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I

n this article, we investigated the hypothesis that the effects
of hypergravity on respiratory sinus arrhythmia (RSA) can
mimic the effects observed after spaceflight cardiovascular
deconditioning. Artificial gravity along the head-to-feet axis
on a short-arm centrifuge induces gravity gradients. This
physiological condition of significantly higher g at the feet
than at the heart level is specific and likely induces blood
sequestration in the lower limbs. After spaceflight, astronauts
are in a condition of cardiovascular deconditioning, where
blood pooling in the lower part of the body and autonomic
adaptation are factors contributing to orthostatic intolerance
and changes in heart-rate variability (HRV). ECG and respiration were recorded during imposed and controlled breathing
(ICB) protocols, which were repeated at different levels of
artificial gravity as well as during supine and standing control
conditions, and the changes were analyzed.
RSA, usually the high-frequency (HF) (0.15 Hz < HF < 0.4
Hz [10]) component of HRV, is a cardiorespiratory interaction
mediated by the vagus nerve. RSA has thus been considered a
marker of the parasympathetic modulation of heart rate [1].
However, in the light of recent studies [2], [3], care has to be
taken to infer changes in tonic level activity from changes in
the phasic parasympathetic modulation, especially when the
respiration is not controlled. Previous studies reported decrease in RSA or HF component of HRV after spaceflight [4]–
[6]. Whether these changes can be interpreted as resulting from
autonomic adaption following exposure to microgravity or
only resulting from a decreased blood volemia is still a matter
of debate. It is hypothesized that the hypergravity on the European Space Agency (ESA) short-arm human centrifuge
(SAHC) can generate blood shift from the thoracic region to
the lower part of the body (pooling in the splanchnic region
[11], [12] or the legs) that mimic the postspaceflight autonomic response. This hypothesis will be subscribed in this
study by the analysis of RSA during ICB experiments, similar
to those performed during previous short-duration spaceflights
[6], [7]. The slope of RSA amplitude with the duration of the
breath cycle (Tresp) has been shown to characterize the gain of
RSA [7], which reflects the capacity of the autonomic nervous
system (ANS) to respond to challenges. Results from SAHC
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experiments are compared with the results from ICB experiments performed before, during, and after a short-duration
(11 days) space mission [7].
Methods

The ESA SAHC is a short-arm centrifuge (outer radius ¼
2.82 m) that can generate up to 6 g at the feet of the subject
and contains two bed nacelles and two chairs that are radially
oriented. The bed nacelles can be rotated from 20° (head
down) to þ50° to generate different gravity gradients along
the head-to-foot direction (Gz). The positions of the horizontally oriented beds were chosen so that, when lying supine, the
heart was typically situated at 1.05 m from the center of rotation. Rotations were set at approximately 24, 29, and 32 r/min
to obtain heart levels at 0.7, 1, and 1.2 Gz, respectively. This
yielded values of approximately 0.47, 0.66, and 0.80 Gz at the
head and 1.5, 2.2, and 2.6 Gz at the feet. Per Gz level, test time
lasted approximately 20 min. Load conditions of 0.7 and 1 Gz
were imposed without general stop of the centrifuge. Between
1 and 1.2 Gz however, a pause of 10 min was applied to unload
the lower limbs. The fixed order of the g-load conditions was
chosen to ensure optimal tolerance from the subjects.
During this study, the SAHC was located at the premises of
the Antwerp University Research Centre for Equilibrium and
Aerospace (AUREA) in the Antwerp University Hospital.
Ethical approval was obtained by the Institutional Review
Board, and informed consent was signed by the subjects. Six
healthy male subjects were enrolled in this study (age: 22–45
years; weight: 60–84 kg; height: 170–184 cm). Subjects were
tested in the afternoon at least 2 h after the last meal and were
asked to refrain from caffeinated beverage in the hours prior
to the experiment. Electrocardiogram (lead II ECG), blood
pressure, and respiration were continuously recorded during
the experiments. ECG and respiratory movements were digitally recorded at 1 kHz and 200 Hz, respectively, with the
LifeShirt System, while finger blood pressure was acquired at
1 kHz through the analog output from a Portapres device, with
a finger cuff placed on the middle finger of the left hand fixed
at the heart level. A series of three ICB protocols were
repeated five times during the three different g-load conditions. Imposed breathing was set at 6, 9, and 15 breaths/min
for at least nine breaths. The imposed breathing protocol were
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The effects of hypergravity on respiratory sinus
arrhythmia can mimic the effects observed after
spaceflight cardiovascular deconditioning.

set so that inspiration and expiration periods were equal (i.e.,
both accounting for 50% of the total breath cycle). In between
a series of three imposed breathing protocols, a 1-min break
was inserted, during which subjects were allowed to perform
exercise with the lower limbs. Controlled breathing was
achieved by the display of a moving vertical bar on a flat
screen situated in front of the subject in a dark environment
canopy, which was placed over the upper part of the body to
ensure that the subjects had no visual cue of any moving reference. Prior to the rotation of the SAHC, control measurements
were obtained in standing and supine position.
Similar ICB experiments were performed before, during,
and after the 11 days’ Odissea mission to the international
space station (ISS) on three male subjects. Recordings were
performed on days 1, 2, 4, 9, 15, 19, and 25 after landing and
inflight on days 5 and 8 after the launch. However, only the
early postflight (days 1 and 2) results are discussed in the
present article, while the other results are reported elsewhere
[7]. Similar recordings were performed with imposed breathings set at 6, 7.5, 9, 12, and 15 breaths/min for 180 s in both
standing and supine positions.
The parasympathetic response of the ANS to the orthostatic
challenge induced by the different g loads was assessed
through the analysis of short-term HRV by means of a timedomain algorithm, the polar representation of the RSA [8].
Briefly, this method is based on the modelization of RR-interval (RRI) oscillation in the breathing cycle and allows the
determination of the amplitude and phase of RSA on short
recordings (three breaths). It consists of a conversion of the
time axis of heart beats occurring at tkrr into their phase in the
breath cycle. We define, hk,i , the phase of the heart beat k in
the breath cycle i, with onsets of inspiration at tiin and expiraex
tion at tiex , as hin
k,i or hk,i , depending or whether the heart beat
occurs in the inspiration (tiin < tkrr < tiex ) or expiration
(tiex < tkrr ) period:
¼
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where Din
i ¼ ti  ti and Di ¼ tiþ1  ti , respectively, are the
duration of the inspiration and expiration periods for the respiration cycle i. The total breathing period (Tresp) is Tresp ¼
ex
m and the inspiration starts at h ¼ 0%. The 0.5 value in
Din
i þ Di e
(1) are set according to the imposed breathing protocol, where
inspiration period was set to 50% of the total breathing period
and thus was equal to the expiration period. Therefore, the beginning of expiration is set to 50%, and h ¼ 100% corresponds to
the end of expiration (i.e., the beginning of a new respiratory
cycle). With such a change of coordinate, RRI from different respirations can be superimposed (Figure 1). Consequently, a large

(2)

where R, qc , and hc are the estimated parameters: R is the
mean RRI, and qc and hc , respectively, are the amplitude and
phase of the cosine, respectively. hc is denoted as the phase
shift and qc as amplitude (Figure 1).
The use of a cosine curve in the model corresponds to the
analysis of the respiratory peak in the traditional Fourier spectral analysis. As the end of the cycle is physiologically equivalent to the beginning of a new cycle, we take advantage of a
polar coordinate representation, where the radial coordinate q
is the RRI and the angular coordinate h is the phase in breath
cycle. In this representation, the RSA is modeled by a circle
with radius R and center c with coordinates (qc , hc ), in which a
large RSA appears as a large offset of the center of the fitted
circle, whereas absence or very small RSA provides a centered
circle on the origin (for details, see [8]). This alleviates the
issue of the fitting of a cosine with small amplitude and its
consequent unreliable estimation of the phase.
A regression analysis of RSA amplitude and phase as a
function of the imposed breathing period (Tresp) was applied
to assess the gain of RSA amplitude at the different g loads for
the chosen heart–feet g gradient. Statistical significance of the
differences between regression parameters were analyzed
with the classical method of sum of squares for the comparison of two regressions [9]. Individual values of regression
parameters, slopes (gain) and intercepts, are reported with
their 95% confidence interval (CI) [2 SD].
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RSA then appears as a consistent oscillation in the breath cycle
and can be modeled by a cosine curve:
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Fig. 1. Model of respiratory sinus arrhythmia. The red circles represent the RRI versus phase in the breath cycle and the solid
curve is the cosine-fitted curve, as discussed in (2).
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RSA mediated by the vagus nerve has been
considered a marker of the parasympathetic
modulation of heart rate.

Results

Baseline measurements from the SAHC experiments are
presented in Figure 2. The effects of different gravity conditions are presented in Figure 3 for RRI and Figure 4 for RSA.
As expected, RRI decreases with the increase in Gz. In addition, the slopes (RRI increasing with Tresp) are significantly
different from zero and positive, showing (Figure 3) that
RRIs were significantly larger (P < 0:05) for slow-breathing
(Tresp ¼ 10 s) than for fast-breathing (Tresp ¼ 4 s) protocols.
The mean values (SD) of HR and blood pressure at different g loads and for the first (Rep 1) and fifth (Rep 5) repetitions are presented in Table 1. This shows that, while HR

significantly increased with g load (P < 0:05), blood pressure
values were stable over different protocols.
Figure 4 presents the regression analysis of RSA amplitude
with Tresp for the different g-load conditions. The slope for the
high Gz condition (5.34  1.4 ms/s) is the lowest and presents
only a significant difference (P < 0:05) compared to supine
(12.2  1.5 ms/s). The influence of the repetition of protocols
during the higher Gz condition and, thus, the analysis of the
influence of the duration of exposure to one particular
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Fig. 2. Regression analysis of RSA amplitude versus imposed
breathing period (Tresp) for SAHC baseline supine and standing data. Supine data at rest (open square) are larger than
the standing (green diamond) values at all Tresp.

Fig. 3. RRI (ms) versus imposed breathing period (Tresp) for
the different g-load conditions on the SAHC. Measurements
at rest supine (open square) are larger at all Tresp than do
RRI in all artificial g-load conditions: 0.7 g (green diamond),
1 g (purple inverted triangle), 1.2 g (red circle). For all g-load
conditions, RRI at the longer Tresp is significantly larger than
that at the shortest Tresp (P < 0:05).

Table 1. Average values (%SD) of HR, diastolic, and systolic blood pressure for the different g-load conditions
on the SAHC during the first (Rep 1) and fifth (Rep 5) conditions.
Rep 1
g load (g)
HR (breaths/min)
Diastolic (mmHg)
Systolic (mmHg)

88

0.7
78.2  2.1
82.5  3.7
132.8  3.0

1
87.9  2.1
93.9  3.7
138.7  3.0

Rep 5
1.2
96.4  2.1
89.5  3.7
134.9  3.0

0.7
86.5  3.5
89.6  2.6
136.0  3.7

1
104.7  4.1
94.3  3.1
133.7  4.4
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orthostatic stress is presented in Figure 5. Individual values of
RSA tend to decrease with the duration of exposure to hyper g,
and the slope also shows a tendency to decrease. The lowest
slope (4.8  1.4 ms/s) is reached for the last repetition during
the higher g-load condition (P < 0:05 compared to supine).

The results from the regression analysis of RSA performed on the recordings of the Odissea spaceflight mission
are presented in Figures 6 and 7 for supine and standing
data, respectively. Early postflight RSA amplitude is significantly decreased (P < 0:05) at all Tresp, and the slope of the
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Fig. 4. Regression analysis for the different g-load conditions
on the SAHC. Symbols used are as in Figure 3.
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Fig. 6. Regression analysis of RSA amplitude versus imposed
breathing period (Tresp) for supine data from the short-duration spaceflight. Supine preflight values (open inverted triangle) are larger than inflight (filled circle) and postflight data
(filled inverted triangle).
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Fig. 5. Regression analysis of RSA versus Tresp for the last four
repetitions of the high-g load (1.2 g) condition: (blue
inverted triangle) Rep 2, (plus symbol) Rep 3, (green slanted
triangle) Rep 4, (red circle), and Rep 5. All repetitions at the
higher g load are lower than supine baseline data (open
square). The lowest slope is seen for the last repetition of the
higher g-load condition.
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Fig. 7. Regression analysis of RSA amplitude versus imposed
breathing period (Tresp) for standing data from the shortduration spaceflight. Preflight standing (open triangle) and
inflight (filled circle) values of RSA are larger than postflight
data (filled triangle) at all imposed Tresp.
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Artificial gravity along the head-to-feet axis
on a short-arm centrifuge induces
gravity gradients.

regression of RSA amplitude with Tresp is decreased (P < 0:05)
compared with preflight. Preflight for the supine data (Figure
6): the slope of the regression (millisecond of RRI per second of
Tresp) was 10.8  1.2 ms/s and a significant decrease
(P < 0:05) of the slope was observed early postflight (5.5 
1.4 ms/s), while for inflight (8.8  1.3 ms/s), this decrease
was less pronounced (0:05 < P < 0:1). Although significant (P < 0:05), this change was less important for standing
data (see Figure 7): 14.0  1.2 ms/s preflight versus 9.3 
1.8 ms/s postflight.
Discussion

Confirming our hypothesis that artificial gravity can induce
changes in the gain of RSA similar to those observed after
spaceflight, RSA amplitude at all Tresp and gain of RSA were
both decreased in the higher g-load conditions, and the lowest
values were seen for the last repetitions at higher Gz.
Supine RSA values were larger than the standing ones, and
RSA increased with Tresp in both the experimental setups, i.e.,
results from artificial gravity and spaceflight. This is in agreement with the previous literature on RSA. Since the gain of
RSA represents the capability of the ANS to respond to various
stimuli, the higher the slope the larger the range. As such, the
gain of RSA is a measure that differs from the static response
at a particular Tresp. Notice also the influence of the g gradient.
Even at a moderate 0.7 g at the heart level, RRI (Figure 3) and
RSA (Figure 4) were largely decreased compared with the
baseline supine values.
In addition, the increase of RRI with Tresp (Figure 3) suggests
that slow breathing potentiates the parasympathetic effect of
RSA on HR, possibly through resonance with the low-frequency
component (0.1 Hz) of HRV. Exposure to hyper g resulted in
decreased values of RRI and RSA together with a decreased
gain of RSA. The lowest gain of RSA was seen during the last
repetition at the highest g load, thus showing a cumulative time
effect with a short time constant.
The spaceflight experiment showed similar results: amplitude of RSA decreased at each Tresp, and the gain of RSA
decreased. This similarity in autonomic responses in both
experimental setup suggests a common interpretation: the
exposure to the postflight orthostatic stress together with the
well-documented postflight hypovolemia [13] and the likely
pooling of blood in the lower part of the body achieved on
the SAHC induced a decreased gain of RSA and decreased
RSA amplitude. Taken together, this suggests a parasympathetic withdrawal and an ANS working with a reduced
capacity to respond to challenge, possibly through the
mechanical sequestration of a portion of circulating blood.
Therefore, this shows that artificial gravity and gravity gradients can cause similar changes in HRV as the one seen in
astronauts after a short-duration spaceflight. Blood pooling
90

in the lower part of the body, mimicked by centrifugation of
healthy subjects, could thus be one factor explaining the
HRV response observed after spaceflight. Our experimental
design does not allow to differentiate between legs and
splanchnic blood pooling. However, despite the fact that
recent publications [11], [12], demonstrated that, in the case
of head-up tilt, blood pooling in the splanchnic region is
larger than in the lower limbs, the hyper-g conditions with a
gravity gradient like it is in the SAHC study is not comparable to a simple head-up-tilt.
Postflight, we can speculate that, due to the possibly decreased
vascular stiffness, and a more than normal blood pooling in the
lower part of the body, a situation is generated where the heart is
exposed to the terrestrial 1 G, but in the lower limbs, a pooling is
present similar to what is seen during a higher g-load at the legs.
The net result would be the same: an increased distensibility
experienced by the vascular bed in the lower legs while the heart
is at 1 g.
Conclusions

Our results on the SAHC show that the g-load induced blood
pooling lead to increased HR and decreased RSA amplitude
at all Tresp. The response of the ANS to the orthostatic challenge was evidenced by a parasympathetic withdrawal or
sympathetic activation (increased HR and decreased RSA
amplitude) and decreased gain of RSA (decreased slope of
RSA amplitude with Tresp). The Gz gradient was an important factor of orthostatic challenge: even at moderate 0.7 Gz
at the heart, HR was significantly increased compared to
supine, and at 1.2 Gz, this difference was even much
more accentuated.
Lastly, this study provides some evidences that mechanical
blood pooling in the lower part of the body (legs or splanchnic
region) achieved by centrifugation has a major influence on
HRV and, more particularly, on RSA, and this can partially
reproduce the observed changes in the gain of RSA observed
after a short-duration spaceflight.
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