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ABSTRACT

Gravity changes during partial-G parabolic flights (0g -
0.16g - 0.38g) lead to changes in modulation of the auto-
nomic nervous system (ANS), studied via the heart rate
variability (HRV) and blood pressure variability (BPV).
HRV and BPV were assessed via classical time and
frequency domain measures. Mean systolic and dias-
tolic blood pressure show both increasing trends towards
higher gravity levels. The parasympathetic and sympa-
thetic modulation show both an increasing trend with de-
creasing gravity, although the modulation is sympathetic
predominant during reduced gravity. For the mean heart
rate, a non-monotonic relation was found, which can be
explained by the increased influence of stress on the heart
rate. This study shows that there is a relation between
changes in gravity and modulations in the ANS. With
this in mind, countermeasures can be developed to reduce
postflight orthostatic intolerance.
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1. INTRODUCTION

Postflight orthostatic intolerance is a phenomenon from
which many astronauts suffer on their return to a normal
gravitational environment. Effective countermeasures are
needed to prevent this disorder of the autonomic nervous
system (ANS) and the cardiovascular system (CVS). Ex-
amples can be found in the training devices of the astro-
nauts to prevent weakening of the muscular system and in
the lower body where negative pressure trousers are used
to prevent a decrease of blood volume in the legs [1]. De-
velopment of countermeasures requires the understand-
ing of how the CVS adapts to gravity changes. Many re-
searches are dedicated to study this response of the CVS.
Some of these studies use data from experiments in outer

space [5, 7, 8], however, ground-based studies simulat-
ing weightlessness, are more cost-effective. These simu-
lation possibilities are among others head-down-bedrest,
head-out-of-water immersion and parabolic flights. All of
these microgravity simulations have their own differences
as to real microgravity, but many of the changes in human
physiology induced by simulation are similar to those in
real space flight [1]. In this study, parabolic flights were
used to assess the heart rate variability (HRV) and blood
pressure variability (BPV) during reduced gravity condi-
tions.

Due to gravity changes during parabolic flights, body
fluid hydrostatic pressure gradients arise, leading to a
blood and body fluid redistribution. Within a parabolic
flight, the microgravity is preceded and followed by a
hypergravity phase. During this hypergravity, blood is
shifted to the lower extremities, resulting in a reduction
of venous return and hence stroke volume [9]. Dur-
ing microgravity the opposite is true [1, 4, 12]. This
hemodynamic alternation will result in a parasympathetic
and sympathetic modulation, via the baroreflex and car-
diopulmonary reflex, leading to hemodynamic and car-
diac adaptations [17]. Parasympathetic modulation is
found to have a global inhibitory effect, decreasing heart
rate, arterial resistance and venous tone, while the sym-
pathetic modulation is found to have a more excitatory
effect [9]. HRV and BPV are two unique tools for ob-
taining insight into this modulation of the cardiovascu-
lar system. HRV, derived from electrocardiogram (ECG)
recordings, and BPV, derived from finger pressure mea-
surements, can both be measured non-invasively and con-
tinuously. The sympathovagal balance of the ANS can be
estimated using classical signal analysis methods in time
and frequency domain, calculated in a standardized way
as described in the Task force of the European Society
of Cardiology and the North American Society of Pacing
and Electrophysiology[16].

The purpose of this study is to analyse the HRV and BPV
during Moon, Mars and zero gravity conditions. The hy-
pothesis is that there is a monotonic relationship between



the HRV and BPV, and the gravity level. In studies from
the Laboratory Experimental Cardiology at KU Leuven
[4, 15, 17] the HRV is examined during parabolic flights
as a function of the hypergravity (1.8g), normogravity
(1g) and microgravity phase (0g). Other studies [10, 12]
also analyzed the BPV during these gravity levels. How-
ever with the present study it is also possible to analyse
the cardiovascular behaviour at intermediate gravity con-
ditions, those from Moon (0.16g) and Mars (0.38g).

2. METHODS

2.1. Data acquisition

During the Joint European Partial-G parabolic flight cam-
paign, gravity conditions of Moon (0.16g - 12 parabo-
las), Mars (0.38g - 12 parabolas) and weightlessness (6
parabolas) were simulated. Six healthy non-smoking
male volunteers between 22 and 32 years of age (mean
± SD: 28 ± 5 year; stature: 181 ± 2 cm; mass: 76 ±
7 kg; BMI: 23 ± 2), were selected for this study. They
were free from any cardiovascular pathology and a spe-
cial flight medico-physical examination was performed
at the Medical center of the Belgian Air Force, Brus-
sels, 2 months before the flight campaign in order to pass
FAA III tests. To eliminate the effects of pharmacolog-
ical agents that might alter cardiovascular ANS control,
neither general medication nor medication for the con-
trol of motion sickness were taken before or during the
flights. One subject suffered from severe nausea during
the second parabola and received scopolamine, a medi-
cation for control of motion sickness. Therefore his data
are not used in this study. Another subject suffered from
nausea during two parabolas and only the data obtained
during these parabolas are discarded.

In these six healthy volunteers, ECG and blood pres-
sure signals were continuously measured in sitting posi-
tion. During each flight, the biomedical data of 2 subjects
were collected using 2 ccNexfin monitors (BMEYE, Am-
sterdam, The Netherlands). Lead II ECG was recorded
with gel electrodes. Blood pressure was measured with
an inflatable finger cuff in combination with an infrared
plethysmograph using the volume-clamp method of Fi-
napres technology (Finapres Medical Systems, Amster-
dam, The Netherlands). Acceleration data were recorded
as well. The ECG signal was measured with a sampling
frequency of 1000 Hz, the blood pressure was sampled
at 200 Hz. Before and after each flight, baseline mea-
surements were collected in a protocol of 10 minutes in
supine, standing and sitting position each. The experi-
ment protocol was approved in advance by the local eth-
ical committee, the ESA Medical Board and the French
authorities. Each subject provided written informed con-
sent before participating.

2.2. Data pre-processing

A tachogram, containing the RR-intervals as a function
of time, is derived from the ECG signal. First the ECG
signal is transformed with Pan-Tompkins algorithm to a
signal with enhanced R-peaks. The R-peaks of the QRS
complexes are detected, using an adaptive thresholding
algorithm with a blanking period [14, 18]. A search back
procedure is implemented, in order to correct for missing
R-peaks. The time difference between two successive R-
peaks determines the RR-interval, which is the reciprocal
of the instantaneous heart rate.

The blood pressure is pre-processed to obtain a systogram
and a diastogram, which are the systolic blood pressure
(SBP) and diastolic blood pressure (DBP) values as a
function of time. These blood pressure values were ob-
tained by filtering the blood pressure signal with a high
pass filter and using an adaptive thresholding algorithm
to detect the SBP values. The DBP values were found as
the minima of the blood pressure between two successive
SBP values. The blood pressure signal contains some cal-
ibration periods, needed to estimate the unloaded diam-
eter of the finger artery for the Finapres technology, us-
ing two constant pressure levels. Within these calibration
periods the blood pressure signal is interpolated using a
third order cubic spline on time instances determined via
forward and backward extrapolation.

Fig. 1 shows an example of the segmentation of a Moon
parabola. Different phases can be distinguished: a nor-
mogravity phase before the start (phase 1) and one after
the end of the parabola (phase 5), a hypergravity phase
before (phase 2) and one after (phase 4) the reduced grav-
ity phase (phase 3). Each phase has a certain duration, of
which the mean duration and the range is given in Tab.
1. To analyse the HRV and BPV as function of the grav-
ity, a fixed window of 20 seconds is chosen. A smaller
window would lead to less data for the calculation, while
the length of this window is limited by the duration of
the reduced gravity phase of the zero gravity parabolas,
as shown in Tab. 1. Due to the small duration of phase 2
and phase 4, only phase 1, 3 and 5 are considered in the
analysis. The middle part of the reduced gravity phase is
chosen.

2.3. Data analysis

The influence of the gravity on HRV and BPV will be as-
sessed by computing several indices which characterize
the variability. The time domain indices are the mean,
the standard deviation (std) and the root mean square of
the squared differences (rmssd), calculated as described
in [16]. The frequency domain indices include: the nor-
malized high frequency (HFnu), the normalized low fre-
quency (LFnu) component and their ratio (LF/HF). HFnu
is calculated as HF/(LF+HF) and LFnu is calculated as
LF/(LF+HF). These LF and HF components are calcu-
lated as the integral of the power spectral density (PSD)
in specific bands, from 0.05 Hz to 0.15 Hz for LF, and



Table 1. Mean duration and range of the different phases.

Mean (s) range (s)

phase 2 13.6 (8.0 - 17.5)
phase 3 (Zero) 21.6 (20.5 - 22.2)

phase 3 (Moon) 24.5 (21.0 - 26.0)
phase 3 (Mars) 30.2 (26.5 - 32.5)

phase 4 11.9 (2.8 - 18.0)

Figure 1. Example of a segmented parabola into the dif-
ferent phases.

from 0.15 Hz to 0.4 Hz for HF. Due to the short duration
of the segments, pre-processing of the signals is needed
before calculation of the PSD. These pre-processing steps
are: resampling at 2 Hz, linear trend removal, tapering
with a Hamming window, stationarity assessment and
zero padding to 256 points to increase frequency reso-
lution. This procedure is described in detail in [2, 17].
To reduce the effect of excitement on the cardiovascu-
lar response, only the last 6 parabolas of each gravity
level were used for the statistical analysis. In previous
studies, it is proven that the indices are related to the
modulation of our ANS [16]. Std corresponds to the to-
tal power of the modulation, while the rmssd is related
with the parasympathetic modulation. The ratio between
those two indices reveals the relative importance of the
parasympathetic modulation with respect to the sympa-
thetic modulation. For the frequency domain measures,
the LF component is related to the sympathetic modula-
tion with vagal influences, while the HF component indi-
cates the parasympathetic modulation. The ratio LF/HF
reveals therefore the predominance of the sympathovagal
balance. Due to spectral leakage in the frequency domain
by the Hamming window, the value of the LF component
could be larger than in reality. In the short duration of
20 seconds, only one or two waves at the low frequen-
cies are measured. Therefore these components should
be interpreted carefully.

2.4. Statistical analysis

A repeated measures one-way ANOVA is used to test
the influence of gravity on the ANS, using the time and
frequency domain indices. This statistical analysis takes
into account the inter-subject variability and the repeated
design of the experiments. To fulfil the normality as-
sumption for performing an ANOVA, the data is trans-
formed using a Box-Cox transformation. The Box-Cox
transformation is a member of the family of power trans-
form functions which create a rank-preserving transfor-
mation of the data. The normality assumption is verified
by performing the Lilliefors test on the residuals and the
assumption of constant variances is verified by perform-
ing the Levene’s test. Unless mentioned otherwise, these
assumptions are fulfilled for all results.

3. RESULTS

Fig. 2 and Fig. 3 show the statistical results for the HRV
and the BPV, respectively, as function of gravity (0g -
0.18g - 0.38g - 1g). The plots show the mean ± 2std and
the asterix indicates a significant (p < 0.05) difference
with the baseline normogravity. The meanRR shows a
non-monotonic relation with the gravity, in contrast with
the hypothesis. A slightly lower meanRR, and thus higher
heart rate, is found during Moon parabolas. However the
stdRR and rmssdRR show a decreasing trend (shown in
plot a. and b. of figure 4), meaning that there is a decrease
of total and parasympathetic modulation for higher grav-
ities. The relative importance of parasympathetic modu-
lation, characterized by rmssdRR/stdRR, is significantly
lower for Moon and Mars parabola compared to the other
gravities. This inference can also be seen in the HFnu
component, which shows a slightly lower value during
Moon parabolas. The LFnu component can be deduced
from the HFnu, LFnu = 1 - HFnu. However the dissimi-
larity between the HFnu component and rmssdRR/stdRR,
can be explained due to the vagal influences in the LF
component. The ratio LF/HF shows a slightly higher
value during Moon parabolas, meaning that there is a
higher sympathetic predominance, leading to the higher
mean heart rate during the Moon parabolas.

For the BPV, meanSBP and meanDBP shows an increas-
ing trend as a function of gravity, except for the zero grav-
ity. Due to the short duration of the microgravity of these
zero gravity parabolas (see Tab. 1), the influence of the
hypergravity plays an important role, resulting in a higher
meanSBP and meanDBP. This was also found in a study
of Liu et al. [10], which found a transition period of about
3-5 seconds in blood pressure between hypergravity and
microgravity. For both blood pressures the rmssd and std
show a monotonic decreasing trend towards increasing
gravity (shown in plot c. and d. of figure 4), but the ratio
rmssdSBP/stdSBP and rmssdDBP/stdDBP of the reduced
gravity parabolas is significantly lower compared to the
normogravity, meaning that there is a higher sympathetic
predominance during the parabolas.



Figure 2. From a to d, statistical results for: meanRR, rmssdRR/stdRR, HFnu RR and LF/HF RR.

Figure 3. From a to d, statistical results for: meanSBP, meanDBP, rmssdSBP/stdSBP and rmssdDBP/stdDBP.

Figure 4. From a to d, statistical results for: stdRR, rmssdRR, stdSBP and rmssdSBP.



4. DISCUSSION AND CONCLUSION

The meanSBP and meanDBP are lower during micro-
gravity compared to the normogravity, which can be ex-
plained by blood shift towards the head. One of the con-
ditions associated with orthostatic intolerance is the or-
thostatic hypotension [6]. The correlation between the
sympathovagal imbalance and the occurrence of ortho-
static intolerance is found in several studies after per-
forming head-up-tilt tests with subjects with vasovagal
syncope [3, 13]. These studies found a significant in-
crease of the LF and HF component of the mean arterial
blood pressure in healthy subjects after a 60◦ tilt test, re-
sulting in an increased parasympathetic predominance for
higher gravities. This corresponds with the results found
in this study.

Although it was hypothesized, a non-monotonic relation
of meanRR was found. This shows that there are other
factors influencing the heart rate, like the preceding hy-
pergravity phases or mental stress of the subjects. In a
study of Beckers et al. [4], subjects participated in at
least two parabolic flights and a large inter-flight varia-
tion in meanRR was found. The higher heart rate dur-
ing the Moon parabolas, can be explained by the sym-
pathetic predominance, as shown via the LF/HF RR and
rmssdRR/stdRR. Although there is no clear trend in the
mean RR interval and sympathovagal balance, there is a
decreasing relation in the power of the sympathetic and
parasympathetic modulation, characterized via the stdRR
and rmssdRR, as function of the gravity. This confirms
the interaction between the parasympathetic and sympa-
thetic modulation, as it was also found in a study by
Malliani et al. [11]. Nevertheless, further research is
needed to confirm these findings.

One serious limitation of parabolic flights is the short du-
ration of the microgravity phases. The CVS is not able to
reach a steady state during these short durations, meaning
that only the transient behaviour of the cardiovascular re-
sponse can be analyzed.
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Sjögren’s syndrome. Annuals of the Rheumatic Dis-
eases; 61; 232-236.

[4] Beckers, F., Seps, B., Ramaekers, D., Verheyden, B.,
and Aubert, A. E. (2003). Parasympathetic heart rate
modulation during parabolic flights. European Jour-
nal of Applied Physiology, 83 - 91.

[5] Buckey, J. C., Gaffney, F. A., Lane, L. D., Levine,
B. D., Waterpaugh, D. E., Wright, S. J., Yancy, C. W.,
Meyer, D. M., and Blomqvist, C. C. (1996). Central
venous pressure in space. European Journal of Ap-
plied Physiology, 19 - 25.

[6] Freeman, R. (2006). Assessment of cardiovascular
autonomic function. Clinical Neurophysiology; 117;
716 - 730.

[7] Gandel, A., Drescher, J., Spatenko, Y. A., and
Polyakov, V. V. (1999). Heart period and heart period
variability during sleep on MIR space station. Journal
of Sleep Research, 37 - 43.

[8] Herault, S., Fomina, G., Alferova, I., Kotovskaya, A.,
Poliakov, V., and Arbeille, R. (2000). Cardiac, arte-
rial and venous adaptation to weightlessness during 6-
month MIR spaceflights with and without thigh cuffs
(bracelets). European Journal of Applied Physiology,
384 - 390.



[9] Le Rolle, V., Hernández, A. I., Pierre-Yves, R., and
Garrault, G. (2008). An autonomic nervous system
model applied to the analysis of orthostatic tests. Mod-
elling and Simulation in Engineering; 1 - 15.

[10] Liu, J., Verheyden, B., Beckers, F., and Aubert,
A. E. (2012). Haemodynamic adaptation during sud-
den gravity transitions. European Journal of Applied
Physiology, 79 - 89.

[11] Malliani, A., Pagani, M., Lombardi, F., and Cerutti,
S. (1991). Cardiovascular neural regulation explored
in the frequency domain. Circulation ;84: 482-492.

[12] Mukai, C. N., Lathers, C. M., Charles, J. B.,
Bennett, B. S., Igarashi, M., and Patel, S. (1991).
Acute hemodynamic response to weigthlessness dur-
ing parabolic flight. Journal of Clinical Pharmacol-
ogy, 993 - 1000.

[13] Piccirillo, G., Naso, C., Mosiè, A., Lionetti, M.,
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