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Consensus guidelines have attempted to standardize the measurement and interpretation of pulse wave velocity (PWV); however, guidelines have not addressed
whether hydration status affects PWV. Moreover, multiple studies have utilized
heat stress to reduce arterial stiffness which may lead to dehydration. This study
utilized two experiments to investigate the effects of dehydration on PWV at rest
and during passive heat stress. In experiment 1, subjects (n = 19) completed two
trials, one in which they arrived euhydrated and one dehydrated (12[10]% body
mass loss). In experiment 2, subjects (n = 11) began two trials euhydrated and in
one trial did not receive water during heat stress, thus becoming dehydrated (16
[06]% body mass loss); the other trial subjects remained euhydrated. Using Doppler ultrasound, carotid-to-femoral (central) and carotid-to-radial (peripheral)
PWVs were measured. PWV was obtained at a normothermic baseline, and at a
05°C and 1°C elevation in rectal temperature (via passive heating). In experiment
1, baseline central PWV was significantly higher when euhydrated compared to
dehydrated (628[95] versus 572[91] cm s 1, respectively; P<005), but peripheral PWV was unaffected (861[117] versus 825[149] cm s 1; P>005). However,
starting euhydrated and becoming dehydrated during heating in experiment 2 did
not affect PWV measures (P>005), and independent of hydration status peripheral PWV was reduced when rectal temperature was elevated 05°C ( 74[45]
cm s 1; P<005) and 10°C ( 70[48] cm s 1; P<005). Overall, these data suggest that hydration status affects measurements of central PWV in normothermic,
resting conditions. Therefore, future guidelines should suggest that investigators
ensure adequate hydration status prior to measures of PWV.

Introduction
Arterial stiffness is an independent predictor of cardiovascular
mortality that, in general, refers to mechanical properties of
the arterial wall, making it elastic or compliant under the
strain of blood flow. The gold standard for measuring arterial
stiffness is pulse wave velocity (PWV) which assesses the
velocity of a pulse wave travelling in a segment of an artery
(Townsend et al., 2015). In the last 20 years, the use of PWV
in research has, according to experts, ‘literally exploded’
(Townsend et al., 2015), likely due to the ease of measurement and the value of information obtained from the measurement. Therefore, multiple consensus guidelines have been
issued in an attempt to standardize the measurement and
thereby ensure high-quality research (Laurent et al., 2006; Van
Bortel et al., 2012; Townsend et al., 2015).While these guidelines have been useful in standardizing the measurement of

PWV, none of the current guidelines have detailed how, or
even if, hydration status affects the measurements of arterial
stiffness.
Decreases in hydration status (i.e. ‘hypohydration’ or ‘dehydration’, hereby referred to the latter throughout for consistency) is reflected by changes in blood volume, and there is
some evidence that changes in blood volume can acutely affect
arteries. Chronic kidney disease patients who undergo dialysis
experience large changes in blood volume (Katzarski, 1996)
which leads to acute reductions in arterial stiffness (Covic
et al., 2000; Di Iorio et al., 2010). It is unknown if changes
also will occur when blood volume changes during periods of
dehydration in healthy individuals.
There is some mechanistic rationale as to why dehydration
may affect arterial stiffness. In healthy young adults, dehydration reduces endothelial function (Arnaoutis et al., 2016),
and reductions in endothelial function are strongly correlated
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with increased PWV (McEniery et al., 2006). However, it is
possible that hydration status affects measures of arterial stiffness through multiple mechanisms. For example, the mode
of dehydration, whether through exercise in the heat
(Arnaoutis et al., 2016) or reductions in total body water by
dialysis (Covic et al., 2000; Di Iorio et al., 2010), should be
considered.
The importance of examining dehydration in conjunction
with heat stress and PWV is highlighted by the increased
research in this area (Brunt et al., 2016; Kaldur et al., 2016;
Moyen et al., 2016b). With an acute exposure to passive heating, some studies have shown improvements in PWV (Ganio
et al., 2011), but not all (Kaldur et al., 2016; Moyen et al.,
2016b). Heat stress leads to dehydration (i.e. a reduction in
blood volume) if not fully compensated for with fluid intake.
There is little evidence that prior studies investigating PWV
and heat stress controlled hydration status prior to or during
heat stress (Ganio et al., 2011; Kaldur et al., 2016; Moyen
et al., 2016b). Given the variability of sweating between individuals and lack of control for hydration status, it is possible
that varying levels of dehydration partially explain conflicting
findings of studies examining the effect of heat stress on arterial stiffness.
Overall, the increased use of PWV in both clinical and
research settings confirms the need for standardization of testing parameters, such as hydration status. Thus, the overall
purpose of this research was to assess whether dehydration
affects the measurement of PWV in healthy, young adults. The
primary objective of experiment 1 was to examine the influence of hydration status on PWV at a normothermic baseline.
In the second experiment (i.e. experiment 2), individuals
began well hydrated, and we examined whether progressive
dehydration during passive heat stress affected PWV. Overall,
we hypothesized that dehydration would alter peripheral and
central PWV at normothermic baseline and during passive heat
stress.

Methods
Ethical approval
Written informed consent was obtained from all subjects
before participating in this study. Study procedures and the
informed consent were approved by the Institutional Review
Board at the University of Arkansas and were in accordance
with current guidelines of the Declaration of Helsinki.
Study design
To determine the effects of dehydration on measures of
PWV at rest and during heat stress, two separate experimental studies were completed at the Human Performance Laboratory within the University of Arkansas as part of larger
studies involving male and female participants. Some gender
differences exist between the experiments which led to large

differences in baseline central PWV (mean difference 146
[40]cm s-1; P<001) and peripheral PWV (mean difference
141[49]cm s-1; P<001). However, gender differences were
negligible with passive heating between experiments
(P = 053 and 046, central and peripheral PWV, respectively).
Within each experiment, subjects were tested in a randomized order separated by a minimum of 48 h. In experiment 1,
subjects arrived either in a euhydrated state and maintained
euhydration by ingesting warm water (37°C) throughout the
trial at a rate to minimize body mass loss (Trial ‘E-E’), or
arrived in a dehydrated state and did not receive water
throughout heating (Trial ‘D-D’). Subjects were passively
heated to 1°C elevation in rectal temperature. In experiment
2, subjects were euhydrated at the beginning of two trials and
were then passively heated to 1°C elevation in rectal temperature. However, in one trial, subjects received warm water
(37°C) throughout the trial to remain euhydrated (Trial ‘EE’), and in the other trial, they did not receive fluid, thus
becoming progressively dehydrated during passive heating
(Trial ‘E-D’). In both experiments, measures of PWV were
obtained at a normothermic baseline and at a 05°C, and 1°C
elevation in rectal temperature.
In experiment 1, subjects were provided with a digital scale
(BalanceFrom High Accuracy Bathroom Scale, BalanceFrom
LLC, China) to take home for 1 week. Subjects, in a euhydrated state, recorded their morning body masses before consuming breakfast and without clothing for five consecutive
days. The average of the five body masses were used to establish a baseline body mass for the two subsequent experimental
trials (Cheuvront & Kenefick, 2014). Prior to the start of the
E-E and E-D experimental trials, subjects were encouraged to
consume an additional 1000 ml of water the night before
testing and 500 ml, 2–3 h prior to arrival at the laboratory.
In the D-D trial, subjects only consumed ~250 ml of water (a
water bottle was provided to all subjects) over the 24 h prior
to the start of the trial and avoided foods with high moisture
content (e.g. soups and fruits). Subjects recorded food consumed for 24 h prior to their first trial and replicated this diet
for the 24 h preceding the subsequent trial. Subjects refrained
from alcohol and exercise for 24 h, food for 4 h and caffeine
for 12 h before participating in any trial. Pretest compliance
was verified with a 24-hour history questionnaire upon arrival
each day.
Subjects
Table 1 provides an overview of subject characteristics. Subjects were excluded if they were smokers, taking medications,
hypertensive (resting systolic blood pressure > 139 mmHg),
or reported any cardiovascular, metabolic or neurological diseases. Furthermore, at a familiarization visit, subjects had
body composition determined via dual-energy X-ray absorptiometry (DXA). Female subjects were only tested during the
early follicular phase of the menstrual cycle (days 1–9) to
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Table 1

Subject characteristics, mean (SD).

Sex (males / females)
Age (y)
Height (cm)
Body mass (kg)
Body mass index (kg/m2)
Adiposity (% Body Fat)

Experiment 1

Experiment 2

0
230
1629
727
273
365

11
244
1790
767
240
181

/ 19
(38)
(58)
(174)
(61)
(123)

/0
(27)
(49)
(91)
(24)
(73)

control for the thermoregulatory responses that are affected
by menstrual cycle (Stephenson & Kolka, 1985; Moyen et al.,
2016a).
Experimental protocol
In both experiments, upon arrival to the laboratory, subjects
voided their bladder, providing a small urine sample, and
obtained a nude body mass. To classify hydration status, a
urine specific gravity (USG) of ≤1020 was designated as euhydrated, and a urine specific gravity >1020 was dehydrated
(Sawka et al., 2007; Armstrong et al., 2010). If subjects
reported to the E-E or E-D trial with a USG > 1020, they
were given ~500 ml of water to drink and did not start the
trial until they produced a urine sample with a USG≤1020.
Subjects were then dressed in a water-perfused, tube-lined
suit that covers the entire body, except the head, face, hands
and feet (Allen-Vanguard Technologies, Ottawa, Canada). This
suit permits the control of skin and core temperature by
changing the temperature of the water perfusing the suit. Subjects then laid supine for ~30 min while warm water, 34°C
(i.e. normothermic skin temperature), was perfused through
the suit. After this period, a blood sample was obtained and
passive heating began by perfusing 49°C water through the
suit. Measures (described below) were obtained just prior to
heating (baseline) and at 05°C and 10°C rectal temperature
increase. After the last measure, another 10 ml blood sample
was obtained and cold water was immediately perfused
through the suit to cool subjects. Once subjects were cooled
and all instrumentation removed, another nude body mass
was obtained and subjects provided another urine sample.

a heart rate monitor (Polar Electro Inc., Lake Success, NY).
Heart rate (HR), rectal and skin temperature were sampled continuously via a data acquisition system (LabChart 7, ADInstruments, Colorado Springs, CO) and averaged at each time point
over the period in which PWV measurements took place. Preand postblood samples were analysed for serum osmolality
(Sosm). These, along with urine osmolality (Uosm), were analyzed using freezing point depression osmometry (model 3250,
Advanced Instruments, Norwood, MA).
PWV is the preferred method to evaluate arterial compliance
given that PWV is proportional to the inverse of the square
root of compliance; thus, PWV decreases as arterial compliance increases (Laurent et al., 2006). Specifically, PWV was
measured with Doppler ultrasound (GE GoldSeal LOGIQ
eBT08) and calculated as the distance between measurements
sites divided by the time delay between the two waveforms
(Boccara et al., 2006). A three-lead ECG was utilized to calculate the time delay from the R-wave to the foot of the pulse
wave. The time delay was averaged from a minimum of 10
cardiac cycles wherein the standard deviation between the 10
measurements was less than 5 cm s 1. Central PWV was calculated from the carotid and femoral arteries, while peripheral
PWV was calculated from carotid and radial arteries using the
postanalysis foot-to-foot method (Boccara et al., 2006). Analysis of the ultrasound images was performed by a trained individual who was unaware of the experimental visit (i.e.
whether the participant was dehydrated or euhydrated). All
PWV measures were performed on the left side of the body
with consistent probe location being assured by marking the
skin at each trial. Carotid and femoral measurement order was
randomized between subjects but consistent within-subject for
each trial. The distance between arterial measurement sites for
central PWV was calculated as the combined distance from
suprasternal notch site to the umbilicus and from the umbilicus to femoral site minus the distance from carotid to the
suprasternal notch. The distance between arterial sites for
peripheral PWV was calculated as the distance between the
suprasternal notch and the radial site minus the distance from
the carotid to the suprasternal notch. Distances between sites
were calculated for each individual trial by measuring from
the proximal side of the ultrasound probe with a commercially available retractable cloth tape measure.

Experimental measures
Core body temperature was measured via a rectal thermometer
(Physitemp Inc., Clifton, NJ) inserted 15 cm past the anal
sphincter. Skin temperature thermocouples were taped to the
skin on the right side of the body. Mean skin temperature was
calculated as previously described (Ramanathan, 1964) by
weighting skin temperature from the right anterior thigh, chest,
lateral calf, and triceps. Blood pressure was measured with an
automated sphygmomanometer blood pressure cuff in duplicate
at each time point (Tango+; SunTech Medical, Inc., Morrisville,
NC). Mean arterial pressure (MAP) was calculated as one-third
systolic plus two-thirds diastolic. Subjects were also fitted with

Statistical analysis
Data were analysed using SAS 92 (SAS Institute, Cary, NC).
Paired samples t-tests were used to identify baseline differences in body mass and hydration measures between trials
in each experiment. To answer the research question of
experiment 1 (i.e. the influence of baseline hydration status
on normothermic PWV), repeated-measures ANOVA, with an
ANCOVA for differences in MAP, was used to determine differences between the D-D and E-E trial at baseline (i.e.
before heat stress). To examine the effect of heat stress and
hydration status, a separate two-way repeated-measures
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ANOVA, with MAP as a time-varying covariate (Winer et al.,
1991), was used for both experiments to examine changes
in PWV as rectal temperature increased (Δrectal). Pairwise
comparisons with a Bonferroni correction were conducted if
a significant main effect or interaction was identified, again
with PWV adjusted for MAP. For all other experimental measures, a two-way repeated-measures ANOVA was utilized
with pairwise comparisons being made with a Bonferroni
correction. All data are reported as mean (SD). Significance
was set at P<005.

Results
Experiment 1 (E-E & D-D)
In experiment 1, subjects reported, at the start of the trial,
either euhydrated or dehydrated when compared to baseline
euhydrated body mass for the E-E and D-D trials, respectively
(Table 2). Accordingly, in the D-D trial, subjects had greater
(P<005) baseline USG, Uosm and Sosm versus the E-E trial
(Table 2). In E-E, there were no pre- to postchanges in urinary markers of hydration. In the D-D trial, Sosm increased
during heating in comparison with the E-E trial (P<005;
Table 2). Also, as intended, subjects had a greater reduction
in body mass in the D-D trial (P<001; Table 2).
Mean skin temperature increased similarly between trials
during heating (3524 [049] to 3779 [049] to 3789
[077]°C at baseline, 05 and 10°C Δ rectal, respectively;
P<005). HR also was not different between trials (P>005)
and increased from baseline to 10°C Δ rectal (P<005;
Table 2

Experiment 2 (E-E & E-D)

Mean (SD) hydration status for experiment 1.
E-E

Body Mass (kg)
Baseline euhydrated body mass
Pre
Post
Change (Post/Pre)
Change (Prebaseline)
Urine specific gravity
Pre
Post
Change (Post/Pre)
Urine osmolality (mmol/kg)
Pre
Post
Change (Post/Pre)
Serum osmolality (mmol kg 1)
Pre
Post
Change (Post/Pre)

726
725
722
05
01

(167)
(167)
(169)
(06) %
(11) %

D-D

726
718
710
11
12

(167)
(166)
(165)
(05)%a
(10)%a

1007 (0005)
1011 (0006)
0004 (0005)

1025 (0004)a
1028 (0004)a
0003 (0003)

2996 (1976)
3946 (949)
949 (2099)

9874 (2093)a
10710 (1102)a
835 (879)

2841 (23)
2836 (37)
05 (35)

Table 3). There were no significant differences in MAP
between trials or throughout heating (P>005; Table 3).
Normothermic, baseline dehydration resulted in a lower
central (P = 003; Fig. 1a), but not peripheral (P = 020;
Fig. 1b) PWV versus baseline euhydration when adjusted for
MAP as a time-varying covariate. Baseline MAP, but not HR,
was slightly lower when dehydrated compared to euhydrated
(P = 004; Table 3). Furthermore, a follow-up simple regression analysis demonstrated that the change in MAP explained
less than 1% of the variation in central PWV between trials
(r = 001; P>005). Therefore, the minor difference in MAP
did not influence the observed differences in central PWV.
The omnibus F-test indicated changes in central PWV from
baseline to a 10°C increase in rectal temperature were dependent
on condition (i.e. interaction; P = 004). However, pairwise
comparisons revealed no significant differences between trials
(P>005). There was not a main effect of trial (611 [69] versus
578 [75] cm s 1, respectively; P = 014). Further, independent
of trial, there were no significant changes in central PWV during
heating, (600 [74] versus 586 [57] versus 598 [62] cm s 1, for
baseline, 05°C and 10°C Δ rectal respectively; P = 042).
During heat stress, peripheral PWV did not differ between
trials (P = 058), but independent of trial peripheral PWV
decreased with passive heating (P<001). Specifically, there
was a reduction in peripheral PWV from baseline to 05°C
and 10°C Δ rectal temperature (843 [68] versus 737 [73]
and 758 [75] cm s 1, respectively; P<001). There were no
differences in peripheral PWV between 05°C and 10°C Δ
rectal (P>005).

2883 (32)a
2933 (39)a
50 (27)a

Euhydrated body mass is the average of 5 consecutive morning,
fasted, euhydrated nude body weights.
a
indicates significant difference from E-E trial at the corresponding
time point (P<005). Subjects began euhydrated and remained
euhydrated (E-E) or began euhydrated and became dehydrated (E-D)
during heating.

As designed, at the start of the trials, there were no differences (P>005) in any measure of hydration status (Table 4).
At the end of the E-D trial, subjects had greater USG, Uosm and
Sosm (P<005; Table 4) compared to E-E. In the E-D trial,
subjects lost a greater amount of body mass versus E-E
(P<001; Table 4).
Similar to experiment 1, mean skin temperature did not differ between trials (P>005), but increased significantly during
Table 3

Mean (SD) hemodynamic responses for experiment 1.
Baseline

Mean arterial pressure (mmHg)
E-E
803 (71)
D-D
747 (66)a
Heart rate (bpm)
E-E
67 (9)
D-D
69 (10)

05°C

10°C

801 (70)
773 (101)

782 (66)
780 (96)

89 (12)b
85 (11)b

99 (13)b
102 (10)b

Subjects began euhydrated and remained euhydrated (E-E) or began
dehydrated and continued dehydrated (D-D) during heating.
a
Indicates significant difference, paired t-test, from E-E trial at the
corresponding time point (P<005).
b
Indicates significant difference from baseline (P<005).
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Figure 1 Mean (SD) (a) central and (b)
peripheral pulse wave velocity (PWV) in
experiment 1 at baseline (rested; no heat
stress) between trials E-E (arriving euhydrated) and D-D (arriving dehydrated).
* Indicates a significant difference P<005
between experimental trials.

Table 4

Table 5

Mean (SD) hydration status for experiment 2.
E-E

Body mass (kg)
Pre
738 (91)
Post
737 (90)
Change (Post/Pre)
01 (07)%
Urine specific gravity
Pre
1009 (0007)
Post
1005 (0002)
Change (Post/Pre)
0004 (0007)
Urine osmolality (mmol kg 1)
Pre
3097 (1907)
Post
2000 (590)
Change (Post/Pre)
1098 (1952)
Serum osmolality (mmol kg 1)
Pre
2904 (31)
Post
2844 (38)
Change (Post/Pre)
59 (43)

E-D

738 (85)
726 (06)
16 (06)%a
1011 (0006)
1012 (0007)a
0001 (0010)
4249 (2093)
4659 (2093)a
414 (3595)
2895 (42)
2903 (26)a
08 (32)a

Subjects began euhydrated and remained euhydrated (E-E) or began
dehydrated and continued to dehydrate (D-D) during heating.
a
indicates significant difference from E-E trial at the corresponding
time point (P<005).

passive heating (grand mean = 3310 [300] to 3770 [350]
to 3800 [370]°C, baseline to 05 to 10°C rectal temperature
increase, respectively; P<005). Overall, there were no differences in HR between trials, but HR did increase over time
with heating (Table 5; P<005). There were no changes in
MAP during heating or between trials (Table 5; P>005).
Central PWV did not change during heating between trials
(P = 015), and there were no overall differences between trials (P = 078; Fig. 2a). Peripheral PWV also did not differ
between conditions during passive heating (P = 055;
Fig. 2b). However, independent of condition, peripheral PWV
decreased from baseline (710 [62] cm s 1) to 05°C (637
[57] cm s 1) and 10°C (640 [49] cm s 1; P<001). There
were no differences in peripheral PWV between 05°C and
10°C Δ rectal (P>005).

Discussion
Although evidence suggests that fluid balance can affect
measures of arterial stiffness, to our knowledge no one has
systematically modified hydration status prior to measures of
arterial stiffness in a repeated-measures fashion. Likewise, heat

Mean (SD) hemodynamic responses for experiment 2.
Baseline

Mean Arterial Pressure (mmHg)
E-E
853 (53)
E-D
829 (61)
Heart Rate (bpm)
E-E
58 (15)
E-D
60 (12)

05°C

10°C

809 (100)
827 (77)

803 (99)
829 (128)

82 (16)a
83 (18)a

92 (19)a
95 (19)a

a
Indicates significant difference from baseline (P<005). Subjects
began euhydrated and remained euhydrated (E-E) or began
euhydrated and dehydrated (E-D) throughout passive heating.

stress may (Mitchel et al., 1994; Ganio et al., 2011; Kaldur
et al., 2016) or may not (Moyen et al., 2016b) alter measures
of arterial stiffness, and it is possible that differences in hydration status before and/or during heat stress confounded previous data. Considering this work, we utilized two separate
experiments to test whether hydration status affected normothermic central and peripheral PWV (experiment 1), and
whether hydration status during passive heating affected PWV
(experiment 2). Our main findings are that normothermic,
central PWV, but not peripheral PWV, was significantly
reduced when subjects were dehydrated (Fig. 1). However,
hydration status, both prior to and during heating, did not
alter either peripheral or central PWV responses to passive
heating (Fig. 2).
Our data support the notion that overall body fluid balance
can influence the measurement of arterial stiffness. In patients
with chronic kidney disease, arterial stiffness is reduced in
direct proportion to the blood volume loss that occurs during
dialysis (Covic et al., 2000; Gusbeth-Tatomir & Covic, 2007;
Di Iorio et al., 2010). In our study, we systematically manipulated hydration status via fluid restriction, which led to
approximately a 12% reduction in body mass. Urinary and
blood markers of hydration status confirmed that the subjects
were mildly dehydrated in comparison with the E-E trial
(Table 2). Despite minor changes in body mass, baseline central PWV was reduced by ~10% when subjects arrived dehydrated (Fig. 1). Because fluid restriction leads to hypovolemic
hyperosmotic dehydration (Cheuvront & Kenefick, 2014), we
are unable to determine whether changes in central PWV were
an osmotic or volume-driven response. Future research should
attempt to isolate different types of dehydration to observe if
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Figure 2 Mean (SD) (a) central and (b)
peripheral pulse wave velocity (PWV) in
experiment 2 between trials E-E, where subject arrive and stay euhydrated, and E-D
where subjects arrive euhydrated but do not
receive water during passive heating.
a
Indicates a significant difference P<005 from
normothermic baseline, independent of trial.

volume and osmotic stresses have independent or combined
effects on the measurement of PWV.
However, previous research (Covic et al., 2000; Di Iorio
et al., 2010) indicates that the effect of dehydration on
PWV is likely a volume-driven response. The reduction in
blood volume during dehydration may in turn lead to
lower shear stress in the artery, which is known to influence arterial stiffness (Glagov et al., 1993). Also, blood pressure can influence the measurement of arterial stiffness
(Stewart et al., 2003). Hypovolaemia can acutely reduce
blood pressure (Coble et al., 2015) and thereby reduce arterial stiffness. Multiple analyses have concluded that dialysis
causes acute hypovolaemia which drives a reduction in arterial stiffness and blood pressure (Covic et al., 2000; Di Iorio
et al., 2010). However, while both blood pressure and central PWV are reduced following dialysis, these changes
appear to be independent of one another (Agarwal & Light,
2008). In accordance with the current guidelines (Townsend et al., 2015), we collected and reported MAP throughout both experiments. In our analyses, we adjusted for
MAP as a time-varying covariate within a repeated-measures
design in a fashion previously described by Winer et al.
(1991). Despite this adjustment, central PWV was significantly reduced when individuals were dehydrated (D-D
trial) at baseline. Therefore, while it is prudent to collect
MAP while measuring PWV, adjusting for differences in
MAP does not eliminate the effect of dehydration on PWV.
Therefore, the reduction in central PWV in experiment 1 is
a result of dehydration that is not affected by fluctuations
in MAP.
Reduced arterial stiffness is typically perceived as beneficial
because it indicates a more compliant artery, and a chronically
lower PWV is associated with lower risk of a cardiac event
(Townsend et al., 2015). Despite our findings that acute dehydration reduces central stiffness, it is not advisable to purposefully reduce fluid intake given the medical maladies associated
with chronic dehydration (Chan et al., 2002; Strippoli et al.,
2011). Further, recent research would suggest that acute
dehydration can negatively affect endothelial function
(Arnaoutis et al., 2016). Clearly, more research is required to
fully understand the effects of hydration on arterial health and
how the vasculature reacts to acute and chronic dehydration.
Regardless of these seemingly contradictory findings, and
more salient to the purpose of this study, we show that acute

dehydration affects measures of central PWV; thus, hydration
status needs to be controlled for prior to PWV measurements.
This study also examined the effect of acute dehydration
during passive heating on PWV. In experiment 1, subjects
arrived 12% dehydrated (with a further 11% reduction during heating), and in experiment 2, subjects had a 16% reduction in body mass during passive heating. Measures of PWV
during heating in both experiments were not influenced by
hydration status (Fig. 2). It is important to point out that the
baseline, normothermic differences in central PWV disappeared when PWV was measured during heating. This suggests that, from a methodological standpoint, if measures of
PWV during passive heating are of interest, mild dehydration
is not of concern.
Independent of hydration status, we observed significant
reductions in peripheral PWV during passive heating. Our
findings indicate that differences in hydration status during
heating do not explain why some research shows changes in
PWV with passive heating (Ganio et al., 2011) and some
does not (Moyen et al., 2016b). There may be other reasons
why we observed reductions in peripheral PWV with heat
stress. These changes were likely observed in the peripheral
PWV, unlike the central PWV, considering the muscular (peripheral) arteries have a greater capacity to dilate. During
heat stress, vasodilation occurs in the periphery to increase
blood flow to the skin in attempt to maximize heat loss.
Overall, heat stress acts as an arterial vasodilator, much like
nitrates (Pauca et al., 2005), which reduces stiffness of the
peripheral, but not central, arteries. Interestingly, this effect
occurs independent of changes in brachial blood pressure
(Pauca et al., 2005).
Also, many have proposed that changes in peripheral or
central arterial stiffness during heat stress may be dependent
upon normothermic arterial stiffness (Ganio et al., 2011;
Kaldur et al., 2016; Moyen et al., 2016b). At a young age, the
central, elastic, arteries are very compliant already, while the
peripheral, muscular arteries are relatively stiff. Therefore,
there may be a greater capacity for a reduction in stiffness in
the peripheral arteries (i.e. floor effect). Regardless of the
mechanism, further studies should examine the effect of heat
stress on arterial stiffness, especially given that long-term
sauna use (i.e. increase in core temperature) reduces incidences of sudden cardiac death, fatal coronary heart disease
and fatal cardiovascular disease (Laukkanen et al., 2015).
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Limitations
In this study, we utilized a standard fluid restriction protocol
that is effective in inducing dehydration (Tucker et al., 2016).
However, we did not directly measure changes in total body
water or blood volume in this study so we are unable to
definitively determine the magnitude of blood volume or total
body water reduction that occurred. Further, subjects in this
study only experienced mild dehydration, as defined by body
mass loss (Cheuvront & Kenefick, 2014), during passive heating. Nonetheless, the amount of heat stress that subjects
underwent is comparable to most studies involving passive
heating (Ganio et al., 2011; Kaldur et al., 2016; Moyen et al.,
2016b).
Also, it should be acknowledged that the primary finding of
changes in normothermic central PWV (Fig. 1) occurred in
the experiment that only included females. Although some
studies have reported differences between PWV in males and
females (Ahimastos et al., 2003; Niboshi et al., 2006), there is
no evidence to suggest that the acute response to a perturbation (such as dehydration) would differ between males and
females. This is supported by the fact that in both experiments
(i.e. both males and females), we observed an identical
response with regard to peripheral PWV. Nonetheless, until
further research is conducted, our findings regarding hydration status affecting baseline, normothermic central PWV can
only be applied to young females.

However, mild changes in hydration status that occur during
heat stress do not confound PWV measures. Future research
utilizing measures of arterial stiffness should use simple measures of hydration status (e.g. urine specific gravity via a
refractometer) and attempt to standardize hydration status
between visits and individuals.
Further, our results indicate that passive heat stress can
acutely reduce peripheral, but not central, PWV. This effect is
likely the result of dilation occurring in the periphery to
increase skin blood flow. Overall, it appears that passive heat
stress tends to have positive effects on the vasculature with
clinical trials indicating improvements in both macrovascular
and microvascular functions (Brunt et al., 2016).
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