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                                      Exercise-induced Dehydration Does not Alter Time 
Trial or Neuromuscular Performance

mild to moderate levels of dehydration can still 
negatively impact these types of eff orts   [ 32 ]  .
  Dehydration may potentially infl uence perform-
ance through a reduction in neural drive, similar to 
that observed in hyperthermia   [ 27 ]  . For example, 
hypohydration of  − 2.1 % body mass was shown to 
reduce volitional peak force of the knee extensors 
by 7.8 %   [ 21 ]  . In contrast others have reported that 
dehydration ranging from 3–4 % reduction in body 
mass altered neither knee extensors   [ 3   ,  22 ]   nor 
elbow fl exor   [ 8 ]   strength. Elevations in  T  c  during 
endurance exercise result in changes in pace in 
both running and cycling   [ 20   ,  33 ]  , as well as mus-
cle recruitment strategy   [ 19 ]  . Fluid homeostasis 
and thermoregulation are intimately linked within 
the central nervous system (CNS) with elevations 
in plasma osmolarity and circulating levels of 
angiotensin II and vasopressin, which act to alter 
sympathetic outfl ow and behavioral responses to 
thermal challenge   [ 35 ]  . Given this close relation-
ship it has been suggested that hypohydration 
may infl uence central drive, although this has yet 
to be conclusively demonstrated   [ 13 ]  .
  Therefore, the aim of this study was to examine 
the eff ect of dehydration, independent of hyper-
thermia, on both 5-km cycling time trial (TT) 
performance and neuromuscular drive. It was 

        Introduction
 ▼
   The decrease in endurance performance in the 
presence of dehydration of at least 2 % body mass 
is thought to be a consequence of the reduction 
in plasma volume and increase in plasma osmo-
larity   [ 1   ,  6 ]  . Hypertonicity delays the onset of 
sweating, thereby increasing core temperature 
( T  c )   [ 31 ]  , which in turn increases cardiovascular 
strain by increasing the competition for blood 
fl ow between the skin and working skeletal mus-
cle. Studies examining the eff ect of hydration on 
thermoregulation and exercise typically report 
either attenuated rises in  T  c  or enhanced exercise 
capacity when hydration is maintained   [ 2 ]  .
  The majority of studies examining the relation-
ship between dehydration and endurance per-
formance have used protocols lasting > 30 min. 
Much less is known about how dehydration 
aff ects performance in shorter-duration, high-
intensity events lasting between 3 and 15 min, 
such as middle-distance running, track cycling 
and rowing. This is of particular importance as 
dehydration is used to qualify for weight classes 
and athletes may also be required to compete in 
multiple events without adequate time to replen-
ish lost fl uid. However, there is evidence that 
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                                      Abstract
 ▼
   This study examined the eff ect of exercise-
induced dehydration by ~4 % body mass loss on 
5-km cycling time trial (TT) performance and 
neuromuscular drive, independent of hyperther-
mia. 7 active males were dehydrated on 2 occa-
sions, separated by 7 d. Participants remained 
dehydrated (DEH, −3.8 ± 0.5 %) or were rehy-
drated (REH, 0.2 ± 0.6 %) over 2 h before complet-
ing the TT at 18–25  °C, 20–30 % relative humidity. 
Neuromuscular function was determined before 
dehydration and immediately prior the TT. The 
TT started at the same core temperature (DEH, 

37.3 ± 0.3 °C; REH, 37.0 ± 0.2  °C (P > 0.05). Nei-
ther TT performance (DEH, 7.31 ± 1.5 min; REH, 
7.10 ± 1.3 min (P > 0.05)) or  % voluntary activation 
were aff ected by dehydration (DEH, 88.7 ± 6.4 %; 
REH, 90.6 ± 6.1 % (P > 0.05)). Quadriceps peak 
torque was signifi cantly elevated in both trials 
prior to the TT (P < 0.05), while a 19 % increase in 
the rate of potentiated peak twitch torque devel-
opment (P < 0.05) was observed in the DEH trial 
only. All other neuromuscular measures were 
similar between trials. Short duration TT per-
formance and neuromuscular function are not 
reduced by dehydration, independent of hyper-
thermia.
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hypothesized that despite starting at a similar  T  c , dehydration 
would reduce voluntary activation of the working skeletal mus-
cle and thereby reduce cycling TT performance.

    Materials and Methods
 ▼
    Participants
  7 male volunteers (mean ± SD, age, 23 ± 4 years; height, 178.8 ± 
6.1 cm; body weight, 80.6 ± 10.2 kg; body composition, 19 ± 6.8 %; 
peak oxygen consumption (  ̇VO 2peak ), 52.7 ± 7.9 ml.min  − 1 .kg  − 1 ; 
and peak power output (PPO, 371 ± 57 W)) participated in this 
study after providing written informed consent. All participants 
were recreationally active, non-smokers and familiar with 
cycling. Participants were requested to abstain from the con-
sumption of caff eine for 12 h and alcohol for 24 h and refrain 
from strenuous physical activity in the 24 h prior to testing. The 
experiment was approved by the University Ethics in Human 
Research Committee and conformed to the ethical standards 
prescribed by the journal   [ 12 ]  .

    Procedures and experimental design
  Each participant completed 3 sessions; a familiarization session 
followed, in a randomized, counterbalanced order by dehydra-
tion (DEH) and rehydration (REH) trials. Experimental sessions 
were separated by a week and performed at the same time of 
day. During familiarisation, participants’ height and body mass 
were obtained using standard procedures and whole-body com-
position was determined by dual X-ray absorptiometry (XR800, 
Cooper Surgical Company, USA). Participants then performed an 
incremental cycle test to determine   ̇VO 2peak  and were then 
familiarized with the neuromuscular testing procedure.
  For experimental trials, participants arrived at the laboratory in 
a euhydrated state and voided. Nude body mass was measured 
and used as the basis for determining  % body mass loss. After 
sitting quietly for 10 min, a baseline blood sample was obtained. 
Subjects then performed a baseline neuromuscular assessment 
before actively dehydrating by~4 % body mass. Once the required 
loss in body mass was achieved, subjects rested for 2 h, during 
which time they either remained dehydrated or rehydrated by 
consuming a volume of water equivalent to 115 % loss of the 
body mass. Rehydration proceeded according to a schedule with 
the fi rst third of the required volume being consumed within 
15 min. After a 5-min break the remaining 2/3 were consumed 
in 7 equal volumes separated by 10-min intervals. Participants 
rested a further 30-min to allow gastric emptying and water 
absorption while being cooled with fans to ensure  T  c  returned to 
baseline values prior to commencing the 5-km cycling TT per-
formance test. Immediately prior to the TT a second blood sam-
ple was obtained, and subjects performed a post-intervention 
neuromuscular assessment.
  Individual   ̇VO 2peak  was determined using an incremental cycling 
test. Initial workload was set at 150 W and increased by 50 W 
every 3 min until volitional termination. Heart rate (HR) was 
recorded every minute (Polar Electro, Finland) and  V O 2peak  
determined when subjects attained an RER > 1.00 and an HR 
within 10 beats of their age-predicted maximum. The peak 
power output (PPO) obtained during the test was used to set the 
workload for the exercise-induced dehydration protocol.
  Subjects were dehydrated using an active protocol to simulate 
ecologically valid conditions. Participants rode a bicycle (Avanti 
Corsa, New Zealand) attached to an indoor trainer (Tacx, Nether-

lands) for 2 h at 50–65 % of their PPO (60 min at 50 % PPO, 30 min 
at 65 % PPO, 30 min at 50 % PPO) in a climate chamber set at 37  °C 
and 65 % relative humidity ( rh ) with no access to fl uids. Changes 
in nude body mass were calculated every 30 min corrected for 
urine loss. The  T  c  was monitored by telemetry pill (VitalSense, 
Minimitter, USA) ingested ~2 h prior to arriving at the laboratory.
  Blood samples were taken from the median cubital vein prior to 
the dehydration protocol and immediately preceding the TT. 
Blood was collected in iced lithium heparin tubes (Vacutainer, 
Becton Dickinson, USA) and immediately centrifuged for 10 min 
at 4  °C. Plasma was analysed for P Osm  (Advanced Micro Osmom-
eter 3300, Advanced Instruments Inc, USA), Na  +   and K  +   (ABL825 
Radiometer, Denmark), with the euhydration cut-off  set at  < 290 
mOsm.l  − 1 . Hematocrit (Hct) was determined in triplicate (Jouran 
Hematocrit Centrifuge, Centri A13).

    Time trial protocol
  The 5-km cycling TT was performed as fast as possible. The labo-
ratory conditions were maintained via a closed circuit climate 
control unit at 18–25  °C and 20–30 % relative humidity ( rh ). No 
feedback was off ered apart from the elapsed distance at the end 
of each km. Speed, power, cadence, HR,  T  c , and electromyo-
graphic (EMG) data were recorded at the start and then at the 
completion of each km. The rating of perceived exertion (RPE) 
  [ 4 ]  , perceived thirst   [ 26 ]   and thermal comfort (0 unbearably 
cold to 8 unbearably hot) were assessed at the same time points. 
There was no access to fl uids throughout the performance test. 
To minimize the potential learning eff ect, each subject com-
pleted a 5-km cycling TT in the familiarization session under 
similar conditions to the experimental trials.

    Neuromuscular tests
  Neuromuscular testing of the right knee extensors was per-
formed using a modifi ed leg extension bench (York Barbell Co., 
Canada) with a static load cell (model UU-200 kg, Dacell, Applied 
Measurement Australia) attached to the bench lever. Partici-
pants were seated upright with hip and knee fl exed at 75 ° and 
90 ° (0 ° being full extension), respectively, secured via a harness. 
Prior to testing, a warm-up consisting of submaximal and maxi-
mal isometric contractions was performed   [ 7 ]  .
  Neuromuscular testing consisted of a series of 5 × 5 s maximal 
voluntary isometric contractions with superimposed stimula-
tion and 5 s rest with evoked twitch between each eff ort. The 
anode (Verity Medical Ltd, UK) was positioned medially on the 
anterior aspect of the upper thigh, 10 mm below the inguinal 
fold with the cathode ~10 mm distal. The current was delivered 
by a constant current stimulator (Digitimer, UK) using a single 
square-wave pulse (200 μs, 400 V, 600–900 mA). Maximum cur-
rent was determined at the start of each session by increasing 
the current until twitch amplitude plateaued. The current was 
increased a further 20 % to ensure supra-maximal stimulation. 
Stimulus delivery was automatically triggered during each max-
imal voluntary contraction when the fi rst derivative of the 
torque data was ≤ 0. A second stimulus was manually delivered 
within each rest period. Torque data were initially corrected for 
gravity by off setting the data by the average torque during the 
second immediately prior to the fi rst maximal voluntary con-
traction.
  Maximal voluntary torque (MVT) during each superimposed 
contraction was determined as the average torque produced 
during the 50 ms immediately prior to stimulus. The contraction 
yielding the highest MVT was used for calculating the rate of 
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maximal voluntary torque development (RTD MVT ), surface EMG 
amplitude and superimposed maximal torque. The RTD MVT  was 
calculated as the fi rst derivative of the torque-time curve 
between torque onset and 2/3 of the MVT value. The mean 
torque-time curve determined from the fi nal 4 evoked twitch 
contractions was used to calculate potentiated peak twitch 
torque (Pt), the rate of Pt development and the rate of Pt relaxa-
tion   [ 7 ]  .
  During the TT and neuromuscular testing, surface EMG signals 
from the right  vastus lateralis ,  medialis  and  rectus femoris  were 
sampled using pre-amplifi ed single diff erential surface elec-
trodes (model DE-2.1, Delsys, USA). Data were band-pass fi ltered 
between 20–450 Hz using a zero-phase 2 nd  order Butterworth 
fi lter and full-wave rectifi ed. EMG activity during the TT was 
quantifi ed by calculating the average EMG (avEMG) from 20 s 
duration bins obtained at the start of the TT and immediately 
prior to each km, normalized relative to the start of the TT. EMG 
activity during the MVT was determined as the avEMG during 
the 50 ms period immediately prior to stimulation. The avEMG 
amplitude during the TT and MVT was summed between mus-
cles to provide a global indication of total knee extensor activity.
  The level of voluntary activation during the MVT contraction 
was calculated using the twitch interpolation using the follow-
ing equation:
  VA % = [1– (Interpolated Twitch Torque/Peak Potentiated Evoked 
Twitch Torque)]  ×  100
  where interpolated twitch torque was calculated as the maximal 
superimposed torque produced during the 50–150 ms period 
following the delivery of the stimulus minus MVT.

    Statistical analyses
  All data processing and analyses were performed using Matlab 
software (Version R2010b, The MathWorks Australia Pty Ltd, Aus-
tralia). Data are presented as means ± SD. Statistical procedures 
were performed using SPSS (v17, USA) with signifi cance set at 
P < 0.05. A 2-way repeated measures ANOVA was applied to iden-
tify intra-participant eff ects and a Greenhouse-Geisser or Huhyn-
Fundt correction applied when Mauchly’s W was  < 0.75 and  > 0.75, 
respectively. Bonferroni corrections were used for pairwise com-
parisons and a univariate repeated measures ANOVA used to 
determine the source of signifi cance. Eff ect sizes (ES,  Cohen’s d ) 
were calculated to analyze the magnitude of changes in neu-
romuscular responses for respective conditions. An ES of  < 0.2 is 
classifi ed as ‘trivial’, 0.2–0.5 as ‘small’, 0.5–0.8 as ‘moderate’ 
and > 0.8 as ‘large’ eff ect.

     Results
 ▼
    Temperature and hydration
  Body mass,  T  c  and blood variables are presented in      ●  ▶     Table 1  . The 
values for all these measures before exercise-induced dehydra-
tion were not diff erent between trials (P > 0.05). As expected,  T  c  
was increased signifi cantly by 1.9  °C (P < 0.01) for DEH and REH 
trials following exercise-induced dehydration, but returned to 
baseline prior to the start of the 5-km cycling TT. Body mass 
after exercise-induced dehydration was lower than baseline in 
both trials (P < 0.01) and remained lower following the 2-h 
recovery period in the DEH trial (P < 0.01). P Osm  and P Na  +  were 
signifi cantly (P < 0.05) higher following the recovery period for 
DEH, whereas P Osm  was signifi cantly (P < 0.05) reduced for the 
REH trial during the same period.

       Neuromuscular responses
  Voluntary and evoked neuromuscular performance data are pre-
sented in      ●  ▶     Table 2  . There were no diff erences (P > 0.05) in MVT, 
EMG, RTD MVT , VA % or RR Pt  between the 2 trials either before 
exercise-induced dehydration or following the recovery period. 
Pt was signifi cantly elevated in both DEH and REH trials prior to 
the start of the TT (P < 0.05). The ES was moderate when compar-
ing Pt for pre-dehydration and pre-5 km in the DEH ( d  = 0.60) 
and REH ( d  = 0.65) trials. The change in RTD Pt  increased by 19 % 
only in the DEH group (P < 0.05) with a large ES of  d  = 0.80 com-
pared with REH where the ES was trivial at  d  = 0.14. The ES for all 
other neuromuscular measures ranged from 0 to 0.3 (trivial to 
small;      ●  ▶     Table 2  ).

       Responses during time trial performance
  The time to complete the 5-km cycling TT was 7.31 ± 1.5 min for 
DEH and 7.10 ± 1.3 min for REH (P > 0.05). By the completion of 
the second km,  T  c  had increased signifi cantly from pre-exercise 
values (37.4 ± 0.2 vs. 37.0 ± 0.6  °C for DEH and REH, respectively; 
P < 0.05). However, this was not signifi cantly diff erent between 
DEH and REH trials at any point during the 5 km with terminal  T  c  
of 37.9 ± 0.2  °C for DEH and 37.4 ± 0.7  °C for REH (     ●  ▶     Fig. 1a  ). The 
change in  T  c  over the entire TT was 0.5 ± 0.2 and 0.4 ± 0.6  °C for 
DEH and REH, respectively. HR increased signifi cantly from pre-
exercise values at 1–5 km in both trials (P < 0.05;      ●  ▶     Fig. 1b  ) but 
was comparable between trials (P > 0.05). The PO was lower at 2, 
3 and 4 km compared with km 1 and 5 in both trials (P < 0.05), 
but was not diff erent between trials (P > 0.05;      ●  ▶     Fig. 1c  ). The 
EMG (     ●  ▶     Fig. 1d  ) tracked the PO over the 5-km cycling TT, but 

  Table 1    Temperature, body mass and blood parameters before and after dehydration, and following the recovery period (prior to 5-km time trial) for the 
dehydration (DEH) and re-hydration (REH) trials. 

    DEH Trial          REH Trial        

    Before 

 dehydration  

  After 

 dehydration  

  Following 

recovery  

  Δ ( %)    Before 

 dehydration  

  After 

 dehydration  

  Following 

recovery  

  Δ ( %)  

   T  c  ( °C)    37.0 ± 0.4    38.9 ± 0.8  a     37.3 ± 0.3    0.7 ± 1.1 %    36.5 ± 0.8    38.4 ± 1.1  a     37.0 ± 0.2    1.4 ± 1.7  
  body mass (kg)    81.8 ± 10.3    79.0 ± 10.0  a     78.7 ± 10.0  a,b     −3.8 ± 0.5 %    82.4 ± 10.8    79.8 ± 10.6  a     82.2 ± 10.7    0.2 ± 0.6 %  
  P Osm  (mOsm/l)    287.7 ± 5.3      297.7 ± 4.9  a,b     3.4 ± 0.9    286.5 ± 2.4      282.1 ± 3.4  a     −1.5 ± 0.8  
  P Na  (mmol/l)    140.4 ± 1.8      143.8 ± 1.8  a     2.5 ± 1.0    139.1 ± 3.2      136.6 ± 1.0  a     −1.8 ± 2.6  
  P K +   (mmol/l) 
 hematocrit ( %)  

  4.0 ± 0.4 
 48.7 ± 2.6  

    4.3 ± 0.2  a  
 51.6 ± 3.0  

  9.5 ± 12.2 
 6.1 ± 7.2  

  4.0 ± 0.2 
 48.3 ± 1.9  

    4.1 ± 0.2  a  
 49.8 ± 2.5  

  4.2 ± 5.9 
 3.2 ± 5.4  

 Tc, core temperature; P OSM , plasma osmolarity; P Na , sodium; P k +  , potassium; Δ( %), percent change from before the dehydration protocol to immediately prior to the 5-km TT. 
 a Indicates a signifi cant diff erence from before the dehydration protocol within the respective trial (p < 0.05).  b Indicates signifi cance compared with the REH trial (p < 0.05). Data 
presented as mean ± SD 
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was not diff erent across intervals or between trials (P > 0.05). No 
diff erences in speed or cadence were observed within or 
between trials (P > 0.05). RPE (     ●  ▶     Fig. 1e  ), thermal comfort and 
thirst sensation (     ●  ▶     Fig. 1f  ) were signifi cantly higher at 3, 4 and 
5 km compared to the initial rating in both trials (P < 0.05), with 
the thirst sensation rating higher in DEH compared to REH from 
the start of the TT (P < 0.05). No diff erences in RPE or thermal 
comfort were observed between trials (P > 0.05).

      Discussion
 ▼
   This study investigated the eff ect of exercise-induced dehydra-
tion on neuromuscular and 5-km cycling TT performance, inde-
pendent of exercise-induced hyperthermia. Our data show that 
TT performance remained unchanged by~4 % loss of body mass 
in the absence of thermal strain. Voluntary activation was also 
unaff ected by either dehydration or rehydration, disproving our 

    Fig. 1    Core temperature  a , heart rate  b , power 
 c , EMG ratio ( d ; normalized to initial sprint), rating 
of perceived exertion (RPE,  e ) and thirst sensation 
 f  at 1-km intervals over the 5-km time trial for the 
dehydration (DEH; closed squares) and rehydra-
tion (REH; open squares). *P < 0.05 compared with 
start (0 km);  #  P < 0.05 compared with end of trial 
at 5 km. Values are means ± SD. 
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  Table 2    Voluntary and evoked neuromuscular performance pre dehydration and pre 5-km TT for dehydration (DEH) and re-hydration (REH) trials. 

    DEH Trial        REH Trial      

    Pre-dehydration    Pre 5 km TT    ES ( d )    Pre-dehydration    Pre 5-km TT    ES ( d )  

  MVT (Nm)    325 ± 60    312 ± 65    0.20    317 ± 68    305 ± 52    0.19  
  EMG (mV)    5.19 ± 1.44    4.88 ± 0.69    0.27    4.80 ± 1.47    4.98 ± 1.72    0.11  
  RTD MVT  (Nm.s −1 )    1 449 ± 455    1 325 ± 595    0.23    1 185 ± 585    1 309 ± 326    0.26  
  VA( %)    90.7 ± 6.9    88.7 ± 6.4    0.30    90.6 ± 5.1    90.6 ± 6.1    0.00  
  Pt (Nm)    85.6 ± 23.6    97.7 ± 16.5*    0.60    91.7 ± 17.2    102 ± 13.9*    0.65  
  RTDpt (Nm.s -1 )    782 ± 215    933 ± 161*    0.80    888 ± 114    910 ± 174    0.14  
  RRpt (Nm.s -1 )     − 513 ± 160     − 534 ± 191    0.12     − 531 ± 178     − 544 ± 151    0.07  
 MVT, maximal voluntary torque; EMG, average electromyographic amplitude of 50 ms immediately prior to stimulation; RTD MVT , relative voluntary torque development; VA, 
voluntary activation; P t , peak potentiated twitch torque; RTD Pt , rate of peak potentiated twitch torque development; RR Pt , rate of peak potentiated twitch torque relaxation. 
*P < 0.05 compared with pre-dehydration values. Data presented as mean ± SD. ES is eff ect size (Cohen’s  d ) 
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hypothesis, at least for the dehydration attained in the present 
study.
  Maintenance of body water is thought to provide protection from 
thermal injury, reduce physiological strain and either maintain or 
improve exercise performance   [ 29 ]  . However, the importance of 
hydration for exercise performance is not always reconciled with 
observations from the fi eld where the fastest fi nishers in com-
petitive events are often those who experience the highest degree 
of dehydration   [ 30   ,  36 ]  . In addition, during a laboratory TT, fl uid 
replacement did not improve performance in moderate or warm 
environments   [ 14 ]  . In a recent meta-analysis, levels of exercise-
induced dehydration, similar to those in the present study, did 
not reduce cycling TT performance, although a decline in per-
formance for time-to-exhaustion protocols was reported   [ 9 ]  . 
These data suggest the infl uence of dehydration may, in part, be 
protocol-specifi c. Our results complement these fi ndings, as 
dehydration failed to alter power output or pacing strategy. 
Although our ambient temperature during the cycling TT was 
maintained at 18–25  °C and 20–30 % relative humidity, it might 
be possible that varying ambient temperatures could confound 
our interpretation as warmer ambient temperatures could raise 
skin temperature and reduce TT performance as previously pos-
ited   [ 34 ]  . However, in a recent study, subjects completed a 7.5-km 
self-paced cycling TT with at least 4.5 km under high radiant heat 
  [ 18 ]  . The cycling TT was completed with precooling, under heat 
stress or a in a control condition. The authors found that even 
though skin temperature was lower in precooling and control 
compared to heat stress, the time to complete the 7.5 km was not 
diff erent. It was concluded that skin temperature during a 7.5-km 
cycling TT does not infl uence performance or pacing strategy. 
Therefore, it is unlikely that the ambient temperature range in the 
present study infl uenced the TT outcome through its eff ects on 
skin temperature given the short exercise time of~7.2 min.
  Findings from previous studies have been confounded by the 
development of hyperthermia and fatigue as a result of the 
dehydration protocol itself. In the present study, active dehydra-
tion was accomplished for both trials to control for fatigue as a 
potential confounding factor. We also provided a 2 h rest 
between the exercise-induced dehydration and 5-km cycling TT 
to ensure  T  c  returned to baseline so that performance in the 
5-km cycling TT was not aff ected by the  T  c  response   [ 18 ]  . How-
ever, despite being relatively short and performed in a mild envi-
ronment,  T  c  increased throughout DEH, although there was no 
signifi cant diff erence between trials with  T  c  remaining below 
that normally associated with central fatigue (39.5ºC).
  Previous studies have reported dehydration as having a negative 
eff ect on performances lasting 3–15 min. Armstrong et al.   [ 1 ]   
found 1 500 and 5 000-m times increased in response to diu-
retic-induced dehydration, although maximal aerobic capacity 
was unaff ected. Moquin and Mazzeo   [ 23 ]   also reported no 
change in aerobic capacity, but observed a reduction in lactate 
threshold and time to exhaustion after exercise-induced dehy-
dration. Similarly, reduced performance has been observed in 
rowers following dehydration-rehydration, although perform-
ance decrement was marginal   [ 32 ]   and attributed to lower 
plasma volume and decreased muscle glycogen utilization   [ 6 ]  . 
Notably, in this latter study rehydration was not complete as 
body mass remained signifi cantly less than baseline and plasma 
volume was not restored. In contrast, dehydration by 4 % body 
mass did not impact 15-min cycling TT when ambient tempera-
ture was < 20 °C   [ 15 ]  . Therefore, the lack of a performance defi cit 
in the 5-km cycling TT in the current study may be attributable 

to the relatively cool environment (18–25 °C). However, a possi-
ble limitation in the present study is the participant sample, 
which may compromise detectable diff erences in 5-km cycling 
TT. Nonetheless, other studies evaluating exercise performance 
and dehydration/rehydration have used samples ranging from 
 n  = 6 to 11   [ 5   ,  6   ,  10   ,  11   ,  17   ,  21 ]  . The fi ndings from these previous 
studies are generally inconclusive with respect to either muscu-
lar strength or exercise performance, thus the present results 
are not dissimilar with what is reported in the literature.
  Despite the subjects being dehydrated by ~4 %, the HR response 
during the cycling TT was no diff erent between the 2 groups. 
This fi nding is in agreement with previous work   [ 29 ]   and sug-
gests that dehydration has little impact on VO 2  and HR during 
maximal exercise when both  T   c   and skin temperature are low. In 
contrast, increases in  T   c   and skin temperature with or without 
dehydration increase HR and decrease oxygen uptake, indicating 
that hyperthermia, not hypohydration, is likely the predominant 
infl uence on performance   [ 25 ]  . Nybo et al.   [ 25 ]   also observed no 
change in HR in hypohydrated subjects when skin temperature 
was low, although maximum HR occurred sooner during a max-
imal exercise test and performance was reduced. A similar 
decrease in performance was also observed in the study by Sal-
tin   [ 28 ]   and is in striking contrast to the lack of performance 
decrement observed in the current study. Interestingly, both of 
these studies used time to exhaustion protocols compared to the 
cycling TT used in our study, again suggesting dehydration may 
infl uence performance in a protocol-specifi c manner.
  While increases in  T  c  have been shown to decrease voluntary 
activation   [ 24 ]  , we did not observe a similar decline in response 
to dehydration. The increase in P OSM  achieved in the current 
study was similar to that shown to delay the onset of sweating 
and cutaneous dilation   [ 31 ]  , suggesting the level of dehydration 
achieved should have been of suffi  cient magnitude to evoke 
responses from the CNS. While we cannot rule out the possibil-
ity that a greater degree of dehydration may be inhibitory, the 
present fi ndings indicate that dehydration does not independ-
ently aff ect neuromuscular drive. These data support those of 
recent studies in which there was no change in the central acti-
vation ratio after dehydration of 2.5–5.0 %   [ 13 ]  . In fact, at dehy-
dration levels of 2–4 % body mass defi cit, EMG amplitude either 
during isometric or isokinetic muscle contraction remained 
unchanged compared with control   [ 8 ]  . These authors concluded 
that the electrolyte and fl uid shifts that accompany dehydration 
of similar magnitude are unlikely to negatively aff ect neuromus-
cular activation. Our electrolyte and fl uid changes support this 
conclusion. Interestingly, unlike the present fi ndings these pre-
vious studies reported a decrease in performance during endur-
ance exercise.
  However, a novel fi nding from the present study is the dehydra-
tion-related increase in RTD pt  as confi rmed by the large eff ect 
size between the pre-dehydration and pre-5-km cycling TT 
measures in DEH. The RTD pt  is dependent on intracellular cal-
cium concentration as the quantity and speed of calcium release 
is critical in the production of torque. While we do not currently 
have an explanation for this particular phenomenon it may be a 
mechanism through which muscle contraction is maintained 
during dehydration and is worthy of further investigation.
  Finally, the present data do not support the notion that thirst 
sensation negatively aff ects performance, at least with 
eff orts < 10 min, as thirst sensation increased markedly in the 
dehydration trial between 3 and 5 km, yet there was no diff er-
ence in power output. Previous studies have reported increased 
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RPE in response to dehydration and increased thirst, in contrast 
to what was observed with our participants   [ 26 ]  . Critically, in 
both of these studies individuals exercised in the heat and for 
prolonged periods at a low intensity resulting in high core and 
skin temperatures. Given that cooling the skin has been shown 
to reduce thirst sensation   [ 16 ]  , it may be that thirst amplifi es the 
impact skin and core temperature have on RPE rather than being 
a primary driver.

    Conclusions
 ▼
   Irrespective of the thermoregulatory implications, the present 
fi ndings do not support the popular view that dehydration by as 
little as 2 % of body mass degrades performance, at least for a self-
paced 5-km cycling TT. Dehydration does not appear to reduce 
neural drive to the muscle independently, but may still act syner-
gistically with skin temperature, core temperature or both.
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