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Abstract Water drinking activates sympathetic vasocon-

striction in healthy young adults; however, this is not

accompanied by a concomitant increase in resting blood

pressure. It is not known whether the water pressor effect is

unmasked by a physiological condition such as exercise.

Therefore, we examined the effect of water ingestion (50 vs.

500 mL) on the cardiovascular and autonomic responses to

isometric handgrip in 17 healthy participants (9 men, 8

women, aged 28.4 ± 9.7 years). Beat-to-beat blood pres-

sure and R–R intervals were recorded in both conditions at

rest (pre- and post-ingestion) and during handgrip at 30% of

maximal voluntary contraction. R–R series were spectrally

decomposed using an autoregressive approach. Water

ingestion did not interact with the increase in mean arterial

pressure (MAP) from rest to exercise, which was similar

between conditions. In contrast, there was an overall

bradycardic effect of water and this was accompanied by

increased high frequency power (condition main effect,

p \ 0.05). When the differences in high frequency power

between conditions were controlled for, MAP was signifi-

cantly higher after drinking 500 mL of water (condition

main effect, p \ 0.05). In addition, water ingestion atten-

uated the increase in the low to high frequency power ratio

from rest to handgrip (interaction effect, p \ 0.05). In

conclusion, the rise in blood pressure post-water ingestion

is prevented both at rest and during isometric handgrip.

Interestingly, this is not sustained after controlling for the

enhanced vagal drive caused by water ingestion. Therefore,

the mechanisms underlying this response most likely

depend on reflex bradycardia of vagal origin.

Keywords Blood pressure � Autonomic function �
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Introduction

Acute water ingestion has several effects on human car-

diovascular autonomic regulation and has been successful

in minimizing negative orthostatic symptoms by increasing

blood pressure and total peripheral resistance (Jordan et al.

2000; Lu et al. 2003; Schroeder et al. 2002; Scott et al.

2001). Ingestion of *500 mL of water augments sympa-

thetic vasoconstrictor tone, as shown by increases in

muscle sympathetic nerve activity, calf vascular resistance,

and plasma norepinephrine (Jordan et al. 2000; Schroeder

et al. 2002; Scott et al. 2001). However, while in patients

with abnormal autonomic control and in the elderly water

ingestion has been shown to elicit an acute rise in blood

pressure between 11 and 30 mmHg (Jordan et al. 1999,

2000), this has not been seen in younger healthy individ-

uals (Routledge et al. 2002; Scott et al. 2001). Thus, pre-

vious research indicates that an enhanced sympathetic

drive is a normal response to water drinking but paradox-

ically an associated pressor effect is only present in those

with autonomic dysfunction. There is compelling evidence

that this may be due to a concomitant increase in cardi-

ovagal drive, which prevents a rise in the blood pressure of

healthy persons by means of reflex bradycardia (Brown

et al. 2005; Routledge et al. 2002).

Although most of these studies suggest the existence of

compensatory mechanisms that buffer the increase in blood
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pressure after water ingestion in healthy persons, it is not

known whether this is sustained during acute autonomic

provocative tasks (i.e., isometric handgrip exercise).

Isometric handgrip exercise is a simple, non-invasive and

well validated test of autonomic function that elicits both

positive chronotropism and inotropism (Khurana and Stetty

1996; Seals et al. 1994). According to past research,

increased heart rate and blood pressure during handgrip are

mediated by a combination of vagal withdrawal and sym-

pathetic activation (Iellamo et al. 1999; Kjaer and Secher

1992; Seals et al. 1994; Ebert 1986). Therefore, given that

isometric handgrip is accompanied by substantial vagal

withdrawal, it is possible that the physiological ability to

counteract the water pressor effect might be limited under

such form of exercise. According to this hypothesis, the

bradycardic effect of water ingestion would likely be

reduced during isometric handgrip; thus limiting the pri-

mary mechanism by which the cardiovascular system

compensates for the increased peripheral alpha adrenergic

stimulation involved in the water pressor effect (McHugh

et al. 2010). Ultimately, the systemic effects of water

ingestion might be manifested during isometric handgrip

and lead to an unfavorable hemodynamic profile during

exercise. Support for this hypothesis has been generated by

data showing that the bradycardic effect of facial cooling is

attenuated during exercise; thus unmasking the pressor

effect of facial cooling, not otherwise seen at rest (Smith

et al. 1997). Because the reflex adjustments in cardiovas-

cular function secondary to water ingestion are quite

similar to those seen after facial cooling (i.e. cardiovagal

activation, bradycardia, and peripheral vasoconstriction), it

is possible that the water pressor response may well be

unmasked during sustained isometric handgrip performed

by healthy adults (Brown et al. 2003). Yet, the acute effects

of water ingestion on the cardiovascular and autonomic

responses to isometric exercise have not been previously

studied.

Our main purpose was to determine, in a comprehensive

study, whether pre-exercise water ingestion affects the

cardiovascular and autonomic responses to isometric

handgrip exercise in healthy adults. Therefore, we com-

pared the changes in beat-to-beat blood pressure and cardiac

autonomic function, in transition from rest to isometric

handgrip, after the ingestion of 50 and 500 mL of water.

Methods

Subjects

We studied 17 healthy participants on no medications

(9 men and 8 women, age: 28.4 ± 9.7 years, height:

170.8 ± 6.0 cm, body mass: 67.4 ± 9.3 kg and body mass

index: 23.0 ± 2.3 kg/m2) with normal blood pressure

(systolic and diastolic values repeatedly \140/90 mmHg).

Participants were all non-obese and free from any known

cardiovascular or metabolic diseases, as assessed by med-

ical history. Previous studies have reported fluctuations in

autonomic function during the menstrual cycle (Sato et al.

1995; Saeki et al. 1997). For this reason, all women were

studied in the early follicular phase of their menstrual

cycle. Each participant was requested to avoid heavy

exercise for at least 24 h before testing and to have nothing

to eat or drink in the morning prior to testing. Participants

were also asked to empty their bladders just before testing.

Written informed consent was obtained from each partici-

pant and procedures were thoroughly explained before data

collection. This study was carried out with the approval

from the University’s Institutional Review Board and in

accordance with the Declaration of Helsinki.

Study design

Participants were evaluated over the course of two visits on

separate days at approximately the same time of the day

(between 0700 and 1100 hours). The participants acted as

their own controls and they all performed resting and static

handgrip protocols under the following two conditions

within a 1-week period: (1) 25-min post-ingestion of

50 mL of water and; (2) 25-min post-ingestion of 500 mL

of water. The order of testing was randomized. During the

first visit, standing height and body mass measurements

were taken with the participants wearing light-weight

clothes and no shoes. Height was obtained using a stadi-

ometer with measures obtained to the nearest 0.5 cm. Body

mass was measured on a balance-beam scale. Body mass

index (BMI) was calculated by dividing the participants’

mass in kilograms by the square of their height in meters.

Subsequently, participants were asked to assume the seated

position and maximal grip strength was measured using the

dominant hand with an electronic handgrip dynamometer

(TSD121C, Biopac Systems, Santa-Barbara Calif.) inter-

faced with a computer with visual feedback on the com-

puter monitor. Participants were given standardized

encouragement to produce maximal effort. Maximal

voluntary contraction (MVC) was determined using the

highest of three maximal contractions. After several min-

utes of seated rest to ensure complete hemodynamic

recovery, testing was started with a 3-min resting period

(baseline). Subsequently, in a randomized fashion, partic-

ipants ingested either 50 (control) or 500 mL (experimen-

tal) of water at room temperature within 90 s and remained

quietly seated for another 25 min. The period of 25 min

was chosen because previous studies have shown that the

physiological responses to water ingestion are maximal at

about 20- to 30-min post-ingestion (Routledge et al. 2002;
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Brown et al. 2005; Jordan et al. 2000; Scott et al. 2001).

Testing was then resumed for another 3 min of rest, fol-

lowed by a 3-min isometric handgrip contraction at 30% of

MVC. We chose a 3-min contraction period to standardize

the length of contraction, and a pilot testing revealed that

3 min was the longest contraction period possible to ensure

inclusion of both men and women. During the contraction

phase of the test, participants received visual feedback on

the computer monitor to help them produce the correct

force required. Testing was carried out in a laboratory with

an environmental temperature of between 21 and 24�C and

a relative humidity of between 44 and 56%.

Hemodynamic and autonomic measurements

Non-invasive continuous blood pressure recordings were

obtained from the middle finger of the non-dominant hand

using a Finometer device (TNO Biomedical Instrumenta-

tion, Amsterdam, The Netherlands). The blood pressure

signals were sampled and stored in a computer for posterior

analysis. R–R intervals were obtained by means of a Polar

R–R recorder (Polar R–R recorder RS 800 G3, Polar

Electro, Kempele, Finland) at a frequency of 1,000 Hz,

providing an accuracy of 1 ms for each R–R interval.

Blood pressure and R–R interval signal processing was

performed on 3-min epochs corresponding to different

physiological conditions.

The R–R signal was inspected and edited for ectopic beats

and artifacts using linear interpolation. Power spectral

analysis was performed based on autoregressive modeling,

following data detrending and re-sampling (4 Hz) (Kubios

HRV Analysis Software 2.0 for Windows, University of

Kuopio, Finland). The frequency domain variables included

the high (HF: 0.15–0.4 Hz) and the low frequency (LF:

0.04–0.15 Hz) bands. It is widely accepted that the HF power

reflects vagal modulation of heart rate and that both the LF

power and the ratio of LF/HF reflect a complex interplay

between sympathetic and parasympathetic modulation. The

physiological meaning of the very low frequency power

assessed from short-term recordings is less defined and its

interpretation is not recommended when analysing power

spectra density results (Camm et al. 1996). Finally, the ratio

of LF/HF was also calculated and used as an index of sym-

pathovagal balance (Pagani et al. 1986). All data acquisition

and post-acquisition analyses were carried out in accordance

with standards put forth by the Task Force of the European

Society of Cardiology and North American Society of

Pacing and Electrophysiology (Camm et al. 1996).

Statistical analysis

All data are reported as mean ± SD, unless otherwise

specified. Before comparing both conditions, data were

tested for normality and homoscedasticity with the

Kolmogorov–Smirnov and Levene’s tests, respectively.

Intraindividual differences between cardiovascular and

spectral heart rate variability (HRV) variables at baseline

(pre-ingestion) were compared by paired t tests. A two-way

ANOVA [condition (50 mL of water vs. 500 mL of water)

by time (rest vs. handgrip at 30% MVC)] with repeated

measures was conducted on all dependent variables to

compare differences in mean arterial pressure (MAP) and

HRV between post-ingestion of 50 (control) and 500 mL

(experimental) volumes. When a significant interaction was

observed, post hoc one-way ANOVAs were used to

determine where the difference occurred. Low and high

frequency power were transformed to their natural loga-

rithm for statistical analysis because of their skewed

distribution.

Previous studies have suggested that increased cardi-

ovagal modulation after water ingestion prevents the rise in

the blood pressure of healthy adults (Brown et al. 2005;

Routledge et al. 2002). In agreement with past research, we

also obtained an overall increase in HF power both at rest

and during handgrip post-500 mL of water. These differ-

ences in HF power between conditions (delta HF power:

50 vs. 500 mL) at each time point (rest vs. handgrip) were

highly correlated with each other, and therefore, they were

reduced to a single component using factor analysis.

Subsequently, we repeated the statistical analysis on MAP

using this single delta HF component as a covariate

(ANCOVA). This was done with the purpose of exploring

whether the increased cardiovagal modulation, resulting

from the ingestion of 500 mL of water, might eventually

compensate for the effects of heightened sympathetic

vasomotor discharge on blood pressure. Finally, we also

examined the Pearson correlation coefficients between

delta heart rate and delta HF power, from 50 to 500 mL, at

rest and during handgrip. All statistical calculations were

computed using SPSS version 17.0 and a significance level

of p \ 0.05 was used.

Results

All the cardiovascular and spectral HRV variables were

similar between testing days before water ingestion (base-

line) (Table 1). Figure 1 shows that, despite MAP increased

in transition from rest to handgrip at post-ingestion condi-

tions (time main effect: F = 139.7, p \ 0.05), there were

no differences between 50- and 500-mL volume at either

time point. In contrast, as shown in Fig. 2a, there was an

overall decrease in heart rate after drinking 500 mL of

water compared to that seen in the 50-mL condition (con-

dition main effect: F = 8.1, p \ 0.05). Nevertheless, heart

rate increased similarly between conditions from rest to
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static handgrip (time main effect: F = 91.1, p \ 0.05). As

for heart rate, but in the opposite direction, the ingestion of

500 mL of water resulted in an overall increase in HF power

compared to the ingestion of 50 mL (condition main effect:

F = 6.5, p \ 0.05). After water ingestion, HF power also

decreased significantly from rest to handgrip conditions and

this was similar between 50- and 500-mL volume (time

main effect: F = 43.0, p \ 0.05) (Fig. 2b). In addition,

Fig. 2c shows that the LF power was not affected by

drinking 500 mL of water at rest or during handgrip.

Moreover, despite significant (time main effect: F = 26.1,

p \ 0.05), the change in LF power from rest to handgrip

was similar between conditions. There was a significant

interaction for the LF/HF ratio (interaction effect: F = 5.9,

p \ 0.05), thus indicating that the overall change in this

parameter differed between conditions. Specifically, while

the LF/HF ratio was significantly increased from rest to

handgrip in the 50-mL condition (p \ 0.05); this did not

occur after drinking 500 mL of water (Fig. 2d).

We also intended to explore whether enhanced cardi-

ovagal modulation after 500 mL of water, both at rest and

during exercise, partially prevented the increase in MAP at

post-ingestion conditions. Because there was an overall

increase in resting and exercise HF power after drinking

500 mL of water compared to that occurring post-50 mL,

we reduced these differences between conditions to one

single component (delta HF component) which was then

used for the covariance adjustment. The results from the

ANCOVA, controlling for the delta HF component from 50

to 500 mL of water, are depicted in Fig. 3. In contrast to

that seen in Fig. 1, when the differences in HF power

between conditions (500 vs. 50 mL) were controlled for, the

overall MAP was significantly higher after drinking

500 mL of water (condition main effect: F = 5.0, p \
0.05). Finally, the decrease in heart rate from 50 to 500 mL

of water was significantly correlated with the changes

obtained in raw HF power both at rest (r = -0.77, p \
0.05) and during static handgrip (r = -0.85, p \ 0.05).

Discussion

The main finding of our study is that, in healthy adults, pre-

exercise ingestion of 500 mL of water did not increase the

pressor effect induced by sustained isometric handgrip at

30% MVC. Our data also indicate that the rise in blood

pressure after 500 mL of water was prevented by a con-

comitant bradycardic effect. Importantly, this occurred in

both resting and exercise conditions. Moreover, such

reduction in heart rate was accompanied by heightened HF

power spectral modulation which strongly suggests that it

was of vagal origin. The significant correlations obtained

between the increase in HF power and the bradycardic

effect after 500 mL of water further support an increased

cardiovagal drive post-water ingestion. We also found that

the increased cardiovagal drive, resulting from drinking

500 mL of water, most likely contributed for attenuating

the pressor effect of water ingestion, both at rest and during

exercise. In support of this contention, our results of similar

blood pressure between conditions (50 vs. 500 mL) were

not sustained after covarying MAP response with the

enhancements in HF power that were secondary to 500 mL

of water. Specifically, after controlling for the effects of

water ingestion on HF power, 500 mL of water led to an

overall higher blood pressure compared to that seen after

50 mL. Therefore, we provide preliminary evidence that

increased cardiovagal drive post-water ingestion corre-

sponds to a compensatory mechanism that effectively

counteracts the water pressor effect at rest and during

exercise.

Table 1 Cardiovascular variables and spectral heart rate variability

at rest before the ingestion of 50 and 500 mL of water

Variables 50-mL trial 500-mL trial

Systolic arterial pressure (mmHg) 111.6 ± 10.5 111.8 ± 7.7

Diastolic arterial pressure (mmHg) 69.8 ± 8.2 69.9 ± 8.3

Mean arterial pressure (mmHg) 86.8 ± 8.7 86.9 ± 7.7

Heart rate (bpm) 67.6 ± 11.8 66.8 ± 12.4

HF (ln ms2) 6.4 ± 1.3 6.5 ± 1.3

LF (ln ms2) 6.7 ± 1.1 6.9 ± 0.9

LF/HF 2.5 ± 3.1 2.1 ± 1.5

Values are mean ± SD. HF and LF are the natural logarithm (ln)

HF raw high frequency power, LF raw low frequency power, LF/HF
low to high frequency power ratio

Fig. 1 Mean arterial pressure in transition from rest to isometric

handgrip at 30% of maximal voluntary contraction after ingestion of

50 and 500 mL of water. Values are mean ± SEM. �Time main

effect, p \ 0.05
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Water ingestion has a large pressor effect in autonomic

failure. This effect is also present in older healthy indi-

viduals, is antagonized by ganglionic blockade with tri-

methaphan, and is associated with increases in plasma

norepinephrine and in muscle sympathetic activity (Jordan

et al. 2000; Scott et al. 2001). According to previous

research, the pressor response to water ingestion is inde-

pendent of changes in plasma renin activity, vasopressin or

blood volume (Jordan et al. 2000) and there is compelling

evidence that it is secondary to the activation of the tran-

sient receptor potential cation channel family (TRPV

osmolarity-sensitive Ca2? channels) within the hepatic

portal circulation (McHugh et al. 2010). Persons with

preserved autonomic function do not manifest an increased

blood pressure after water drinking, and this has been

shown to associate with ensuing bradycardia which is

paired by increased cardiovagal modulation (Routledge

et al. 2002; Brown et al. 2005). We hypothesized that this

Fig. 2 Heart rate and spectral components of heart rate variability in

transition from rest to isometric handgrip at 30% of maximal

voluntary contraction after ingestion of 50 and 500 mL of water.

a Heart rate; b high frequency power (HF); c low frequency power

(LF); d low to high frequency power ratio (LF/HF). HF and LF are the

natural logarithm (ln). Values are mean ± SEM. �Time main effect,

*condition main effect, #interaction effect, p \ 0.05

Fig. 3 Mean arterial pressure in transition from rest to isometric

handgrip at 30% of maximal voluntary contraction after ingestion of

500 and 50 mL of water, adjusted for delta HF power component

(reduced component of delta HF power at rest and during exercise

between conditions). Values are mean ± SEM. �Time main effect,

*condition main effect, p \ 0.05
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effect of water might be dissipated during sustained iso-

metric handgrip; a physiological condition which results in

considerable vagal withdrawal (Kjaer and Secher 1992).

Drinking 500 mL of water did not interact with the

hemodynamic response to handgrip compared to that seen

after the ingestion of 50 mL. Therefore, contrary to that

hypothesized, water ingestion did not elicit increased blood

pressure during isometric exercise in healthy adults and

this is similar to that reported at rest (Brown et al. 2005;

Routledge et al. 2002; Jordan et al. 2000; Scott et al. 2001;

Shannon et al. 2002). Moreover, our findings indicate that

the underlying mechanism preventing the increase in blood

pressure after 500 mL of water ingestion was similar

between resting and exercise conditions. Specifically, at

25-min post-ingestion there was an overall decrease in

heart rate, both at rest and during handgrip, which most

likely compensated the increased sympathetic vasocon-

strictor discharge induced by 500 mL of water (Scott et al.

2001) by means of decreased cardiac output. Interestingly,

we provide evidence that such compensatory bradycardia

was of vagal origin. This is supported by the significant

correlations obtained between the increase in HF power, a

widely accepted marker of vagal modulation of heart rate,

and bradycardia, both at rest and during handgrip, after

ingestion of 500 mL of water (Camm et al. 1996). There-

fore, by showing that decreased heart rate and heightened

vagal modulation after water ingestion also occurred dur-

ing isometric exercise, our results corroborate and further

extend those of previous studies. In fact, given that vagal

modulation is associated with a cardioprotective effect

(Billman 2002), water ingestion may play an important role

in enhancing myocardial electrical stability during auto-

nomic provocative tasks. This assumes even greater rele-

vance in the context of exercise; a physiological condition

characterized by an increased risk of cardiovascular events

(Albert et al. 2000).

To the best of our knowledge, the exact mechanism by

which drinking 500 mL of water stimulates vagal modula-

tion remains largely unknown. Brown et al. (2005) have

shown a concomitant increase in HF power modulation and

baroreflex sensitivity after a similar volume of ingested

water. Despite the non-redundancy between both indices

(Ferrari et al. 1995), this suggests that increased vagal

modulation may be dependent on baroreflex-mediated

compensation for increased sympathetic vasomotor dis-

charge. From a functional perspective, it is plausible that the

water-dependent enhancements in cardiovagal drive may

partially attenuate, by means of secondary bardycardia, the

effects of increased sympathetic vasomotor discharge on

blood pressure. In support of this hypothesis, we found that

adjusting MAP response for the gains in HF power after

500 mL of water resulted in significant differences between

conditions (50 vs. 500 mL). Interestingly, the overall MAP

was higher after drinking 500 mL compared to 50 mL and

this was only seen after including the covariate in the model

(Fig. 3). This corroborates the notion that an increased

vagal modulation of the sinus node actively blunts the rise

in the blood pressure of healthy persons after water inges-

tion by means of a bradycardic effect. Importantly, it also

agrees with data from previous studies showing that, in

patients whose hearts had been vagally denervated by car-

diac transplantation, there is an exacerbated pressor

response to water drinking (Routledge et al. 2002).

According to our findings, the ingestion of 500 mL of

water did not influence the LF spectral power at rest or

during isometric handgrip. In consonance with past

research, LF power decreased during static exercise and

this occurred similarly between conditions (50 vs. 500 mL)

(Iellamo et al. 1999; Stewart et al. 2007). In contrast, even

though the resting LF/HF ratio was similar between con-

ditions; drinking 500 mL of water prevented its increase

from rest to exercise and this was different from that seen

in the 50 mL condition. As previously shown, the LF/HF

ratio typically increases during sustained isometric hand-

grip (Stewart et al. 2007). This is caused by a gradual

enhancement in sympathetic activation which, combined

with vagal withdrawal, accounts for the changes in heart

rate after the first minute of handgrip (Stewart et al. 2007;

Iellamo et al. 1999; Kjaer and Secher 1992; Seals et al.

1988; Stratton et al. 1983). Taken together, our findings

suggest that pre-exercise water ingestion (500 mL) pre-

vented the increase in the LF/HF ratio from rest to iso-

metric handgrip. Therefore, under these conditions, the

positive chronotropic response from rest to handgrip may

have been primarily dependent on vagal withdrawal.

However, since the magnitude of change in heart rate from

rest to exercise was similar between conditions, it is dif-

ficult to provide a definite explanation for the discrepancies

in the LF/HF ratio behavior and its role in regulating the

chronotropic response to handgrip. Nevertheless, as noted

by Goldberger et al. (2001), the relationship between heart

rate and HF spectral power is largely non-linear. Thus,

we speculate that the changes seen in resting HF power

after 500 mL water ingestion may have relocated this

relationship towards a steeper portion of the curve. As a

consequence, this may have possibly attenuated the phys-

iological increase in the LF/HF ratio, which would other-

wise be associated with the chronotropic response to

handgrip.

In conclusion, we found that pre-exercise water drinking

does not implicate a greater magnitude of blood pressure

increase in transition from rest to sustained isometric

handgrip in healthy adults. We also provide preliminary

evidence that the mechanisms preventing the rise in blood

pressure after water ingestion involve a bradycardic effect

of vagal origin, both at rest and during exercise conditions.
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Finally, water ingestion attenuated the shift in the cardiac

sympathovagal balance towards sympathetic dominance in

response to isometric handgrip. Thus, it is likely that the

chronotropic response to handgrip after water ingestion

relies primarily on vagal withdrawal. Furthermore, because

water ingestion is known to increase plasma norepineph-

rine and peroneal sympathetic nerve activity (Lu et al.

2003; Scott et al. 2001), this also supports the contention

that sympathetic suppression may be specifically targeted

to the heart.
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