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Abstract
Background: Acute exercise leads to an immediate drop in blood pressure (BP), also called post-exercise hypotension (PEH).

Exercise in hypoxia is related to additional vasodilation, potentially contributing to more profound PEH. Therefore, we investigated the
impact of hypoxia versus normoxia on the magnitude of PEH. Second, we examined whether these changes in PEH relate to the BPlowering effects of 12-week exercise training under hypoxia.
Methods: In this prospective study, 21 healthy individuals (age 22.2 ± 3.0 years, 14 male) performed a 45-minute high-intensity

running exercise on 2 different days in a random order, under hypoxia (fraction of inspired oxygen 14.5%) and normoxia (fraction of
inspired oxygen 20.9%). BP was examined pre-exercise (t = 0) and at t = 15, t = 30, t = 45, and t = 60 minutes post-exercise.
Afterward, subjects took part in a 12-week hypoxic running exercise training program. Resting BP was measured before and after the
12-week training program.
Results: Acute exercise induced a signiﬁcant decrease in systolic BP (systolic blood pressure [SBP], P = .001), but not in diastolic

BP (diastolic blood pressure [DBP], P = .113). No signiﬁcant differences were observed in post-exercise BP between hypoxic and
normoxic conditions (SBP, P = .324 and DBP, P = .204). Post-exercise changes in SBP, DBP, and mean arterial pressure signiﬁcantly
correlated to the 12-week exercise training-induced changes in SBP (r = 0.557, P = .001), DBP (r = 0.615, P < .001), and mean
arterial pressure (r = 0.458, P = .011).
Conclusion: Our ﬁndings show that hypoxia does not alter the magnitude of PEH in healthy individuals, whilst PEH relates to the

BP-lowering effects of exercise. These data highlight the strong link between acute and chronic changes in BP.
Abbreviations: AMS = acute mountain sickness, BMI = body mass index, BP = blood pressure, CO = cardiac output, CO2 =
carbon dioxide, CPET = cardiopulmonary exercise test, DBP = Diastolic blood pressure, FiO2 = fraction of inspired oxygen, HR =
heart rate, LLS = Lake Louis score, MAP = mean arterial pressure, O2 = oxygen, PEH = post-exercise hypotension, RPE = rate of
perceived exertion, SBP = systolic blood pressure, SpO2 = oxygen consumption, SV = Stroke volume, TPR = total peripheral
resistance.
Keywords: antihypertensive treatment, blood pressure, cardiovascular disease, exercise training, hypoxia, post-exercise
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1. Introduction

were performed. Visits 2 and 3 included the actual test days to
study the acute effects of hypoxia versus normoxia on PEH. Visits
4 to 35 (training program) and visit 36 (follow-up measurements)
comprised the chronic part to study; the relationship between
PEH during the ﬁrst visit versus the long-term changes in BP.

Post-exercise hypotension (PEH) is a reduction in systolic and/or
diastolic arterial blood pressure (BP) below resting BP levels
following a single bout of exercise and is usually observed
minutes to hours after exercise.[1–3] The decline in BP after
exercise relates to a marked decrease in total peripheral resistance
(TPR),[3,4] due to sustained post-exercise local vasodilator
mechanisms,[5,6] with unmatched elevations in cardiac output
(CO).[7] The potential clinical relevance of PEH is that the
magnitude of PEH relates to the BP-lowering effect of exercise
training.[8–10] Enhancing the magnitude of PEH may, therefore,
have the potential to increase the anti-hypertensive effects of
exercise training.
Previous research revealed that several factors, including
exercise intensity,[11–13] duration,[13,14] mode (interval or
continuous[15]), time of day[16] and body position,[17] may
inﬂuence the magnitude of PEH. Relatively little work has
examined the impact of hypoxia on PEH. This is relevant since
previous work revealed that hypoxia contributes to a higher
decrease in TPR post-exercise[18–20] potentially contributing to a
larger PEH. Indeed, 1 previous study found a more profound
PEH in response to resistance exercise under hypoxia versus
normoxia.[21] Therefore, hypoxia may elicit a larger magnitude
of PEH compared to normoxia. This is potentially relevant, since
acute changes in BP with (hypoxic) exercise may relate to longterm changes in resting BP after regular exercise training.[8–10] A
larger PEH in hypoxia may therefore, translate into a larger
decrease in resting BP, as previously suggested for normoxic
exercise.[9] The aim of this study was to investigate the inﬂuence
of hypoxia versus normoxia on the PEH magnitude of postendurance exercise (high-intensity) in healthy individuals, and
whether the magnitude of PEH relates to the reduction in BP after
a 12-week hypoxic endurance exercise-training program.
According to previous research, we hypothesized that high-intensity
endurance exercise under hypoxia would elicit greater reductions in
post-exercise BP compared to normoxia, and that the magnitude of
PEH would relate to the training-induced BP reduction.

2.2.1. Baseline and follow-up measurements. The measurements included determination of height (SECA stadiometer,
SECA GmbH, Germany), weight (SECA scale, SECA GmbH),
oxygen saturation (SpO2, pulse oximetry; Ana Pulse 100, Ana
Wiz Ltd., UK) and maximal oxygen consumption (VO2max).
Resting heart rate (HR, Polar, Kempele, Finland) and resting BP
(Dinamap V100, GE Medical, Norway) were determined at the
end of 10 minutes of quiet rest in a supine position. Resting HR
was averaged over 1 minute of continuous recording. Resting BP
determination involved 3 serial measurements from the right arm
taken 30 seconds apart. Cuff size was adjusted to arm
circumference. A standardized maximal cardiopulmonary exercise test for VO2max assessment was conducted on a motorized
treadmill (HP Cosmos, Nussdorf, Germany) after a 10-minutes
warm-up and familiarisation. The test started at a speed of 7 km/h
for 3 minutes followed by speed increments of 1 km/h every
minute until subjects’ volitional exhaustion. Careful calibration
of ﬂow sensors and gas analysers was performed before each
measurement according to the manufacturer’s instructions
(Oxycon pro, CareFusion, VS). VO2max was deﬁned as the
highest value of a 30-s average,[22] and attainment was veriﬁed
according to previous recommend criteria.[23]
2.2.2. Test days. Figure 1 gives an overview of the test days
described below. Participants were randomly allocated to 1 of 2
groups in a counterbalanced design and blinded for the order of
testing days. One test day was performed at normoxia (sea level,
equivalent to fraction of inspired oxygen [FiO2] 20.9%)) and the
other test day at normobaric hypoxia (3000 m simulated altitude,
equivalent to FiO2 14.5%), separated by at least 48 hours
and maximal 72 hours of rest. Participants were subjected to 30
minutes of acclimation in seated position followed by 45-minute
of high-intensity endurance running exercise on a motorized
treadmill (HP Cosmos) and 60 minutes of recovery in seated
position. Exercise intensity was set by using 85% of maximal HR
for both hypoxia and normoxia sessions. HR, SpO2, and BP
measurements were performed at the end of acclimation
(baseline) and at 15, 30, 45, and 60 minutes during post-exercise
recovery in the seated position. HR was averaged over 1 minute
of continuous recording. BP determination involved 3 serial
measurements from the right arm taken 30 seconds apart. To
assess PEH, post-exercise BP measurements were averaged to
calculate the decline in BP from baseline. Participants remained in
a seated upright position with back support and BP measurements were obtained using an appropriately sized cuff. HR was
measured continuously throughout (Polar), and rate of perceived
exertion (RPE) was monitored during exercise.[24] Echocardiography (Vivid E9; GE Medical; Horten, Norway) was performed
at baseline and at 60 minutes of recovery to obtain cardiac
hemodynamic parameters (stroke volume, CO). Estimated TPR
(TPRest) was calculated from the echocardiography-derived
estimate of CO and mean arterial pressure (MAP) at baseline
and at 60 minutes of recovery (TPRest = MAP/CO). Measurements were performed at the same time at both days to control for
diurnal variation, and ﬂuid intake was controlled by providing
the same amount of water to participants during both testing
days.

2. Methods
2.1. Study population
Twenty-one healthy normotensive individuals (14 males) were
recruited for the study. Participants were eligible to take part in
this study if they were able to run on a treadmill and did not train
for more than 2 hours a week at moderate-to-high intensity for
the last 6 months. Exclusion criteria were a body mass index <18
or >30 kg/m2, a possibility of pregnancy, personal history of
cardiovascular disease, positive family history of cardiovascular
death (<55 years), exercise-limiting respiratory disease and
physical (i.e. musculoskeletal) complaints making completion of
the 12-week training program impossible.
The procedures were in accordance with institutional guidelines and conformed to the Declaration of Helsinki. The study
was approved by the Ethics Research Committee of the Liverpool
John Moores University (18/SPS/065). Participants gave full
written and verbal informed consent before participation.
2.2. Study design
In this prospective randomized cross-over study, participants
attended the laboratory on 36 separate occasions divided into 4
parts, see Figure 1. During the ﬁrst visit, baseline measurements
2
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Figure 1. Overview of study design, where the dotted panel is highlighting visit 2 and 3 (test days).

tion, unless indicated otherwise. A 2-way repeated measures
analysis of variance was conducted to compare

2.2.3. Training program. Following the test days, subjects took
part in a 12-week normobaric hypoxic exercise endurancetraining program consisting of 2  45 minute sessions a week in
the ﬁrst 4 weeks and 3  45 minute sessions in the last 8 weeks.
This running exercise was performed on a motorized treadmill at
3000 m simulated altitude (equivalent to FiO2 14.5%) at highintensity (85% of maximal HR).

(1) pre- and post-exercise training data and
(2) conditions.
A Greenhouse-Geisser correction was used for estimating
P-values if the sphericity assumption was violated (P<0.05,
tested with Mauchly test). A Sidak post-hoc correction was used
to account for multiple testing.
Associations between acute PEH and chronic BP lowering
effects were analysed by Pearson correlation coefﬁcient and
compared using Fisher Z-transform, in which acute is deﬁned as
the BP response to a single bout of high intensity hypoxic exercise
and chronic as the change in post-acclimated resting BP following
a 12-week training program. An alpha level of P  0.05 was
accepted a priori for signiﬁcance.

2.2.4. Environmental chamber and safety. All exercise tests
and training sessions were conducted in an environmental chamber
(TISS, Alton, UK; Sportingedge, Bastingstoke, UK), which was setup by a qualiﬁed technician. Normobaric hypoxia was achieved by
a nitrogen dilution technique. Ambient temperature, carbon
dioxide (CO2), and oxygen (O2) levels were controlled in all
sessions (20°C; FiO2 14.5%; CO2 0.03%), whilst a Servomex gas
analysis system (Servomex MiniMP 5200, Servomex Group Ltd.,
UK) was used inside the chamber to provide the researcher
continuous information regarding O2 and CO2 levels. Acute
mountain sickness symptoms (AMS, measured by Lake Louise
score[25]) were monitored during testing and training sessions every
20 minutes. The subject was removed from the environmental
chamber if oxygen saturation levels dropped below 80% or severe
acute mountain sickness was suspected (Lake Louis score ≥6).

3. Results
Participants were aged 22.2 ± 3.0 years, had a body mass of 69.5
± 10.7 kg, a VO2max/kg of 52.4 ± 8.1 mL/min/kg, and were all
normotensive (<140/90 mm Hg). All participants were nonsmokers. Baseline characteristics are shown in Table 1. Fifteen of
the 21 included participants completed the chronic part of the
study (Table 2).

2.3. Statistical analysis
Statistical analysis was performed using SPSS Statistics 24 (SPSS
Inc., Chicago, IL, VS). All parameters were visually inspected for
normality and tested with Shapiro–Wilk normality tests.
Categorical variables were presented as proportions and
continuous variables were reported as mean ± standard devia-

3.1. Post-exercise BP response in normoxia and hypoxia
(acute study)
HR during exercise was matched in exercise sessions in normoxia
and in hypoxia (173 ± 7 bpm, 172 ± 7 bpm respectively, P = .23).
3
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Table 1

Table 2

Subject characteristics: baseline.
Sex (m/f)
Age (yr)
Height (cm)
Body mass (kg)
BMI (kg/m2)
BSA (kg)
Resting HR (bpm)
Resting SBP (mm Hg)
Resting DBP (mm Hg)
Resting MAP (mm Hg)
SpO2 (%)
VO2max (L/min)
VO2max/kg (mL/min/kg)
VE (L/min)
Hrmax (bpm)

Subject characteristics: baseline and post-training program.
14/7
22.2 ± 3.0
170.3 ± 10.4
69.5 ± 10.7
24.0 ± 2.7
1.81 ± 0.18
65 ± 8
119 ± 5
69 ± 8
85 ± 6
98.4 ± 1.2
3.6 ± 0.7
52.4 ± 8.1
138 ± 28
199 ± 8

Sex (m/f)
Age (yr)
Height (cm)
Body mass (kg)
BMI (kg/m2)
BSA (kg)
Resting HR (bpm)
Resting SBP (mm Hg)
Resting DBP (mm Hg)
Resting MAP (mm Hg)
VO2max (L/min)
VO2max/kg (mL/min/kg)
VE (L/min)
Hrmax (bpm)

Data are expressed as means ± SD.
BMI = body mass index, BSA = body surface area, DBP = diastolic blood pressure, f = female, HR =
heart rate, m = male, MAP = mean arterial pressure, SBP = systolic blood pressure, SpO2 = oxygen
saturation, VE = ventilation, VO2max = maximal oxygen uptake.

Pre

Post

P-value

10/5
22.0 ± 2.4
172 ± 11
71.2 ± 11.7
24.0 ± 3.0
1.84 ± 0.19
77 ± 10
118 ± 4
67 ± 8
84 ± 6
3.7 ± 0.7
52.1 ± 7.1
138 ± 29
199 ± 8

70.3 ± 12.3
23.6 ± 2.7
1.83 ± 0.20
66 ± 6
113 ± 9
63 ± 5
80 ± 6
3.9 ± 0.8
55.7 ± 7.3
145 ± 34
195 ± 6

.17
.14
.18
<.001
.02
.07
.03
<.001
<.001
.002
.008

Data are expressed as means ± SD.
BMI = body mass index, BSA = body surface area, DBP = diastolic blood pressure, f = female, HR =
heart rate, m = male, MAP = mean arterial pressure, SBP = systolic blood pressure, VE = ventilation,
VO2max = maximal oxygen uptake.

Body mass loss (hypoxia –410 ± 320 g vs normoxia –410 ± 199 g,
P = .99) and water intake (hypoxia 373 ± 228 mL vs normoxia
336 ± 196 mL, P = .24) during exercise did not differ between
both testing sessions. Mean distance covered during exercise was
signiﬁcantly higher in normoxia (6655 ± 1266 m) compared to
hypoxia (5797 ± 1112 m, P < .001), whilst there was no
signiﬁcant difference in subjective ratings of perceived exertion
(RPE normoxia 12.5 ± 1.3, RPE hypoxia 13.3 ± 1.5; P = .07).
Stroke volume was signiﬁcantly decreased during recovery
(P < .01), whilst this decline did not differ between hypoxia
and normoxia (P = .54) (Table 3). Echocardiography showed a
signiﬁcantly higher CO during hypoxia compared to normoxia
(P < .01), whilst no differences were found between rest and postexercise (P = .09) (Table 3). TPRest was signiﬁcantly lower during
hypoxia compared to normoxia (P < .01), whilst no difference
was found between baseline and recovery (P = .83).
SBP and MAP signiﬁcantly decreased over time during
recovery (P < .01), while DBP did not change (P = .11) (Fig. 2
and Table 3). The mean PEH response for SBP, DBP, and MAP in
normoxia were –2.6 ± 8.5, –2.5 ± 5.0, and –2.6 ± 4.9 mm Hg
respectively, and in hypoxia –6.2 ± 8.4, –1.9 ± 5.4, and –3.4 ±
5.4, respectively. SBP, DBP, and MAP did not differ between
conditions at any time point (all P > .05) (Fig. 2 and Table 3). For
all BP responses, there were no signiﬁcant interactions between

condition and time (all P > .05). Similar ﬁndings were observed
when post-exercise BP responses were presented as relative
changes (data not shown).
3.2. Correlation of acute and chronic BP response
(chronic study)
During the prospective intervention part of our study, 6 participants
dropped-out (motivational issues n = 4; health problems unrelated to
the study n = 2). Participants completed on average 30± 2 training
sessions (94% adherence) at an average 83.5% of their maximum
HR. These 15 participants showed a signiﬁcant increase in VO2max/
kg (52.1–55.7 mL/min/kg, P < .001) (Table 2). Resting SBP, MAP,
and resting HR signiﬁcantly decreased (118–113 mm Hg, 84–80
mm Hg, and 78–66 bpm, respectively, P < .05) (Table 2). Resting
DBP did not signiﬁcantly change (67–63 mm Hg, P = .067) (Table 2).
Pooled data derived from the experiments under normoxia and
hypoxia indicate that the magnitude of PEH signiﬁcantly correlated
with the decrease in BP after 12-week of exercise training for DBP,
SBP, and MAP (Fig. 3). When comparing data derived under
normoxia versus hypoxia, no signiﬁcant differences were observed
in the correlation between PEH and resting BP (Fisher Z: SBP,
P = .22; DBP, P = .35; MAP, P = .65).

Table 3
Pre- and post-exercise values of physiological parameters.

HR (bpm)
SpO2 (%)
SBP (mm Hg)
DBP (mm Hg)
MAP (mm Hg)
LVSV (mL)
LVCO (L/min)
TPRest

Pre
Normoxia
Hypoxia

15 min
Normoxia Hypoxia

30 min
Normoxia Hypoxia

45 min
Normoxia Hypoxia

60 min
Normoxia
Hypoxia

65 ± 8
98 ± 1
121 ± 10
70 ± 8
87 ± 6
70 ± 20
4.6 ± 1.5
20.9 ± 6.7

98 ± 12
97 ± 1
121 ± 10
66 ± 8
85 ± 8

90 ± 113
97 ± 1
119 ± 9
67 ± 9
85 ± 8

86 ± 12
97 ± 1
117 ± 9
67 ± 9
84 ± 8

80 ± 12
98 ± 2
118 ± 9
69 ± 9
85 ± 8
64 ± 18
4.4 ± 1.3
21.0 ± 6.7

69 ± 6
89 ± 2
124 ± 10
70 ± 8
88 ± 7
73 ± 18
5.1 ± 1.3
18.3 ± 4.5

101 ± 9
89 ± 3
120 ± 9
68 ± 8
85 ± 7

95 ± 9
89 ± 3
118 ± 9
69 ± 7
85 ± 7

92 ± 9
90 ± 3
117 ± 8
68 ± 7
85 ± 7

87 ± 9
90 ± 3
118 ± 10
67 ± 7
84 ± 7
64 ± 18
4.8 ± 1.4
18.5 ± 4.7

C
.002
<.001
.93
.53
.61
.33
.002
.003

P-value
T

C∗T

<.001
.001
<.001
.11
.004
<.001
.09
.83

.08
.55
.32
.20
.41
.54
.89
.96

Data are expressed as means ± SD.
C = condition, CO = cardiac output, DBP = diastolic blood pressure, HR = heart rate, MAP = mean arterial pressure, SBP = systolic blood pressure, SpO2 = oxygen saturation, SV = stroke volume, T = time,
TPRest = estimated total peripheral resistance.
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Figure 2. Post-exercise systolic blood pressure (panel A), diastolic blood pressure (panel B), and mean arterial pressure (panel C) response under normoxia (black
bars) and hypoxia (white bars). The dotted line indicates 45 min high-intensity exercise and the error bars reﬂect the standard error of the mean.

4. Discussion

have shown that hypoxia represents a powerful vasodilator
signal for cerebral and peripheral arteries, subsequently leading
to a decrease in TPR.[18–20] Despite the decrease in TPR under
hypoxia, BP and PEH did not differ between normoxia and
hypoxia, possibly because of a compensatory increase in HR and
CO under hypoxia. The elevated HR and CO under hypoxia may
be explained by a preserved and well-functioning baroreﬂex
sensitivity in healthy young individuals under hypoxia,[28] or the
hypoxia-induced chemoreceptors stimulation promoting greater
sympathetic activation.[29,30] Interestingly, HR recovery tend to
be slower under hypoxia (Table 3), while total work done was
lower under hypoxia. These differences in HR recovery and total
work may also have contributed to the preserved PEH response
under normoxia versus hypoxia.[13,31,32]
Our ﬁnding contrasts with a previous study that investigated
PEH in hypoxia following resistance exercise.[21] In this study,
healthy young males showed signiﬁcantly lower SBP and DBP
levels 10, 20, and 30 minutes post-resistance exercise in hypoxia
(FiO2 13.0%) compared to normoxia.[21] A key difference with
our study is that they examined resistance exercise, compared to
endurance exercise in our study. Whilst this difference in exercise
mode may explain cross-study ﬁndings, former within-subject
comparisons support the hypothesis that the mode of exercise
(resistance vs endurance) does not alter the magnitude of
PEH.[33,34] However, none of these previous comparisons have
taken hypoxia into account. In addition, in the study of Horiuchi
et al post-exercise recovery was performed under normoxia,
making any comparisons with the previous investigations
difﬁcult, due to the persistent inﬂuence of hypoxic stress on
autonomic and hemodynamic post-exercise responses. Future
work is required to better understand the potential difference in

The aim of this study was to investigate the impact of hypoxia on
PEH, and whether the magnitude of PEH relates to the BPlowering effect of 12-week hypoxic endurance exercise-training.
We present the following ﬁndings. First, the magnitude of PEH
does not differ when exercise, matched at relative intensity, is
performed under hypoxia or normoxia. Second, the magnitude of
PEH during the ﬁrst exercise bout was positively related to the
magnitude of the BP-lowering effect of 12-weeks high-intensity
running exercise training under hypoxia. Taken together, our
results demonstrate that hypoxia does not alter the PEH
response, whilst we reveal the close relationship between acute
and chronic changes in BP in response to high-intensity running
exercise in healthy individuals.
4.1. PEH in normoxia and hypoxia
Our study showed that a 45-minute high intensity running
exercise bout leads to a decrease in mean arterial BP of ∼3 mm Hg
after exercise in healthy individuals, supporting the presence of
PEH. This observation conﬁrms ﬁndings from several previous
studies that demonstrated the presence of PEH after a variety of
types, durations, and intensities of endurance exercise.[11,12,15,26]
However, in contrast to our hypothesis, the magnitude of PEH
was not altered by hypoxia (FiO2 14.5%). Under physiological
conditions, changes in CO and TPR lead to alterations in BP.[27]
After exercise, PEH seems to be largely explained by a decrease in
TPR, likely due to a combination of centrally (ie, arterial
baroreﬂex resetting with inhibition of sympathetic outﬂow) and
locally mediated vasodilator mechanisms, which is not compensated by adequate elevations in CO.[3] Several previous studies
5
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Figure 3. Correlations between acute exercise effect and chronic blood pressure lowering effect of 12-wk hypoxic training intervention (SBP, panel A), diastolic
blood pressure (DBP, panel B), and mean arterial pressure (MAP, panel C). Error bars are omitted for clarity.

related to long-term declines in resting BP. In addition, our
ﬁndings on PEH in hypoxia relate to a group of healthy young
normotensive individuals and cannot be directly extrapolated to
pre-hypertensive and hypertensive individuals, where PEH
magnitude may be different.[36]

effect size of PEH between the different modes of exercise under
hypoxia and recovery modalities.
4.2. Correlation PEH versus BP changes to training
The anti-hypertensive effects of regular exercise training for the
general population are well known. This study further explored the
relation between PEH and the long-term beneﬁts of regular exercise
training. The decrease of ∼5 mm Hg in mean BP after 12-weeks of
exercise training may seem marginal, but actually exceeds that of
most previous studies examining the beneﬁts of exercise training on
BP in healthy individuals.[35] Within this context, it is important to
realize that larger anti-hypertensive effects may be observed in those
with (borderline) hypertension.[35] Importantly, we were able to link
PEH, observed during the ﬁrst session of high-intensity running
exercise, to changes in resting BP after 12-weeks of exercise training.
This observation provides further support that acute changes in BP
after exercise ultimately relate to long-term changes.[8–10] An
important addition to this knowledge, is that the correlation
disappeared when we related PEH (taken after hypoxic exercise) to
post-training BP assessed under normoxia. This suggests that the BP
responses to acute and chronic exercise training, despite the similar
magnitude of PEH, are related through distinct pathways. From a
personalized exercise perspective, this observation means that those
with the largest decline in PEH under normoxia, even when exercise
training is performed under hypoxia, can expect the largest decline in
resting BP (under normoxia). This may contribute to further
personalize strategies to lower BP.

4.3. Perspectives
Hypoxia represents a relatively common stimulus that importantly alters the physiological demands of the cardiovascular
system during exercise compared to normoxia. Nonetheless, we
found that acute, high-intensity exercise under normoxia and
hypoxia leads to a comparable post-exercise decline in BP in
healthy volunteers (ie, PEH), whilst the magnitude of PEH
strongly relates to the anti-hypertensive effects of exercise
training. Whilst this provides novel insight into the acute and
chronic regulation of BP, the comparable effects of hypoxic and
normoxic exercise may have potential clinical relevance. Whilst
both types of exercise are linked to a similar subjective level of
effort, absolute workloads with hypoxic endurance exercise are
signiﬁcantly lower. This makes hypoxic exercise a suitable
alternative for sedentary and frail individuals as a non-drug
antihypertensive treatment, since lower workloads will be linked
to fewer injuries and risks of exercise.[31,37,38] Hypoxic exercise
has already been used effectively to enhance vascular structure
and function,[39,40] adaptive responses in metabolic capacity[41]
and glucose tolerance,[42] highlighting the potential of hypoxic
exercise for health improvement.

5. Conclusion

4.2.1. Limitations. A limitation is that we did not include a
control group who either did not perform exercise or performed
exercise under normoxic conditions across a 12-week period.
Whilst this may have provided additional insight, this does not
impact our primary ﬁnding of our study, in that PEH is strongly

Our ﬁndings show that hypoxia does not alter the magnitude of
PEH in healthy individuals, whilst PEH relates to the BP-lowering
effects of exercise. These data highlight the strong link between
acute and chronic changes in BP.
6

Kleinnibbelink et al. Medicine (2020) 99:39

www.md-journal.com

[13] Jones H, George K, Edwards B, et al. Is the magnitude of acute postexercise hypotension mediated by exercise intensity or total work done?
Eur J Appl Physiol 2007;102:33–40.
[14] Forjaz CL, Matsudaira Y, Rodrigues FB, et al. Post-exercise changes in
blood pressure, heart rate and rate pressure product at different exercise
intensities in normotensive humans. Braz J Med Biol Res 1998;31:
1247–55.
[15] Angadi SS, Bhammar DM, Gaesser GA. Postexercise hypotension after
continuous, aerobic interval, and sprint interval exercise. J Strength Cond
Res 2015;29:2888–93.
[16] de Brito LC, Rezende RA, da Silva Junior ND, et al. Post-exercise
hypotension and its mechanisms differ after morning and evening
exercise: a randomized crossover study. PLoS One 2015;10:e0132458.
[17] Brito LC, Queiroz ACC, Forjaz CLM. Inﬂuence of population and
exercise protocol characteristics on hemodynamic determinants of postaerobic exercise hypotension. Braz J Med Biol Res 2014;47:626–36.
[18] Ainslie PN, Barach A, Murrell C, et al. Alterations in cerebral
autoregulation and cerebral blood ﬂow velocity during acute
hypoxia: rest and exercise. Am J Physiol Heart Circ Physiol 2007;
292:H976–83.
[19] Horiuchi M, Dobashi S, Kiuchi M, et al. Reduction in cerebral
oxygenation after prolonged exercise in hypoxia is related to changes in
blood pressure. Adv Exp Med Biol 2016;876:95–100.
[20] Iwasaki K, Ogawa Y, Shibata S, et al. Acute exposure to normobaric mild
hypoxia alters dynamic relationships between blood pressure and
cerebral blood ﬂow at very low frequency. J Cereb Blood Flow Metab
2007;27:776–84.
[21] Horiuchi M, Ni-I-Nou A, Miyazaki M, et al. Impact of resistance exercise
under hypoxia on postexercise hemodynamics in healthy young males.
Int J Hypertens 2018;2018:1456972–1456972.
[22] Robergs RA, Dwyer D, Astorino T. Recommendations for improved
data processing from expired gas analysis indirect calorimetry. Sports
Med 2010;40:95–111.
[23] Howley ET, Bassett DRJr, Welch HG. Criteria for maximal oxygen uptake:
review and commentary. Med Sci Sports Exerc 1995;27:1292–301.
[24] Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports
Exerc 1982;14:377–81.
[25] Roach RC, Hackett PH, Oelz O, et al. The 2018 Lake Louise acute
mountain sickness score. High Alt Med Biol 2018;19:4–6.
[26] Pimenta FC, Montrezol FT, Dourado VZ, et al. High-intensity interval
exercise promotes post-exercise hypotension of greater magnitude
compared to moderate-intensity continuous exercise. Eur J Appl Physiol
2019;119:1235–43.
[27] Guyton AC. Regulation of cardiac output. N Engl J Med 1967;277:
805–12.
[28] Halliwill JR, Minson CT. Effect of hypoxia on arterial baroreﬂex control
of heart rate and muscle sympathetic nerve activity in humans. J Appl
Physiol (1985) 2002;93:857–64.
[29] Fisher JP. Cardiac autonomic regulation during hypoxic exercise. Am J
Physiol Heart Circ Physiol 2015;308:H1474–5.
[30] Bartsch P, Gibbs JS. Effect of altitude on the heart and the lungs.
Circulation 2007;116:2191–202.
[31] Fornasiero A, Skaﬁdas S, Stella F, et al. Cardiac autonomic and
physiological responses to moderate- intensity exercise in hypoxia. Int J
Sports Med 2019;40:886–96.
[32] Michael S, Graham KS, Davis GMO. Cardiac autonomic responses
during exercise and post-exercise recovery using heart rate variability
and systolic time intervals-a review. Front Physiol 2017;8:301.
[33] MacDonald JR, MacDougall JD, Interisano SA, et al. Hypotension
following mild bouts of resistance exercise and submaximal dynamic
exercise. Eur J Appl Physiol Occup Physiol 1999;79:148–54.
[34] Brown SP, Clemons JM, He Q, et al. Effects of resistance exercise and
cycling on recovery blood pressure. J Sports Sci 1994;12:463–8.
[35] Cornelissen VA, Smart NA. Exercise training for blood pressure: a
systematic review and meta-analysis. J Am Heart Assoc 2013;2:e004473.
[36] Brito LC, Fecchio RY, Pecanha T, et al. Postexercise hypotension as a
clinical tool: a “single brick” in the wall. J Am Soc Hypertens 2018;12:
e59–64.
[37] Pramsohler S, Burtscher M, Faulhaber M, et al. Endurance training in
normobaric hypoxia imposes less physical stress for geriatric rehabilitation. Front Physiol 2017;8:514.
[38] Girard O, Malatesta D, Millet GP. Walking in hypoxia: an efﬁcient
treatment to lessen mechanical constraints and improve health in obese
individuals? Front Physiol 2017;8:73.

Acknowledgments
The authors would like to thank Harry Bridgford, Lewis Clark
BSc, Jack Homans BSc, Manon van Steen BSc, Nadya Waner
MSc, Luke Williams, and Jack Young BSc (undergraduate and
master students Research Institute of Sport and Exercise Sciences,
Liverpool John Moores University) who contributed to supervising exercise training sessions.

Author contributions
Geert Kleinnibbelink: Concept and design, data collection, data
analysis and interpretation, drafting the manuscript and ﬁnal
approval of the manuscript. Niels A. Stens: Data collection, data
analysis and interpretation, drafting the manuscript and ﬁnal
approval of the manuscript. Alessandro Fornasiero: Concept and
design, data collection, data analysis and interpretation, revising
the manuscript and ﬁnal approval of the manuscript. Guilherme
F. Speretta: Data collection, revising the manuscript and ﬁnal
approval of the manuscript. Arie P.J. van Dijk: Concept and
design, revising the manuscript and ﬁnal approval of the
manuscript. David A. Low: Concept and design, revising the
manuscript and ﬁnal approval of the manuscript. David L.
Oxborough: Concept and design, data collection, data analysis
and interpretation, revising the manuscript and ﬁnal approval of
the manuscript. Dick H.J. Thijssen: Concept and design, data
analysis and interpretation, revising the manuscript and ﬁnal
approval of the manuscript.

References
[1] Kenney MJ, Seals DR. Postexercise hypotension. Key features,
mechanisms, and clinical signiﬁcance. Hypertension 1993;22:653–64.
[2] MacDonald JR. Potential causes, mechanisms, and implications of post
exercise hypotension. J Hum Hypertens 2002;16:225–36.
[3] Halliwill JR, Buck TM, Lacewell AN, et al. Postexercise hypotension and
sustained postexercise vasodilatation: what happens after we exercise?
Exp Physiol 2013;98:7–18.
[4] Franco RL, Fallow BA, Huang CJ, et al. Forearm blood ﬂow response to
acute exercise in obese and non-obese males. Eur J Appl Physiol
2013;113:2015–23.
[5] Romero SA, McCord JL, Ely MR, et al. Mast cell degranulation and de
novo histamine formation contribute to sustained postexercise vasodilation in humans. J Appl Physiol (1985) 2017;122:603–10.
[6] Pellinger TK, Simmons GH, MacLean DA, et al. Local histamine H1- and
H2-receptor blockade reduces postexercise skeletal muscle interstitial
glucose concentrations in humans. Appl Physiol Nutr Metab 2010;
35:617–26.
[7] Legramante JM, Galante A, Massaro M, et al. Hemodynamic and autonomic
correlates of postexercise hypotension in patients with mild hypertension.
Am J Physiol Regul Integr Comp Physiol 2002;282:R1037–43.
[8] Hecksteden A, Grutters T, Meyer T. Association between postexercise
hypotension and long-term training-induced blood pressure reduction: a
pilot study. Clin J Sport Med 2013;23:58–63.
[9] Wegmann M, Hecksteden A, Poppendieck W, et al. Postexercise
hypotension as a predictor for long-term training-induced blood pressure
reduction: a large-scale randomized controlled trial. Clin J Sport Med
2018;28:509–15.
[10] Liu S, Goodman J, Nolan R, et al. Blood pressure responses to acute and
chronic exercise are related in prehypertension. Med Sci Sports Exerc
2012;44:1644–52.
[11] Eicher JD, Maresh CM, Tsongalis GJ, et al. The additive blood pressure
lowering effects of exercise intensity on post-exercise hypotension. Am
Heart J 2010;160:513–20.
[12] L M Forjaz C, Cardoso CJr, C Rezk C, et al. Postexercise hypotension
and hemodynamics: the role of exercise intensity. J Sports Med Phys
Fitness 2004;44:54–62.

7

Kleinnibbelink et al. Medicine (2020) 99:39

Medicine

[41] Przyklenk A, Gutmann B, Schiffer T, et al. Endurance exercise in
hypoxia, hyperoxia and normoxia: mitochondrial and global adaptations. Int J Sports Med 2017;38:588–96.
[42] E DEG , Britto FA, Bullock L, et al. Hypoxic training improves normoxic
glucose tolerance in adolescents with obesity. Med Sci Sports Exerc
2018;50:2200–8.

[39] Montero D, Lundby C. Effects of exercise training in hypoxia
versus normoxia on vascular health. Sports Med 2016;46:
1725–36.
[40] Katayama K, Fujita O, Iemitsu M, et al. The effect of acute exercise in
hypoxia on ﬂow-mediated vasodilation. Eur J Appl Physiol
2013;113:349–57.

8

