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Migeotte, P-F., G. Kim Prisk, and M. Paiva. Micrograv-
ity alters respiratory sinus arrhythmia and short-term heart
rate variability in humans. Am J Physiol Heart Circ Physiol
284: H1995-H2006, 2003. First published January 30, 2003;
10.1152/ajpheart.00409.2002.—We studied heart rate (HR),
heart rate variability (HRV), and respiratory sinus arrhyth-
mia (RSA) in four male subjects before, during, and after 16
days of spaceflight. The electrocardiogram and respiration
were recorded during two periods of 4 min controlled breath-
ing at 7.5 and 15 breaths/min in standing and supine pos-
tures on the ground and in microgravity. Low (LF)- and high
(HF)-frequency components of the short-term HRV (=3 min)
were computed through Fourier spectral analysis of the R-R
intervals. Early in microgravity, HR was decreased com-
pared with both standing and supine positions and had
returned to the supine value by the end of the flight. In
microgravity, overall variability, the LF-to-HF ratio, and
RSA amplitude and phase were similar to preflight supine
values. Immediately postflight, HR increased by ~15% and
remained elevated 15 days after landing. LF/HF was in-
creased, suggesting an increased sympathetic control of HR
standing. The overall variability and RSA amplitude in su-
pine decreased postflight, suggesting that vagal tone de-
creased, which coupled with the decrease in RSA phase shift
suggests that this was the result of an adaptation of auto-
nomic control of HR to microgravity. In addition, these alter-
ations persisted for at least 15 days after return to normal
gravity (1G).

heart rate; heart rate variability; respiratory sinus arrhyth-
mia; controlled breathing; microgravity; spaceflight; gravity;
autonomic control

ONE OF THE MOST IMPORTANT consequences on the cardio-
vascular system of exposure to weightlessness is the
well-documented orthostatic intolerance experienced
by many astronauts after spaceflight (6). This ortho-
static hypotension is thought to be the result of the
cardiovascular adaptation to microgravity that occurs
in response to the cephalad shift of blood and body
fluids. This fluid shift is the result of the removal of all
hydrostatic pressure gradients and results in an in-
crease of the stroke volume (SV) in microgravity (32).
Heart rate (HR) and arterial pressure decrease (18)
and cardiac output is elevated (39). The in-flight adap-
tation results in a reduction of plasma volume (23) and

a tendency to return toward standing preflight control
HR, SV, and cardiac output (39). Fritsch-Yelle et al.
(18) have suggested that their observations of a de-
creased HR and arterial pressure are compatible with
a cardiovascular system operating in microgravity
with reduced sympathetic activity and vascular resis-
tance.

On return to 1G conditions, Buckey et al. (6) reported
a postural decrease of SV in all astronauts and found
that those astronauts subject to orthostatic intolerance
presented inadequate vasoconstrictor responsiveness.
Previous studies have documented an impaired vagally
mediated carotid-cardiac baroreflex after spaceflight
(16) and an increased sensitivity of aortic and cardio-
pulmonary baroreflexes (12) after head-down bed rest.
It has been suggested that plasma volume reduction
resulting from microgravity exposure may be one un-
derlying mechanism causing an alteration of the stim-
ulus for the baroreceptors, therefore suggesting a
chronic resetting. This suggests that reduction of
plasma volume might be an important factor contrib-
uting to orthostatic intolerance after spaceflight. How-
ever, it seems unlikely to be the primary cause, and
hypoadrenergic responsiveness, possibly centrally me-
diated, is likely a contributor (19). Thus it seems that
the origin of orthostatic intolerance after spaceflight is
multifactorial.

The demonstration by Akselrod et al. (1, 2) that
power spectral analysis of R-R intervals (RRI) can be
used to noninvasively investigate the autonomic con-
trol of the cardiovascular system leads to a multitude
of publications on heart rate variability (HRV). It has
been shown that respiration and postural changes
have major influences on HRV and its components (9,
20, 22, 35). In particular, respiratory sinus arrhythmia
(RSA), the high-frequency component of HRV, has been
recognized as an index of the vagal-cardiac nerve traf-
fic (2). Therefore, by analyzing its amplitude, we can
infer changes in vagal tone or changes in the sensitiv-
ity of the sinus node to these vagal modulations, and its
phase gives information about the duration of the in-
tegration of this cardiorespiratory reflex by the central
nervous system. In addition, the spectral analysis of
the RRI has been commonly applied in the last two
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decades for the noninvasive assessment of the sympa-
thovagal balance of the autonomic nervous system (29),
although this remains somewhat controversial (14).

We hypothesized that in microgravity the parasym-
pathetic component of cardiac autonomic control would
be increased compared with 1G standing, and that,
after exposure to microgravity, standing and supine
autonomic control of HR would show a decreased vagal
and increased sympathetic control of HR. In micro-
gravity, these changes should result in increased am-
plitude and a phase shift of the RSA as well as in a
decreased low frequency-to-high frequency ratio (LF/
HF) compared with 1G standing. On return, this
should lead to a decreased amplitude and phase shift of
the RSA and increased LF/HF.

Therefore, we studied HR, HRV, and components of
HRYV during two controlled breathing protocols per-
formed at two different breathing frequencies. Four
astronauts repeated the same protocols in micrograv-
ity during the 16-day Neurolab STS-90 flight and on
numerous occasions before and after the spaceflight in
active standing and supine postures. Spectral analysis
of RRI was used to assess the sympathovagal balance
of the autonomic nervous system, and a time domain
method, the polar representation of the RSA, was ap-
plied to estimate the amplitude and phase of the RSA
(25).

The principal new results of this study are that 1)
the autonomic control of HR in microgravity was sim-
ilar to that observed in the supine posture, and the
most marked postflight changes in autonomic control
were seen in the supine posture; 2) RSA is decreased
after exposure to microgravity, only in the supine pos-
ture, and this decrease does not depend on the breath-
ing frequency; 3) the phase of the RSA for the slowest
breathing frequency is altered as well, primarily in the
supine posture; and 4) the subject’s tachycardic re-
sponses do not require an orthostatic stress. In addi-
tion, our results suggest that, 15 days after return from
16 days of exposure to microgravity, subjects had still
not returned to their preflight state.

METHODS

Experimental system. The equipment used is fully de-
scribed elsewhere (33). Briefly, the subject breathed through
a mouth piece connected to a valve unit equipped with a
flowmeter in the wall of a bag in a box (linearized Fleisch no.
2 pneumotachograph). A valve placed in the inspired path
allowed the subject to inspire and expire only during pre-
defined periods of time that were under computer control.
Hence a precise control of the breathing frequency was en-
sured. The subjects were equipped with two respiratory in-
ductive plethysmograph (RIP) belts, placed respectively on
the rib cage (RC) and the abdomen (AB) for the recording of
the thoracic and abdominal respiratory movements. After
calibration by an isovolume maneuver, the sum of these
signals, each proportional to cross-section variation, is used
as a measure of the lung volume variation (40). An electro-
cardiogram (ECG) was recorded with a traditional three-lead
configuration. Data were digitized with a 12-bit analog-to-
digital converter and recorded in digital format during the
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experiment. Sampling frequency was 400 Hz for the ECG and
100 Hz for the other signals.

Subjects and data collection. Subjects were four male crew
members of the 16-day Neurolab STS-90 flight, average age
41 yr (range: 38—44 yr), average weight 82.4 kg (range:
75-88.5 kg), and average height 187 cm (range: 185—188 cm).
Preflight data collection consisted of four sessions that were
performed in the 3 mo before launch. In-flight experiments
were performed on days 4, 6, 11, and 15 after launch. Post-
flight data were recorded 1, 2, 4, 5, and 15 days after landing.
Testing was performed during the normal working period for
a subject (~8:00 AM to 6:00 PM local time), at least 1 h after
eating, and 2 h after exercise. Because of the logistical con-
straints associated with spaceflight, we were unable to fix
testing to a particular time in the circadian phase. The
protocols were approved by UCSD and NASA IRBs and
subjects provided written informed consent.

Protocols and measurements. Two controlled breathing
protocols, each of them lasting ~4 min, were part of a larger
set of lung function studies lasting a total of ~20 min. They
were separated by a period of ~3 min of normal uncontrolled
breathing and were always performed in the same order.
Data were first recorded in the standing posture and then in
the supine posture, ~10 min after the subjects assumed that
posture.

During the normal-paced breathing protocol (NPB) the
subject inspired at a constant flow rate (~0.25 1/s) for 2 s. The
flow was controlled by the subject watching a flowmeter. He
inspired through a mouthpiece, until the closure of a valve,
and then he relaxed and expired to functional residual ca-
pacity (FRC) during an equal period of 2 s without attempt-
ing to control expiratory flow. For NPB, the breathing cycle
lasted 4 s, corresponding to 15 breaths/min (0.25 Hz), and
leading to ~0.5 liters tidal volume.

The slow-paced breathing protocol (SPB) followed NPB. It
consisted in the same controlled flow rate (0.25 I/s) of inspi-
ration for a period of time of 4 s, and expiration also lasted
4 s. Therefore, the breathing period was 8 s, corresponding to
7.5 breaths/min (0.125 Hz), and to ~1-liter tidal volume.

Subjects were trained on the system to perform these
maneuvers as naturally as possible, and special attention
was paid to avoid breathing against the valve. During the
maneuver, a constant posture was maintained as follows:
standing on the ground and in microgravity with their hands
at the level of the mouthpiece. In the supine posture, the
subjects’ arms were resting at their sides. Accurate pacing
and depth of breathing were obtained through the visual
feedback of the flow during the experiment. The measured
breathing frequency for all recordings was 0.25 = 0.002 (SD)
Hz for NPB and 0.1249 + 0.0008 Hz for SPB.

Before the paced breathing protocols, three standard iso-
volume maneuvers were performed at FRC with a closed
glottis, which allowed the calibration of RIP on the AB and
RC signals to give a signal proportional to the respired
volume. During the isovolume maneuver, the ratio of volume
motion coefficients (X/Y) is equal to the ratio of RC/AB signal
amplitude (40). The respired volume was computed using the
following equation: AVol = X AB + Y RC where X and Y are
the RIP volume motion coefficients.

Data analysis. All data analysis was carried out by Matlab
5.2 with Signal Processing Toolbox 4.1 (The Mathworks). An
automated algorithm for the detection of inspiration and
expiration was applied to the respiration signal. Two time
series were constructed with occurrences of inspiration and
expiration.

An automated algorithm for the detection of the QRS wave
in the ECG was applied, and a time series of occurrences of R
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waves was constructed (£*, represents the occurrence of the
kth R wave). The RRI time series were then computed as the
time differences between two successive R waves (RRI, = .
—t*"1). Premature ventricular contraction and/or ectopic
beats were automatically detected [RRI outside the range
(350-1,500 ms)], and the RRI was linearly interpolated with
the surrounding values. All detected events and interpolated
values were visually inspected. Recordings presenting more
than one abnormal heartbeat per 30 s were removed from the
analysis. For each test, time domain and frequency domain
parameters (see below) were computed on a segment of 180 s
of continuous RRI.

Frequency domain analysis. The power spectral analysis of
RRI was performed according to the recommendations of the
“Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology”
(38). Briefly, a high-pass digital filtering (cut off = 0.033 Hz)
and detrending procedure was applied to remove the contin-
uous trend and very low oscillations in the nonequidistant
RRI time series. Continuous RRI (180 s) was then interpo-
lated (cubic spline), resampled at 2 Hz, and divided in five
overlapping segments of 60 s. Each of them was in turn
detrended, Hanning windowed, and fast Fourier trans-
formed. We used the Welch algorithm for an averaging pe-
riodogram to estimate the power distribution.

The stationarity of time series was evaluated by comput-
ing the variance of the signal removed by the detrending
procedures, i.e., difference between the total variance of the
nondetrended time series and the total variance (total power
density). Recordings with large removed variance were clas-
sified as nonstationary and removed from the analysis. The
coefficient of variation (CV) was computed as the SD of the
detrended RRI divided by mean RRI and was used to assess
overall variability. The areas under the LF (0.04 Hz < f <
0.15 Hz) and HF (0.15 Hz < f < 0.4 Hz) spectral components
were then computed. LF/HF was calculated only for the NPB
protocol, in which respiratory frequency was in the HF range.

Time domain analysis. The polar representation of the
RSA is a method for the analysis of the respiratory compo-
nent of HRV without making assumptions regarding the
breathing frequency (25). It was applied to the same seg-
ments of 180 s of stationary RRI for the NPB and SPB
protocols after application of the data exclusion criteria (see
above). This method is fully described elsewhere (25) and has
previously been used to analyze uncontrolled breathing ex-
periments performed during a 6-mo spaceflight.

Briefly, the method consists of a time alignment of the RRI
with respect to the occurrence of the heartbeat in the breath
cycle. For each heartbeat, its phase in the breath cycle () is
defined by normalizing the delay between its occurrence and
the beginning of the breath with the total duration of the
actual breath. Hence, RRI occurring in the inspiration will
have a phase between 0 and 50%, and those occurring in
expiration, a phase between 50 and 100%. Pooling together
heartbeats from different breaths and plotting the RRI
against its phase in breath (Fig. 1A), we obtain a graph on
which RSA, if present, appears as a consistent oscillation in
the breath cycle. Hence, RSA can be modeled by the following
cosine curve

RRI = R + p, X cos[( — 8,) X 2 m/100] (1)

where R is the mean RRI and p. and 6. are, respectively, the
amplitude and phase of the cosine. The use of a cosine curve
at the respiratory frequency in the model corresponds to the
analysis of the respiratory peak in the traditional Fourier
spectral analysis. The superposition of data from different
breaths implies that phases of 0 and 100% of the breath cycle
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Fig. 1. Respiratory sinus arrhythmia for subject 3; slow breathing
protocol in standing position on preflight. R-R interval (RRI) vs. its
phase in breath cycle (0; % of breath). A: Cartesian representation
with a fitted cosine curve. B: polar representation with RRI as p
coordinate and 0 its phase in breath and the fitted circle. Duration of
the respiratory cycle is normalized to 100, 0 and 50% corresponding
to the onset of inspiration and expiration. R is the mean RRI. The
offset of the center of the fitted circle gives the amplitude (p.) and
phase (6.) of the RSA. Fitted parameters (=95% confidence interval):
R =111 = 0.008 s, p. = 0.114 + 0.005 s, 6. = —14.9 * 0.6%. The
dotted line at R = 1.3 provides a visual reference in which there is no
respiratory sinus arrhythmia (RSA).

represent the same physiological situation, the FRC of the
subject. Taking advantage of this situation, we use a polar
coordinate representation where the radial coordinate p is
the RRI and the angular coordinate 6 is the phase in breath
cycle. In this representation (Fig. 1B) the RSA is modeled by
a circle with radius R and center ¢ with coordinates p.,0., in
which a large RSA appears as a large offset of the center of
the fitted circle in relation to the origin. Hence p. is a
measure of the RSA amplitude and 6. a measure of the RSA
phase in the breath cycle.

Statistical methods. Data were grouped according to pro-
tocols and posture and recording sessions as follows: preflight
(all 4 baseline data collections), in-flight (early = days 5 and
6, late = days 11 and 15), and postflight (early = return days
1 and 2, mid = return days 4 and 5, late = return day 15). To
account for intersubject variability, all parameters (except
for the RSA phase) were normalized by each subject’s own
average upright control value. Preflight, no differences were
observed between NPB and SPB HR, and these data were
grouped. Hence, the 100% preflight value corresponds to
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Table 1. Heart rate, heart rate variability, sympathovagal balance, and RSA

Inflight Postflight
Preflight Early Late Early Mid Late
Parameter Standing Supine nG nG Standing Supine Standing Supine Standing Supine
HR, beats/min
NPB 73332  57.1*24%ki 53.4+3.8%F 58137 86557 656355t 755x25% 620x28%F 795+23  63.0x4.1%
SPB 72.0+£3.8 56.6*£2.6%%  54.4+3.0%* 58.6+4.1%F  822+51%F  66.7x3.8LffT 79.1+3.6% 64.2+3.0ff 76.3+49 624+3.3%
CV RRI, %
NPB 5.41+0.75 5.36=0.55 4.25*0.44 3.87=0.26 431074 3.19x0.40%% 7.31x20 431*+065% 6.39+1.6% 5.26*0.8%
SPB 7.96+0.76 8.30+0.80 6.38+0.60 7.68+1.1 7.05+£0.62 559+1.2%%  8.82+0.94 6.33x1.2% 9.09+19  7.83+1.9%
LF/HF
NPB 4.83=x0.70 1.67=0.40%F 1.77x0.76%* 1.68=+0.77** 9.99+1.6™* 212+0.44% 10.1+2.3* 1.89+0.64% 9.14*39  0.99=0.56%
RSA amplitude,
ms
NPB 11.0+26  33.7+6.9%ft 28.3*+6.6* 28.2+17.3* 543=1.2 174+44% 13.7+4.3  21.5+4.1% 94+34  30.2+6.7F
SPB 56.9+8.8  90.3*+14i% 72.9+11 77.4+20 47.7+82 46.2+15%F 51.6+7.1  56.1*+15F 49.3+88  82.7+23
RSA phase, % of
breath cycle
NPB -3.32+£3.6 —5.03+3.8 —0.04+4.7 -2.02+3.8 -252+54 -957+46 0.6+39 —-6.86*3.5 —-6.10£54 -7.20*5.1
SPB -25.1+23 -16.7+2.6%f —18.8+0.8 -165+1.7%* -31.6+3.0 —253+3.3} —289+4.0 -25.6+3.0f —31.3%9.1 -223*52
No. of
observations
accepted/total
NPB 16/16 15/16 7/8 8/8 7/8 8/8 6/8 7/8 4/4 4/4
SPB 15/16 14/16 8/8 7/8 6/8 8/8 7/8 8/8 3/4 4/4

Values are means * SE; n = 4 subjects. HR, heart rate; CV RRI, coefficient of variation of R-R intervals; LF/HF, ratio of low frequency to
high frequency; RSA, respiratory sinus arrhythmia; NPB, normal paced breathing protocol; SPB, slow paced breathing protocol; in-flight
early = launch (L) + 4 and 6 days; in-flight late = L. + 11 and 15 days; postflight early = return (R) + 1 and 2 days; postflight mid = R +
4 and 5 days; postflight late = R + 15 days. *Significant compared with preflight standing: *P < 0.05, **P < 0.01, ***P < 0.01. Significant
compared with preflight supine: P < 0.05, P < 0.01, P < 0.001. Significant paired comparison supine vs. corresponding standing

values: £P < 0.05, =P < 0.01, &P < 0.001.

mean standing HR (NPB and SPB grouped), mean CV for
NPB, mean RSA amplitude standing, and mean LF/HF NPB
standing. All results are presented as averages = SE. All
statistical comparisons were performed on the raw and nor-
malized data with the statistical software SPSS 6.1 (SPSS,
Chicago, IL). Because there were only minor differences, with
a smaller intersubject variability for normalized data, only
statistics computed on normalized data are reported in Figs.
1-6 and Table 1. The nonparametric Mann and Whitney-
Wilcoxon rank sum test was computed to test the time course
of each parameter. When there was no significant time
course, data on the figures were pooled for comparisons with
preflight. Therefore, except for HR, the time course on Figs.
1-6 is presented in a unified way with in-flight (early and
late pooled) and postflight mid- and late data pooled. Paired
comparisons between standing and supine values were made
with the Wilcoxon matched-pairs signed-rank test. In addi-
tion, standing minus supine differences were computed for
each test and each subject on every parameter. On return
(early + mid), changes from control were studied using the
unpaired Mann and Whitney-Wilcoxon rank sum test, and
standing minus supine differences significantly different
from zero were tested using the signed-rank sum test. P =
0.05 was considered as significant, and, given the small
sample size, the value of P is indicated.

Exclusion of recordings from the analysis was based on 1)
the poor quality of breathing data that did not allow accurate
detection of inspiration and expirations (7 recordings), 2) the
presence of more than six premature ventricular contractions
in the 3-min analyzed data (2 postflight recordings on return
days 1 and 4) and 3) the analysis of stationarity of the time
series that showed that three NPB recordings and two SPB
recordings presented removed variance >60 and 40%, respec-
tively, of their total variance. The 60 and 40% limits were
chosen as a compromise between ensuring stationarity and
not rejecting too many recordings. The few recordings that

are lost because of failure to meet the quality criteria imply
that comparisons and statistical inference between different
conditions are made on a different number of observations.
The divergence from the total number of recordings is re-
ported in Table 1. This divergence is small and unlikely to
significantly affect the overall statistical interpretation.

RESULTS

Table 1 presents a summary of the mean values =
SE of each parameter and the number of accepted
recordings in each protocol, posture condition, and all
experimental sessions.

HR. Because there was no significant difference be-
tween NPB and SPB, these were grouped for statistical
testing. Hence, Fig. 2 presents the time course of av-
erage HR normalized with respect to preflight standing
of grouped NPB and SPB. The 100% normalized value
corresponds to an average HR of 73 = 3 beats/min, and
supine HR was significantly lower (57 = 2 beats/min).
Early in-flight, HR was decreased to 54 + 3 beats/min
[a 26% decrease compared with preflight standing (P <
0.001) and 5% compared with preflight supine (P <
0.01)]. HR late in-flight increased to 58.3 = 3 beats/min
[a 5% increase (P < 0.001) compared with early in-
flight] and was no longer different from preflight su-
pine. Early postflight, standing HR increased to 85 + 4
beats/min (15% increase compared with preflight) and
supine HR increased to 66 = 3 beats/min (14% com-
pared with preflight). A trend to return to preflight
values was seen for both postures, although HR re-
mained significantly higher during late postflight for
supine data compared with preflight. There were no
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Fig. 2. Heart rate as a function of data collection period. Data are
normalized to each subject’s preflight standing control value. Normal
and slow-paced breathing values are pooled. Values are means * SE.
*P < 0.05, **P < 0.01, and ***P < 0.001, significant compared with
standing preflight. #P < 0.05, ##P < 0.01, and ###P < 0.001,
significant compared with supine preflight. In addition to the differ-
ences shown, the trend between early and late in-flight data is
significant at P < 0.001.

postflight changes in the difference between standing
and supine values.

Overall variability. Preflight CV for SPB was ~150%
of the NPB value, and there was no significant differ-
ence between standing and supine values for either
protocol. Figure 3 presents the time course of average
CV normalized with respect to preflight NPB standing
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data. In-flight CV was decreased significantly (—21%)
for NPB (P < 0.05) and only decreased slightly (—16%)
for SPB (not significant). Early postflight, supine CV
for NPB and SPB decreased significantly to 63% (P <
0.01) and 102% (P = 0.02), respectively. Although not
significant, a similar trend was seen for standing NPB
(P = 0.09). In addition, during early and mid plus late
postflight, there was a standing to supine difference
that was different from preflight. This difference is
best seen for standing minus supine differences (Fig.
3B) where an increase of this difference on return
(early + mid) compared with preflight is seen for SPB
and less significantly for NPB.

Sympathovagal balance. Figure 4A presents the
time course of the normalized LF/HF for the NPB
protocol only. Indeed, for SPB the respiratory compo-
nent was in the LF band, and the LF/HF ratio would
not be interpretable in the same way. During preflight,
supine LF/HF was significantly lower (38 * 8%) than
the standing value (P < 0.01). In-flight LF/HF did not
change with time in microgravity, was similar to pre-
flight supine, and remained significantly lower than
preflight standing. On return, standing LF/HF in-
creased to ~2 and ~3.6 times its preflight value during
early and mid-postflight, respectively, and remained
elevated on late postflight. A large intersubject vari-
ability of the postflight response was present. All su-
pine postflight LF/HF were similar to preflight values.
The differences between standing and supine LF/HF
increased on return (Fig. 4B) to ~2.8 times its preflight
value.

Amplitude of the RSA. For the clarity of the presen-
tation, NPB and SPB data were normalized with re-
spect to their respective preflight standing values and
are presented in Fig. 5, A and B. This hides the large

0.03
p=0.1
| |
p=0.05
‘g 0.02 !
a
for. *
>
(G -"
c £
o
o
2 0.01
preflight  postflight preflight  postflight
Mormal PB Slow PB

Fig. 3. A: RRI coefficient of variation (CV) as a function of data collection period. Data are normalized to each
subject’s preflight standing value for normal-paced breathing (PB) protocol. Filled symbols, NPB. Open symbols,
slow-paced breathing (SPB). #P < 0.05 and ##P < 0.01, significant compared with supine preflight. B: CV
standing — supine difference = SE. *P < 0.05, significantly different from 0.

AdJP-Heart Circ Physiol « VOL 284 « JUNE 2003 « www.ajpheart.org



MICROGRAVITY ALTERS RESPIRATORY SINUS ARRHYTHMIA

H2000
A
450 ¢
400F a standing
¥ supine
350} o G
o
Fig. 4. A:low frequency-to-high frequency ra- £ 300}
tio (LF/HF) for NPB as a function of data 5
collection period. Data are normalized to each L E 250
subject’s preflight standing control value. & 5
*P < 0.05 and ***P < 0.001, significant com- "_,'- % 200t
pared with standing preflight. B: LF/HF :c::.
standing — supine difference. **P < 0.01 and © 50k
**¥*P < 0.001, significantly different from 0. 2
100 3
50F
¥
ok .
preflight

difference in the absolute values in this parameter (see
Table 1). Thus preflight for NPB (Fig. 5A), the 100%
standing normalized value corresponded to an average
amplitude of RSA of 11 = 3 ms, and RSA amplitude
supine was approximately three times its standing
value (P < 0.001). Preflight SPB RSA amplitude was
also larger supine (~150%) than standing (P < 0.01).
For both postures, RSA amplitude was larger for SPB
compared with NPB (P < 0.001; significance not shown
in Table 1). In-flight for both protocols, RSA amplitude
was comparable to preflight supine values. No signifi-
cant difference between early and late in-flight data
was seen, and these data were pooled. In-flight RSA
amplitude was increased compared with preflight
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standing for NPB (P < 0.001) and for SPB (P < 0.05).
Early postflight supine values were decreased to 183 =
27% for NPB compared with preflight 289 = 19%, and
to 83 * 17% for SPB compared with preflight 152 =+
12% (both P < 0.01). A progressive return to the pre-
flight value was seen. Postflight for both protocols,
standing values were similar to preflight. With the
decrease of the supine value, this leads to a decrease of
the standing to supine difference (Fig. 5C), which van-
ishes for SPB (P = 0.02) and decreases less signifi-
cantly for NPB (P = 0.1).

Phase of the RSA. During preflight, the supine and
standing RSA phase (Fig. 6A) for NPB was similar at
about —5% of the breath cycle. This means that max-
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Fig. 5. A and B: RSA amplitude as a function of data collection period for NPB protocol (A) and SPB protocol (B).
Data are normalized to each subject’s preflight standing control value. *P < 0.05 and ***P < 0.001. Significant
compared with standing preflight. ##P < 0.01. Significant compared with supine preflight. C: RSA amplitude
standing — supine difference. ***P < 0.01, significantly different from 0.
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difference. ***P < 0.001, significantly different from 0.

imum HR (minimum RRI) slightly precedes the onset
of expiration (RSA phase = 0% means that HR follows
the fluctuations of instantaneous lung volume and that
RRI is minimum at the end of inspiration and corre-
sponds to an in-phase relationship). RSA phase for
SPB standing was about —25%, which means that HR
reaches its maximum in the middle of inspiration (this
corresponds to a 90° out of phase relationship). In
addition, maximum HR was reached later in inspira-
tion in the supine posture, which was different from
standing (P = 0.002). For NPB, there were no changes
in the time course for RSA phase. SPB phase in flight
was similar to preflight supine and significantly differ-
ent from preflight standing (P < 0.05). Postflight, there
was no difference between periods. For SPB, the RSA
supine was more out of phase than during preflight
(P < 0.05). This means that HR reaches its maximum
earlier in the inspiration. For SPB, the standing to
supine difference, which was highly significant pre-
flight (Fig. 6B), did not reach significance postflight,
and the comparison between pre- and postflight was
also not significant.

DISCUSSION

HR. Preflight, the increased HR standing compared
with supine is likely the result of sympathetic activa-
tion, which is the normal orthostatic response to pre-
vent blood from pooling in the legs and arterial blood
pressure from falling (10). The fact that average HR is
the same in the two different breathing protocols (Ta-
ble 1) is evidence that the protocols themselves did not
induce a different tonic level of autonomic control of
HR. Our result showing a decreased HR in micrograv-
ity (Fig. 2) is in agreement with results from previous

studies (18, 39), and the change we observed is of
similar magnitude.

Previous findings of increased SV and cardiac output
(32, 39) as well as a decrease in mean arterial pressure
(36) are consistent with a decreased HR in micrograv-
ity compared with standing and supine values. This
change in HR can be interpreted as a fast response of
the autonomic nervous system trying to maintain a
normal cardiac output and normal blood perfusion to
the brain in microgravity while facing contradictory
inputs such as increased SV and decreased central
venous pressure (5). This decrease in HR can be attrib-
uted to a decreased sympathetic activity and increased
vagal tone. The fact that our result of a decreased HR
seen during the controlled breathing experiment is in
agreement with the result of Fritsch-Yelle et al. (18)
obtained during normal activity in space shows that
this HR response to microgravity exposure is not af-
fected by our choice of breathing protocol.

The significant trend toward control values in HR
seen in microgravity is in agreement with Verbanck et
al. (39) and may be explained by the plasma volume
reduction that occurs in-flight (23). This is also consis-
tent with adaptation of the autonomic control of HR,
which likely occurs in response to the new environment
of weightlessness.

On return to 1G, the tachycardia seen during both
protocols and in standing as well as supine supports
the hypothesis of a sympathetic activation. The fact
that HR is similarly affected in supine and standing
postures and presents the same pattern of progressive
return to preflight values shows that the postflight
tachycardia is not only the result of a postflight ortho-
static stress but also the result of an autonomic adap-

AdJP-Heart Circ Physiol « VOL 284 « JUNE 2003 « www.ajpheart.org



H2002

tation. On return plus 15 days (late postflight), that
supine HR was still significantly different from pre-
flight shows that, after a 16-day spaceflight, 15 days of
recovery are not sufficient to return to preflight control
conditions.

Overall variability. During supine preflight, longer
RRI (lower HR) was associated with a higher total
variability (total power), which resulted in the absence
of significant differences in CV (total power/mean RRI)
between standing and supine conditions (Fig. 3B). Al-
though there was no difference in the average HR
between the NPB and SPB protocols, the observed
differences in CV between these protocols is evidence
that SPB allows the examination of different aspects of
the autonomic control mechanisms, consistent with
numerous studies on HRV associated with different
breathing protocols (9, 20, 28, 35).

In microgravity, the significant (17%) decrease in CV
for NPB supports the hypothesis of an in-flight adap-
tation of autonomic control of HR. Indeed, without
changes of the LF/HF and HF component compared
with supine, the decrease in CV must be attributed to
increased RRI (decreased HR), which is the case on
early in-flight (see Table 1), or to the smaller increase
(compared with standing) of very low frequency (VLF),
LF, and HF components, which is likely the case for
late in-flight measurements in which HR is similar to
supine preflight.

Early postflight, the decreased CV in the supine
posture for both protocols is the result of a decrease in
the RSA amplitude (HF), likely because of decreased
vagal modulation of HR (see Amplitude of RSA). The
markedly increased standing-supine differences com-
pared with preflight (Fig. 3B) are also in agreement
with a decreased vagal modulation when supine. That
this difference does not exist preflight and that there
are no corresponding differences in the HR change
between standing and supine preflight versus post-
flight suggest that a different mix of autonomic control
of HR is present postflight. Surprisingly, the most
marked changes occurred in the supine measurements,
confirming our hypothesis of a postflight alteration of
autonomic control for the supine control of HR.

Sympathovagal balance. During NPB, HRV shows at
least two components, one slow (LF) and one fast (HF).
The VLF component, which was apparent in some
recordings, will not be discussed here since these re-
cordings were not long enough to accurately estimate
this VLF component (38) and were removed by the
detrending process. When the breathing frequency is
in the HF range (as in the NPB), HF power is the result
of the RSA and is assumed to reflect parasympatheti-
cally mediated oscillations, i.e., vagal modulation of
HR (1, 2, 20, 35). LF power is assumed to be the result
of modulations of the sympathetic and parasympa-
thetic nervous activity (1, 31, 35).

When in a standing position, a situation of known
sympathetic activation and increased HR, LF is domi-
nant over HF oscillation (10, 31), which leads to a
larger LF/HF than in supine posture (Fig. 4A). The
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LF/HF values we observed (Table 1) were similar to
those reported by others (27).

In microgravity, LF/HF was similar to supine values,
which were significantly lower than standing. This
suggests that, in microgravity, HR is predominantly
under vagal control. During microgravity, the absence
of posture changes, which are causing variations in
LF/HF, suggests that HR may predominately stay in
one state of autonomic control and that fewer excur-
sions to the sympathetic state will be made. This might
be thought to lead to an adaptation process by which,
for example, the decreased sympathetic stimulation
during spaceflight could lead to an increased sensitiv-
ity of the noradrenergic receptors (34). Although no
such adaptation was seen in our results on LF/HF, the
increase in HR over the course of microgravity may be
suggestive of such a process.

This hypothesis of an increased receptor sensitivity
is in agreement with recent results from Ertl et al. (15)
obtained by direct measurements of muscle sympa-
thetic activity. Those studies showed that, in the same
subjects, the sympathetic response to orthostatic stress
(provoked by lower body suction) was increased on day
12 or 13 during the same spaceflight. However, their
measurement of an increased muscle sympathetic ac-
tivity at rest in microgravity (compared with preflight
supine) is in apparent contradiction with our measure-
ments of LF/HF in microgravity, which were similar to
supine values, and to a decreased HR in microgravity
compared with supine. Both observations are evidence
of decreased sympathetic outflow to the heart early
in-flight with a return to values similar to supine late
in-flight. Possible explanations of such apparent dis-
crepancies are as follows: 1) the measurements of the
peroneal nerve muscle activity through microneurog-
raphy and the plasma norepinephrine spillover and
clearance reflect the overall sympathetic activity,
whereas ours concern only the autonomic control of
HR; supportive of this explanation are the measure-
ments of resting HR (11, 15), which were similar to
preflight supine and which are not supportive of an
increased sympathetic outflow to the heart; 2) their
measurements, performed on days 12 and 13, reflect
the influence of microgravity and the autonomic adap-
tation, which had already occurred by that time; and 3)
the increased sympathetic outflow may be accompa-
nied by increased vagal modulation of HR, which is
prevented from producing larger LF oscillations be-
cause RRI is already increased, in which case there
would be no more reserve for additional (LF) oscilla-
tions in RRI.

On return to 1G, the large increased LF/HF standing
suggests a sympathetic activation (increased LF),
which is in agreement with observed postflight in-
creases in plasma catecholamine concentrations (41)
and supports the hypothesis of increased sensitivity of
the noradrenergic receptors after exposure to micro-
gravity (34). The similar, although not significant, in-
crease in supine LF/HF early postflight (see Table 1) is
in agreement with the results of Fritsch-Yelle et al.
(17). They reported an increased LF/HF in supine pos-
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ture for the landing day and 1-2 days after landing,
which corresponds to our early postflight measure-
ment, but they did not have comparable results during
standing. These results are in agreement with an in-
creased sympathetic and decreased vagal modulation
of HR. As previously mentioned, this increased sympa-
thetic modulation of HR can be attributed to an in-
creased reactivity of the sympathetic nervous system
because of its low level of stimulation during exposure
to weightlessness and a possible resetting process, in
agreement with results from head-down bed rest (4). In
addition, a postflight increase in sympathetic nerve
activity was also measured by Levine et al. (24) in the
same subjects.

Amplitude of RSA. Among the three components
present in the spectral analysis of HRV, the HF com-
ponent, which corresponds to RSA, is the component in
which the most widely accepted interpretation has
been developed; it is a valid index of cardiac vagal
modulation (21). Therefore, by analyzing its amplitude,
we can infer changes in vagal tone or changes in the
sensitivity of the sinus node to these vagal modulations
or in the generation of these vagal modulations by the
baroreflex. In addition, the phase, which was never
analyzed before, gives information on the duration of
the processing of this cardiorespiratory interaction by
the entire loop, independently of its origin, which is
still a matter of debate (21, 41).

During preflight, larger RSA amplitude for SPB than
for NPB (see Table 1) is the result of the frequency
dependency of the RSA (28, 35). This and the larger
supine than standing values for both protocols (Fig. 5)
are qualitatively in agreement with published models
of RSA (9, 20, 35). The model of Hayano et al. (20)
presents RSA as the result of phasic (excitatory/inhib-
itory) modulation of vagal control of HR, yielding max-
imum vagal excitation during expiration and inhibition
during inspiration. Because the sinus node presents a
low-pass filter property to vagal stimulation with a
decay constant of ~1 s, the larger RSA at low breathing
frequencies does not reflect a larger vagal tone per se
but rather a larger expression of vagal modulation. In
contrast, supine vagal control of HR is more pro-
nounced than standing, and a larger RSA amplitude is
a marker of larger vagal modulation of HR. This, to-
gether with the slower HR, is in agreement with a
higher vagal tone supine than standing (10).

In microgravity, for both protocols, RSA amplitude
was similar to that measured supine preflight and was
increased compared with standing. This confirms our
hypothesis that, in microgravity, autonomic control of
HR is similar to that in the supine posture, suggesting
that the cardiovascular control is more in a state of
vagal activation, consistent with the in-flight decrease
in HR. This interpretation is in agreement with previ-
ous results from spaceflight (17, 18) and head-down
bed rest (7), all in agreement with an increased vagal
activity at true or simulated microgravity.

In contrast to this result, Cooke et al. (8) found on a
longer spaceflight a reduction of RSA compared with
preflight supine, whereas our measurements, with
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more subjects and repetitions, do not show a significant
decrease (see Table 1). It is unclear whether this dif-
ference is the result of an adaptation that occurred
after being exposed to >15 days of microgravity in
their study or is the result of methodological differ-
ences.

Early postflight, the decreased RSA amplitude in the
supine posture (Fig. 5, A and B) supports our hypoth-
esis of a decreased vagal tone after spaceflight, already
evidenced by the increased HR and increased LF/HF
standing. The decreased differences between standing
and supine, which one observes for RSA amplitude
(Fig. 5C), are mainly because of the decreases in the
supine values, suggesting that no decreased vagal tone
was present standing and contradicting our hypothesis
of an overall reduced vagal tone. For SPB standing, a
decreased vagal modulation could be counterbalanced
by increased sympathetic modulation in the same LF
band, therefore contributing to the absence of a stand-
ing decrease in RSA amplitude.

Our result of a postflight decrease in RSA amplitude
for supine NPB seems to be in contradiction with the
study of Fritsh-Yelle et al. (17), which showed no post-
flight decrease in the HF component of HRV in supine
posture. This discrepancy might be explained by meth-
odological differences. Although they estimated the HF
through the computation of an average power spectra
for all subjects and integration of the resulting aver-
aged HF frequency range, we estimated RSA ampli-
tude for each subject before any averaging procedure,
preserving the inter- and intrasubject variability. The
results in the previous study (17) would likely have
blurred individual differences, such as small variations
in the individual breathing frequency, which was con-
trolled in this study. Nevertheless, our result is consis-
tent with their conclusion of a reduction in parasym-
pathetic and increase in sympathetic influences on
arterial pressure control after spaceflight.

Phase of RSA. The literature on phase of RSA is very
sparse. Saul et al. (35) and, more recently, Cooke et al.
(9) investigated a phase relationship between instan-
taneous lung volume and RRI variability through the
estimation of transfer functions. However, the later
studies were performed using broad-band-frequency
breathing protocols, which are very difficult to compare
with the single controlled frequency protocols used in
this study. Despite these methodological issues, the
postural differences and differences between NPB and
SPB seen in the phase of RSA preflight (Fig. 6A) are
consistent with previous results (3, 9). During pre-
flight, the observed phase advance for SPB compared
with NPB is in agreement with the low-pass filter
model of RSA (20). With the same decay constant of ~1
s, the longer breathing period leads to larger RSA with
a phase advance in the breath cycle. In addition, for
SPB, that during standing RSA phase is more ad-
vanced than in the supine posture can be attributed to
larger vagal tone in supine than in standing posture.
Preflight for SPB, that standing RSA phase is more
advanced than supine is also in agreement with previ-
ous results (20). Indeed the smaller amplitude of the
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RSA observed while standing (Fig. 5B) means that the
saturation level was reached more rapidly, which
translates into an increased phase advance.

In microgravity, RSA phase for SPB is similar to
preflight supine. This is consistent with our hypothesis
that cardiovascular control mechanisms in micrograv-
ity have similarities with supine control.

Postflight, more out-of-phase supine values during
NPB and SPB cause a significant standing to supine
difference during NPB and a decrease of the standing
to supine difference during SPB (Fig. 6B). This to-
gether with the significant difference seen in the su-
pine RSA phase for SPB is further evidence that the
vagal control of HR was altered by exposure to micro-
gravity.

RSA is known to be the result of modulation of the
cardiac vagal efferent activity by the central respira-
tory drive and gating of excitatory input to the vagal
motor neurons by the lung inflation reflex (21). There-
fore, the observed changes in the amplitude suggest a
decreased cardiac vagal modulation possibly because of
decreased vagal tone. The phase shift observed sug-
gests a central adaptation of the timing of the gating or
might be because of a change in delay in the afferent
path of the lung inflation reflex. The presence of a
phase shift also suggests that alterations of RSA are
more likely to have their origin in the plasticity of the
reflexes originating in the autonomic nervous system
rather than in a mechanical change, such as plasma
volume variations. Indeed, one expects mechanical
changes to produce amplitude changes but not phase
shifts in the reflex response.

In addition, if RSA bears an active physiological role
(21), benefiting pulmonary gas exchange by matching
perfusion to ventilation within each respiratory cycle,
the observed phase shift on return might be at the
origin of an adverse effect on the ventilation of the
subjects. This in turn could lead to a competition be-
tween increased sympathetic activity (and decreased
vagal tone) to increase the total peripheral resistance
in response to orthostatic stress and increased RSA
(increased vagal tone) to maintain this benefit. This
competition could be a new factor contributing to the
orthostatic intolerance. In addition, we might specu-
late that such a competition could contribute to the
longer readaptation to 1G than the time it took to
adapt to microgravity.

Surprisingly, the most important postflight changes
were not seen on standing, but seen in the supine
measurements, which is evidence that they did not
result from an orthostatic stress, again pointing to a
central adaptation. Therefore, we believe that our re-
sults support the notion that the cardiovascular
changes observed after spaceflight are made of a com-
plex interaction between a central autonomic disorder
in which cardiorespiratory interactions might be an
important contributing factor, differential adaptations
of vessels in different anatomic regions (42), as well as
plasma volume reduction and baroreflex alteration.

Limitations. This discussion about modifications of
HRYV and its components induced by microgravity as
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observed in this study is based on the hypothesis
that RSA is exclusively mediated by vagal modula-
tion of HR (1, 2). This is strongly supported by the
fact that large doses of atropine (a parasympathetic
muscarinic blocker) nearly abolish HR fluctuations
in the HF (respiratory) band (26, 31). Whether the
cause of these oscillations is to be found in the
respiratory-induced pressure modulation of aortic
and carotid baroreceptors (the peripheral hypothe-
sis; see Ref. 30) or is the result of a central phenom-
enon (37) is not answered by these data. In both
cases, the RSA is generated in, or mediated by, the
central nervous system. In addition, we assumed
that the LF/HF, under the condition that breathing
frequency is >0.15 Hz (9), can be considered as a
marker of the sympathovagal balance (29).

In conclusion, in this study of HR, spectral analy-
sis of HRV, and RSA in four male subjects before,
during, and after 16 days of microgravity, HR was
decreased in microgravity and there was a signifi-
cant trend for HR to increase during the flight.
Overall variability was decreased in-flight, with no
further adaptation. During microgravity, the spec-
tral analysis showed that the sympathovagal bal-
ance, RSA amplitude, and phase were similar to
supine values. These observations are consistent
with an autonomic adaptation to weightlessness and
evidence that in microgravity the control of HR is in
a state of increased vagal activation and decreased
sympathetic control compared with preflight stand-
ing. Postflight, the changes in amplitude and phase
of the RSA are compatible with a reduced vagal
activity after spaceflight and suggest a decreased
vagal tone. This is consistent with the observed large
increase of the sympathovagal balance during stand-
ing and with observed increased HR for standing and
supine postures. In addition the postflight changes
in RSA phase, in the protocol with the largest vagal
influence (supine SPB), speak for an autonomic ori-
gin for the cardiovascular adaptation to micrograv-
ity. Surprisingly the most important postflight
changes were not seen on standing, but in the supine
measurements, which is evidence that they did not
result from an orthostatic stress.

The persistent increase in HR for all measurements,
absent differences in the RSA amplitude between
standing and supine under the slow-breathing proto-
col, and the persistent differences in the CV between
standing and supine postures suggest that after 15
days of reexposure to 1G the subjects are still not back
to their preflight baseline condition.
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