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heat exposure (PHE) on arterial stiffness, oxidative stress (OxS) and inﬂammatory parameters.
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PHE in a climatic chamber. Pulse wave analysis was used for assessment of central
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hemodynamic and arterial stiffness parameters. Venous blood samples were obtained to
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measure OxS and inﬂammatory parameters.
Results: Rectal temperature increased after PHE exposure compared to baseline: 37.01 8C

Keywords:

 0.19 8C and 36.4 8C  0.31 8C, respectively (P < 0.001). There was a 17% (P < 0.05) decrease

Arterial elasticity

in large artery elasticity index (from 24.68  5.53 to 20.42  2.65 mL/mmHg*10), which was

Climatic chamber

predicted upon normothermic value (r = 0.878, P < 0.01). However, no signiﬁcant changes

Pulse wave analysis

were found in others arterial stiffness parameters. A 30% (P < 0.05) increase occurred in

Heat stress

blood IL-6 concentration (from 0.43  0.15 to 0.56  0.23 pg/mL), but OxS parameters
remained signiﬁcantly unchanged.
Conclusions: This study describes for the ﬁrst time acute PHE effects on arterial stiffness,
inﬂammation and OxS. PHE signiﬁcantly decreases large artery elasticity index and
increases inﬂammatory IL-6 level. However, further larger investigations are needed for
clarifying acute PHE effects on arterial function and biomarkers.
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Introduction

Exercising in a hot environment is a stressful challenge for the
human body. In our previous studies, we have shown the
positive effects of heat acclimation on arterial stiffness [1],
oxidative stress (OxS) and inﬂammation parameters [2].
However, the heat acclimation protocol employed in these
studies [1,2] combined both exercise and heat stress. Therefore, it was not possible to evaluate the potential impact of
heat exposure independently from exercise on the changes
observed in arterial stiffness and the markers of OxS and
inﬂammation.
To our knowledge, there are very few reports to date, which
provide information regarding the effect of passive heat stress
on arterial stiffness and the data are contradictory. It has been
demonstrated in vitro that heating of isolated arteries
produces thermal-induced decreases in vessel stiffness [3].
Furthermore, it has been shown in a study conducted in
humans that acute local thermal therapy may result in a
decrease in arterial stiffness in both healthy young and older
women [4].
On the contrary, Moyen et al. [5] showed slightly increased
central arterial stiffness with heating and found that baseline
stiffness appears to mediate the magnitude of heatinginduced changes in arterial stiffness, while peripheral arterial
stiffness remained unchanged.
Furthermore, Ganio et al. [6] studied the effect of passive
heat stress on arterial stiffness and concluded that an increase
in core temperature induced by passive heating does not affect
arterial stiffness.
However, Ganio et al. [6] showed that the magnitude by
which heat stress non-signiﬁcantly decreased individual
arterial stiffness was predicted upon the normothermic value
– individuals who had stiffer arteries were more responsive to
heat exposure induced improvements.
There is a lack of information regarding the impact of heat
stress without exercise on OxS in humans. Heat stress is
suggested to be an environmental factor responsible for
stimulating reactive oxygen species production. We have
previously shown that exhausting endurance exercise in the
heat increases OxS level [2]. Data from an animal study by
Yang et al. [7] showed that acute exposure to high temperatures may result in increased OxS and others [8] suggested that
OxS should be considered a part of the stress response to heat
exposure.
There is also a lack of information regarding the impact of
heat stress on inﬂammation.
During prolonged exercise with or without heat stress,
the level of inﬂammatory cytokines increases, heat exposure tends to stimulate the release of IL-6 [9]. Human studies
have shown that heat stress increases plasma IL-6 values
and plasma IL-6 concentrations have been previously shown
to be positively correlated with increase in core temperature
[10].
Thus, considering the paucity of relevant literature and the
discrepancy in the data available, the aim of this study was to
determine the acute effects of passive heat exposure (PHE) on
arterial stiffness, OxS and inﬂammatory indices in young
healthy men.

2.

Materials and methods

2.1.

Ethical approval

The study was approved by the Research Ethics Committee of
the University of Tartu. Prior to the beginning of the study, all
subjects gave their written informed consent. The study
protocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki.

2.2.

Subjects and study design

The present study constitutes one part of a complex
experimental heat acclimation study [1,2].
The sample consisted of 9 physically active men (age 28.78
 3.35 year; height 182.33  4.64 m; weight 78.88  11.15 kg;
peak oxygen uptake 53.58  7.92 mL/kg/min; heart rate 48.83
 9.93 beats/min; systolic blood pressure 117.22  8.69 mmHg;
diastolic blood pressure 66.00  7.35 mmHg).
None of the subjects took any medication, none of them
were smokers nor had a history of heat illness. Two months
prior to participation in this study, the subjects were
instructed to avoid any use of additional food supplements,
to follow a healthy diet and keep it stable. The study was
conducted during the winter period in Estonia, which is
situated between 578370 and 598490 of north latitude. Parameters of arterial stiffness, OxS and inﬂammation were
measured in thermoneutral conditions (22 8C; relative humidity 35%) twice: before and after PHE in a climatic chamber.
During PHE the subjects stayed in a sitting position for
110 min in a climatic chamber. After the exposure, they
walked out of the chamber (distance 10 m) after which the
body mass of the subjects was measured. In thermoneutral
conditions the procedures of measurement of arterial
stiffness were conducted after a period of 10 min in supine
position in order to ensure the standardization of physiological parameters. After the measurement of arterial stiffness,
the blood samples for parameters of oxidative stress and
inﬂammation were taken.

2.3.

Passive heat exposure

The subjects stayed in a sitting position for 110 min in a
climatic chamber (Design Environmental Ltd., Gwent, South
Wales, UK) maintained at a high temperature (42 8C; relative
humidity 18%), which was set up accordingly to the previous
study where combined heat and exercise regimen was used
[1,2]. It is suggested that core body temperature is a factor
participating in the induction of OxS and inﬂammation and
has an effect on arterial stiffness. Subjects' core body
temperature was monitored in real time using a rectal probe
(TX-2, Columbus Instruments, Columbus, OH, USA) and the
values before and immediately after they entered/exited
the climatic chamber were recorded by means of an electronic
data logger (Iso-Thermex 256, Columbus Instruments, Columbus, OH, USA). Body mass of the subjects was measured to the
nearest 0.001 kg before and after passive heat exposure, using
an electronic scale (CH3G-150I Combics, Sartorius AG, Göttingen, Germany).
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2.4.

Measurements of arterial stiffness

The procedures of measurement of blood pressure and arterial
stiffness were conducted in thermoneutral conditions twice:
before and after PHE in the climatic chamber. The ﬁrst arterial
stiffness measurement was conducted in the morning after an
overnight fast and the second measurement was conducted
immediately after PHE.
Brachial blood pressure was measured supine in the left
arm using an automated digital oscillometric BP monitor
(OMRON M4-I; Omron Healthcare Europe, Hoofdorp, the
Netherlands).
Sphygmocor apparatus (SCOR Px, 7.0; AtCor Medical®,
Sydney, Australia) was used to assess the arterial stiffness.
A high ﬁdelity micromanometer (SPT-301B; Millar Instruments®, Texas, USA) was employed to record the peripheral
pressure waveforms from the radial artery of the dominant
arm at the wrist. The corresponding ascending aortic
waveforms were then generated by using a transfer
function. Central hemodynamics, augmentation index
(AIx) and the travel time of the reﬂected wave (Tr) were
calculated. The AIx was corrected for heart rate of 75 beats
per minute (AIx@75). The pulse wave velocity (PWV) was
measured by the foot-to-foot method, using the Sphygmocor
device [11]. PWV at carotid–femoral segment (PWVc–f) and
carotid–radial segment (PWVc–r) were determined by sequentially recording ECG-gated carotid and femoral or radial
artery waveforms.
Measurements were made by recording the arterial
waveform in the dominant arm by the Cardiovascular Proﬁling
Instrument (HDI/Pulse Wave CR-2000, Hypertension Diagnostics Inc®, Eagan, USA) [12]. The tonometer was applied to the
subject's radial artery at the wrist overlying the radial bony
prominence. The contralateral arm was used to place the cuff
for blood pressure measurement and the cuff was inﬂated
concurrently with pulse waveform recording for calibration.
During the diastolic portion of the cardiac cycle (mean of 30 s
recording), the elasticity indices of the arteries were quantiﬁed. A modiﬁed 2 element Windkessel model allows for the
calculation of elasticity indices of large central (capacitive)
arteries (LAE) and small peripheral (oscillatory) arteries (SAE)
[13].

2.5.
Measurement of parameters of oxidative stress and
inﬂammation
All blood measurements were performed at the Institute of
Biomedicine and Translational Medicine (University of Tartu)
and the Laboratory Department of Tartu University Hospital.
All manufacturers' recommendations regarding determination procedures were carefully followed.
Venous blood samples were obtained from the antecubital
fossa twice: baseline samples were taken between 8:00 and
10:00 following an overnight fast and the second set of samples
was obtained after the heating session after the measurement
of arterial stiffness.
QBC Autoread Plus autoanalyzer (QBC Diagnostics, Inc.,
USA) was used to assess white blood cell (WBC) counts,
hemoglobin and hematocrit in whole blood. 15 min after
collection, the other blood samples were centrifuged at
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3000 rpm for 15 min to obtain plasma or serum. Until the
analysis, all the plasma/serum samples were stored at
70 8C.
The plasma high sensitive C-reactive protein (hsCRP) was
measured by a validated latex particle-enhanced high-sensitivity immunoturbidimetric assay (CRP Latex HS, Roche
Diagnostics Gmbh®, Mannheim, Germany), and analyzed by
the Hitaci 912 analyzer (Roche Diagnostics®, Basel,
Switzerland). Total peroxide concentrations of samples were
determined using OXYSTAT Assay Kit Cat. No. BI-5007
(Biomedica Gruppe, Biomedica Medizinprodukte GmbH & Co
Kg, Wien). Total antioxidant capacity (TAC) was measured by
using an automated measurement method [14]. The percent
ratio of the total peroxide concentration of plasma to the TAC
of plasma was accepted as an oxidative stress index (OSI),
which is an indicator of the degree of OxS.
Evidence InvestigatorTM Metabolic Syndrome Array1 based
on the sandwich chemoluminescent immunoassay (Randox
Laboratories Ltd METS1 catalog number EV 3755) was used for
simultaneous quantitative detection of interleukine-6 (IL-6)
from a single patient sample.
Relative changes in plasma volume after the passive heat
exposure were calculated based on hemoglobin and hematocrit values [15].

2.6.

Statistical analysis

Data analysis was performed using the SPSS (version 20.0)
software. All data were checked for normal distribution using
the Kolmogorov–Smirnov test. All data are presented as
means  standard deviation (SD). A dependent samples
(paired) t test was used to compare values of parameters
measured before and after PHE. The Pearson and Spearman
product moment coefﬁcient of correlation was used to
determine the relationships among variables. For all statistical
analyses, the 0.05 level of signiﬁcance was used.

3.

Results

The subjects' rectal temperature was signiﬁcantly higher after
PHE compared to baseline values: 37.01 8C  0.19 8C and
36.4 8C  0.31 8C, respectively (P < 0.001). The values of hemodynamic and arterial stiffness parameters before and after
heat stress exposure are presented in Table 1. There were no
statistically signiﬁcant changes in HR and blood pressure or in
the values of main arterial stiffness parameters measured by
systolic pulse wave analysis (P > 0.05).
There was a 17% decrease (P < 0.05) in LAE (Fig. 1) after PHE,
whereas other parameters of arterial stiffness did not change
(P > 0.05). The magnitude of the decrease in LAE was
negatively related to the normothermic value of this parameter measured before PHE (r = 0.878, P < 0.01) (Fig. 2). The
changes in LAE were independent of changes in core body
temperature (P > 0.05, r = 0.432).
The values of OxS and inﬂammation parameters are
presented in Table 2. OxS parameters remained unchanged
(P > 0.05) after heat exposure and there were no signiﬁcant
associations between OxS, arterial stiffness and core body
temperature (P > 0.05). There were no signiﬁcant changes in
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Table 1 – The values of hemodynamic and arterial
stiffness parameters before and after passive heat exposure.
Parameters
Aix, %
AIx@75, %
Tr, ms
PWVc–f, ms
PWVc–r, ms
SAE, mL/mmHg  100
PSBP, mmHg
PDBP, mmHg
CSBP, mmHg
CDBP, mmHg
PPP, mmHg
CPP, mmHg
PPP/CPP
MAP, mmHg
HR, beats/min

Before heat stress
5.556E02 (12.05)
12.43 (13.01)
175.11 (12.97
5.91 (0.49)
8.71 (0.86)
11.05 (1.68)
117.22 (8.69)
66.00 (7.35)
99.17 (8.86)
66.44 (7.49)
51.22 (4.15)
32.83 (4.09)
1.57 (0.13)
80.72 (8.06)
48.83 (9.93)

After heat stress
2.50
8.71
173.33
5.93
8.41
10.01
119.56
64.78
100.33
65.22
54.67
35.11
1.57
78.33
50.83

(8.29)
(8.00)
(10.48)
(0.71)
(0.87)
(1.90)
(7.04)
(3.80)
(7.83)
(4.12)
(5.32)**
(4.97)
(0.10)
(9.29)
(7.28)

Values are mean (standard deviation).
Aix, augmentation index; AIx@75, augmentation index corrected
for heart rate of 75 beats per minute; Tr, travel time of the reﬂected
wave; PWVc–f, pulse wave velocity at carotid–femoral segment;
PWVc–r, pulse wave velocity at carotid–radial segment; SAE, small
artery elasticity index; PSBP, peripheral systolic blood pressure;
PDBP, peripheral diastolic blood pressure; CSBP, central systolic
blood pressure; CDBP, central diastolic blood pressure; PPP,
peripheral pulse pressure; CPP, central pulse pressure; MAP, mean
arterial pressure; HR, heart rate.
**
P < 0.01 as compared to the value measured before passive heat
exposure.

body weight values after passive heat exposure: 78.89  11.15
and 79.06  11.29, respectively (P > 0.05).
PHE induced a 30% increase (P < 0.05) in the blood IL-6
concentration but there was no signiﬁcant association
between the before and after PHE values of IL-6. Likewise,
the before and after PHE values and the changes in the blood

Fig. 2 – Relationship between baseline large artery elasticity
index (LAE) and change in large artery stiffness after
passive heat exposure (PHE) (r = S0.878, P < 0.01).

IL-6 level did not correlate with the pre- and postvalues or
changes in core body temperature and LAE (P > 0.05).

4.

Discussion

The aim of this study was to determine the acute effects of PHE
on arterial stiffness, OxS and inﬂammatory indices in young
healthy men. The use of the PHE study protocol (42 8C; relative
humidity 18%) was in accordance with the study protocol in
which a 10-days heat and exercise acclimation program was
applied [1,2]. However, a question arose about the independent
effect of heat exposure on arterial stiffness and other related
parameters. Furthermore, there are only few studies available
regarding the role of passive heat on arterial stiffness, which
show contradictory results [3–6].

Table 2 – The values of oxidative stress and inflammation
parameters before and after passive heat exposure.
Parameters
WBC, 109/L
Hgb, g/L
HCT, %
hsCRP, mg/L
Total peroxide concentration,
mmol/L
TAC, mmol Trolox equivalent/L
OSI, %
IL-6, pg/mL

Fig. 1 – Large artery elasticity index (LAE) at baseline and
after passive heat exposure (PHE). *P < 0.05 as compared to
the baseline measurement.

Before heat
stress
4.64
142.33
42.83
0.74
282.67

(1.14)
(14.12)
(5.77)
(0.35)
(114.37)

1.54 (0.22)
19.02 (7.94)
0.44 (0.16)

After heat
stress
4.93
140.67
41.83
0.72
305.90

(1.20)
(10.56)
(4.43)
(0.34)
(156.49)

1.44 (0.20)
22.13 (11.07)
0.59 (0.27)*

Values are mean (standard deviation).
WBC, white blood cells; Hgb, hemoglobin; HCT, hematocrit; hsCRP,
high-sensitive C-reactive protein; TAC, total antioxidant capacity;
OSI, oxidative stress index; IL-6, interleukin-6.
*
P < 0.05 as compared to the value measured before passive heat
exposure.
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The main ﬁnding of this study is that acute PHE induced a
signiﬁcant 17% decrease in LAE. Furthermore, the observed
decrease in LAE inversely correlated with the normothermic
values of this parameter, i.e. the greatest PHE induced
decrements in LAE occurred in individuals exhibiting the
highest values of LAE before heat exposure. There was a 30%
(P < 0.05) increase in the value of IL-6 after acute heat exposure
in a climatic chamber. We demonstrated that acute PHE (42 8C;
relative humidity 18%) does not have an effect on OxS
parameters.
The results of studies trying to demonstrate the effect of
heat stress on arterial stiffness are contradictory. Mitchel et al.
[3] showed in vitro that heating vessels to a non-physiological
temperature (60 8C) decreased the stiffness of these vessels. In
addition, it has been found that acute local thermal therapy
decreases the stiffness of arteries [4]. Moyen et al. [5] showed
slightly increased central arterial stiffness with heating, while
peripheral arterial stiffness remained unchanged.
Ganio et al. [6] studied the effect of passive heat stress on
carotid–femoral pulse wave velocity as a parameter of arterial
stiffness and according to their experimental protocol, the core
temperature increased from baseline to 0.5 8C, 1.0 8C and 1.5 8C
but they did not reveal statistically signiﬁcant changes in pulse
wave velocity. However, Ganio et al. [6] showed that the
magnitude by which heat stress non-signiﬁcantly decreased
individual arterial stiffness was predicted upon the normothermic value. Nevertheless, it has been shown that as core
temperature increased from baseline to 1.5 8C, the arterial
stiffness increased compared to the baseline value (P > 0.05).
Furthermore, in this experimental study by Ganio et al. [6] the
changes detected were independent of core temperature.
In our study, we registered a rise in rectal temperature after
exposure to heat stress: from 36.4 8C  0.31 8C at baseline to
37.01 8C  0.19 8C at the end of heat exposure (P < 0.001).
According to our results, this 0.61 8C rise in rectal temperature
was not sufﬁcient to change the values of most arterial
stiffness parameters but our study revealed a decrease in the
value of LAE: from 24.68  5.53 to 20.42  2.65 mL/mmHg*10
(P < 0.05). Our data showed that changes observed in arterial
stiffness were independent of changes in core temperature,
which has also been shown in earlier studies [6].
The study by Ganio et al. [6] showed that the magnitude by
which heat stress non-signiﬁcantly decreased individual
arterial stiffness was predicted upon the normothermic value
– individuals who had stiffer arteries were more responsive to
heat exposure induced improvements. This ﬁnding about
correlations is in agreement with the study by Moyen et al. [5],
who found that baseline stiffness appears to mediate the
magnitude of heating-induced changes in arterial stiffness.
The suggestion by Ganio et al. [6] and Moyen et al. [5] that
heat stress affects vessels differently depending on the
baseline tone is supported by our study results. We found
that the magnitude by which heat stress increased arterial
stiffness was negatively related to the normothermic value –
the decrease in LAE was higher in individuals with a higher
baseline value of LAE. In addition, the role of the baseline value
of arterial stiffness is also outlined in our previous heat
acclimation study, in which individuals with the biggest heatacclimation-induced decrease in arterial stiffness had the
highest baseline stiffness value [1].
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As discussed in the study by Ganio et al. [6], it is unknown
how heat stress affects arterial stiffness differently depending
on the baseline tone of the arteries. We agree with Ganio and
his colleagues that this may partially be explained by the
possibility that in the vessel with low arterial stiffness during
normothermia, the amount of arterial tone changing factors
released in response to heat stress were not adequate or these
arteries were not sufﬁciently sensitive to these factors.
In addition, it has also been found that an increase in
sympathetic activity occurs with heat stress [16] and that an
increase in activity is associated with the increase in arterial
stiffness [17]. Although this has not been evaluated in our
study, we can speculate that individuals with lower normothermic arterial stiffness had higher sympathetic activity in
response to heat stress and this is part of the reason they were
more responsive to heat stress induced changes in arterial
stiffness.
The response of arterial stiffness on heat stress may also
have been attenuated by increased low-grade inﬂammation. It
has been found that heat exposure tends to stimulate the
release of inﬂammatory cytokine IL-6 [9] and that a higher
value of IL-6 is associated with higher carotid–femoral PWV
[18]. We found a 30% (P < 0.05) increase in the value of IL-6 after
heat stress exposure in a climatic chamber. Nevertheless, our
study did not reveal associations between the values or
changes in core temperatures, IL-6, and LAE (P > 0.05).
According to in vitro evidence, heat stress may induce an
increased OxS level and OxS is part of the stress response to
heat exposure [7,8]. In addition, it has been demonstrated that
environmental temperature can inﬂuence exercise-induced
OxS [19] and it is suggested that the core body temperature is a
participating factor in the induction of OxS [20]. In our
previous studies, we have demonstrated that heat acclimation through combined concurrence of exercise and heat
stress increases the OxS level in young healthy men [2]. We
and others have also demonstrated that OxS is directly linked
to increased arterial stiffness [21,22]. In the present study, we
did not reveal any signiﬁcant changes in OxS parameters
(P > 0.05) after heat stress exposure nor were there any
associations between OxS, arterial stiffness and core temperature values (P > 0.05).
Our study has some limitations. Firstly, according to our
study design, subjects' core body temperature values were
recorded before and immediately after the passive heat
exposure, but the arterial stiffness values were measured
10 min later in order to ensure the standardization of
physiological parameters. Bearing this in mind, it is possible
that lower heat stress occurred at the time of measurements of
arterial stiffness.
Secondly, from the methodological point of view, the
existence of a control group would have been appropriate and
further research is warranted in order to assess the effect of
PHE.

5.

Conclusions

In conclusion, the data of this study suggest that acute PHE
induces a normothermic value dependent decrease in LAE.
Acute passive PHE also induces an increase in inﬂammatory
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IL-6 level but does not inﬂuence OxS. However, despite some
PHE effects on functional and biochemical indices further
larger investigations are needed to clarify mechanisms
responsible for PHE effects on vascular functional and
biochemical parameters.
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