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Introduction
Cardiovascular deconditioning during space ϐlight induces 

postϐlight orthostatic intolerance (OI). Astronauts are unable 
to maintain normal blood pressure in upright posture and 
result in lightheadedness, diaphoresis, nausea, syncope and 
etc [31]. Approximately 20% of astronauts who return from 
short-term space ϐlights and 83% of those returning from long-
term ϐlights experience postϐlight OI [23]. In addition, female 
astronauts are 22% - 61% more susceptible to postϐlight 
OI than male astronauts [15]. A lower vascular resistance 
response, greater dependence on volume status, and smaller 
stroke volume (SV) secondary to a smaller and less compliant 
left ventricle are the potential underlying mechanisms for this 
condition [6,15]. The mechanisms underlying the difference in 
susceptibility between the two genders are females’ inherent 
lower center of gravity, larger mass in the lower extremities 

[28], greater decrease in blood pressure, smaller increase 
in plasma norepinephrine, decreased baroreϐlex sensitivity, 
smaller stroke volume, sex hormones such as estrogens and 
progesterone involved in blood pressure control [1,2,31]. 
However, the exact gender difference mechanisms have not 
been elucidated thus far and are likely multifactorial.

Abstract 

Introduction: Alternatively using gradient lower-body negative pressure (LBNP) and ergometer exercise 
(LBNP + ergo) under a fl ight schedule framework was explored to detect its orthostatic capacity maintenance 
eff ects in female subjects after 15 days of -6° head-down bed rest (HDBR).

Methods: Twenty-two female university students were divided into a control group (n = 8), an LBNP group 
(n = 7), and an LBNP + ergo group (n = 7). Ergometer exercise consisted of an interval exercise protocol with 
2 min intervals alternating between 41% and 70% VO2max. Gradient LBNP was decompressed in 10 mm Hg 
intervals to -40 mmHg every 5 min. intermittent ergometer exercise and LBNP were alternatively performed. 
Tilt test was performed 2 days before HDBR (R-2), on the day of HDBR termination (R+1), and 5 days after 
HDBR (R+5).

Results: Fifty percent of the participants (11/22) did not pass the tilt test on R+1. The orthostatic tolerance 
time decreased from 20 to 16.1 ± 2.1 min in the control group, to 10.0 ± 2.7 min in the LBNP group (p = 0.01) 
and to 16.3 ± 2.0 min in the LBNP + ergo group. The HRs and BPs were at similar level among three groups 
during tilt test on diff erent test days. Compared with the control group, the LBNP + ergo group had higher SV 
and CO percentage changes at R+1(p < 0.023) and R+5 (p < 0.00001) during the tilt test. 

Conclusion: LBNP combined with ergometer exercises fails to prevent orthostatic intolerance but it 
induced some positive hemodynamic changes during tilt test after 15 days HDBR.
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effects on OI as treadmill under LBNP. Therefore, this study 
aimed to determine the physiological effects of simulated 
microgravity and the countereffects of LBNP + ergo on OI in 
young Chinese female subjects. In addition, we attempted 
to illustrate the difference between the simultaneous 
countereffects and combined countereffects on OI between 
the two countermeasure modalities. The determined effects 
of LBNP + ergo will provide guidance for medical monitoring 
techniques for Chinese female astronauts in short-duration 
space ϐlights and have potential use in the nonpharmacological 
treatment of postural orthostatic tachycardia syndrome 
(POTS) in clinical settings.

Methods
Subjects

Advertisements to recruit candidates were published on 
the China Agriculture University website and at the Beijing 
Institute of Technology. The candidates were screened 
and recruited by clinic personnel at China’s Space City. All 
study protocols were reviewed and approved by the ethics 
committee of the Astronaut Center of China. All subjects 
received verbal and written explanations of all BR and test 
protocols before they provided informed consent. Subjects 
were free to withdraw from the study, and they were 
ϐinancially rewarded for their participation.

Subjects were excluded because they had one of 
the following conditions: infectious disease, abnormal 
electrocardiogram (ECG), menalgia, body mass index (BMI) 
<18 kg/m2 or >26 kg/m2, history of spinal trauma, inherent 
vestibular system disorders, dermatitis, or a family history of 
mental stress. Of the 80 female university students who were 
screened, 22 candidates aged 21 ± 0.4 (mean ± SE) years were 
ϐinally selected. No subjects were on birth-control pills.

A routine blood chemistry test and urinalysis were 
performed on all selected subjects. Before BR, the subjects’ 
menstrual periods were recorded, and peak oxygen uptake 
(VO2peak) was estimated by a submaximal oxygen consumption 
test using a -6° head-down ergometer to balance the ϐitness 
level between groups.

Table 1 presents the characteristics of all three groups 
pre- and post-HDBR. The groups did not differ significantly in 
terms of body weight, height, or submaximal oxygen uptake 
prior to HDBR. The VO2peak was at a relatively low level due to 
the -6  head-down test mode. The submaximal oxygen uptake 
decreased in the control (CON) and LBNP groups but remained 
the same in the LBNP + ergo group after 15 days of HDBR.

Experimental design

The subjects were matched according to their VO2peak 
values and then randomly divided into three groups: BR-
only group (n = 8, CON: subjects were exposed to -6° HDBR); 
BR LBNP group (n = 7, LBNP: subjects were given LBNP 

At the National Aeronautics and Space Administration 
(NASA), ~22% of the active astronaut corps are women. On 
average, female astronauts are 10 cm shorter and 13 kg lighter, 
and they have 11% more body fat, 8% less muscle mass, 10% - 
14% less haemoglobin mass, and lower level of aerobic ϐitness 
than their male counterparts [15]. In China, 2 out of 10 (20%) 
active astronaut corps are women. On average, these female 
astronauts are similar in height to their male counterparts 
but are ~10 kg lighter. These characteristic differences with 
gender may inϐluence their exercise capacity, and therefore, 
the results of countermeasures performed during space ϐlight 
may differ.

Thus far, at least four microgravity studies involving -6° 
head-down bed rest (HDBR) have included female subjects. 
Greenleaf et al. studied 12 female subjects aged 23–34 years 
who participated in a 17-day HDBR study [10]. Goldenberg 
et al. studied eight female subjects aged 28–34 years who 
participated in a 13-day HDBR study [7]. In 2005, 24 female 
subjects aged 25–40 years participated in a WISE study 
involving 60 days of HDBR [26]. In 2007, seven pairs of 
female twins aged 24.4 ± 2.6 (mean ± SD) years participated 
in a 30-day HDBR study [33]. These experiments investigated 
the physiological effects of simulated weightlessness and 
countermeasures for it. A major difference between our study 
and the forementioned studies is that we recruited Chinese 
female subjects aged 19–24 years, as compared to Caucasian 
female subjects aged 23-40 years in those studies.

Lower-body negative pressure (LBNP) mimics changes 
in the circulatory dynamics of 1 G standing and is used to 
counteract postϐlight OI [9,21]. Exercising increases the 
plasma volume, muscle mass and, when at an appropriate 
intensity, is beneϐicial for improving OI [26,32]. Ergometer 
exercise is usually used as an endurance training method to 
counter the negative effects of simulated microgravity and to 
maintain cardiopulmonary and lower-leg muscle functions 
[14,24]. Exercise performed under LBNP has been widely 
studied as an integrated countermeasure to simulate the 
effects of Earth-like loads on the musculoskeletal system, 
gravitational vascular transmural pressures and fluid 
distribution [25]. Previous studies have found that a daily 40-
min run with LBNP fails to protect orthostatic tolerance after 
15 days of HDBR, and a 40 min/day of supine LBNP treadmill 
exercise followed immediately by 5 mins of rest improves, 
but does not fully alleviate, OI associated with 30 days of 
bed rest (BR) [25,30]. Jeong. et al. found that supine cycling 
plus volume loading prevents OI after 18 days of HDBR [18]. 
In manned space ϐlights, space is limited for large exercise 
equipment. Furthermore, in space, treadmill use under LBNP 
is more difϐicult than the combination of independent LBNP 
and treadmill use. For our short-duration space ϐlight, the 
ergometer is the assembled aerobic training device instead of 
treadmill. Thus far, it remains unclear whether a combination 
of LBNP and ergometer exercise (LBNP + ergo) has similar 
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during -6° HDBR); and BR LBNP combined with ergometer 
exercise countermeasure group (n = 7, LBNP + ergo: subjects 
alternatively exercised with ergometer or exposed to LBNP). 
The pre-BR phase included 7 days for acclimation and baseline 
data collection, followed by 15 days of BR and 7 days of post-
BR testing and reconditioning.

The subjects’ menstrual cycles were recorded but not 
controlled before and during HDBR (menstrual period 
distribution: pre-HDBR: 5 subjects, during HDBR: 8 subjects, 
post-HDBR: 9 subjects). All subjects have normal menstrual 
cycle and period (3 to 5 days). Estrogen levels indicator 
estradiol (E2) were monitored, and no signiϐicant differences 
were detected before and after 15-day HDBR (E2: 47.8 ± 7.5 
pg/ml vs. 43.3 ± 4.5 pg/ml, p = 0.592). None of the subjects 
underwent endurance training before the experiment.

Countermeasure protocol

The countermeasures used in this experiment were -6° 
head-down ergometer exercise and supine LBNP chamber 
that targeted countereffects in the cardiovascular system and 
muscle function.

Figure 1 is a schematic diagram of the LBNP chamber. It 
was a ϐlight-simulation device (maximum negative pressure: 
50 mmHg; time to reach the maximum: <10 min) that was 
sealed at the midabdominal level. LBNP consisted of 5-min 
intervals of suction at -10, -20, -30 and -30 mmHg in the ϐirst 2 
trials. In the third trial, the negative pressures were increased 

to -20, -20, -30 and -40 mmHg of suction. In the last two trials, 
LBNP included 5-min intervals of -20, -20, -30 and -40 mmHg 
suction, which were then slowly (1 min) recovered to 0 mmHg, 
and the subjects were given additional 10- min intervals of 
-20, -30, -40 mmHg and 5 mins of -30 mmHg suction.

The ergometer exercises were conducted with moderate-
intensity interval training and consisted of 3 mins of warm-
up at 40% pre-BR VO2peak, followed by 6 × 2 min stages at 
60%, 65%, 70%, 75%, 80%, and 75% VO2peak. The 6 stages 
were separated by 2 mins of active rest stages at 50% VO2peak, 
and the last stage was a 3-min cool-down at 40% VO2peak. The 
VO2peak for each subject was determined with a -6° head-down, 
graded ergometer test before HDBR. The power outputs (W) 
used during the ergometer exercise were calculated from 
a linear regression of oxygen consumption and exercise 
intensity results from the pre HDBR VO2peak test. Exercise 
protocol did not change during the menstrual cycle.

Given the constraints of rendezvous, docking operations 
and item sorting before returning, countermeasure usage 
should be assigned from day 4 to day 13 in a 15-day mission. For 
the LBNP + ergo group, LBNP was given during HDBR on days 
6, 8, 10, 12 and 13, and the ergometer exercise was performed 
on days 4, 5, 7, 9 and 11. The total LBNP cumulative stimulation 
intensity was 4650 mmHg×min. The LBNP group underwent 
LBNP on the same day as the LBNP + ergo group and served as 
LBNP control. Heart rate (HR) was continuously monitored by 
a bedside ECG monitor during LBNP and ergometer exercise. 
Auscultation blood pressure (BP) was measured every 5 mins 
during LBNP. The Borg subjective fatigue scale (7—very easy, 
20—exhaustion) was used in the ergometer exercise, and 
scores above 18 led to a 25 W power reduction in the exercise. 
The LBNP termination criteria included rapidly exhibiting 
symptoms such as excessive sweating, pallor, vertigo, nausea 
or a sudden drop in BP (systolic blood pressure (SBP) of > 25 
mmHg/min or diastolic blood pressure (DBP) decrease of > 
15 mmHg/min or SBP < 70 mmHg) or HR (HR decrease of > 
15 beats/min) [13]. 

Procedures

The subjects were positioned at exactly -6° HDBR for a 
duration of 15 days. A tilt test was used for measurements 
at the following time points: 2 days before BR (R-2), the day 
immediately after 15 days of BR (R+1), and 5 days after BR 
(R+5). The tilt test on R+1 was the ϐirst test after BR. Before 
the tilt test, the subjects rested in the supine position and 

Table 1: Characteristics of the subjects.
CON LBNP LBNP+ergo

Characteristics Pre-BR Post-BR Pre-BR Post-BR Pre-BR Post-BR
Age (yrs) 21.6 ± 1.4 - 22.0 ± 1.4 - 19.7 ± 0.8 -

Weight (kg) 52.8 ± 6.5 52.3 ± 6.8 52.5 ± 6.5 50.5 ± 3.3 55.8 ± 2.7 54.9 ± 2.6
Height (cm) 160.8 ± 7.3 162.2 ± 7.9 161.6 ± 3.5 160.2 ± 3.4 161.1 ± 2.4 161.2 ± 2.6

VO2peak (mlkg-1min-1) 27.5 ± 4.7 25.6 ± 4.0* 26.3 ± 2.7 23.3 ± 2.7** 26.3 ± 4.2 25.1 ± 5.1
*,vs pre-BR, p < 0.05; **, vs pre-BR, p < 0.01

Figure 1: A schematic diagram of the LBNP chamber, LBNP, lower-body negative 
pressure.
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were not allowed to get up. The test was conducted from 0900 
h to 1130 h and from 1400 h to 1730 h. The tilt test schedule 
for each subject was the same before and after HDBR. During 
HDBR, subjects performed all activities while lying in bed, 
including having meals, washing, bathing, and urinating (on 
paper diapers), except for a 10-min defecation period daily. 
The subjects’ postures in bed were monitored using a video-
surveillance system, and they were permitted to change their 
body position along the longitudinal axis. Bedside stand 
frameworks were provided for the subjects to mount their 
personal laptops, and they were allowed to use these laptops 
for 2 to3 hours during the resting period. Two or three 
subjects shared one room, and their beds were separated by 
a movable curtain. The daily time schedule was as follows: 
wake up at 0600 h, breakfast from 0700 to 0730 h, lunch from 
1200 to 1230 h, dinner from 1800 to 1900 h, and sleep from 
2200 to 0600 h. At 2200 h, the room lights were turned off to 
maintain a consistent day-night cycle. Each night, the staff in 
charge visited the rooms 2 to 3 times to monitor the subjects’ 
postural positions.

Tilt test

Subjects were transferred to the test room by a transport 
stretcher for the tilt test and were maintained in supine 
position for 10 mins. Subsequently, they were tilted to 75° 
in ~5 s to begin 20 mins of 75° tilt standing. Thereafter, they 
were allowed 5 mins for supine recovery. During the test, ECG 
signal was recorded using the ECG channel of a Holter system 
(Medilog95, Oxford, Great Britain), and the beat-to-beat BP 
was monitored continuously using Portapres (noninvasive 
Finapres Medical System, Netherlands). The SBP, DBP, cardiac 
output (CO), SV, and total peripheral vascular resistance 
(TPR) were determined b y  analyzing the beat-to-beat BP 
waveforms using BeatScope software (FMS, Finapres Medical 
Systems BV, Amsterdam, Netherlands). Parameters such as 
weight, height, age, and sex were input into Portapres before 
recording the data. Through the Modelϐlow method used in 
the BeatScope software, derived parameters SV, CO, TPR were 
presented as percentage changes in comparison to the 5-min 
supine resting mean values in consideration of the limitations 
of the method for computing the absolute values [27]. 
Hemodynamic variables were averaged in each group over 
each minute during the tilt standing course. The percentage 
changes of these parameters at R+1 or R+5 tilt test relative 
to the respective value at R-2 tilt test were used to perform 
statistical analysis. 

Computation of ∆SV% during the tilt test at R+1 was given 
below as an example. 

SVi % = [(SVi − MSVsupine) / MSVsupine] ×100                           (1)

SVi −− SV at i min during tilt standing; MSVsupine −− the mean 
of SV in the 5- min supine; SVi % −− SV percentage change at i 
min during tilt test. 

∆SVi-R+1 % = SVi-R+1 % − SVi-R-2 %                              (2)

SVi-R+1 % −− SV percentage changes at i min during tilt 
standing at R+1; SVi-R-2 % −− SV percentage change at i min 
during tilt standing at R-2; ∆SVi-R+1 % −− SV percentage change 
difference at i min during tilt standing at R+1.

∆SVi-R+1 % or ∆SVi-R+5 % was the data used to perform 
statistical analysis. ∆SV%, ∆CO% and ∆TPR% were computed 
in the same mode.

Before and after the tilt test, 5 mL of blood sample was 
collected from each subject, and arginine vasopressin (AVP), 
norepinephrine (NE), angiotensin II (ANGII), and aldosterone 
(ALD) levels were measured.

Blood volume estimation

The Dill & Costil equation was used to calculate the changes 
in plasma volume (PV) [4].

∆PV=(PVpost-PVpre)/PVpre= Hbpre(1-HCTpost)/Hbpost(1-HCTpre) – 1 
(3)

Hb—hemoglobin concentration; HCT—hematocrit.

Hb and HCT were measured in venous blood samples 
taken from the antecubital vein of the left arm before HDBR 
and 3 days after HDBR.

Statistical analysis

A repeated-measure analysis of variance was used 
to perform the statistical analysis for each minute of 
hemodynamic data collected during the tilt test. The R project 
was used for statistics and analyses (download from https://
mirrors.tuna.tsinghua.edu.cn/CRAN/). The within - subjects 
factor was test time (two levels: R+1, R+5). The between - 
subjects factor was group (three levels: CON, LBNP and LBNP 
+ ergo). The Geisser – Greenhouse correction was used when 
the assumed sphericity was not approved, and the Tukey’s 
test was used to give multiple comparisons. The normality of 
variables was tested using the Kolmogorov–Smirnov test. Due 
to the onset of presyncope symptoms, the number of subjects 
completing the tilt test post-HDBR decreased over time in each 
group, therefore, data were collected from 5 subjects per group 
and hemodynamic variables were compared every minute. 
Hormone blood concentrations of the renin – angiotensin 
- ALD system (RAAS) before and after the tilt on different 
testing days also underwent a repeated-measure analysis of 
variance. The within - subjects factors were test time (three 
levels: R-2, R+1, R+5) and tilt time (two levels: pretilt, post-
tilt). The between-subjects factor was group (three levels: 
CON, LBNP and LBNP + ergo). Student’s paired t test was used 
to compare orthostatic tolerance time before and after bed 
rest at R+1 in three groups, and one-way analysis of variance 
(ANOVA) was used to compare ∆PV. Survival proportions of 
the three groups in the tilt test immediately after HDBR were 
subjected to a log-rank test. Values are presented as the mean 
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± standard error. Statistical signiϐicance in all comparisons 
was set at p < 0.05.

Results
Implementation of countermeasure protocols

Subjects in the LBNP and LBNP + ergo groups completed 
100% of the prescribed ergometer exercises and LBNP 
regimens. Most of the subjects in the LBNP group complained 
about noise during LBNP action and that too much time was 
taken for the seal state preparation.

Orthostatic tolerance time

All subjects passed the tilt test before BR, and only 1 
subject in the CON group did not pass the tilt test 5 days after 
HDBR. In addition, this participant was in the ϐirst 2 days of her 
menstrual cycle. Immediately after HDBR (recovery day 1),
50% (11/22) of the subjects did not pass the tilt test. In 6 
cases, the test ended because of sudden drops in SBP and 
was accompanied by decreases in HR in 3 subjects in the 
CON group, 1 subject in the LBNP group and 2 subjects in the 
LBNP + ergo group. In the other 5 cases, the test ended due 
to sudden, rapid falls of HR, associated with drops in BP in 4 
subjects in the LBNP group and 1 subject in the LBNP + ergo 
group. A signiϐicant decrease in the orthostatic tolerance time 
(min, mean ± SE) immediately after HDBR was found in the 
LBNP group (CON: 20 versus 16.1 ± 2.1, NS; LBNP: 20 versus 
10.0 ± 2.7, p = 0.010; LBNP+ ergo: 20 versus 16.3 ± 2.0, NS). 
There was no signiϐicant difference in orthostatic tolerance 
time between groups.

The survival curve of the tilt test immediately after BR 
(Figure 2) demonstrated that 5 out of 8 subjects in the CON 
group (62.5%), 2 out of 7 subjects in the LBNP group (28.6%) 
and 4 out of 7 subjects in the LBNP + ergo group (57.1%) 
ϐinished 20 mins of tilt standing. Although the survival of the 
LBNP + ergo group was greater than that of the CON group in 
the ϐirst 14 mins of tilt standing, no signiϐicant differences in 
survival were detected among the three groups.

Hemodynamic variables during tilt tests

Mean values of HR and BP during the tilt test at R-2, R+1 

and R+5 were calculated and plotted in the CON, LBNP and 
LBNP + ergo groups. Mean values of SV, CO or TPR changes at 
R+1 or R+5 in relative to the values at R-2 during the tilt test 
were calculated and plotted. Curves were drawn if there were 
at least 5 subjects per group.

HR the HR and BP during the tilt tests in the three groups 
are illustrated in ϐigure 3. Pre HDBR at R-2, the HR (bpm, 
mean±SE) showed no signiϐicant differences among the three 
groups at rest in the supine position (82 ± 7 in CON, 78 ± 3 in 
LBNP and 75 ± 3 in LBNP + ergo). Post-HDBR at R+1 (82 ± 5 in 
CON, 78 ± 4 in LBNP and 75 ± 3 in LBNP + ergo) and at R+5 (82 
± 6 in CON, 77 ± 3 in LBNP and 72 ± 3 in LBNP + ergo), the HR 
also did not signiϐicantly differ in the supine position between 
groups. Post-HDBR at R+1, the HR was relatively similar at 
pre-syncope for the three groups (136 ± 4 in CON, 129 ± 4 in 
LBNP and 128±1 in LBNP + ergo).

The HR during the tilt test from 1 min to 13 min at R+1 
increased signiϐicantly compared to that at R-2 (main effects 
of HDBR, p < 0.03). No signiϐicant group effects or group × 
HDBR interactions were detected.

BP (Figure 3) SBP and DBP were not signiϐicantly affected 
by HDBR in the supine position or during the course of the tilt 
and were not different between groups. Before HDBR, the SBP 
and DBP (mmHg, mean ± SE) in the three groups at supine rest 
were similar (mean values of SBP/DBP were 116 ± 7/56 ± 4 
for CON, 119 ± 5/61 ± 5 for LBNP and 112 ± 5/54 ± 3 for LBNP 
+ ergo). During the tilt course, the BP was also not signiϐicantly 
different among the three groups on different test days (mean 
values of SBP/DBP at R-2, R+1 and R+5 were 121 ± 3/66 ± 1, 
128 ± 3/78 ± 1, 122 ± 5/69 ± 4 for the CON group, 121 ± 1/66 
± 1, 131 ± 3/77 ± 2, 117   2/66 ± 2 for the LBNP group and 119 
± 2/71 ± 1, 121 ± 2/74 ± 1, 118 ± 2/67 ± 1 for the LBNP + ergo 
group).

∆SV% (Figure 4) The ∆CO%, ∆SV% and ∆TPR% at R+1 or 
R+5 across the tilt standing course are presented in ϐigure 4. A 
signiϐicant test time effect (F [1, 616] = 56.8835; p < 0.00001) 
and group effect (F [2, 616] = 71.861; p < 0.00001) were 
detected in ∆SV%. An interaction between group and test time 
was also presented (F [2, 616] = 7.864; p < 0.0004). The ∆SV% 
in CON group was lower than that in LBNP + ergo group at 
R+1 (p < 0.004) and the ∆SV% in CON and LBNP group were 
signiϐicantly lower than that in LBNP + ergo group at R+5 (p 
< 0.00001).

∆CO% (Figure 4) A signiϐicant group effect (F [2, 616] = 
55.025; p < 0.00001) was detected in ∆CO%. An interaction 
between group and test time was also presented (F [2, 616] 
= 4.780; p < 0.009). The ∆CO% in CON group was lower than 
that in LBNP + ergo group at R+1 (p < 0.023) and the ∆CO% 
in CON and LBNP group were signiϐicantly lower than that in 
LBNP + ergo group at R+5 (p < 0.00001).

∆TPR% (Figure 4) A signiϐicant group effect (F [2, 616] = 

Figure 2: Survival curve of the tilt test at R+1 in the CON, LBNP, and LBNP + ergo 
groups. CON: Control; LBNP: Lower-Body Negative Pressure; Ergo, Ergometer
The solid line represents the CON group; the dotted line represents the LBNP 
group; the dashed line represents the LBNP + ergo group.
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86.960; p < 0.00001) was detected in ∆TPR%. The ∆TPR% 
in CON and LBNP group was signiϐicantly higher than that in 
LBNP + ergo group (p < 0.00001). The ∆TPR% in CON group 
was lower than that in LBNP group (p < 0.013).

Neuroendocrine fl uid regulation

Renin-angiotensin-aldosterone system (RAAS) The RAAS 
system hormone blood concentrations before and after the 
tilt test on different testing days are depicted in ϐigure 5. A 
signiϐicant group effect was detected in ALD (F [2, 114] = 

7.297; p < 0.001) and NE (F [2, 114] = 8.576; p < 0.0004). The 
level of ALD and NE were lower in LBNP + ergo group than that 
in LBNP group (p < 0.002). A signiϐicant test time effect (F [2, 
114] = 4.683; p < 0.02) and tilt time effect (F [1, 114] = 6.447; 
p < 0.02) were detected in ANGII. The level of ANGII increased 
signiϐicantly post-tilt than pretilt (p < 0.02) and decreased 
signiϐicantly at R+5 in comparison to R-2 (p < 0.009). 

Blood volume

The changes in plasma volume (%, mean±SE) 3 days after 

Figure 3: HR, SBP and DBP during the tilt test at R-2, R+1, and R+5 in the CON, LBNP, and LBNP+ergo groups. 
CON, control; LBNP, lower-body negative pressure; ergo, ergometer; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; 
R-2, 2 days before BR; R+1, on the day of HDBR termination; R+5, 5 days after HDBR. 
The solid line represents the CON group; the dashed line represents the LBNP group; the dotted line represents the LBNP + ergo group.

Figure 4: SV%, CO% and TPR% changes during the tilt test at R+1 and R+5 in the CON, LBNP, and LBNP+ergo groups. 
CON, control; LBNP, lower-body negative pressure; ergo, ergometer.
SV, stroke volume; CO, cardiac output; TPR, total peripheral vascular resistance.
R+1, on the day of HDBR termination; R+5, 5 days after HDBR.
ΔSV%, SV% in R+1 or R+5 minus SV % in R-2.
ΔCO%, CO% in R+1 or R+5 minus CO% in R-2.
ΔTPR%, TPR% in R+1 or R+5 minus TPR% in R-2.
The solid line represents the CON group; the dotted line represents the LBNP group; the dashed line represents the LBNP + ergo group.

The SV% in CON group was lower than that in LBNP + ergo group at R+1 (p < 0.004) and the SV% in CON group and LBNP was signifi cantly lower 
than that in LBNP + ergo group at R+5 (p < 0.00001).
The CO% in CON group was lower than that in LBNP + ergo group at R+1 (p < 0.023) and the CO% in CON group and LBNP was signifi cantly lower 
than that in LBNP + ergo group at R+5 (p < 0.00001).
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HDBR showed no signiϐicant differences among the groups 
(CON: 7.9 ± 3.8%; LBNP group: 8.7 ± 5.7%; LBNP + ergo group: 
9.8 ± 5.4%).

Discussion
In this study, LBNP combined with ergometer exercise 

failed to protect women from OI after 15 days of HDBR, 
but induced some positive hemodynamic responses when 
challenged by upright posture. A lower intensity of LBNP 
deteriorated the orthostatic tolerance after 15 days HDBR.

There are at least two reasons for the failure of LBNP 
combined with ergometer exercise. The ϐirst is the completely 
random experimental design used in this study. In a similar 
15-day BR held by NASA, self-controlled trial design was 
adopted [25]. In another female HDBR study, identical twins 
were used as subjects, with one sibling assigned as the control 
subject and the other as the countermeasure subject [30]. A 
completely random experimental design cannot overcome 
the statistical limitations in this experiment, that is, the small 
sample size and large individual differences. The second 
reason is the relatively mild orthostatic challenge after BR. In 
our experiment, the tilt test had a 75° tilt angle and a maximal 
20-min duration. This protocol is more easily tolerated than 
that used in some experiments: 60° tilt angle, 60-min tolerance 
duration [11] or 80° tilt angle, 30-min tolerance duration [5].

We compared the physiological variables between LBNP 
combined with ergometer exercise and treadmill exercise in 
LBNP on OI countereffects after 15 days of HDBR. Schneider, 
et al. conducted a self-controlled 15-day HDBR to explore the 
OI countermeasure effects of 40 min/day of supine moderate-
intensity treadmill exercise inside the LBNP chamber with 
50–60 mmHg negative pressure [25]. The OI was evaluated by 
increasing the LBNP by 10 mmHg every 3 mins. After BR LBNP 

tolerance decreased in both control and exercise conditions, 
but the sub-tolerance index HR decreased, and SBP was better 
maintained in the exercise group than in the control group. 
In the present study, we used the classic tilt test to evaluate 
the OI, and we found that at R+1, the SV and CO percentage 
changes relative to the values at R-2 was higher than that in 
control group during the tilt test. 

We also compared the exercise protocol during the 15-day 
HDBR. In Schneider’s study, the subjects performed 6 days of 
exercise, with 40 min/day of supine treadmill exercise against 
LBNP per week [25]. The intensity of their supine treadmill 
interval exercise protocol was from 41%~65% VO2max, similar 
to that of the supine cycling interval exercise protocol used 
in this study, 41%~70% VO2peak. However, the total exercise 
duration differed, being 40 mins in Schneider, et al.’s study 
and 30 mins in our study. As the subjects in Schneider, et al.’s 
study had relatively higher aerobic capacity (56.44–58.76 
ml.kg-1min-1) than the female subjects in this study (27.5–26.3 
ml.kg-1min-1 in head-down posture), it can be deduced that the 
protocol was made to ϐit the subjects’ condition. In Schneider, 
et al.’s study, to produce a 1 g foot force, the researchers 
used -50 to -60 mmHg LBNP [25,30]. In the present study, as 
our LBNP controller controlled the negative pressure in 10 
mmHg intervals and could not be set to 5 mmHg intervals, 
a modiϐied Russian LBNP action protocol was used. Instead 
of a maximum negative pressure of 45 mmHg, the maximum 
negative pressure we used was 40 mmHg [19]. It was deduced 
that an increase in exercise frequency for LBNP combined 
with ergometer exercise in this experiment would achieve 
similar results as those with a moderate-intensity treadmill 
exercise performed under LBNP.

In this study, the OI countereffects of LBNP were not 
detected. These factors are as follows: 1) Lower cumulative 

Figure 5: The level of ALD, AVP, ANGII and NE of the CON, LBNP, and LBNP+ergo groups before and after tilt test performed at R-2, R+1 and R+5.
ALD: Aldosterone; AVP: Arginine Vasopressin; ANGII: Angiotensin II; NE: Norepinephrine.
CON: Control; LBNP: Lower-Body Negative Pressure; Ergo, Ergometer.
R-2, 2 days before HDBR; R+1, on the day of HDBR termination; R+5, 5 days after HDBR.
The level of ALD and NE were lower in LBNP + ergo group than LBNP group (p < 0.002). The level of ANGII increased signifi cantly post-tilt than pretilt 
(p < 0.02) and decreased signifi cantly at R+5 in comparison to R-2 (p < 0.009).
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stimulation intensity (4650 mmHg × min). Until now, at least 
three HDBR studies have reported the OI countereffects 
of LBNP. The ϐirst experiment used 4 hoursof LBNP at 30 
mmHg and saline loading at the end of 1 week of BR (50,400 
mmHg × min) and found the protective role of LBNP in OI 
after HDBR [17]. Sun et al. found that 1 hour of LBNP at 30 
mmHg daily in the ϐirst and last week (25,200 mmHg × min) 
of a 21-day HDBR could counteract OI induced by the HDBR 
[29]. Güell used 3 sessions of 20-min LBNP at 28 mmHg in 
the ϐirst three weeks, and in the last week, 4 sessions of 20-
min LBNP at 28 mmHg on the ϐirst 4 days and 6 sessions on 
the last 3 days (54,320 mmHg × min) during 28 days HDBR 
[12]. All of these experiments used a larger amount of LBNP 
stimulation than our experiment. 2) Incompletely established 
LBNP counter effects. The speciϐications of our LBNP cylinder 
were as follows: the time of decompression to 50 mmHg is less 
than 10 mins, and the seal location was at the midabdominal 
level. The main action of LBNP was the decrease in cardiac 
ϐilling and the increase in peripheral resistance [20]. The 
repeated slower onset of this LBNP during the graded LBNP 
protocol made the neural response of TPR compensate for 
the decrease in SV (maintained CO and BP) and the neural 
response is relatively unstable. According to the results from 
Hisdal and Goswanmi [16], the slower and not rapid speed 
of LBNP, the midabdominal not iliac crest sealing location in 
our LBNP chamber [8], and the skewed LBNP response for the 
subject’s feet resting on the base of the device [9], may lead to 
a relatively slow establishment of LBNP countereffects. 

Limitations

Although we did not ϐind signiϐicant differences in E2 levels 
before and after bed rest, the not controlled menstrual cycle 
had relatively large impact on the results. The hormonal levels 
during the menstrual cycle may alter the sympatho-excitation 
during an orthostatic challenge [3]. Furthermore, even though 
the hormonal ϐluctuations during the menstrual cycle did not 
inϐluence submaximal and maximal exercise performance 
[22], the subjects’ physiological condition could have had a 
negative impact on their exercise or LBNP condition. 

In summary, the protocol used in this experiment of LBNP 
combined with ergometer exercise failed to counter the OI 
after 15 days of HDBR. The cumulative stimulus amount of 
LBNP is vital to assure its OI countereffect. To reach a similar 
OI counter effects with treadmill exercise performed under 
LBNP, the exercise frequency or intensity for LBNP combined 
with ergometer exercise should increase. The mechanism 
underlying the effects of this exercise combination still needs 
further study.
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