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Dose-Effect Relationship Between Mild Levels of
Hypergravity and Autonomic Circulatory Regulation

Kaname Ueda; Yojiro Ogawa; Ryo Yanagida; Ken Aoki; Ken-ichi lwasaki

The dose-effect relationships between different levels of hypergravity (> +1.0 G,) and steady-state hemodynamic
parameters have been reported in several studies. However, little has been reported on the dose-effect relationship
between hypergravity levels and estimates of autonomic circulatory regulation, such as heart rate variability, arterial
pressure variability, and spontaneous cardiac baroreflex sensitivity. We investigated dose-effect relationships between
hypergravity levels from +1.0 G, to +2.0 G, (A0.5 G,) and autonomic circulatory regulation to test our hypothesis that
autonomic circulatory regulation has a linear relationship with hypergravity levels.

Using a short-arm human centrifuge, 10 healthy seated men were subjected to +1.0 G, +1.5 G, and +2.0 G, hypergrav-
ity. We evaluated steady-state hemodynamic parameters and autonomic circulatory regulation indices. Heart rate
variability, arterial pressure variability, and spontaneous cardiac baroreflex sensitivity between arterial pressure and R-R
interval variabilities were assessed by spectral analysis, sequence analysis, and transfer function analysis.

Steady-state heart rate, stroke volume, and sequence slope (indicating spontaneous cardiac baroreflex sensitivity in
response to rapid changes in arterial pressure) showed linear correlations with increases in gravity (from +1.0 G, to +2.0
G,). On the other hand, steady-state cardiac output, steady-state systolic arterial pressure, and low-frequency power of
diastolic arterial pressure (indicating peripheral vasomotor sympathetic activity) remained unchanged with gravity
increases.

Contrary to our hypothesis, the present study suggested that autonomic circulatory regulations show complex changes
with hypergravity levels. Spontaneous cardiac baroreflex sensitivity reduces in a dose-dependent manner from +1.0 G,
to +2.0 G,, whereas peripheral vasomotor sympathetic activity seems to be maintained.

hypergravity, baroreflex, sequence method, transfer function analysis.
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irplane pilots and astronauts are often exposed to
hypergravity environments. Some investigators have
described the changes in steady-state hemodynamic
parameters under hypergravity (> +1.0 G,). Reportedly, steady-
state heart rate and steady-state stroke volume correlate linearly
with a few levels of hypergravity achieved using a short-arm
centrifuge.'*16:2
Little has been reported on the relationship between levels
of hypergravity and estimates of autonomic circulatory regula-
tion, such as heart rate variability, arterial blood pressure vari-
ability, and spontaneous cardiac baroreflex sensitivity. Although
our previous report revealed that +1.5 G, hypergravity using a
short-arm centrifuge reduced spontaneous cardiac baroreflex
sensitivity and heart rate variability compared with +1.0 G,,* it
remains unclear whether levels of hypergravity above +1.5 G,

induces further reduction of autonomic circulatory regulation.
We investigated the dose-effect relationship between levels of
hypergravity from +1.0 G, to +2.0 G, (A0.5 G,) and autonomic
circulatory regulation indices to test our hypothesis that auto-
nomic circulatory regulation has a linear relationship with lev-
els of hypergravity.
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METHODS

Subjects

The study procedure was approved in advance by the institu-
tional review board of Nihon University School of Medicine
(Itabashi-ku, Tokyo, Japan). Each subject provided written
informed consent before participation. The procedures adhered
to the tenets of the Declaration of Helsinki. All study subjects
were screened by a physical examination, including electrocar-
diography (ECG) and intermittent blood pressure measure-
ments. We investigated 10 healthy normotensive men with a
mean age of 23.3 yr (range, 20-28 yr), a mean height of 170.6
cm (range, 159-185 cm), and a mean weight of 64.6 kg (range,
54-71.5 kg). These subjects were a subset of the group previ-
ously studied by us during an investigation on spontaneous
arterial-cardiac baroreflex levels of hypergravity below +1.5 G,.»
All subjects fasted for 2 h before the experiments and refrained
from heavy exercise and consuming caffeinated or alcoholic
beverages for at least 24 h before the experiments. All subjects
were familiarized with the measurement techniques and exper-
imental conditions before the study.

Equipment

Subjects were seated in the cabin of the centrifuge, in an envi-
ronmentally controlled experimental room, at an ambient tem-
perature of 23-25°C. ECG monitoring (Lifescope BSM-2101;
Nihon Kohden, Tokyo, Japan) was applied. A nasal cannula
with an infrared CO, sensor was applied for recording of cap-
nography (OLG-2800; Nihon Kohden). Arterial pressure was
continually measured on a beat-to-beat basis in the left radial
artery at the heart level using tonometry, and calibrated before
each data collection by intermittent blood pressure measured
using the oscillometric method with a sphygmomanometer
cuff placed over the right brachial artery (Jentow 7700; Colin,
Aichi, Japan). Calibration was performed before data collection
to avoid potential changes in the sensitivity of the tonometric
sensor from movement of the subjects, the passage of time, and
hypergravity. Each waveform of continuous arterial pressure,
ECG, and capnography was recorded at a sampling rate of
1 kHz using commercial software (Notocord-hem 3.3; Notocord,
Paris, France) throughout the experiment.

Procedure

Centrifugation was performed on 2 d for data collection. All
subjects underwent both the +1.0 G, to +1.5 G, experiment
and +1.0 G, to +2.0 G, experiment. At least 7 d were allowed
between the two experiments. The +1.0 G, data were col-
lected twice and the average value of these measurements was
recorded as +1.0 G, data. Details of the use of Nihon University’s
short-arm human centrifuge (Daiichi Medical, Tokyo, Japan)
for this study were previously reported.*” Briefly, the subject
was seated in a chair located in the enclosed cabin at a radius of
1.7 m. The chair was in the center of the cabin, facing away from
the center of rotation. The cabin was freely movable, with the top
tipping toward the center during centrifugation. The resultant vec-
tor of gravitational force of the Earth and the force generated by

the centrifuge was directed along the longitudinal z-axis (head-
to-foot) of the subject’s body. A headrest stabilized the subject’s
head. Centrifuge acceleration and deceleration rates were 0.5 G -
min~!. We maintained centrifugation at 24.24 rpm (+1.5 G, at
the heart level of the subject) or 30.17 rpm (+2.0 G, at the heart
level of the subject) for 21 min. Baseline +1.0 G, data were col-
lected for 6 min after 15 min of quiet rest in the centrifuge chair,
following which the centrifugation was begun. Data collection
at each level of hypergravity (+1.5 G,, +2.0 G,) was performed
for 6 min from 15 min after exposure to +1.5 G, or +2.0 G,
centrifugation (15-21 min of +1.5 G, or +2.0 G, hypergravity).

Stroke volume was calculated off-line from the arterial pres-
sure waveform using a Modelflow program incorporated into
Beatscope software (TNO-TPD; Biomedical Instrumentation,
Amsterdam, Netherlands) in all subjects. The program is based
on a three-element model that represents aortic characteristic
impedance, arterial compliance, and systemic vascular resis-
tance, describing the relationship between aortic flow and
pressure, and computing stroke volume.?* Steady-state stroke
volume was obtained by averaging the 6-min data segment.

Beat-to-beat values of systolic arterial pressure (SAP), dia-
stolic arterial pressure (DAP), and R-R interval (RRI) on the
ECG were obtained using PC-based Notocord-hem 3.3 soft-
ware (Notocord). Respiratory rate and partial pressure of end-
tidal carbon dioxide (ETco,) were measured from capnography.
Steady-state SAP, DAP, heart rate, respiratory rate, and ETco,
were obtained by averaging the 6-min data segment.

Using previously validated algorithms, spontaneous cardiac
baroreflex sensitivity was determined from spontaneous changes
in beat-to-beat SAP and RRI using sequence analysis>'® and
transfer function analysis.'>!#2° In sequence analysis, beat-to-
beat time series of three or more consecutive beats with increas-
ing or decreasing SAP and RRI were considered to be spontaneous
cardiac baroreflex sequences if the following criteria were met:
SAP change of >1 mmHg, RRI variation of >4 ms, and correla-
tion coefficient for linear regression of an individual sequence of
>0.80. All regression coefficients of these SAP-RRI sequences at
each stage were averaged to calculate the slope, taken as the spon-
taneous cardiac baroreflex sensitivity at that stage.>!>

In spectral and transfer function analysis, the variability of
beat-to-beat SAP and RRI were linearly interpolated and resam-
pled at 2 Hz to create an equidistant time series for spectral and
transfer function analysis. The time series of beat-to-beat SAP
and RRI were first detrended with third-order polynomial fit-
ting and then subdivided into 256-point segments with 50%
overlap. This process resulted in five segments of data over the
6 min of data collection. Fast Fourier transforms were imple-
mented with each Hanning-windowed data segment and then
averaged to calculate the autospectra of SAP and RRI variability
(Fig. 1). Low-frequency powers of SAP and RRI variability in
the range of 0.05-0.15 Hz and high-frequency powers in the
range of 0.15-0.50 Hz were calculated from the integrated auto-
spectra.>122% Also, for estimation of peripheral vasomotor
sympathetic activity, low-frequency powers of DAP variability
in the range of 0.05-0.15 Hz were calculated from the inte-
grated autospectra.'""! From the cross spectrum between SAP
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Fig. 1. Group averaged power spectral density (PSD) for 10 seated men undergo-
ing 21 min each of +1.0,4+1.5,and +2.0 G,. A) PSD of systolic arterial pressure (SAP);
B) PSD of R-Rinterval (RRI). +1.0 G,, thin line; +1.5 G,, dotted line; +2.0 G,, bold line.

variability and R-R variability, transfer function gain, phase,
and coherence (Fig. 2) were estimated as mean values in the
frequency ranges of 0.05-0.15 and 0.15-0.35 Hz for low- and
high-frequency powers, respectively.'”!®?* Assumption of lin-
earity and reliability of transfer function estimation was evalu-
ated by coherence of >0.5. We used transfer function gain
between SAP and RRI variability to reflect changes in beat-to-
beat RRI in response to changes in beat-to-beat SAP mediated
by spontaneous cardiac baroreflex sensitivity, whereas the time
relationship between these two variables was reflected using the
estimated phase. Data were analyzed using PC-based software
(DADISP; DSP Development, Newton, MA).

Statistical Analysis

The variables were compared using one-way repeated-measures
ANOVA (between +1.0 G, +1.5 G,, and +2.0 G,). When the
normality test failed, a logarithmic transformation was per-
formed before an ANOVA was calculated. To determine where
significant differences occurred, the Student Newman-Keuls
post hoc test was used for all pair-wise comparisons. A P-value
of < 0.05 was considered statistically significant. Analyses were
performed using PC-based software (SigmaStat; Systat Soft-
ware, Inc., San Jose, CA). Data are presented as mean * SD.

RESULTS

The average values (£ SD) of steady-state hemodynamics
and respiratory conditions at each level of hypergravity are

HYPERGRAVITY & CIRCULATION—Ueda et al.
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Fig. 2. Transfer function gain, phase, and coherence between systolic arterial
pressure and R-R interval for 10 seated men undergoing 21 min each of +1.0,
+1.5,and +2.0 G,. A) Transfer function gain; B) phase; C) coherence. LF, low-
frequency range; HF, high-frequency range; +1.0 G,, thin line; +1.5 G,, dotted
line; +2.0 G, bold line.

presented in Table I. Steady-state heart rate linearly increased
from +1.0 G, to +2.0 G, [F(2,18) = 27.5, P < 0.001], showing
significant differences among the groups (+1.0 G, to +1.5 G;;:
+8%, +1.5 G, to +2.0 G, +13%) (Fig. 3). Steady-state stroke
volume linearly decreased from +1.0 G, to +2.0 G, [F(2,18) =
14.5, P < 0.001] and showed significant differences among the
groups (+1.0 G, to +1.5 G,: —11%, +1.5 G, to +2.0 G,: —16%)
(Fig. 3). Steady-state cardiac output and steady-state SAP did
not change significantly under all conditions. Steady-state DAP
did not change significantly from +1.0 G, to +1.5 G, but signifi-
cantly increased from +1.5 G, to +2.0 G, (+20%) [F(2,18) =
5.09, P = 0.018]. Although respiratory rate did not change sig-
nificantly from +1.0 G, to +2.0 G,, ETco, linearly decreased
from +1.0 G, to +2.0 G, [F(2,18) = 26.74, P < 0.001], with sig-
nificant intergroup differences (+1.0 G, to +1.5G,: —10%, +1.5G,
to +2.0 G,: —9%).

The indices of heart rate variability and arterial blood pres-
sure variability at each level of gravity tested are presented in
Table II. While the low-frequency power of SAP variability

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 86, No.6  June 2015 537

$S900E 981J BIA $1-G0-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-pd-awiid//:sdiy woll papeojumoc]



HYPERGRAVITY & CIRCULATION—Ueda et al.

Table I. Steady-State Hemodynamics and Respiratory Conditions at the
Different Levels of Gravity.

Table Il. Indices of Heart Rate Variability and Arterial Blood Pressure Variability
at the Different Levels of Gravity.

+1.0G; +1.5 G, +2.0 G, +1.0G; +1.5G, +2.0 G,
Heart rate (bpm) 638+59 687*85 778+100"  LFep (MmHg?) 111 £ 835 143 %107 178126
Stroke volume (ml) 811 %120 724*146* 610x116"  HFoup (MMHGY) 281+ 164 434*279 7.80 + 824
Cardiac output (L - min™") 514*+072 493*098 469 *0.79 LFonp (mmng) 9.25 761 9.79 = 850 828 =598
Systolic arterial pressure (mmHg) 1155 *4.1 1167 =113 1176 = 19.1 LFgg (Ms?) 2391 = 2715 1316 % 905 1640 = 1843
Diastolic arterial pressure (mmHg) 574 =37 578+ 110 696+ 116* HFpq (ms?) 1043 * 828 524 * 520% 457 + 513*

140 £ 38
400 =35

154%19
359 £29%

163 + 39
326 £ 22%F

Respiratory rate (breaths/min)
ETco, (mmHg)

Values are expressed as means = SD. ETco,, end-tidal carbon dioxide pressure.
*P < 0.05 versus +1.0 G, tP < 0.05 versus +1.5 G,.

did not change significantly under all conditions, the high-
frequency power of SAP variability tended to increase linearly
from +1.0 G, to +2.0 G, [F(2,18) = 3.37, P = 0.057]. The low-
frequency powers of DAP variability (LFp,p) did not change
significantly under all conditions. Further, the low-frequency
power of RRI variability did not change significantly under all
conditions. The high-frequency power of RRI variability
(HFgg) decreased significantly at +1.5 G, (—50%) and +2.0 G,
(—66%) compared with +1.0 G, [F(2,18) = 9.10, P = 0.002],
although the differences between the values at +1.5 G, and
+2.0 G, were not significant (Fig. 4).

The indices of spontaneous cardiac baroreflex sensitivity at
each level of gravity are presented in Table III. Sequence slope
linearly decreased from +1.0 G, to +2.0 G, [F(2,18) = 22.34,
P < 0.001], showing significant intergroup differences (+1.0 G,
to +1.5 G,; —34%, +1.5 G, to +2.0 G —32%) (Fig. 3). Low-
frequency transfer function gain (GainLF) decreased signifi-
cantly at +1.5 G, (—32%) and +2.0 G, (—32%) compared with
+1.0 G, [F(2,18) = 7.00, P = 0.006], although there was no
significant difference between the levels at +1.5 G, and +2.0 G,
(Fig. 4). High-frequency transfer function gain (GainHF)
decreased significantly at +1.5 G, (—45%) and +2.0 G, (—57%)
compared with +1.0 G, [F(2,18) = 20.30, P < 0.001]. Coherence
function in the low- and high-frequency ranges was above 0.5 at
all stages. Phase in these ranges did not change significantly, except
for changes at high frequency between +1.0 G, and +2.0 G,.

(ml or ms/mmHg) (bpm)
100 X : Stroke volume (ml) 130
y=20.13x+101.17
g0 R=0.5596, P=0.0015 l 110
O: Heart rate (bpm) ‘ l
60 90
y=12.59x+51.66
R=0.5532, p=0.0013 o
40 (}— — %r = 70
—
A: Sequence slope
ms/mmH
20 ! 2 50
y=-1.57x+22.8 %\1}\%
R=0.5982, p=0.0005
0 30

1.0Gz 1.5Gz 2.0Gz

Fig. 3. Linear change of stroke volume (bold line), heart rate (dashed line), and
sequence slope (thin line) for 10 seated men undergoing 21 min each of +1.0,
+1.5,and +2.0 G,. R, Pearson's correlation coefficient.

Values are expressed as means = SD.

LFspp and HFsp, power in low- and high-frequency range of systolic arterial pressure (SAP)
variability, respectively; LFpp, power in low-frequency range of diastolic arterial pressure
(DAP) variability; LFgz and HFgg, power in low- and high-frequency of R-R interval (RRI)
variability, respectively.

*P <005 versus +1.0G,.

DISCUSSION

The present study demonstrated linear hypergravity-induced
changes in steady-state heart rate, stroke volume, and sequence
slope (Fig. 3). GainLF and HFy decreased at +1.5 G, remain-
ing at the reduced levels at +2.0 G, (Fig. 4). On the other
hand, steady-state SAP, steady-state cardiac output, and LF,p
remained unchanged with increases in gravity. Thus, each circu-
latory index showed different changes in response to increases
in gravity.

The relationships between levels of hypergravity and steady-
state parameters, such as blood pressure, heart rate, stroke vol-
ume, and cardiac output, have been previously described.'*!¢2!
Previous studies showed a significant linear reduction in stroke
volume during exposure to +1.0 G, to +3.0 G, hypergravity,'*'¢
which are consistent with our results. During hypergravity, a shift
in blood volume from the central compartment to the legs may
cause reduction in central blood volume and a decrease in stroke
volume.""” The linear increase in steady-state heart rate with
hypergravity from +1.0 G, to +2.0 G, in our study is also consis-
tent with the results of previous experiments.'**! This increase
in steady-state heart rate may compensate for the decreases in
stroke volume caused by hypergravity, resulting in mainte-
nance of steady-state cardiac output even when hypergravity
isincreased to +2.0 G,. Also, LF,p provides indirect evidence
of sympathetic drive, which is closely related to low-frequency
fluctuations in muscle sympathetic nerve activity.!>'* Muscle
sympathetic nerve activity plays important roles in the regulation
of hemodynamic homeostasis against +G,.” In the present study,
LFp,p did not change significantly under any of the study condi-
tions, implying persistence of peripheral vasomotor sympathetic
activity during hypergravity. The increased steady-state heart
rate and persistent peripheral vasomotor sympathetic activity
would also likely lead to maintenance of steady-state SAP.

In our study, the indices of autonomic circulatory regula-
tion showed complex changes with hypergravity from +1.0 G,
to +2.0 G, (A0.5 G,). Sequence slopes linearly decreased
with increases in gravity from +1.0 G, to +2.0 G,. Sequence
analysis is based on the identification of three or more con-
secutive beats in which progressive increases/decreases in
SAP are followed by progressive lengthening/shortening of
RRL*>" The sequence of three consecutive beats mainly reflects
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Fig. 4. High frequency spectral power (bold line) and low frequency gain
between systolic blood pressure and RR interval (thin line) for 10 seated men
undergoing 21 min each of +1.0, +1.5,and +2.0 G,.

transmission from SAP oscillation to RRI oscillation via the
parasympathetic pathway, because the parasympathetic nerve
is associated with fast neurotransmission influences.’> More-
over, the sequence slope correlates more with GainHE®!” In the
present study, sequence slope and GainHF seemed to change
similarly, although GainHF was not significantly different at
+1.5 G, and +2.0 G, (Fig. 2A). Therefore, we believe that spon-
taneous cardiac baroreflex sensitivity in response to rapid changes
in arterial pressure could reduce in a dose-dependent manner
from +1.0 G, to +2.0 G, as hypothesized.

On the other hand, GainLF and HFgy decreased at +1.5 G,
and remained at the same level at +2.0 G,. These resultsat 1.5 G,
were consistent with those of our previous study.”® In general,
these indices indicate spontaneous cardiac baroreflex sensitiv-
ity in response to slow changes in arterial pressure and cardiac
parasympathetic activity, respectively.!>!7? It is, therefore, pos-
sible that a few indices of autonomic circulatory regulation may
reflect a regulatory mechanism that is saturated. However, the
present study assessed only three levels of gravity (+1.0 G,,
+1.5 G,, and +2.0 G,); hence, further studies above +2.0 G,
hypergravity are warranted, which could demonstrate that the
relationship between these indices and levels of hypergravity
show an S-shaped or U-shaped curve.

TABLE lll. Indices of Spontaneous Cardiac Baroreflex Sensitivity at the
Different Levels of Gravity.

+1.0 G, +1.5G; +2.0 G
Sequence slope (ms/mmHg) 172 £63 113 £4.7% 7.7 + 34%
GainLF (ms/mmHg) 127 =43 86 * 3.0* 8.7 £ 4.0*
GainHF (ms/mmHg) 161 =76 89 * 44* 6.9 *+ 40*
CohLF (unit) 0.71 =0.08 067 £0.10 0.72 =0.08
CohHF (unit) 063 =0.14 062 £0.14 062 £0.11
PhaselF (radians) -092£023 -090*020 -1.01*036
PhaseHF (radians) 0.14£0.18 011034 -039+058

Values are expressed as means = SD.

Sequence slope, regression coefficient between SAP and RRI by the sequence method;
GainLF and GainHF, low- and high-frequency transfer function gain between SAP and RRI;
CohLF and CohHF, low- and high-frequency coherence function between SAP and RRI;
PhaselF and PhaseHF, low- and high-Frequency phase between SAP and RRI.

*P<0.05 versus +1.0 G,, # P < 0.05 versus +1.5 G,.

HYPERGRAVITY & CIRCULATION—Ueda et al.

In this study, each circulatory index showed different
changes in response to increases in gravity, although these
changes (sequence slope, GainHF, GainLE, and HFpg) at 1.5 G,
were consistent with those observed in our previous study.?®
Also, hypergravity might increase peripheral blood volume,
activating positive feedback reflexes from vascular sympathetic
afferents, thereby inducing a reduction in baroreflex gain.'’
Moreover, cardiopulmonary receptor deactivation by central
hypovolemia due to hypergravity not only stimulates vascular
sympathetic efferents, but also possibly interacts with cardiac
baroreflex sensitivity. In the present study, hypergravity from
+1.0 G, to +2.0 G, led to a decrease in stroke volume, mainte-
nance of peripheral vasomotor sympathetic activity, and reduc-
tion of cardiac baroreflex sensitivity due to interactions with
cardiopulmonary baroreflexes.

The unchanged respiratory rate and linear decrease in
ETco, with hypergravity from +1.0 G, to +2.0 G, observed in
this study are also consistent with the results of previous experi-
ments.>>!® The gravity-induced ventilation-perfusion mismatch,
increased tidal volume, and increased functional residual ca-
pacity would contribute to hypocapnia in the sitting position
with hypergravity.>

One of the major limitations of the present study is that we
could not distinguish between the influence of rotation per se
and the effect of hypergravity on hemodynamic and autonomic
regulatory parameters. The centrifuge equipment used in the
present study rotates a gondola-type cabin to generate artificial
gravity. Although the rate of rotation was constant during data
measurement of mild hypergravity and no subjects complained
of any adverse symptoms such as dizziness and nausea, the pos-
sibility that vestibular stimulation may affect the autonomic
nervous system and spontaneous cardiac baroreflex sensitivity
through vestibulo-autonomic reflexes cannot be ruled out. More-
over, a few indices only showed tendencies of linear changes with
levels of hypergravity. This could have been because of the small
sample size in this study, which could lead to a type II error.

In conclusion, the present study investigated the dose-effect
relationships between steady-state hemodynamics, autonomic
circulatory regulation, and levels of hypergravity from +1.0 G,
to +2.0 G, (A0.5 G,). Contrary to our hypothesis, circulation
can be regulated intricately via the autonomic nervous system
even under hypergravity (+1.0 G, to +2.0 G,). While spon-
taneous cardiac baroreflex sensitivity probably reduces in a
dose-dependent manner from +1.0 G, to +2.0 G,, peripheral
vasomotor sympathetic activity seems to be maintained at the
same level.
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