLC, total lung capacity; FRC, functional residual 596 
capacity; RV, residual volume; ERV, expiratory reserve volume; * P<0.05, different versus 597 
baseline;  C P<0.05, different versus control at corresponding time point; R P<0.05, different 598 
versus rest at corresponding time point.  599 
 600 
 601 
 602 
 603 
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 605 
Table 3. Indices of diffusing capacity at baseline and after: i) exercise in a dehydrated 606 
state (dehydration), ii) exercise in a euhydrated state (control) and iii) a time-matched rest 607 
period (rest). 608 
 609 
  Dehydration Control Rest 

DLCO (mmol⋅min-1⋅kPa-1) Baseline 10.14 ± 2.81 9.92 ±2.69 10.16 ± 2.87 

 90 min post 10.07 ± 2.85 9.72 ± 2.53 9.71 ± 2.61 

KCO (mmol⋅ min-1⋅kPa-1⋅l-1) Baseline 1.65 ± 0.22 1.65 ± 0.25 1.63 ± 0.27 

 90 min post 1.63 ± 0.20 1.60 ± 0.22 1.57 ± 0.25 

VA (l) Baseline 6.16 ± 1.55 6.05 ± 1.45 6.13 ± 1.51 

 90 min post 6.18 ± 1.58 6.13 ± 1.50 6.21 ± 1.53 

Data are mean ± SD for 9 participants. DLCO, diffusing capacity of the lung for carbon 610 
monoxide; KCO transfer coefficient, VA alveolar volume.   611 
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