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BACKGROUND: Orthostatic intolerance occurs following immobilization in patients on Earth and in astronauts after spaceflight.
Head-down tilt bedrest is a terrestrial model for weightlessness and induces orthostatic intolerance. We hypothesized that
lower-body negative pressure (LBNP) or cycling followed by wearing venous constrictive thigh cuffs mitigates orthostatic in-
tolerance after head-down tilt bedrest.

METHODS AND RESULTS: We enrolled 47 healthy individuals (20 women, 35+9years) to a 30-day strict head-down tilt bedrest
study. During bedrest, they were assigned to 6 hours of 25mmHg LBNP (n=12) per day and 1 hour of supine cycling fol-
lowed by 6 hours of venous constriction through thigh cuffs 6days per week (n=12), 6 hours of daily upright sitting (positive
control, n=11), or no countermeasure (negative control, n=12). We measured orthostatic tolerance as the time to presyncope
during 80° head-up tilt testing with incremental LBNP before and immediately after bedrest. We determined plasma volume
with carbon monoxide rebreathing before and at the end of bedrest. After bedrest, orthostatic tolerance decreased 540+457
seconds in the control group, 539+68 seconds in the cycling group, 217+379 seconds in the LBNP group, and 289+89 sec-
onds in the seated group (P<0.0001 time point, P=0.009 for group differences). Supine and upright heart rate increased in
all groups following bedrest. Plasma volume was only maintained in the cycling group but decreased in all others (interaction
countermeasurextime point £<0.0001).

CONCLUSIONS: Six hours of moderate LBNP training was as effective as sitting in attenuating orthostatic intolerance after
30days of head-down tilt bedrest. Daily cycling exercise followed by 6 hours of wearing venous constrictive thigh cuffs, while
maintaining plasma volume, did not improve orthostatic tolerance.

REGISTRATION: URL: https://www.bfarm.de/EN; Identifiers: DRKS00027643 and DRKS00030848.
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dividuals with autonomic nervous system dis-
orders or structural heart disease and following
deconditioning through bedrest or weightlessness
in space.® While orthostatic intolerance in current

Orthostatio intolerance commonly occurs in in-

astronauts following spaceflight appears to be milder
compared with the early days of spaceflight,* the con-
dition could be life-threatening following emergency
landings on Earth or another celestial body. Orthostatic
intolerance following spaceflight has been attributed to
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CLINICAL PERSPECTIVE

What Is New?

* Moderate lower-body negative pressure over 6
hours per day is as effective as upright sitting in
attenuating orthostatic intolerance after 30days
of head-down tilt bedrest.

e Exercise followed by wearing venous constric-
tive thigh cuffs maintained plasma volume but
not orthostatic tolerance.

What Are the Clinical Implications?

e Maintenance of orthostatic tolerance during
bedrest deconditioning requires specific pre-
ventive measures that providing an orthostatic
stimulus to the cardiovascular system.

Nonstandard Abbreviations and Acronyms

HDTBR head-down tilt bedrest
LBNP lower-body negative pressure
SANS-CM  Spaceflight-Associated Neuro-Ocular

Syndrome Countermeasure

weightlessness-induced cardiovascular decondition-
ing, reduced blood volume, and altered neurohumoral
cardiovascular control.° Because weightlessness is
the root cause of these changes, countermeasures
producing cardiovascular changes akin to standing
on Earth and physical exercise have been suggested
as potential countermeasures.® Yet, studies on lower-
body negative pressure (LBNP) and exercise as po-
tential orthostatic intolerance countermeasures yielded
varying outcomes.”® While physical activity is crucial in
maintaining fitness during spaceflight, orthostatic toler-
ance may not be addressed.®'® Physical exercise over
2 to 3 hours per day and LBNP of 0.5 to 1hours every
second or third day toward the end of spaceflight are
currently implemented countermeasure strategies."?

We reasoned that countermeasures like LBNP ap-
plied for a sufficiently long period of time to mitigate
neuro-ocular changes and physical exercise combined
with interventions producing caudal fluid shifts could
also maintain orthostatic tolerance.'®'* We tested this
hypothesis as part of the SANS-CM (Spaceflight-
Associated Neuro-Ocular Syndrome Countermeasure)
study. The SANS-CM study compared daily LBNP for
6 hours and supine bicycle ergometry, followed by 6
hours of venous thigh constriction against a negative
and a positive control group. The primary goal of the
study was prevention of spaceflight-associated neuro-
ocular syndrome, which challenges brain and ocular
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health in astronauts. In our substudy, we determined
whether daily LBNP or cycling followed by wearing
venous constrictive thigh cuffs (cycling) attenuates re-
ductions in orthostatic tolerance following bedrest. We
computed orthostatic tolerance as the time to presyn-
cope during tilt-table testing followed by incremental
LBNP.® These results were compared with a con-
trol group without countermeasure and participants
who remained upright seated for 6 hours per day.
Furthermore, we determined whether the magnitude
of plasma volume loss during bedrest was related to
changes in orthostatic tolerance. This approach al-
lowed us to test the idea of a possible multipurpose
countermeasure against cardiovascular deconditioning
and spaceflight-associated neuro-ocular syndrome.

METHODS

Participants

The data that support the findings of this study are
available from the corresponding author upon reason-
able request. The SANS-CM study was conducted at
the German Aerospace Center envihab research facil-
ity in close collaboration and supported by the National
Aeronautics and Space Administration. All participants
were recruited following detailed psychological and
medical screening. General information on recruitment,
randomization, and standardization of bedrest stud-
ies have been published previously.'®'” Briefly, men
and women who were physically and psychologically
healthy, aged between 24 and 55years, with a body
mass index between 19 and 30 kg/m?, and were non-
smokers were potentially eligible. Key exclusion criteria
comprised requirements for prescription medications
except hormonal contraception in women; health condi-
tions that would preclude participation, such as history
of cardiovascular disorders including syncope, muscu-
loskeletal, neurological, metabolic, or endocrine distur-
bances; or increased thrombosis risk among others.
Woman had to have a 26- to 32-day menstrual cycle. All
participants provided written informed consent before
study entry. The study was approved by the North Rhine
Medical Association Ethics Committee and prospec-
tively registered on the German Clinical Trials Register
(DRKS00027643 and DRKS00030848).'8

Study Design and Protocol

The study comprised a 14-day ambulatory baseline pe-
riod, 30-day 6° strict head-down tilt bedrest (HDTBR),
and a 14-day recovery period. Throughout the study,
participants were on a highly standardized diet tailored
to individual resting metabolic rates with the goal to
maintain body weight. Daily fluid intake from food and
beverages was set at 50 mL/kg body weight per day at
baseline and during bedrest. Daily sodium consumption
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was 2264 +108 mg/d. Participants were awakened at
6:30 am, and lights were turned off at 10:30 pm.

During the bedrest period, participants were as-
signed to either daily 2x3 hours of lower body negative
pressure with 25mmHg (h=12), 60 minutes cycling on
a supine bike, followed by wearing venous constrictive
thigh cuffs for 6 hours 6 days per week, 6 hours upright
seated (n=11; positive control), or no countermeasure
(n=12; negative control).

Power calculation for sample size justification was
based on the primary end point of the SANS-CM
study, namely, total retinal thickness derived from op-
tical coherence tomography images. For 12 partici-
pants per group, which corresponds to the maximum
bed occupancy of the facility, a simulation based on
previous HDTBR data'® calculated a power of 80% to

Bedrest and Orthostatic Intolerance

detect a 15-micron difference in the expected increase
of total retinal thickness among the groups. A graphical
overview of the study protocol is provided in Figure 1.

Orthostatic Tolerance Testing

We conducted orthostatic tolerance testing 5days
before the bedrest phase and immediately following
30days bedrest in the morning hours. At baseline, par-
ticipants walked to the tilt table; at the end of bedrest,
they were taken on a 6° head-down tilt stretcher to the
tilt table. Then, participants were instrumented with a
3-lead ECG, finger blood pressure (Finometer midi,
Finapres Medical Systems, Netherlands), and oscil-
lometric brachial blood pressure every 2 minutes. A
lower-body negative pressure chamber was placed at

Duration of inpatient study: 59 days; 47 participants

Plasma volume
after 27 days of bedrest

80° head-up tilt
after 30 days of bedrest

80° head-up tilt Plasma volume
5 days before bedrest 2 days before bedrest

80°
8 sec
=

} "

15 days baseline 30 days of 6° head-down tilt bedrest 14 days recovery

LBNP -25 mm Hg
ar= 6 hou.rs per day (3 hours in the
o morning, 3 hours in the afternoon) )

n=12

r N Cycling + venous cuffs r LY
/@ 1 hour cycling, 6 hours venous thigh
' o= occlusion (6 of 7 days per week) '
n=12
4 Upright seated
N 6 hours per day (3 hours in the
‘-| morning, 3 hours in the afternoon)
n=11
No countermeasure
¢ n=12

Figure 1. Overview of interventions in the SANS-CM (Spaceflight-Associated Neuro-Ocular Syndrome Countermeasure)
study, which enrolled 47 healthy participants to 30days of bedrest.
Subjects were assigned to 2x3 hours of daily lower-body negative pressure (-25mmHg) per day (n=12) and 1 hour of cycling with
45% of maximal VO,, followed by wearing venous constrictive thigh cuffs for 6 hours 6days per week (n=12). These strategies were
compared with a positive control, who remained in an upright seated body position for 2x3 hours per day (n=11; positive control) and
a negative control group without countermeasure (n=12). Orthostatic tolerance was computed as time to presyncope in 80° head-
up tilt-table testing with incremental lower-body negative pressure following 15 minutes of upright standing (International Standard
Measure protocol). Tilt-table testing was conducted in the morning hours following an overnight fast 5days before and immediately
after bedrest. Plasma volume was measured 2 days before and at day 28 of bedrest. Control indicates no countermeasure; cycling, 1
hour of cycling followed by 6 hours of wearing venous constrictive thigh cuffs on 6 days per week; LBNP, lower-body negative pressure
for 6 hours per day, and seated, upright seated body position for 6 hours per day.
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the level of the iliac crest. Following instrumentation,
participants remained in the supine position for 10 min-
utes. We obtained baseline measurements in the last 5
minutes of this period. Then, we conducted a head-up
tilt to 80°. After 15 minutes of head-up tilt, we added in-
cremental lower-body negative pressure of -10mmHg
every 3 minutes.?® We terminated orthostatic tolerance
testing when participants wished to abort the test or
when presyncope occurred. We defined presyncope as
sudden onset of pallor, blurred vision, lightheadedness,
sweating, and nausea, accompanied by a >40% heart
rate reduction or >40% systolic blood pressure reduc-
tion compared with the first 5 minutes of asymptomatic
standing as described before.?’ We defined orthostatic
tolerance as the time from head-up tilt onset to presyn-
cope. We determined heart rate and systolic and dias-
tolic blood pressure in the supine position, during 15
minutes of 80° head-up tilt, and with stepwise increase
of lower-body negative pressure every 3 minutes until
presyncope occurred. Figure 2 illustrates typical heart
rate and blood pressure tracings during the combined
head-up tilt and LBNP test until presyncope.

Plasma Volume

We measured plasma volume by carbon monoxide
rebreathing at baseline and at day 28 of bedrest as
described before.?? Briefly, a baseline 2.6-mL EDTA
blood sample was taken via peripheral venous cath-
eter, and the percentage of carboxyhemoglobin was
estimated with a hemoximeter (ABL 90, Radiometer,
Denmark). Afterwards, subjects breathed oxygen-rich
gas for 1 minute for elimination of nitrogen from air-
ways. Next, all participants received a bolus (1.0 mL/kg
for men and 0.75 mL/kg for women) of 99.997% chem-
ically pure carbon monoxide and rebreathed this gas
mixture for 9 minutes. Subsequently, we collected an-
other 2.6-mL peripheral venous blood sample, and
the percentage of carboxyhemoglobin was estimated
again. We measured plasma volume, blood volume,
and total hemoglobin mass by using the dilution prin-
ciple on the basis of the number of absorbed carbon
monoxide molecules and the changes in fraction of
carboxyhemoglobin in the collected blood samples
(Detalo Performance, Detalo Health, Denmark).?®

Statistical Analysis

We report results as mean+SD and performed all sta-
tistical analyses with Prism version 10.0.2 (GraphPad
Software, La Jolla, CA). Based on the repeated meas-
ures design, we used a linear mixed-effects model with
Sidak’s multiple comparisons test to analyze changes
in orthostatic tolerance, hemodynamics, and plasma
volume between all groups before and after bedrest.
The time point (bedrest effect), the countermeasure
(group effect), and the interaction between time point
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and countermeasure were the fixed effects. Study par-
ticipants were considered as random effects. Post hoc
testing for estimation of adjusted P values was con-
ducted only if a significant group difference or interac-
tion was shown in primary testing and comprised a
difference of means before and after bedrest in each
group. Therefore, the number of post hoc comparisons
was limited to 4. We tested for Gaussian distribution
with the Shapiro-Wilk test. To detect correlation be-
tween changes in plasma volume and orthostatic tol-
erance, we conducted the nonparametric Spearman
correlation coefficient analyses (=0.10-0.29, weak
correlation; r=0.30-0.49, moderate correlation; r>0.5,
strong correlation). P<0.05 indicated statistical signifi-
cance. We present P values of the primary statistical
analysis (group, time point, interaction) and results of
post hoc testing using adjusted P values.

RESULTS

Intervention Groups

Out of 7418 returned initial screening questionnaires,
78 candidates were invited for detailed assessment
including a multistep medical and psychologic test-
ing; 48 participants and 4 reserve candidates were se-
lected.’® Of 48 selected participants, 47 completed the
study (20 women, 27 men; age, 35+9years, body mass
index [BMI], 23.7+2.6 kg/m?). One participant had to be
excluded due to noncompliance with the study proto-
col. All participants were randomly assigned to inter-
vention groups. Twelve subjects were assigned to the
LBNP group (6 women, 6 men; age: 36 +9years; BMI,
24.1+2.6 kg/m?), 11 to the seated group (5 women, 6
men; age, 36+9years; BMI, 24+2.7 kg/m?), 12 to the
cycling group (4 women, 8 men; age, 34 +8years; BMI,
23.2+2.3 kg/m?), and 12 to the control group (5 women,
7 men; age, 35+8years; BMI, 23.1+2.3 kg/m?). For 1
participant in the seated group, incremental LBNP dur-
ing tilt-table testing was not recommended for medical
reasons and the subject was therefore excluded from
the statistical analysis. There was no significant differ-
ence in demographics between the groups.

Orthostatic Tolerance

Figure 3 shows Kaplan—-Meier plots illustrating the time
to presyncope during tilt-table testing in the seated,
LBNP, cycling, and control groups. Before bedrest,
the time to presyncope was 1312+£273 seconds in
the seated, 1134+£390 seconds in the LBNP group,
1276+333 seconds in the cycling group, and 953477
seconds in the control group. Following 30days of
bedrest, the time to presyncope decreased by 289+281
seconds in the seated group, by 217+379 seconds in
the LBNP group, by 539+235 seconds in the cycling
group, and by 540+457 seconds in the control group
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Figure 2. Continuous FBP and HR before (upper row) and after bedrest (lower row) in a representative participant during
combined head-up tilt testing and LBNP.

Time to presyncope decreased following bedrest. The participant also showed markedly increased HR while supine and during
orthostatic testing following bedrest. bpm indicates beats per minute; FBP, finger blood pressure; HR, heart rate; and LBNP, lower-

body negative pressure.

(time point, P<0.0001; groups, P=0.0090; interaction,
P=0.0595). Post hoc tests revealed that the reduction
in orthostatic tolerance with bedrest was attenuated in
the seated and the LBNP groups but not in the cycling
and control groups (Figure 3).

Blood Pressure and Heart Rate

The Table provides an overview on hemodynamic pa-
rameters before and after bedrest in the supine position

J Am Heart Assoc. 2024;13:e034800. DOI: 10.1161/JAHA.124.034800

and while standing (first 5 minutes after tilting to 80°).
At baseline before bedrest, supine hemodynamic pa-
rameters did not differ between groups, except a lower
diastolic blood pressure in the cycling group (adjusted
P=0.063). Figures 4 and 5 illustrate individual supine
and standing heart rate and blood pressure meas-
urements before and after bedrest together with the
primary P values of the linear mixed-effects analysis
(time and group effects, interaction) and the adjusted P
values from post hoc comparisons.
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Figure 3. Kaplan-Meier survival analyses on time to presyncope, which was computed to compare
orthostatic tolerance, before and after in each group.

The lower panel shows individual data on orthostatic tolerance before and after bedrest for each intervention group
(P values for linear mixed-effects analysis). Control indicates no countermeasure; cycling, 1 hour of cycling followed
by 6 hours of wearing venous constrictive thigh cuffs on 6 days per week; LBNP, lower-body negative pressure for 6
hours per day; seated, upright seated body position for 6 hours per day; and time to presyncope (ttPS),.
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Table. MeanzSD Values of Hemodynamic Parameters in
Each Group

Before After
Parameter Group bedrest bedrest
Systolic blood pressure, LBNP 1308 13316
supine, mmHg Seated 128+8 13127
Cycling 123+10 129414
Control 127+7 13111
Systolic blood pressure, LBNP 129412 138+10
standing, mmHg Seated 12046 1329
Cycling 130+16 133+19
Control 123+12 129+15
Diastolic blood pressure, LBNP 85+11 79+6
supine, mmHg Seated 879 807
Cycling 73+7 75+9
Control 76+5 84+8
Diastolic blood pressure, LBNP 90+11 88+8
standing, mmHg Seated | 90+7 8518
Cycling 79+8 84+13
Control 80+8 87+11
Heart rate, supine, bpm LBNP 67+9 74+9
Seated 66+10 71+12
Cycling 67+7 72+10
Control 739 8912
Heart rate, standing, bpm LBNP 89+10 112+13
Seated 86+12 109+13
Cycling 92+14 115+12
Control 10417 128+18

Mean+SD values of each group on central hemodynamic parameters.
LBNP indicates lower-body negative pressure.

Supine and upright systolic blood pressure values
were slightly higher after bedrest in all groups. No in-
teraction or group effects were detected. In contrast,
supine and upright diastolic blood pressure increased
in the control group but not in the intervention groups.
The significant interaction indicates that all interven-
tions attenuated bedrest effects on supine diastolic
blood pressure and to a lesser extent also on upright
diastolic blood pressure.

Supine and upright heart rate increased after bed-
rest. Despite significant bedrest and group effects, an
interaction was detected only in the supine position.
The interventions did not completely prevent bedrest-
induced orthostatic tachycardia. However, the control
group showed the numerically largest increase in heart
rate, both in the supine position and while standing.

Plasma Volume

Before bedrest, plasma volume was 3157+610 mL in
the LBNP group, 3045+309 mL in the cycling group,
3270+£519 mL in the seated group, and 2851+459
mL in the control group. There was no evidence for

J Am Heart Assoc. 2024;13:e034800. DOI: 10.1161/JAHA.124.034800
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statistical group differences at baseline. At the end of
bedrest, plasma volume was decreased by 603+407
mL in the LBNP group, by 593+212 mL in the seated
group, and 286+153 mL in the control group, but was
maintained in the cycling group (time point, £<0.0001;
groups, P=0.6439; interaction, P=0.0001; Figure 6).
Plasma volume changes revealed an inverse correla-
tion with reductions in orthostatic tolerance (Figure 7).

DISCUSSION

The important finding of our study is that daily moder-
ate LBNP training for 6 hours attenuated reductions in
orthostatic tolerance following 30 days of HDTBR com-
parable with the effect of sitting upright for 6 hours per
day. In contrast, daily 60-minute cycling followed by
wearing venous constrictive thigh cuffs while maintain-
ing plasma volume did not preserve orthostatic toler-
ance. However, none of the interventions completely
abolished worsening of orthostatic tolerance with
bedrest deconditioning. Although our primary goal
was to inform future space missions, the study may
have implications for individuals experiencing orthos-
tatic intolerance on Earth.?*

HDTBR is an established terrestrial model to mimic
cardiovascular adaptions to spaceflight including or-
thostatic intolerance.?® The model also provides valu-
able information regarding the role of deconditioning in
the pathogenesis of orthostatic intolerance on Earth. In
these standardized studies, countermeasures against
cardiovascular deconditioning and orthostatic intoler-
ance can be evaluated in a highly controlled fashion.?®
Indeed, meticulous standardization of the bedrest
protocol, incorporating controlled sodium, fluid, and
energy intake allowed us to assess changes in ortho-
static tolerance in the absence of these confounding
variables. Another strength of our study is the meth-
odology to assess orthostatic tolerance using com-
bined head-up tilt testing and LBNP. Previous studies
showed the reproducibility of the approach and yielded
effective treatments for orthostatic intolerance.?’-2°

In our study, contrasting actions of LBNP and phys-
ical exercise followed by wearing venous constrictive
thigh cuffs on orthostatic tolerance and plasma volume
are thought provoking and may have clinical relevance.
Bedrest led to reductions in orthostatic tolerance, in-
creased supine and upright heart rate, and decreased
plasma volume, which are hallmarks of cardiovascular
deconditioning.3%3" Preservation of heart rate while su-
pine inthe cycling and seated groups provides evidence
that these interventions may have partly maintained
cardiovascular autonomic control following bedrest.
The response is consistent with known effects of exer-
cise training on cardiac vagal tone, which lowers rest-
ing heart rate and increases cardiac stroke volume.®?
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Figure 4. Individual values including mean+SD of systolic and diastolic blood pressure before and after bedrest in supine

and standing position including adjusted P values.

Upper-arm blood pressure was measured every 2 minutes, resulting in up to 3 measurements at baseline and in the first 5 minutes
of standing after an initial hemodynamic stabilization of =1 minute. Control indicates no countermeasure; cycling, 1 hour of cycling
followed by 6 hours of wearing venous constrictive thigh cuffs 6days per week; LBNP, lower-body negative pressure for 6 hours per
day; and seated, upright seated body position for 6 hours per day.

cuffs was also more effective in maintaining plasma
volume compared with daily LBNP or upright sitting.
Increases in plasma volume with endurance training

In fact, 3 to 4 hours of exercise per week suffice to
significantly adapt cardiovascular autonomic control.33
Cycling followed by wearing venous constrictive thigh
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Figure 5. Individual values including mean+SD of heart rate before and after bedrest in supine and standing position as

well as adjusted P values.

Data were obtained of continuous heart rate recordings via ECG. Data collection of 5 minutes was strived, but respecting hemodynamic
instability while standing following bedrest, a minimum of 60 seconds of stable signals were included in the analysis. bpm indicates
beats per minute; control, no countermeasure; cycling, 1 hour of cycling followed by 6 hours of wearing venous constrictive thigh cuffs
6days per week; LBNP, lower-body negative pressure for 6 hours per day; and seated, upright seated body position for 6 hours per

day.

have been previously observed* and plasma volume
is considered a crucial parameter for cardiorespiratory
fitness.®®

Given the importance of cardiovascular autonomic
control, plasma volume, and cardiopulmonary fithess
in coping with hemodynamic challenges, one might
expect the greatest orthostatic intolerance improve-
ment in the exercise and venous constrictive thigh cuffs
group. Yet the intervention was ineffective in maintaining
orthostatic tolerance. In contrast, LBNP attenuated re-
ductions of orthostatic tolerance despite reductions in
plasma volume. Similarly, improvements in orthostatic
tolerance with daily short-arm centrifugation during be-
drest were not related to changes in plasma volume. Yet
acute volume loading and increased sodium ingestion
are useful when managing individuals with orthostatic
intolerance.®%” The discrepancy may suggest that the
effect of a change in plasma volume on orthostatic tol-
erance is confounded by the mechanism eliciting this

J Am Heart Assoc. 2024;13:e034800. DOI: 10.1161/JAHA.124.034800

change. For example, sodium loading and endurance
exercise have effects on cardiovascular control inde-
pendently from plasma volume.®®-4° This interaction
could also explain why endurance exercise, while im-
proving plasma volume, may lower orthostatic toler-
ance.*' Moreover, plasma volume, autonomic control,
and cardiopulmonary fitness alone may not be sufficient
to explain variability in deconditioning-induced ortho-
static tolerance. For example, we did not assess cardiac
structure and function, which could affect orthostatic
tolerance.® Previous studies suggested that changes in
fluid balance may also occur in the heart and affect car-
diac muscle mass.*

Fluid redistribution during sitting or LBNP may pos-
sibly elicit a specific training effect, perhaps on capac-
itance vessels in the splanchnic circulation or in the
legs, which is not produced by exercise followed by
wearing venous constrictive thigh cuffs. A similar ef-
fect may occur during short-arm centrifugation, which
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Figure 6. Individual values including mean+SD and adjusted P-values of plasma volume, which was measured by CO-

rebreathing before and at the end of bedrest.

We observed a reduction of plasma volume following immobilization in all participants, except in the cycling group. Control indicates
no countermeasure; cycling, 1 hour of cycling followed by 6 hours of wearing venous constrictive thigh cuffs 6days per week; LBNP,
lower-body negative pressure for 6 hours per day; seated, upright seated body position for 6 hours per day.

is another potential countermeasure for spaceflight.*
Indeed, daily artificial gravity training on a short-arm
centrifuge attenuated orthostatic intolerance following
60days of HDTBR.?" Recent studies also highlighted
the potential of a spatial reduction of the cerebral fluid
shift by artificial gravity.*44°

The major limitation of our study is the relatively
small sample size, which is explained by the complex-
ity and costs of bedrest studies, particularly a study
with 4 intervention groups. The response to counter-
measures could be affected by sex or age, which can-
not be discerned in our study. Furthermore, HDTBR
may not fully reproduce all cardiovascular responses
encountered during real space missions.

Despite these issues, our study supports the use of
LBNP during space missions to maintain orthostatic
tolerance when landing on Earth or another celestial
body. Yet there is still room for improvement, as none
of the interventions completely maintained orthostatic
tolerance. Furthermore, our results suggest that main-
tenance of plasma volume during prolonged bedrest is
not sufficient to preserve orthostatic tolerance.

Our study encourages further research on com-
bining countermeasures such as centrifugation and
targeted exercise, which could improve efficacy and
also prove useful for other health challenges such
as musculoskeletal deconditioning and spaceflight-
associated neuro-ocular syndrome.*® For example,

J Am Heart Assoc. 2024;13:e034800. DOI: 10.1161/JAHA.124.034800

countermeasures helping to maintain plasma volume
may have to be combined with interventions attenu-
ating blood pooling in critical regions involved in he-
modynamic regulation, such as the splanchnic tract or
the legs. Indeed, an exercise regimen that improved
plasma volume and strengthened muscles in areas
prone to venous pooling was beneficial in patients with
syncope.?” Equally important is how these counter-
measures are best implemented during future space
missions. Countermeasures may have to be individu-
alized depending on differences in physiological states
between astronauts and intraindividual changes over
time. Obviously, relevant, reliable, and easy-to-obtain
physiological readouts, perhaps through wearable
devices, would be required. Moreover, specific risk
mitigations may have to be prioritized depending on
the stage of a mission. For example, countermeasures
improving orthostatic tolerance may be more import-
ant shortly before landing. An important message
for people on Earth is that a very sedentary lifestyle,
which was modeled by sitting for 6 hours per day in
our study, will worsen orthostatic tolerance. However,
in bedridden individuals who cannot be fully mobilized,
sitting can help to at least partly maintain orthostatic
tolerance. Finally, our study suggests that to develop
better preventive measures against orthostatic intoler-
ance for people in space and on Earth, deeper mech-
anistic understanding is required.
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Figure 7. Correlation of changes in plasma volume
following bedrest (x axis) with differences in time to
presyncope (y axis) before and after bedrest in a pooled
correlation analysis.

Bothvalues were compared by aSpearmanregressionas changes
in plasma volume did not meet criteria for normal distribution in
Shapiro-Wilk test (W=0.8848, P=0.0003). In contrast to previous
assumptions, maintenance of plasma volume during bedrest did
not lead to preserved orthostatic tolerance. Control indicates no
countermeasure; cycling, 1 hour of cycling followed by 6 hours of
wearing venous constrictive thigh cuffs 6days per week; LBNP,
lower-body negative pressure for 6 hours per day; and seated,
upright seated body position for 6 hours per day.
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