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Abstract Purpose: Weightlessness has a well-known effect
on the autonomic control of the cardiovascular system.
With future missions to Mars in mind, it is important to
know what the effect of partial gravity is on the human
body. We aim to study the autonomic response of the
cardiovascular system to partial gravity levels, as present
on the Moon and on Mars, during parabolic flight.

Methods: ECG and blood pressure were continuously
recorded during parabolic flight. A temporal analysis of
blood pressure and heart rate to changing gravity was con-
ducted to study the dynamic response. Additionally, car-
diovascular autonomic control was quantified by means
of heart rate (HR) and blood pressure (BP) variability
measures.

Results: Zero and lunar gravity presented a bipha-
sic cardiovascular response, while a triphasic response
was noted during martian gravity. Heart rate and blood
pressure are positively correlated with gravity, while the
general variability of HR and BP, as well as vagal in-
dices showed negative correlations with increasing grav-
ity. However, the increase in vagal modulation during
weightlessness is not in proportion when compared to the
increase during partial gravity.
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Conclusions: Correlations were found between the
gravity level and modulations in the autonomic nervous
system during parabolic flight. Nevertheless, with future
Mars missions in mind, more studies are needed to use
these findings to develop appropriate countermeasures.
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1 Introduction

It is well-known that long-term space flight poses sev-
eral risks for the astronauts due to changes in radiation,
the exposure to microgravity, and the prolonged confine-
ment (Aubert et al, 2005). Additionally, when they return
to earth, they may suffer from postflight orthostatic in-
tolerance (Sides et al, 2005). Although the underlying
mechanisms are not fully understood (Buckey Jr et al,
1996), it has been identified that the autonomic control of
the cardiovascular system plays an important role in the
development of orthostatic intolerance (Aubert et al, 2005;
Baevsky et al, 2007; Cooke et al, 2000).

In the last decades, there has been an increasing inter-
est to travel to Mars. In order to prepare for a manned
space flight to Mars, a 105-day pilot study and a 520-day
study has been carried out to simulate a mission to Mars,
where a small crew was confined for 520 days, hereby
mimicking the time necessary to travel back and forth
to Mars and the tasks they would have to perform. Dur-
ing these preparation studies, the cardiovascular response
to the prolonged confinement was evaluated (Vigo et al,
2012, 2013; Wan et al, 2011). Only the reduction in gravity
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was not simulated. Although many studies have already
investigated how the human body behaves during mi-
crogravity (Aubert et al, 2005), its response to reduced
gravity levels, as on Mars (0.38 g) and the Moon (0.16 g),
is not yet clear. In recent studies, Moon and Mars gravity
fields were simulated using lower body positive pressure
(Evans et al, 2013; Kostas et al, 2014). While standing,
fluid shifts from the chest were shown at different body
weights, eliciting changes in regulatory responses. In this
study, parabolic flights are used to assess cardiovascular
autonomic functioning during changing gravity condi-
tions, where periods of reduced gravity are preceded and
followed by hypergravity phases (1.6 - 1.8 g). Previous
studies already showed that during hypergravity, blood
is pulled towards the lower extremities, leading to a re-
duction in venous return and stroke volume (Le Rolle
et al, 2008), while the opposite occurs during microgravity
(Beckers et al, 2003; Mukai et al, 1991). These hemody-
namic changes lead to vagal and sympathetic modulations
via the baroreflex and cardiopulmonary reflex (Beckers
et al, 2003; Linnarsson et al, 1996; Liu et al, 2011; Pump
et al, 1999; Verheyden et al, 2005).

The purpose of this study is to assess the autonomic
response of the cardiovascular system to lunar, martian
and zero gravity conditions obtained during parabolic
flights. The functioning of the autonomic nervous system
is quantified by means of heart rate (HRV) and blood
pressure variability (BPV). Analyses of HRV and BPV pro-
vide, in an easy and non-invasive way, information on
autonomic control of the cardiovascular system, and has
been used to study the autonomic response to weightless-
ness induced by parabolic flights (Beckers et al, 2003; Liu
et al, 2011; Mukai et al, 1991; Seps et al, 2002; Verheyden
et al, 2005). We, now, aim to investigate whether a (linear)
relation exists between measures of HRV and BPV on the
one hand, and the gravity level on the other hand. Now,
the latter not only comprises hypergravity, normograv-
ity and microgravity conditions; with the Joint European
Partial-g parabolic flight campaigns, cardiac and blood
pressure recordings could be collected during martian
and lunar gravity. Preliminary results of these analyses
were presented at the Joint Life Science Meeting ‘Life in
Space for Life on Earth’ in Abderdeen, UK in June 2012
(Aerts et al, 2012) and the 19th IAA Humans in Space
Symposium in Cologne, Germany in July 2013 (Widjaja
et al, 2013).

2 Data

2.1 Participants

Fourteen healthy, non-smoking, male subjects (mean ±
SD; age: 28.4± 3.7 yr; height: 178.9± 5.5 cm; weight: 77.1±
9.9 kg; BMI: 24.0± 2.8 kg/m2) were selected to participate
in this study. The data were recorded during the first and
second Joint European Partial-g parabolic flight (JEPPF)
campaign, taking place in June 2011 and December 2012
(Pletser et al, 2012). Eight of them participated in previous
partial-g or zero-g parabolic flights (experienced flyers),
while the remaining six subjects experienced reduced
gravity for the first time.

All subjects provided written informed consent prior
to participation in the study. Each participant underwent
a special flight medico-physical examination in order to
pass FAA III tests. All subjects were free of any cardiopul-
monary or other systemic disease. None of them were
taking any medication, nor were they allowed to take
either general medication or medication for the control
of motion sickness before and during the parabolic flight
sessions in order to eliminate the effects of pharmacologi-
cal agents on cardiovascular control. Data of one subject
were excluded due to severe nausea, and intake of scopo-
lamine during the flight. The study was approved by
the ‘Comité Consultatif de Protection des Personnes dans
la Recherche Biomédicale’, the Ethical Committee of the
Faculty of Medicine, KU Leuven, Belgium and the ESA
medical board.

2.2 Instrumentation

Data of the subjects were collected using a Nexfin mon-
itor (BMEYE, Amsterdam, The Netherlands). Pre-gelled
Ag/AgCl electrodes (Red Dot, 3M, Saint Paul, MN, USA)
were pasted on the thorax for electrocardiogram (ECG)
recordings. Continuous blood pressure (BP) measure-
ments were obtained using an inflatable finger cuff with
infrared plethysmography (Finapres Medical Systems,
Amsterdam, The Netherlands). ECG and BP recordings
were sampled at 1000 Hz and 200 Hz respectively. Acc-
celeration data were also recorded and matched with the
acceleration signal provided by ESA.

2.3 Experimental Protocol

The subjects participated in a parabolic flight during
which micro-, lunar (0.16 g) and martian (0.38 g) gravity
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conditions were obtained. The flights were jointly orga-
nized by ESA, DLR, CNES and Novespace in Bordeaux,
France (Pletser et al, 2012). An Airbus A300 followed a
parabolic trajectory, yielding a gravity profile as shown in
the top traces of Figs. 1 and 2. Each flight consisted of 31
parabolas. Between two parabolas, there was a break of al-
most 2 minutes. After every six parabolas, a longer break
of 5 minutes was held. The data of the first parabola were
never used, such that the subjects could become accus-
tomed to the partial gravity experience. Throughout the
whole flight, the subjects were seated and attached with
belts around the chest to prevent free floating, and were
instructed not to talk during the parabolas. In the first
JEPPF campaign, there were first 12 parabolas of lunar
gravity, then 12 of martian gravity, and lastly 6 parabolas
that achieved microgravity conditions. During the second
JEPPF campaign, the order of presentation of lunar and
martian gravity was reversed.

2.4 Data Segmentation

Each parabola is divided in five phases, as shown in the
top traces of Figs. 1 and 2: 1. pre-normogravity (1 g), 2.
pre-hypergravity (1.7-1.8 g), 3. reduced gravity (0 g, 0.16
g or 0.38 g), 4. post-hypergravity (1.6-1.8 g), and 5. post-
normogravity (1 g). The segmentation was performed
according to >1.4 g for pre-hypergravity, <0.05 g for mi-
crogravity, <0.20 g for lunar gravity, <0.41 g for martian
gravity and >1.4 g for post-hypergravity. The pre- and
post-normogravity segments were taken as the 20 s just
before and after the parabola during which the gravity
was below 1.05 g.

3 Methods

The data recorded with the Nexfin monitor were con-
verted with FrameInspector (v1.32, BMEYE), such that
further processing of the data could be performed in
MATLAB R2012a (MathWorks, Natick, MA, USA).

3.1 Heart Rate Variability

Lead II of the ECG is used to derive the variability of
the heart rate. The QRS complexes are detected using the
Pan-Tompkins algorithm (Pan and Tompkins, 1985) and
all detections are visually verified and manually corrected
if needed. The intervals between consecutive QRS com-
plexes are the normal-to-normal (NN) interval series and
constitute the tachogram.

HRV is quantified via several short-time measures,
described in the Task Force on HRV (Task Force of the
European Society of Cardiology and the North American
Society of Pacing and Electrophysiology, 1996) in (Beck-
ers et al, 2003; Verheyden et al, 2005), as we only have
segments of 20-30 s during the parabolic flights:

– Time domain HRV analysis:
– meanNN [ms]: mean of NN interval series. Its re-

ciprocal multiplied with 60 s constitutes the mean
heart rate;

– SDNN [ms]: standard deviation of NN interval
series. SDNN is a measure of total variability;

– RMSSD [ms]: square root of the mean squared
differences of successive NN intervals;

– pNN50 [%]: percentage of NN intervals that differs
more than 50 ms from the preceding NN interval;

– SDSD [ms]: standard deviation of successive differ-
ences.

The latter three measures are estimates of short-term
components of HRV and reflect parasympathetic ac-
tivity.

– Frequency domain HRV analysis:
– LFNN [ms2]: power in the low frequency range

[0.04-0.15 Hz]. This measure is linked to both sym-
pathetic and parasympathetic influences;

– HFNN [ms2]: power in the high frequency range
[0.15-0.40 Hz]. HF power reflects vagal activity;

– LFnormNN [nu]: relative LF power to the total
power (calculated as LFNN+HFNN), expressed in
normalized units. This reflects sympathovagal bal-
ance;

– HFnormNN [nu]: relative HF power to the total
power (calculated as LFNN+HFNN), expressed in
normalized units. This is a measure of vagal activ-
ity;

– LF/HFNN [-]: ratio between LF and HF power. This
measure is an index of sympathovagal balance.

In order to reliably calculate the power spectrum for
the 20 s segments, the procedure as described in (Ver-
heyden et al, 2005) is followed, which includes linear
trend removal, tapering with a Hamming window,
assessment of stationarity and zero padding. Station-
arity implies that the statistical properties of a se-
ries [x(t)] do not change with time. Its assessment
is performed according to the following algorithm
(Beauchamp, 1973): for each [x(t)], the total standard
deviation [SDtot] is obtained. Next, a running mean
< xi > is computed for all i from a sliding window of
six points. Finally, the stationarity requirement is met
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if |< xi > − < xi+1 >| < [SDtot]. Failure to meet the
stationarity requirement, lead to the removal of those
segments in the calculation of spectral features.

The reliability of the computation of HRV features in these
ultrashort data segments, is proven in Appendix 1.

3.2 Blood Pressure Variability

A systogram and a diastogram, consisting of consecutive
systolic and diastolic blood pressure values respectively,
are derived from the continuous blood pressure record-
ings. Recalibration periods of the finger plethysmography
are taken into account by cubic spline interpolation that
is performed using the time information derived from the
QRS complexes.

The short-time BPV measures include (Laitinen et al,
1999; Parati et al, 2013, 1995):

– Time domain BPV analysis:
– meanBP [mmHg]: mean of blood pressure series;
– SDBP [mmHg]: standard deviation of blood pres-

sure series.
– Frequency domain BPV analysis:

– LFBP [mmHg2]: power in the low frequency range
[0.04-0.15 Hz]. This measure is related to sympa-
thetic vasomotor tone and sympathovagal balance;

– HFBP [mmHg2]: power in the high frequency range
[0.15-0.40 Hz]. This measure is linked to mechani-
cal effects of respiration;

– LF/HFBP [-]: ratio between LF and HF power. This
ratio reflects the sympathovagal balance.

The same procedure as in the frequency domain HRV
analysis is applied to compute the power spectrum of
the systogram and diastogram.

Note that the abbreviation BP will be used when it con-
cerns both the systogram (SBP) and diastogram (DBP).

3.3 Statistical Analysis

Analysis of covariance is conducted to compute the cor-
relation coefficients with repeated observations (Bland
and Altman, 1995), between the mean gravity in a certain
phase, and its corresponding HRV or BPV feature, taking
into account that repeated measures occur within a sub-
ject. A model with parallel lines between subjects is used.
Statistical significance is considered when p < 0.05.

Table 1: Mean durations of the different gravity phases

Gravity level phase 2 phase 3 phase 4
0 g 20.66 ± 0.83 20.38 ± 1.05 22.19 ± 2.76

0.16 g 19.23 ± 0.79 24.60 ± 0.64 21.89 ± 2.42
0.38 g 17.65 ± 0.67 31.37 ± 1.06 19.30 ± 1.52

Mean (s) ± standard deviation (s) of the duration of phases 2, 3 and
4 when zero, lunar and martian gravity levels are simulated.

4 Results

Table 1 displays the mean durations of the different phases
when zero, lunar and martian gravity levels are obtained
via parabolic flight. During the weightlessness parabolas,
the hyper- and zero-gravity phases all last around 20 s.
Simulations of lunar and martian gravity result in slightly
shorter hypergravity phases, but lead to longer phases
of reduced gravity up to 34 s of martian gravity. Because
the data length could influence HRV and BPV measures,
we have compared time and frequency domain HRV mea-
sures in a separate experiment in 10 subjects using 20, 25
and 30 s segments. Differences in HRV measures related
to differences in segment length were determined via the
Friedman test. Except for the LF power (p = 0.045), none
of the HRV measures presented significant differences
between 20, 25 and 30 s segments. We, therefore, chose to
use the full segments in all calculations, despite the differ-
ence in length up to 10 s, such that all processes, present
in the reduced gravity phase, will certainly be captured.
Additionally, the observations of LFNN and LFBP will be
interpreted with care.

4.1 Dynamic Cardiovascular Response

Figs. 1 and 2 show the time series of the NN interval
series, systolic and diastolic blood pressures during zero
and martian gravity parabolas. The time series are first
averaged per subject. The mean and standard deviation
of these subject-averaged time series are displayed.

From Fig. 1, we can observe that during the pre-
hypergravity phase, the NN intervals are on average re-
duced up to 10% compared to the preceding normogravity
phase, while both systolic and diastolic blood pressures
slightly increase with respectively 5% and 10%. At the on-
set of weightlessness, a fast increase in NN intervals of 8%
compared to normogravity is observed for a few seconds,
after which the NN intervals gradually decrease. During
weightlessness, there is first a small, sudden increase in
blood pressure, followed by a progressive decrease in SBP
and DBP of respectively 15% and 20% compared to nor-
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Fig. 1: Time series of NN interval series, systolic (SBP)
and diastolic (DBP) blood pressure series during different
gravity phases of parabolas during which zero gravity is
obtained. The time series are first averaged per subject.
The mean (thick line) and standard deviation (dashed
lines) over all subjects are displayed. Grey areas indicate
transition periods between gravity phases.

mogravity. The post-hypergravity is marked by initially
low NN intervals (15% less than normogravity) that pro-
gressively increase, on average, from 670 ms to 870 ms.
Both SBP and DBP present an increase during the first
10 s of the post-hypergravity phase from 132 mmHg to
150 mmHg, and 80 mmHg to 94 mmHg respectively, after
which the values stagnate at values that are on average
5% and 10% higher than during normogravity.

The dynamic cardiovascular response to a parabola
during which lunar gravity was obtained (not shown),
has a very similar profile as to a zero gravity parabola.

Fig. 2 displays the dynamic response during a martian
gravity parabola. The response to the pre-hypergravity
phase is similar as the pre-hypergravity phases during
zero and lunar parabolas. At the onset of martian gravity,
there is a sudden increase of 6% in NN intervals and
a small increase in blood pressure, but not as much as
during weightlessness. Then, the NN intervals slowly
decrease, and after 10 s there is a stable period during
which the NN intervals are still 3% larger than during
normo-gravity. At the same time, the blood pressure de-
creases with respectively 10% and 15% for SBP and DBP
compared to normogravity during the first 10 s of experi-
encing martian gravity. Next, BP slowly increases during

Fig. 2: Time series of NN interval series, systolic (SBP)
and diastolic (DBP) blood pressure series during different
gravity phases of parabolas during which martian gravity
is obtained. The time series are first averaged per subject.
The mean (thick line) and standard deviation (dashed
lines) over all subjects are displayed. Grey areas indicate
transition periods between gravity phases.

the remainder of the martian gravity phase, yet always
having up to 5%and 10% lower values than during normo-
gravity for SBP and DBP. In the post-hypergravity phase,
there is first a decrease of 10% compared to normogravity
in NN intervals, accompanied by an increase of 7% in SBP
and 12% in DBP compared to normogravity. In the mid-
dle of the post-hypergravity phase, the opposite response
occurs.

4.2 HRV and BPV Measures in Function of Gravity

Tables 2 and 3 present the correlation coefficients between
the HRV and BPV measures on the one hand, and the
mean gravity level in each phase on the other hand. In
Table 2, we can see that all temporal HRV measures have
significant and negative correlation coefficients with grav-
ity. This indicates that the variability of the heart rate is
largest during weightlessness and decreases when gravity
increases. From the frequency HRV measures, only LFNN
and HFNN show significant correlations with gravity. Also
here, the correlations are negative.

In Table 3, the temporal BPV measures also show sig-
nificant correlations with gravity. MeanBP and HFSBP
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Table 2: Correlation coefficients ρ and slopes between the
HRV measures and the gravity level g

HRV measure ρ slope
meanNN [ms] -0.36 * -47.04
SDNN [ms] -0.29 * -10.41
RMSSD [ms] -0.33 * -9.01
pNN50 [%] -0.26 * -4.47
SDSD [ms] -0.32 * -7.35
LFNN [ms2] -0.18 * -30.98
HFNN [ms2] -0.18 * -13.73
LFnormNN [nu] -0.08 -0.03
HFnormNN [nu] 0.08 0.03
LF/HFNN [-] -0.01 -0.14

ρ = correlation coefficient; slope of HRV measure in function of g
(in [HRV unit/g]). * indicates a significant correlation.

Table 3: Correlation coefficients ρ and slopes between the
BPV measures and the gravity level g

BPV measure SBP DBP
ρ slope ρ slope

meanBP [mmHg] 0.44 * 8.74 0.67 * 10.71
SDBP [mmHg] -0.16 * -0.80 -0.26 * -0.97
LFBP [mmHg2] -0.01 -0.02 -0.07 -0.09
HFBP [mmHg2] 0.15 * 0.12 0.01 0.01
LF/HFBP [-] -0.27 * -9.95 -0.24 * -9.86

ρ = correlation coefficient; slope of BPV measure in function of g (in
[BPV unit/g]). * indicates a significant correlation.

increase with increasing gravity, while SDBP is negatively
correlated with g. Also LF/HFBP shows a negative rela-
tion with gravity.

In addition, several significant HRV measures are dis-
played in function of gravity in Fig. 3. In these plots, the
difference in offset between subjects is removed, such that
the within-subject trend with gravity can clearly be seen.
We can observe an almost linear relation between SDNN
and gravity, and a monotonic trend between RMSSD, and
the gravity level. SDSD and pNN50 have a similar pro-
file as RMSSD, but are not shown here. MeanNN also
presents an increase during reduced gravity, though there
is almost no difference between zero, lunar and martian
gravity. On the other hand, hypergravity is related with
a clear reduction in meanNN. Also HFNN shows a de-
creasing trend with gravity; only during lunar gravity, an
apparent drop is noticed compared to zero and martian
gravity. An overview of all HRV measures in function of
gravity is given in Appendix 2 in Table 6.

Fig. 4 presents the profiles of several BPV measures
in function of gravity, obtained in a similar way as the
plots in Fig. 3. Both meanSBP and meanDBP are strongly
reduced during zero and partial gravity, with again no

difference between the three reduced gravity levels, while
hypergravity is associated with an increase in meanBP.
LF/HFSBP displays, similarly as HFNN , a decreasing value
with gravity and a divergent behaviour during lunar grav-
ity. Finally, SDDBP is also negatively correlated with grav-
ity, with a small deflection at 1.6 g. An overview of all
BPV measures in function of gravity is given in Appendix
2 in Tables 7 and 8.

5 Discussion

The aim of this study was to investigate how the auto-
nomic adaptation of the cardiovascular system occurs
during parabolic flight in which not only weightlessness
was simulated, but also partial gravity levels as on the
Moon and on Mars. In order to characterize cardiovascu-
lar functioning, we continuously recorded ECG and blood
pressure during parabolic flight in sitting position. From
the ECG and blood pressure measurements, we computed
the tachogram, systogram and diastogram, from which
several standardized HRV and BPV measures were de-
rived. These indices were then used to evaluate whether
a (linear) relation exists with the gravity level.

5.1 Impact of Reduced Gravity on Cardiovascular
Autonomic Control

The effect of weightlessness induced by parabolic flight
has been studied before. Iwase et al. 1999 evaluated the
muscle sympathetic nerve activity (MSNA) via microneu-
rography and found a biphasic response to weightlessness:
at the onset, the thoracic fluid volume increases due to
the shift of body fluids thereby reducing the mean blood
pressure and suppressing MSNA, lasting around 10 s.
Afterwards, an activation of MSNA occurs. Similarly, an
initial increase in blood pressure and thoracic blood vol-
ume when subjects were in standing position was noted,
thereby stimulating the cardiopulmonary volume recep-
tors and arterial baroreceptors to result in a fast bradycar-
dia response, after which a gradual increase of the heart
rate follows (Beckers et al, 2003; Liu et al, 2011; Mukai
et al, 1991). During the microgravity parabolas (Fig. 1), a
similar biphasic response was noted, though the initial
increase in blood pressure at the onset of weightlessness
is not so pronounced here. A possible explanation could
be the difference in posture; in sitting position, the blood
redistribution is not as large as in the standing posture.
At the same time, this could also explain why the increase
in NN intervals is not as large as noted by Liu et al. 2011.
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Fig. 3: HRV measures (meanNN, SDNN, RMSSD and HFNN) in function of the gravity level. Mean and standard errors,
after removal of between-subject differences, are displayed.

Fig. 4: BPV measures (meanSBP, meanDBP, SDDBP and LF/HFSBP) in function of the gravity level. Mean and standard
errors, after removal of between-subject differences, are displayed.

During the reduced gravity phase of a martian gravity
parabola, we observed a triphasic autonomic response of
the cardiovascular system (Fig. 2); at first, there is, sim-
ilarly as in micro- and lunar gravity, an increase in SBP,
and to a lesser extent in DBP. Because the difference be-
tween the preceding hypergravity and the martian gravity
is not as large as in zero and lunar parabolas, the shift in
body fluids might not be that pronounced, thereby only
slightly increasing the blood pressure. Via the baroreflex,
the vagal branch of the ANS is stimulated, leading to a
sudden increase in NN intervals. In the second stage, we
observed decreases both in blood pressure and NN inter-
vals, up to 10 s after the onset of martian gravity. In the
final stage, the NN intervals have reached a stable value,
while the blood pressure slowly increases until the end
of the martian gravity phase. The presence of this third

stage could possibly be caused by one or a combination of
the following factors: (1) the martian gravity period lasts
on average 6 up to 11 s longer than the reduced gravity
periods of zero and lunar gravity, allowing the NN inter-
vals to stabilize; (2) this stage might take place within the
reduced gravity period because the difference between
the preceding hypergravity phase is not that large; and
(3) the ratio between the proportion of cardiac output
sent toward the brain and toward both the splanchnic and
lower limb area could be influenced by the duration of
Moon and Mars gravity period (Arbeille et al, 2008).

In addition, we have computed HRV and BPV mea-
sures to investigate whether these indices of cardiovascu-
lar autonomic control are correlated to the gravity level.
As hypothesized, the results indicate negative correlations
for all temporal HRV measures and few spectral HRV
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measures. The general variability of the heart rate, as indi-
cated by SDNN, decreases linearly with increasing gravity;
indeed, we can observe from Figs. 1 and 2 that there is
more variability during weightlessness than during mar-
tian gravity, where in the latter, we have a relatively long
stable third period in phase 3 of the parabolas. Also, all
vagal indices (RMSSD, pNN50, SDSD, and HFNN) present
a monotonic decreasing trend with gravity. As seen in
the dynamic response to reduced gravity, this activation
of the vagal branch probably originates from the rise in
blood pressure, thereby activating the baroreflex. This
rise in BP depends on the extent to which fluids redis-
tribute over the body, and is largest during weightlessness.
Fig. 3 also shows that there is a large difference between
zero gravity and the partial gravity levels, where during
the latter, vagal indices seem to be more similar to those
obtained during normogravity. This indicates that the in-
crease in vagal modulation during weightlessness is not
in proportion to the reduction in gravity. The change in
BP also affects the meanNN, though we do not observe
a monotonic trend; meanNN is significantly increased
during reduced gravity compared to normogravity, but
there is no difference between zero, lunar and martian
gravity.

A similar observation can be made for the meanBP; all
reduced gravity phases have a similar meanBP, with even
slightly higher values during weightlessness. This could
possibly be due to the larger increase in BP at the onset of
zero gravity before BP decreases. These larger variations
also explain the decreasing trend of SDBP with increasing
gravity.

Our results are comparable to those obtained during a
parabolic flight organized by NASA, which replicated the
gravity of the Moon and Mars; Summers et al. 2010 have
reported a linear relation between the gravity level and
cardiac parameters, though their parameters under study
were cardiac dimensions on the left ventricular sphericity
that was assessed with echocardiography.

These findings on the response of the cardiovascular
autonomic control during partial gravity are important
in view of future missions to the Moon and Mars. The
response to prolonged weightlessness has been studied
extensively and several countermeasures have been de-
veloped to deal with the cardiovascular deconditioning,
and the associated postflight orthostatic intolerance (An-
tonutto and Di Prampero, 2003). Although further re-
search on the effects of partial gravity on the human body
is still necessary, these results might help to adapt current
countermeasures to these gravity conditions, needed for a

prolonged stay on Mars. Additionally, it is also important
to take into account that before astronauts reach Mars,
they first need to travel for a long time in microgravity.
Although martian gravity is only a fraction of the Earth’s
gravity, there is still a risk of orthostatic intolerance upon
arrival at Mars. We found that the changes in vagal acti-
vation are not in proportion with the change in gravity;
the vagal response to martian gravity is more similar to
normogravity than zero gravity. Therefore, in order to
maximize the mission’s success, the astronauts should be
prepared for the altered gravity, and its associated load to
the human body.

5.2 Impact of Hypergravity on Cardiovascular
Autonomic Control

During hypergravity, Linnarsson et al. 1996 reported an
increase in sympathetic outflow and withdrawal of vagal
activity due to unloading of the baroreceptors. This was
also found by Iwase et al. 1999 and Pump et al. 1999. Also,
an increase in DBP was found during hypergravity to
compensate for the decrease in stroke volume (Le Rolle
et al, 2008; Liu et al, 2011). Our observations confirm these
previous findings; due to the shift of the blood towards
the lower extremities, the blood pressure increases, while
meanNN, SDNN, SDBP and vagal indices decreased com-
pared to normogravity and partial gravity.

This counteracting cardiovascular autonomic response
to hypergravity makes it an interesting countermeasure to
prevent problems after space flight. This has been studied
previously by Iwasaki et al. 2005, where it was shown that
intermittent exposure to hypergravity might mitigate the
decrease in vagal and baroreflex activity after weightless-
ness, simulated via head down bed rest (HDBR). However,
hypergravity, as induced via lower body negative pres-
sure, was found to enlarge the lower limb veins thereby
causing subjects to fail in a post-HDBR tilt study due to
the lack of vasoconstriction (Arbeille et al, 2008).

5.3 Methodological Considerations, Limitations and
Future Work

Parabolic flights present the only ground-based opportu-
nity to obtain real microgravity or partial gravity levels,
but brings with it several limitations, such as the short du-
ration of the reduced gravity phase, lasting only around
20 s. Therefore, spectral measures needed a modified
computation procedure as described in (Verheyden et al,
2005). Although it was shown that this specific procedure
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can be used to estimate LF and HF components, the ob-
tained values were sometimes very large due to spectral
leakage of very low frequencies. In those cases, the data
segments were discarded. Additionally, LF power seemed
to be significantly altered by differences in segment length
(see Appendix 1). Therefore, LFNN and LFBP should be
interpreted with care. However, all computed spectral
measures should be handled cautiously; LF/HFBP and
HFNN present deviations at 0.16 g from the expected
monotonic trends with gravity. Taking into account that
RMSSD, pNN50 and SDSD are highly correlated with
HFNN , this seems rather a methodological issue than a
change in vagal modulation.

Another limitation of parabolic flight is the presence
of hypergravity phases. We can therefore only study fastly
changing mechanisms as we would otherwise study the
response to the preceding hypergravity phase rather than
the response to reduced gravity. However, the findings
on cardiovascular autonomic control during parabolic
flight correspond to those in space. Yet, in the dynamic
response during parabolic flight, we can identify a bi-
or triphasic response within the reduced gravity phase,
possibly giving rise to nonstationarities. Therefore, in
future studies, we aim to conduct time-frequency analyses
to trace the spectral measures in time; these analyses
combine the advantages of time and frequency analyses
and can be used for nonstationary signals (Orini et al,
2012).

Beckers et al. 2003 reported large differences in re-
sponse in subjects experiencing two parabolic flights; dur-
ing the first flight, the response to the first ten parabolas
were significantly different compared to the first parabo-
las of the second flight. Only after ten parabolas, the
subjects were not stressed or excited anymore, therefore
they only studied the data originating from the second
flight. Unfortunately, we were not able to submit all of
our subjects to multiple flights, which could result in in-
creased sympathetic responses during reduced gravity in
the first parabolas. By reversing the presentation order of
lunar and martian gravity in the first and second partial-g
campaigns, the impact of this effect is equally spread over
the partial gravity levels. Due to the limited number of
parabolas in different gravity levels, we were also not able
to use only the last 15 or 20 parabolas.

Additionally, Beckers et al. 2003 also suggested that
experienced parabolic flyers seem to have a different re-
sponse during microgravity than first time flyers, possibly
due to their active change in breathing pattern, thereby
changing the vagal response (Iwase et al, 1998). We have

visually compared the response of the experienced and
first time flyers but could not find any difference. It could
be that the breathing was controlled in various ways by
experienced flyers, causing different autonomic responses.
Therefore, respiration should be studied simultaneously
and taken into account in HRV analyses as suggested in
(Widjaja et al, 2014). Note, however, that it was initially
the intention to conduct a joint analysis of the respiratory
and cardiovascular systems. However, the recordings of
respiration during the first campaign were unreliable due
to technical problems, and thus surrogate respiratory sig-
nals, such as ECG-derived respiration (Widjaja et al, 2012),
should be computed for future analyses.

A last remark concerns the motion sickness of which
several subjects suffered from because they were not al-
lowed to take any medication. As a consequence, one
experienced flyer was severely nauseated and received
medication during the parabolic flight, and hence was
discarded from the analyses. Other subjects, experienced
and not, were also nauseated for a short time, during
which their data were also excluded, but they recovered
completely and they could proceed with the recordings
without any medication. Nausea and vomiting activate
several sympathetic and vagal responses, and thus might
interfere with the autonomic response to changing gravity.
We, however, noted no differences in response in nause-
ated subjects.

6 Conclusion

In this paper, the response of the cardiovascular system to
partial gravity levels, as on the Moon and on Mars, was
studied. A biphasic response to zero and lunar gravity,
induced by parabolic flight, was noted, while martian
gravity presented a triphasic response. Additionally, sig-
nificant correlations were observed between the gravity
level and several measures of heart rate and blood pres-
sure variability, indicating that (1) the heart rate, the re-
ciprocal of meanNN, and blood pressure increase; and (2)
vagal activity decreases, with increasing gravity.
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Appendix 1: HRV analysis of ultrashort data segments

A1.1 Power spectral analysis of ultrashort data segments

This proof is reproduced from (Verheyden et al, 2005) with
permission from the editor.

The influence of initial signal processing on the result-
ing power spectral density (PSD: ms2/Hz) function of
ultrashort data segments is represented by a simulated
RR tachogram (Fig. 5) and a physiological correlate (Fig.
6). Fig. 5 demonstrates a time series, created by the sum
of two sinusoidal waveforms of 0.1 and 0.3 Hz and equal
amplitude. A tendency of RR to increase from ±800 ms in
the beginning towards ±950 ms after 20 s can be observed.
At the left side of Fig. 5, the original time series is shown
together with its PSD function. The right side shows the
same signals in time and frequency domain after DC and
trend removal, applying a Hamming window function
and zero padding. It is obvious that with this procedure
the proportion of spectral components is better preserved.
Due to the artificially enhanced frequency resolution, the
variance of each FFT epoch is reduced, spectral leakage is

suppressed and selectivity is improved. At the same time,
it causes smoothing of the power spectrum.

Fig. 6 shows the modified spectral procedure in a
representative RR series obtained from a standing subject
at phase 1 of parabolic flight. The distribution of powers
is characterized by two frequency components around 0.1
and 0.3 Hz, similar to short-term heart rate recordings
of several minutes (Malik and Camm, 1993). The lowest
measurable cyclic component remains limited due to the
length of the data recording; i.e., a time window of, e.g.,
±20 s (T). This allows a theoretical lower limit oscillatory
frequency of ±0.05 Hz (1/T). However, practically it is
advised to have at least two oscillations within the time
window (Beauchamp, 1973).

A1.2 HRV analysis of ultrashort data segments

The use and validation of short-term HRV analyses has
been thoroughly discussed in (Hartikainen et al, 1998).
Additionally, experiments were conducted with real data
of 10 male subjects (age: 25-29 yr) that were in resting
supine and standing position, each for 5 minutes.

In the first experiment, postural differences in both
time and frequency domain HRV measures were com-
pared, when the first 25 s of the recordings were used,
and when the full recordings (5 min) were used. Table 4
presents the first, second and third quartiles of the HRV
measures in supine and standing posture. Differences in
posture were assessed via the Wilcoxon signed rank test.
When comparing the time domain HRV measures of 25 s
and 5 min, we can observe that they both have the same or-
der of magnitude. Postural differences are observed in all
cases, whether the first 25 s are used for the computation
of time domain HRV measures, or the full recording. In
the frequency domain, as expected, the LF and HF power
differ a few orders of magnitudes due to the difference
in record length. However, the observations in postural
differences are similar in both record lengths, except for
LF/HF. The ratio between both powers seems to increase
in standing posture. This is yet only significant in the 5
min segment. It is thus possible that during the analyses
of the PFC, differences in LF/HF might not be captured
in the ultrashort data segments.

In a second experiment, we aimed to assess whether
segment lengths of 20, 25 and 30 s have different HRV
measures. To this end, data of the first 20, 25 and 30 in
supine posture were used to compute the HRV measures.
Table 5 presents the first, second and third quartiles of the
HRV measures in supine posture for the different segment
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Fig. 5: Simulated RR oscillation.

Fig. 6: Real tachogram.

lengths. Differences between the segment lengths are as-
sessed via the Friedman test. This reveals that, except for
LF, none of the HRV measures differ significantly between
the segment lengths. Only LF presents a significant effect
of the difference in segment length, with a significant
difference between 20 s and 30 s. This shows that in this
study, LF power should be interpreted with care, both

in HRV as BPV analyses, as changes in LF with gravity
might be caused by differences in segment length.

The results from these experiments confirm that differ-
ences in autonomic control can reliably be observed, even
in ultrashort recordings, for all HRV and BPV measures.
Only the LF power should be interpreted with care.
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Table 4: First, second and third quartiles of HRV measures of 10 subjects in supine and standing posture, calculated
using the first 25 s or the full 5 min recording.

25 s 5 min
supine standing p-value supine standing p-value

meanNN [ms]
25% 788.00 720.89

<0.01
785.46 672.01

<0.0150% 852.41 759.00 839.38 740.29
75% 894.90 855.58 918.16 819.49

SDNN [ms]
25% 40.02 28.09

<0.05
40.80 36.63

<0.0550% 52.51 38.59 71.27 50.47
75% 114.68 58.23 83.29 67.82

RMSSD [ms]
25% 44.90 17.93

<0.05
34.92 19.83

<0.0150% 53.73 31.44 55.25 30.92
75% 116.34 50.92 70.01 45.03

pNN50 [%]
25% 21.21 0.00

<0.01
15.25 0.58

<0.0550% 26.38 11.07 30.11 11.06
75% 50.00 38.24 48.52 26.86

SDSD [ms]
25% 21.58 9.99

<0.05
23.52 11.61

<0.0550% 33.15 16.82 32.90 19.26
75% 75.05 30.34 44.87 27.68

LF [ms2]
25% 55.06 26.70

<0.05
592.61 601.35

<0.0550% 74.94 45.17 1286.51 708.51
75% 195.53 138.13 2003.48 1585.32

HF [ms2]
25% 37.43 11.83

<0.05
716.94 113.49

<0.0550% 77.57 30.73 1048.56 190.76
75% 212.49 91.47 1357.00 1233.39

LFnormNN [nu]
25% 0.22 0.32

<0.05
0.25 0.36

<0.0550% 0.43 0.59 0.53 0.79
75% 0.61 0.89 0.83 0.90

HFnormNN [nu]
25% 0.39 0.11

<0.05
0.17 0.10

<0.0550% 0.57 0.41 0.47 0.21
75% 0.78 0.68 0.75 0.64

LF/HFNN [-]
25% 0.27 0.48

0.08
0.33 0.57

<0.0550% 0.78 1.45 1.16 4.77
75% 1.57 8.12 4.73 9.18

Appendix 2

Tables 6, 7 and 8 give the mean ± standard error for
each HRV and BPV measure in function of the gravity
level. The offset between subjects is removed, such that
the within-subject trend with gravity can clearly be seen.
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