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ORIGINAL RESEARCH

Gravitational Dose- Response Curves for 
Acute Cardiovascular Hemodynamics and 
Autonomic Responses in a Tilt Paradigm
Richard S. Whittle , MSc; Nathan Keller , BS; Eric A. Hall ; Hrudayavani S. Vellore ;  
Lindsay M. Stapleton ; Katherine H. Findlay , MBBS; Bonnie J. Dunbar, PhD; Ana Diaz- Artiles , PhD

BACKGROUND: The cardiovascular system is strongly dependent on the gravitational environment. Gravitational changes cause 
mechanical fluid shifts and, in turn, autonomic effectors influence systemic circulation and cardiac control. We implemented 
a tilt paradigm to (1) investigate the acute hemodynamic response across a range of directions of the gravitational vector, and 
(2) to generate specific dose- response relationships of this gravitational dependency.

METHODS AND RESULTS: Twelve male subjects were tilted from 45° head- up tilt to 45° head- down tilt in 15° increments, in both 
supine and prone postures. We measured the steady- state hemodynamic response in a range of variables including heart 
rate, stroke volume, cardiac output, oxygen consumption, total peripheral resistance, blood pressure, and autonomic indices 
derived from heart rate variability analysis. There is a strong gravitational dependence in almost all variables considered, with 
the exception of oxygen consumption, whereas systolic blood pressure remained controlled to within ≈3% across the tilt 
range. Hemodynamic responses are primarily driven by differential loading on the baroreflex receptors, combined with differ-
ences in venous return to the heart. Thorax compression in the prone position leads to reduced venous return and increased 
sympathetic nervous activity, raising heart rate, and systemic vascular resistance while lowering cardiac output and stroke 
volume.

CONCLUSIONS: Gravitational dose- response curves generated from these data provide a comprehensive baseline from which 
to assess the efficacy of potential spaceflight countermeasures. Results also assist clinical management of terrestrial surgery 
in prone posture or head- down tilt positions.
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The human cardiovascular system is strongly 
dependent on the gravitational environment. 
Changes in the gravitational vector influence the 

systemic circulation through mechanical and auto-
nomic effects. Mechanically, any alteration in gravity 
causes redistribution of fluid volumes and dynamic 
pressures because of changing hydrostatic pressure 
gradients. For example, in weightless conditions, the 
total loss of hydrostatic gradients induces a cephalad 
fluid shift. Among other acute effects, this fluid shift 
promotes venous return, increasing stroke volume (SV) 

via the Frank- Starling mechanism.1 Other changes in-
clude a fall in interstitial fluid pressure,2 reduced sys-
temic vascular resistance,3 decreased heart rate (HR),4 
slightly decreased systolic blood pressure (SBP) and 
diastolic blood pressure (DBP),3,5 and decreased cen-
tral venous pressure.6 Simultaneously, these acute 
dynamic pressure and volume changes influence au-
tonomic receptors, including arterial baroreceptors in 
the carotid sinus and aortic arch, and cardiopulmonary 
receptors in the atriocaval junctions, atrial and ventric-
ular walls, and pulmonary vasculature.7 On an acute 
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timescale, autonomic response because of stimulation 
of the arterial baroreflex and cardiopulmonary reflex re-
ceptors leads to changes in sympathetic and vagal ac-
tivity, further altering the homeostatic set points of the 
hemodynamic system. Chronically, longer durations in 
a reduced gravity environment can lead to overall car-
diovascular deconditioning, atrophy of cardiac mus-
cles, reduction in circulating fluid volume, and impaired 
autonomic response.8 Together, these changes induce 
an elevated risk of syncope when subjected to ortho-
static stress on return to a gravitational environment.9

Upcoming long- duration exploration missions to the 
Moon and Mars will require significant time periods of 
weeks, months, or even years in altered gravity condi-
tions. Thus, there is a need to develop novel counter-
measures to counteract cardiovascular degradation, 
ensuring astronauts are healthy and fully operationally 
capable on return to a gravitational environment. This 
need is further enhanced by the arrival of commercial 
spaceflight and space tourism, where the broader 
medical profile of spaceflight participants may include 
older demographics and potentially individuals with 
preexisting cardiac pathologies.10

Tilt studies are an important analog for the under-
standing of cardiovascular changes in altered gravity 
conditions. By changing the angle of tilt, we adjust 
the effective gravitational stress in the rostrocaudal Gz 
direction. Six- degree head- down tilt (HDT) has been 
used as an analog for microgravity conditions in mul-
tiple studies, including studies of the acute effects of 
tilt11– 17 and long- duration HDT bed rest.18– 24 To date, 
most studies of head- up tilt (HUT) or HDT have focused 
on 1 or a few physiological parameters and considered 
limited tilt angles. These include studies related to sys-
temic,25– 29 cerebral,12,30 ocular hemodynamics,13 and 
autonomic function.30,31 Studies that cover both HUT 
and HDT (for example Lieshout et  al29) are generally 
limited to 1 or 2 tilt angles in each tilt condition. A limited 
number of studies have also considered differences 
between supine and prone postures during tilt.15,32 
Further insight into postural differences (ie, supine ver-
sus prone posture) may lead to a deeper understand-
ing of the importance of tissue weight on gravitational 
hemodynamics by isolating changes purely because of 
the reversal of the gravitational vector in the Gx axis.33 
Such changes have been demonstrated to influence 
regional hemodynamics.34– 36 Understanding the phys-
iological response to altered gravity through a tilt para-
digm can also be directly beneficial to the development 
of countermeasures.37,38 For example, artificial gravity 
is a posited countermeasure for combating cardiovas-
cular deconditioning. Although artificial gravity gen-
erated through short radius centrifugation creates a 
gravity gradient (as opposed to a constant gravity field), 
quantifying the baseline response to gravity through 
tilt can provide insight into what level of centrifugation 

CLINICAL PERSPECTIVE

What Is New?
• In this study, we develop acute gravitational 

dose- response curves for multiple hemody-
namic parameters and autonomic indices, 
quantifying changes in the systemic circulation 
as a result of changes in the gravitational vector 
through a tilt paradigm in the range 45° head- up 
tilt to 45° head- down tilt (supine and prone).

• We find that there is a strong gravitational depend-
ence in almost all variables considered, with the 
exception of oxygen consumption, and that the ef-
fect of posture (supine versus prone) is significant 
in multiple parameters, with thorax compression in 
the prone position leading to impaired baroreflex 
function and associated hemodynamic effects.

What Are the Clinical Implications?
• These gravitational dose- response curves act as 

a comprehensive baseline that maps the acute ef-
fects of changes in the gravitational vector on the 
cardiovascular system, informing the development 
of spaceflight countermeasures. The curves also 
provide a reference for clinical management of sur-
geries in unusual postures such as Trendelenburg 
positioning or the use of prone spinal frames.

Nonstandard Abbreviations and Acronyms

BRS baroreflex sensitivity
CO cardiac output
DBP diastolic blood pressure
GLMM generalized linear mixed- effects model
HDT head- down tilt
HF high frequency
HFNorm normalized high frequency
HR heart rate
HRV heart rate variability
HRVTi heart rate variability triangular index
HUT head- up tilt
LF low frequency
LFNorm normalized low frequency
LMM linear mixed- effects model
RMSSD root mean square of successive 

differences of NN intervals
RPP rate pressure product
SBP systolic blood pressure
SDNN standard deviation of NN intervals
SV stroke volume
TPR total peripheral resistance
VO2 oxygen consumption
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should be targeted to provide a given physiological 
response.39– 42

The aim of this study was to construct dose- 
response curves to quantify the behavior of the car-
diovascular system across a large range of HUT and 
HDT. These curves will encompass a wide range of 
hemodynamic and autonomic measures, providing a 
holistic picture of cardiovascular circulation and con-
trol. Although there have been many studies using tilt in 
specific angles (for example 6° HDT as a microgravity 
analog), it is not currently possible to estimate the phys-
iological response to any particular gravitational dose. 
Thus, in this study, we measure the acute response to 
altered gravity across a wide range of tilt angles (45° 
HUT to 45° HDT, supine and prone). Furthermore, we 
use the experimental data to build hemodynamic and 
autonomic gravitational dose- response curves, thus 
indicating the predicted response in a representative 
nonpathological population. We hypothesize that many 
of the relationships between tilt angle and a given car-
diovascular or autonomic parameter can be explained 
by linear models. Together, these results lead to a 
greater understanding of the gravitational influence on 
the cardiovascular system, aiding in the future devel-
opment of spaceflight countermeasures as well as 
clinical applications.

METHODS
The data sets analyzed for this study are publicly avail-
able, and a repository can be found on GitHub: https://
github.com/rswhi ttle/cv- dose- response. Code avail-
ability is not applicable.

Subjects and Study Approval
Twelve healthy, recreationally active male subjects 
aged between 23 and 33  years were recruited from 
the Texas A&M University System to participate in the 
study. From an initial pool of volunteers, the age range 
of selected subjects was limited as much as possible 
to avoid confounding factors related to changes in the 
cardiovascular system with age. Sample size and the 
number of tilt angles required was determined based 
on a power curve analysis of pilot data. Subject char-
acteristics (mean±SD), including blood pressure at 
screening, are shown in Table  1. Before participat-
ing in the study, subjects completed a questionnaire 
designed to identify any exclusion criteria, including 
current use of any cardiac, blood pressure, muscle re-
laxant, anticoagulant, or stimulant medications, thyroid 
disease, chronic cardiovascular pathologies, extreme 
obesity, and history of hypertension. One subject 
was unable to complete 1 single condition (45° HDT, 
supine position) because of discomfort; however, he 
was returned to a HUT position and experienced no 

lasting symptoms. The remainder of his data are in-
cluded in the results. All other subjects completed 
the full protocol and experienced no adverse effects. 
Each subject received written and verbal explanations 
of the study protocols and gave written informed con-
sent to participate in the experiment. All procedures 
performed in the study were in accordance with the 
1964 Helsinki Declaration and its later amendments. 
The study protocol was approved by the Texas A&M 
Human Research Protection Program with institutional 
review board number IRB2020- 0724F.

Experimental Design and Testing Protocol
We implemented a counterbalanced, within- subjects, 
experimental design such that every subject experi-
enced every tilt condition and posture. Subjects were 
tilted from 45° HUT to 45° HDT in 2 separate postures: 
supine (face up) and prone (face down). The procedure 
was identical for each posture. Experimental sessions 
took place on 3 separate days within a 2- week period. 
In the first session, subjects gave informed consent, 
and baseline measurements were collected in a seated 
posture. In the additional 2 experimental sessions, 
subjects were tested once in supine position and once 
in prone position (order counterbalanced). To control 
for potential circadian effects, all sessions were sched-
uled in the morning at approximately the same time. In 
addition, subjects were asked to refrain from drinking 
caffeine and exercising before each test session.

In a single experimental session (supine or prone), 
subjects were placed on a tilt table (World Triathlon, 
Tampa Bay, FL) initially at 45° HUT. Continuous mea-
surements of blood pressure and electrocardiography 
were recorded throughout the test. Subjects initially 
remained at rest for a period of 6 minutes to allow 
any hemodynamic transients to settle. After the rest 
period, an inert gas rebreathing device was used to 
collect discrete measurements of cardiac parameters. 

Table 1. Characteristics of the 12 Recreationally Active 
Male Subjects Who Participated in the Study

Characteristic Value

N 12

Race 8 White, 1 Black, 3 Asian

Age, y 26.8±2.9

Height, cm 179.0±8.3

Weight, kg 84.7±18.7

BMI, kg/m2 26.3±4.9

SBP, mm Hg 129.5±14.5

DBP, mm Hg 82.3±6.5

Characteristics were recorded during the baseline session before testing 
sessions. Data are reported as mean±SD where appropriate. BMI indicates 
body mass index; DBP, diastolic blood pressure; and SBP, systolic blood 
pressure.

https://github.com/rswhittle/cv-dose-response
https://github.com/rswhittle/cv-dose-response
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Following this, several further measurements were col-
lected from the subjects, including ocular tonometry, 
ultrasonography, and noninvasive measurement of in-
ternal jugular venous pressure. These further measure-
ments will be described in a separate publication. The 
total procedure at a single tilt angle lasted for ≈12 min-
utes. Subjects were then tilted downward 15°, and the 
entire process repeated, starting with the 6- minute 
resting period. The total protocol included 7 tilt angles: 
45° HUT, 30° HUT, 15° HUT, 0° (horizontal), 15° HDT, 
30° HDT, and 45° HDT. The procedure for the seated 
baseline conducted on the first experimental session 
was identical to the procedure for a single tilt angle.

Dependent Variables
Dependent variables include 8 hemodynamic metrics 
and 7 autonomic indices. The hemodynamic meas-
urements considered were: (1) HR (beats per minute), 
(2) SV (milliliters), (3) cardiac output (CO; liters per min-
ute), (4) total peripheral resistance (TPR; millimeters of 
mercury per milliliter per second), (5) SBP (millimeters 
of mercury), (6) DBP (millimeters of mercury), (7) rate 
pressure product (RPP; millimeters of mercury per 
minute) used as a metric for myocardial stress and 
energy consumption,43 and (8) oxygen consumption 
(VO2; liters per minute).

Autonomic analysis was performed from mea-
surements of HR variability (HRV) and baroreflex 
sensitivity (BRS). HRV analysis can be performed 
over short duration timescales, often of the order 
of 5  minutes, although shorter analyses have been 
used successfully to analyze autonomic changes in 
parabolic flight over a single parabola.44 In particu-
lar, 2 key classes of HRV indices exist45: time- domain 
measures and frequency- domain measures. Time- 
domain measures are metrics related to the variation 
in the intrabeat interval between normal sinus beats 
(the NN interval). Frequency- domain metrics consider 
the distribution of intrabeat interval variation in the 
power spectral density of various frequency bands. 
Three time- domain and 3 frequency- domain indices 
were considered. The 3 time- domain indices were: 
(1) the standard deviation of the NN intervals (SDNN), 
(2) the root mean square of successive differences 
of the NN interval (RMSSD), and (3) HR variability 
triangular index (HRVTi). As a time- dependent mea-
sure of autonomic function, BRS was also included 
in this set of metrics. SDNN and HRVTi represent es-
timates of total HRV incorporating sympathetic and 
parasympathetic activity.45 RMSSD represents short- 
term variability and thus is closely correlated with 
vagal- mediated cardiac control.46 Finally, baroreflex 
efferents translate into HRV via the cardiac sinoatrial 
node, providing blood pressure buffering and cardi-
oprotection.47 Thus, BRS represents a metric of total 

autonomic control over the cardiovascular system via 
the arterial baroreflex, with implications in the regula-
tion of systemic fluid pressures.48,49 The 3 frequency- 
domain indices were: (1) spectral power density in 
the low- frequency (LF) (0.04– 0.15 Hz) band, (2) spec-
tral power density in the high- frequency (HF) (0.15– 
0.4 Hz) band, and (3) the ratio between LF and HF 
power spectral densities (LF/HF). Following the rec-
ommendations of the Task Force of the European 
Society of Cardiology and the North American 
Society of Pacing Electrophysiology,45 LF and HF are 
shown in both absolute units (milliseconds squared) 
and normalized units (LFNorm and HFNorm), which 
represent relative contributions of each power com-
ponent in proportion to the total power minus the 
very LF (0.0033– 0.04 Hz) component. LF is used as 
a marker of sympathetic activity (particularly when 
expressed in normalized units), HF is closely cor-
related with vagal activity, whereas LF/HF represents 
sympathovagal balance.45

Instrumentation and Data Collection
Hemodynamic measurements were collected using 
2 instruments, an Innocor inert gas rebreathing de-
vice (Cosmed: The Metabolic Company, Rome, Italy) 
and a Finapres NOVA (Finapres Medical Systems, 
Enschede, the Netherlands). Full calibration was per-
formed on devices daily, and ambient data calibra-
tions were also performed before each subject’s test 
(mean±SD: temperature 20.5±2.0 °C, relative humid-
ity 53.9±11.0%, pressure 767.2±4.8 mm Hg). Innocor 
rebreathes were performed at every tilt angle. The 
inert gas rebreathing method was used to obtain 
noninvasive measures of pulmonary blood flow by 
analyzing the changing concentrations of a soluble 
gas (NO, 5%) and an insoluble gas (sulfur hexafluor-
ide, 1%) in an oxygen- enriched air mixture over 5 to 
6 breaths. The mixture is rebreathed using a bag for 
≈30 seconds. During the rebreathe, subjects inspired 
and expired at a rate of 20 breaths per minute, fol-
lowing this rhythm with a metronome (respiration at 
all other times was at a normal relaxed respiration 
rate). After each rebreathe, the gas concentration 
traces were visually inspected by a trained operator 
to ensure correct function of the device. The Innocor 
device was used to measure HR, SV, CO, and VO2. 
Further details on the inert gas rebreathing method-
ology can be found in Whittle et al.16

Finapres data (finger arterial pulse contour wave-
form and 5- lead ECG) were collected continuously 
throughout the protocol. Pressure was corrected to 
heart level with a hydrostatic height sensor placed lat-
erally on the midcoronal plane at the fifth intercostal 
space. At each tilt angle, the Finapres pressure wave-
form was calibrated with a discrete blood pressure 
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measurement using a brachial sphygmomanometer. 
Finapres data were used to measure SBP, DBP, and 
RPP. Furthermore, TPR was calculated by Equation 1:

using the mean arterial pressure from the Finapres, 
and the CO from the Innocor. Autonomic indices were 
derived from the Finapres ECG trace and beat- to- beat 
RR interval. Calculations were performed automatically 
by the Finapres software. Three of the 4 time- domain 
measures (SDNN, RMSSD, and HRVTi) and all of the 
frequency- domain measures were continuously cal-
culated using a 300- second sliding window. The BRS 
measure used a 10- second sliding window to compute 
baroreflex sensitivity as the transfer gain of the cross- 
spectra between beat- to- beat SBP and RR interval, re-
sampled to 1 Hz.50 After visual inspection of the traces, 
measurements from the Finapres (hemodynamic and 
autonomic) were averaged using a 95% trimmed mean 
during the entire sixth minute at each tilt angle to give a 
single value for each subject condition. This ensured that 
there was no temporal overlap with the forced respiration 
rate imposed during the Innocor measurements, which 
could have influenced HRV.

Statistical Analysis
Data from the hemodynamic measurements were 
distributed approximately normally at each tilt Angle 
and Position (supine or prone) combination, assessed 
using Shapiro- Wilk tests. Two- factorial linear mixed- 
effects models (LMMs) were used to assess the effects 
of Angle and Position on the hemodynamic measure-
ments within subjects. Subjects were included as ran-
dom factors with Angle and Position (supine or prone) 
as fixed factors. LMMs were fit using restricted maxi-
mum likelihood. Diagnostic plots for all models were 
examined visually to confirm normality of residuals, and 
homoscedasticity was assessed using the Levine test. 
Data related to the autonomic response were severely 
right- skewed, with multiple violations of normality. 
Because all autonomic indices used are bounded by 
∈
[

0,∞
]

, and following a methodology used in multiple 
studies,51– 54 data were fit to generalized linear mixed- 
effects models (GLMMs) with a γ distribution and a log 
link (ie, expected value of the dependent variable µ is 
given by log[µ]=η, where η is the linear predictor) using 
the same fixed (ie, Angle and Position) and random (ie, 
subjects) factors as the LMMs. GLMMs were fit to max-
imum likelihood estimated via adaptive Gauss- Hermite 
quadrature.55 Diagnostic plots of all GLMMs were ex-
amined visually, and fit assessed using tests for disper-
sion, outliers, and distribution (Kolmogorov- Smirnof). 

LFNorm and HFNorm did not present the same het-
eroscedasticity, so were fit with LMMs as per the 
hemodynamic parameters. Significant effects of angle, 
position, or their interaction were followed by post hoc 
contrasts between the LMM/GLMM estimated mar-
ginal means and the seated baseline condition, which 
was used as the control condition. Significance was 
adjusted using the Dunnett many- to- one comparison 
test (α = 0.05).56 When only the factor Angle was signif-
icant, contrasts were performed disregarding the fac-
tor Position (ie, supine and prone values were pooled). 
Furthermore, when the factor Position was significant, 
a post hoc contrast between supine and prone was 
performed excluding the seated baseline. If this con-
trast was significant, then further contrasts were per-
formed between supine and prone at each tilt angle on 
the EMMs using the Benjamini- Hochberg correction 
for false discovery rates (α = 0.05 ).57

Gravitational dose- response curves between 45° 
HUT and 45° HDT were constructed for each depen-
dent variable by refitting the models (LMM and GLMM) 
without the seated baseline, using tilt angle as a quan-
titative continuous variable. Model fit was assessed as 
above. The following linear predictor (Equation 2) was 
used to generate dose- response curves for each de-
pendent variable measured:

where, for each dependent variable, the linear predictor 
� ij for subject i (i = 1: 12) in Position j ( j = 1: 2, supine and 
prone) is described by the tilt Angle (from +45°, HUT to 
– 45°, HDT), the fixed effects � (where �0 represents the 
intercept), the random intercept � i (associated with each 
subject and the within- subjects design), and the residual 
error �ij. Given that the gravitational vector is aligned with 
the global vertical plane (as opposed to the subject’s Gz 
axis), tilt angle was transformed using a sinusoid func-
tion,58 as can be seen in Equation  2. Dose- response 
curves are shown as mean and 95% confidence band. 
If the main effect of the factor Position was not signifi-
cant, supine and prone data were pooled (ie, the dose- 
response curve is modeled using only the factor Angle). 
If the main effect of Angle was not significant, tilt angle 
data were pooled (ie, the dose- response curve is just 
modeled using the factor Position). None of the interac-
tion effects were statistically significant, and therefore, 
they were not included in the model.

All statistical analyses were completed using R 
version 4.1.059 with LMMs and GLMMs fit using the 
lme455 and glmmTMB60 packages. Diagnostics were 
assessed using the lmerTest61 and DHARMa62 pack-
ages. Adjusted means and contrasts were calculated 

(1)TPR =
mean arterial pressure

CO

(2)
� ij=�0+�1sin(Angle)+�2

(

Positionj
)

+�3
(

sin(Angle)×Positionj
)

+� i+�ij
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using the emmeans package.63 Significance level was 
set at α = 0.05 (2- sided).

RESULTS
Hemodynamic Response
Figure 1 shows the evolution of hemodynamic param-
eters (mean±SE) as a function of tilt angle (including 
the seated baseline). Table  2 reports the results of 
the LMM analyses. There were no significant interac-
tion effects between Angle and Position in any of the 
models. All hemodynamic parameters except for VO2 
showed a significant effect of Angle, and all hemody-
namic parameters except for SBP showed a signifi-
cant effect of Position. A follow- up contrast between 
supine and prone positions (excluding the seated 
baseline) also showed no difference in DBP. HR de-
creased with increasing HDT (P<0.001), and HR in the 
prone position was significantly higher than in the su-
pine position at most of the tilt angles. On average, 
HR in the prone position was 5.5±2.1 bpm (95% CI, 
1.6– 9.3  bpm) higher than HR in the supine position. 
The SV and CO increased significantly with increasing 
HDT (P<0.001 and P<0.001, respectively). On average, 
SV in the supine position was 8.8±1.5 mL (95% CI, 5.8– 
11.8 mL; P<0.001) higher than SV in the prone position, 
with significant differences in a pairwise comparison 
between supine and prone at 15° HUT, 0°, 15° HDT, 
30° HDT, and 45° HDT. Differences between CO in 
the supine and prone positions were found marginally 
significant (P=0.048), with CO in the supine position 
being 0.2±0.1 L/min (95% CI, 0.0– 0.4 L/min; P=0.048) 
higher than CO in the prone position. However, no 
significant differences were found in an adjusted pair-
wise comparisons at each tilt angle. TPR decreased 
significantly with increasing HDT (P<0.001). There was 
no main effect of Position on SBP (P=0.251). However, 
SBP showed a gentle (and significant) decrease with 
increasing HDT (P=0.005). SBP decreased from 
128.6±3.3 mm Hg (95% CI, 123.2– 133.9 mm Hg) at 45° 
HUT to 124.4±2.7 mm Hg (95% CI, 119.0– 129.8 mm Hg) 
at 45° HDT. SBP was only significantly different from 
the seated baseline at 30° HDT. DBP also decreased 
significantly with increasing HDT (P<0.001). Although 
there was a main effect for Position in DBP (P<0.002), 
significant differences were not found between supine 
and prone positions (P=0.172) (ie, the main effect in 
Position is most likely driven by differences from the 
seated baseline). DBP was significantly different from 
the seated baseline at 0°, 15° HDT, 30° HDT, and 
45° HDT. On average, the RPP in the prone position 
was 480±141 mm Hg/min (95% CI, 200– 759 mm Hg/
min; P<0.001) higher than in the supine position. In 
addition, RPP also decreased with increasing HDT 
(P<0.001), showing significant differences between the 

seated baseline and 45° HUT (prone), 30° HDT (supine 
and prone), and 45° HDT (supine and prone). Finally, 
there was no main effect of Angle on VO2 (P=0.244). 
However, VO2 was significantly higher in the prone po-
sition than in the supine position, with an average in-
crease of 0.04±0.01 L/min (95% CI, 0.02– 0.06 L/min; 
P<0.001) between the 2 conditions.

Autonomic Response
Figure 2 shows the evolution of time- domain autonomic 
indices (mean±SE) as a function of tilt angle (including 
the seated baseline). Table 2 reports the results of the 
GLMM analyses. There were no statistically significant 
interaction effects between Angle and Position in any 
of the indices. All 4 indices showed statistically signifi-
cant main effects of Angle (SDNN: P<0.001; RMSSD: 
P<0.001; HRVTi: P<0.001; BRS: P<0.001), where all pa-
rameters increased with increased angles of HDT. The 
statistical analysis did not reveal a significant effect of 
Position in SDNN (P=0.214) or HRVTi (P=0.710). Results 
for BRS did not reveal statistically significant differences 
between the prone and supine position (P=0.066). Thus, 
supine and prone results were pooled for SDNN, HRVTi, 
and BRS. The SDNN index increased from 36.4±3.7 ms 
(95% CI, 30.0– 44.8  ms) at 45° HUT to 58.0±5.9  ms 
(95% CI, 47.4– 70.8 ms) at 45° HDT and was significantly 
different from the seated baseline at 45° HUT and 30° 
HUT. The HRVTi index increased from 9.0±0.8 (95% CI, 
7.5– 10.7) at 45° HUT to 12.3±1.1 (95% CI, 10.3– 14.8) at 
45° HDT and was significantly different from the seated 
baseline at 45° HUT and 30° HUT. The BRS index in-
creased from 6.6±0.7 ms/mm Hg (95% CI, 5.3– 8.3 ms/
mm Hg) at 45° HUT to 17.1±2.0 ms/mm Hg (95% CI, 
13.6– 21.5 ms/mm Hg) at 45° HDT and was significantly 
different from the seated baseline at 45° HUT, 30° 
HDT, and 45° HDT. Finally, RMSSD was, on average, 
1.16±0.05 (95% CI, 1.06– 1.25; P<0.001) times (statisti-
cally significantly) higher in supine than in prone (ratio and 
tests on log scale for GLMMs), although adjusted pair-
wise comparisons did not show significant differences 
at any tilt angle. The RMSSD index increased in the su-
pine position from 17.6±2.7 ms (95% CI, 13.0– 23.8 ms) 
at 45° HUT to 40.5±6.4 ms (95% CI, 29.7– 55.0 ms) at 
45° HDT, and in prone position from 16.4±2.6 ms (95% 
CI, 12.1– 22.3 ms) at 45° HUT to 33.8±5.2 ms (95% CI, 
25.0– 45.8 ms) at 45° HDT. RMSSD was significantly dif-
ferent from the seated baseline at 45° HUT, 30° HUT, 
and 15° HUT (in both the supine and prone positions), 
and at 0° (only in prone position).

Figure  3 shows the evolution of the frequency- 
domain autonomic indices (mean±SE) as a function 
of tilt angle (including the seated baseline). Table  2 
reports the results of the LMM and GLMM analy-
ses. There were no statistically significant interaction 
effects between Angle and Position or statistically 
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significant main effect of Position in any of the indi-
ces. Thus, supine and prone results were pooled for 
all frequency- domain variables considered. All indi-
ces showed statistically significant main effects of 
Angle (LF: P<0.001; LFNorm: P<0.001; HF: P<0.001; 

HFNorm: P<0.001; LF/HF: P<0.001). LF increased 
from 516±77  ms2 (95% CI, 385– 691  ms2) at 45° 
HUT to 888±134 ms2 (95% CI, 661– 1192 ms2) at 45° 
HDT, with statistically significant differences from the 
seated baseline at 45° HUT and 30° HUT. Similarly, 

Figure 1. Hemodynamic variables as a function of tilt angle in supine (Sup) (―, •) and prone (Pr) (-  -  - , ○) positions, collected 
on 12 male subjects.
Measurements were taken at a seated baseline, 45° head- up tilt (HUT), 30° HUT, 15° HUT, 0°, 15° head- down tilt (HDT), 30° HDT, and 
45° HDT. Data are presented as mean±SE at each tilt angle. Asterisks (*; black, supine; grey, prone) indicate statistically significant 
differences between a specific tilt condition and the seated baseline condition. When the statistical analysis indicated no significant 
differences between the supine and prone positions, these conditions were pooled (see systolic blood pressure [SBP] and diastolic 
blood pressure [DBP]; in these cases, black asterisks represent both positions together). Pound signs (#) represent statistically 
significant differences between prone and supine postures at a given angle. A, Heart rate (HR). B, Stroke volume (SV). C, Cardiac 
output (CO). D, Total peripheral resistance (TPR). E, Systolic blood pressure (SBP). F, Diastolic blood pressure (DBP). G, Rate pressure 
product (RPP). H, Oxygen consumption (VO2). ***P<0.001. **P<0.01. *P<0.05. ###P<0.001. ##P<0.01. #P<0.05.
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HF increased from 98±24 ms2 (95% CI, 60– 160 ms2) 
at 45° HUT to 407±102 ms2 (95% CI, 249– 665 ms2) 
at 45° HDT, with statistically significant differences 
from the seated baseline at 45° HUT, 30° HUT, 15° 
HUT, and 0°. However, when expressed in normalized 
units, LFNorm (ie, the proportion of total power minus 
very LF power) decreased from 83.8±2.9% (95% CI, 
78.0%– 89.6%) at 45° HUT to 68.2±2.9% (95% CI, 
62.3%– 74.0%) at 45° HDT. Accordingly, HFNorm in-
creased from 16.2±2.9% (95% CI, 10.4%– 22.0%) at 
45° HUT to 31.8±2.9% (95% CI, 26.0%– 37.7%) at 45° 
HDT. LFNorm and HFNorm differed from the seated 
baseline at 45° HUT and 30° HUT. Thus, LF/HF de-
creased from 5.7±0.9 (95% CI, 4.2– 7.8) at 45° HUT to 
2.5±0.4 (95% CI, 1.8– 3.4) at 45° HDT, differing from 
the seated baseline at 45° HUT.

Dose- Response Curves
Figures  4 and 5 show the estimated dose- response 
curves for all of the hemodynamic and autonomic 
parameters considered within the range of 45° HUT 
to 45° HDT. Curves are shown as mean and 95% CI. 
Because there was no difference between supine and 
prone for SBP, DBP, SDNN, HRVTi, BRS, LF, LFNorm, 
HF, HFNorm, and LF/HF, supine and prone position re-
sults were pooled, and these dose- response curves are 
combined into a single estimate. The dose- response 
curves corresponding to VO2 are modeled as constant 
functions for supine and prone positions, because the 
statistical analysis did not show a significant effect of 
Angle. Model details are shown in Table S1.

DISCUSSION
This study investigated the acute gravitational de-
pendence of cardiovascular hemodynamics and au-
tonomic control in a tilt paradigm. To our knowledge, 
this study represents the most comprehensive analysis 
of hemodynamic and autonomic responses over the 
widest range of tilt angles to date, while also consider-
ing supine and prone differences. Our main findings 
show that: (1) Almost all hemodynamic parameters and 
autonomic indices present a strong gravitational de-
pendence. (2) The effect of body position (supine or 
prone) is important for HR, SV, CO, TPR, and VO2, but 
not for blood pressure or autonomic regulation. (3) In 
the range between 45° HUT and 45° HDT, linear mod-
els can effectively describe the relationship between 
tilt angle and hemodynamic/autonomic response. 
Some studies have previously considered the hemo-
dynamic,27,28 autonomic,64 or endocrine58 response 
to acute graded HUT. Other studies have considered 
the hemodynamic25,26 or autonomic26,65 response to 
graded HDT. However, studies that investigated both 
HUT and HDT are scarce. Lieshout et al29 considered 
hemodynamic response in 9 subjects at 20° HUT, hori-
zontal 0°, and 20° HDT (all supine). Furthermore, we 
could find no studies that considered supine and prone 
hemodynamic differences in HUT or HDT. Additionally, 
only the László et al58 study on autonomic response to 
graded HUT attempts to fit dose- response curves to 
the experimental data. Thus, the present study gives 
unique insight into the complete gravitational and pos-
tural cardiovascular response over both HUT and HDT, 
in the supine and prone positions, with applications in 
spaceflight and terrestrial surgery.

Multiple studies have shown either a decrease in 
CO with increased angles of HUT from the supine 
posture, or an increase in CO with increased angles 
of HDT.11,27,30,66 With respect to the horizontal supine 
0° posture, our 21.9% (95% CI, 12.8%– 31.0%) de-
crease in CO to 30° HUT matches closely the 19% 

Table 2. Statistical Results of the Linear Mixed Model and 
Generalized Linear Mixed Model Analysis

Variable

P value

Angle Position*
Angle × 
position

Supine vs 
prone†

Hemodynamic measurements

HR <0.001‡ <0.001‡ 0.609 <0.001‡

SV <0.001‡ <0.001‡ 0.157 <0.001‡

CO <0.001‡ <0.001‡ 0.266 0.048§

TPR <0.001‡ <0.001‡ 0.834 0.024§

SBP 0.005|| 0.251 0.645 …

DBP <0.001‡ 0.003|| 0.997 0.172

RPP <0.001‡ <0.001‡ 0.308 <0.001‡

VO2 0.244 <0.001‡ 0.915 <0.001‡

Time- domain autonomic indices

SDNN <0.001‡ 0.214 0.656 …

RMSSD <0.001‡ 0.002|| 0.789 <0.001‡

HRVTi <0.001‡ 0.710 0.555 …

BRS <0.001‡ <0.001‡ 0.386 0.066

Frequency- domain autonomic indices

LF <0.001‡ 0.106 0.776 …

HF <0.001‡ 0.250 0.515 …

LFNorm <0.001‡ 0.745 0.615 …

HFNorm <0.001‡ 0.746 0.615 …

LF/HF <0.001‡ 0.300 0.084 …

Fixed factors included Angle, Position, and their interaction. Subjects 
were included as random factors. See text for model details. BRS, baroreflex 
sensitivity; CO, cardiac output; DBP, diastolic blood pressure; HF, high 
frequency; HFNorm, normalized high frequency; HR, heart rate; HRVTi, 
heart rate variability triangular index; LF, low frequency; LFNorm, normalized 
low frequency; RMSSD, , root mean square of successive differences of NN 
intervals; RPP, rate pressure product; SBP, systolic blood pressure; SDNN, 
standard deviation of NN intervals; SV, stroke volume, TPR, total peripheral 
resistance; and VO2, oxygen consumption.

*Main effect of Position includes seated baseline.
†Post hoc contrast to determine whether there is a true difference between 

supine and prone positions (ie, does not include seated baseline).
‡P<0.001.
§P<0.05.
||P<0.01.
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decrease found by Tuckman et al.67 They did not 
measure CO at 15°, but our decrease of 14.2% (95% 
CI, 5.1%– 23.3%) at 15° HUT is between their reported 
changes at 10° HUT (5% decrease) and 20° HUT 
(17% decrease). Similarly, Bundgaard- Nielsen et al68 
found a decrease in CO by 0.7 L/min (95% CI, 0.2– 
1.2 L/min) from 0° supine to 45° HUT, which is within 
our 95% confidence limits of a 1.4  L/min (95% CI, 
0.6– 2.2 L/min) decrease, although they did not see 
an increase in CO during any angles of HDT (15°, 45°, 
70°, or 90° HDT). Stroke volume is principally con-
trolled by the Frank- Starling mechanism. During HUT, 
a reduction in central blood volume and reduced ve-
nous return because of pooling in the abdominal and 

lower extremity vasculature leads to decreased car-
diac filling and left ventricular end- diastolic pressure, 
reduced myocyte stretch, and hence, reduced con-
traction force and lower SV. Conversely, we expect 
the opposite behavior in graded HDT; the cephalad 
fluid shift leads to increased central blood volume, 
increased left ventricular end- diastolic pressure 
and thus increased SV.69 The reduction in HR with 
HDT (and increase with HUT), along with the reduc-
tion in TPR, are primarily driven by autonomic ac-
tivity.70,71 In HDT, increased pressure on the arterial 
baroreflex stimulates vagal activity while simultane-
ously withdrawing sympathetic nervous stimulation, 
promoting a bradycardic response together with 

Figure 2. Time- domain autonomic indices as a function of tilt angle in supine (Sup) (―, •) and 
prone (Pr) (-  -  - , ○) positions, collected on 12 male subjects.
Measurements were taken at a seated baseline, 45° head- up tilt (HUT), 30° HUT, 15° HUT, 0°, 15° head- 
down tilt (HDT), 30° HDT, and 45° HDT. Data are presented as mean±SE at each tilt angle. Asterisks (*; 
black, supine; grey, prone) indicate statistically significant differences between a specific tilt condition and 
the seated baseline condition. When the statistical analysis indicated no significant differences between 
the supine and prone positions, these conditions were pooled (where noted, black asterisks represent 
both positions together). A, Standard deviation of NN intervals (normalized RR intervals) (SDNN). B, Root 
mean square of successive differences of NN intervals (RMSSD). C, Heart rate variability triangular index 
(HRVTi). D, Baroreceptor sensitivity (BRS). ***P<0.001. **P<0.01. *P<0.05.
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vasorelaxation.69 The converse is true in HUT; HR and 
TPR increase with HUT, driven by vagal withdrawal 
and sympathetic stimulation, which promote tachy-
cardia and vasoconstriction. This explanation is sup-
ported by our findings on HRV. However, the fact that 
CO still increases in HDT indicates that the increase 
in SV is proportionally greater than the reduction in 
HR.

Our results also indicate a reduction of SBP with 
increasing HDT, but this is only a small change. 
Between 45° HUT and 45° HDT, SBP decreases by 
4.2±2.7 mm Hg (95% CI, −3.1 to 11.5 mm Hg), which is 
equivalent to 3.3% of the seated baseline SBP. On the 
other hand, DBP presents a larger decrease over the 
same interval. Between 45° HUT and 45° HDT, DBP de-
creases by 8.6±1.9 mm Hg (95% CI, 3.5– 13.7 mm Hg) 
or 10.4% of the seated baseline value. In the absence 
of syncope (which we did not observe in any of our 
subjects), this is to be expected, because maintenance 

of arterial pressure is the primary function of cardiovas-
cular control.69 In effect, the rest of the hemodynamic 
and autonomic changes we observe in tilt are affected 
to maintain arterial pressure. Our results fall between 
Mukai and Hayano,72 who observed no changes in ei-
ther SBP or DBP in graded HUT, and Zaidi et al,27 who 
found an increase of 11.9% and 20.3% in SBP and 
DBP, respectively, from horizontal supine to 45° HUT. 
The data also align with Mosqueda- Garcia et al,73 who 
found little change in SBP, a small increase in DBP, and 
an increase of around 14 bpm in HR when subjects 
were tilted from 0° supine to 45° HUT compared with 
our increase of 13.3±1.9 bpm (95% CI, 7.6– 19.1 bpm) 
under the same conditions. Although SBP is essen-
tially controlled in tilt, we hypothesize that the apparent 
reduction in DBP with HDT is an artifact of bradycar-
dia combined with vasorelaxation in the terminal re-
sistance arterioles, increasing both the diastolic time 
interval and the rate of pressure drop during diastole.74 

Figure 3. Frequency- domain autonomic indices as a function of tilt angle in supine (Sup) (―, •) and prone (Pr) (-  -  - , ○) 
positions, collected on 12 male subjects.
Measurements were taken at a seated baseline, 45° head- up tilt (HUT), 30° HUT, 15° HUT, 0°, 15° head- down tilt (HDT), 30° HDT, and 
45° HDT. Data are presented as mean±SE at each tilt angle. Asterisks (*; black, supine; grey, prone) indicate statistically significant 
differences between a specific tilt condition and the seated baseline condition. When the statistical analysis indicated no significant 
differences between the supine and prone positions, these conditions were pooled (where noted, black asterisks represent both 
positions together). A, Power density in the low- frequency range (0.04– 0.15 Hz) (LF). B, Power density in the high- frequency range 
(0.15– 0.4 Hz) (HF). C, Normalized low frequency (LFNorm). D, Normalized high frequency (HFNorm). E, Ratio of low to high power 
densities (LF/HF ratio). ***P<0.001. **P<0.01. *P<0.05.
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Because blood pressure is largely maintained, brady-
cardia in HDT also leads to a reduction in RPP, indi-
cating a reduction in myocardial oxygen consumption 
with HDT. Although, on appearance, this may provide 
evidence for a reduced risk of cardiovascular events 
during reduced gravity conditions,75 long- term car-
diovascular deconditioning likely outweighs any acute 
benefits.76

VO2 was the only hemodynamic parameter that did 
not show a strong response to tilt. Studies on cardio-
pulmonary response to graded tilt are scarce. Diaz- 
Artiles et al14 found no difference in VO2 consumption 
at rest across a range of tilt angles from 90° HUT to 
6° HDT. Furthermore, our results are concordant with 
Prisk and his colleagues, who noted no significant 
change to VO2 between standing and supine on Earth, 

Figure 4. Estimated gravitational dose- response curves for hemodynamic parameters in the range 45° head- up tilt (HUT) 
to 45° head- down tilt (HDT).
Curves were fit via linear mixed- effects models as described in the main text. Curves are presented as mean±95% CI. Blue, supine; 
red, prone; green, supine and prone pooled. A, Heart rate (HR). B, Stroke volume (SV). C, Cardiac output (CO). D, Total peripheral 
resistance (TPR). E, Systolic blood pressure (SBP). F, Diastolic blood pressure DBP). G, Rate pressure product (RPP). H, Oxygen 
consumption (VO2).
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or in microgravity, in a study of 8 subjects on space 
shuttle missions Spacelab Life Sciences- 1 (SLS- 1) 
and SLS- 2.77 Based on these findings, we preliminarily 
conclude that VO2, and more broadly pulmonary func-
tion, is more dependent on the gravitational vector in 
the Gx direction (which also supports our experimental 

results indicating VO2 differences between prone and 
supine positions) than in the Gz direction, most likely as 
a result of the weight of the thoracic cavity.78

HRV indices provide additional insight into auto-
nomic responses to changes in gravitational loads. 
Our results indicate that, in general, HRV increases 

Figure 5. Estimated gravitational dose- response curves for autonomic parameters in the range 45° head- up tilt (HUT) to 
45° head- down tilt (HDT).
Curves were fit via linear mixed- effects models (LFNorm and HFNorm) and generalized linear mixed- effects models (remaining 
parameters) as described in the main text. Curves are presented as mean±95% CI. Blue, supine; red, prone; green, supine and prone 
pooled. A, Standard deviation of NN intervals (normalized RR intervals) (SDNN). B, Root mean square of successive differences of 
NN intervals (RMSSD). C, Heart rate variability triangular index (HRVTi). D, Baroreceptor sensitivity (BRS). E, Power density in the low 
frequency range (0.04– 0.15 Hz) (LF). F, Power density in the high frequency range (0.15– 0.4 Hz) (HF). G, Normalized low frequency 
(LFNorm). H, Normalized high frequency (HFNorm). I, Ratio of low to high power densities (LF/HF ratio).
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with increasing angles of HDT (shown by the increase 
in HRVTi; Figure 2C). The increase in SDNN (Figure 2A) 
points to a combined increase in sympathetic and 
vagal activity.45 Results indicate, based on changes 
in RMSSD (Figure  2B) and HF (Figure  3B and 3D), 
that vagal activity increases with HDT. Conversely, 
although the total power spectral density in the LF 
band increases with HDT (Figure 3A), we noticed that, 
in normalized units (Figure  3C), LF power decreases 
with increasing HDT. The Task Force of the European 
Society of Cardiology and the North American Society 
of Pacing Electrophysiology45 recommends using LF 
in absolute units as an index of total sympathovagal 
activity, whereas LFNorm is more indicative as marker 
for sympathetic activity only. Taking all the indices to-
gether, results indicate an increase in vagal activity and 
sympathetic withdrawal with HDT. Once again, com-
parison with previous literature is precluded by the 
limited number of studies considering HRV in graded 
tilt. Our results are congruent with Sharma et al,79 who 
considered 10° and 70° HUT, finding an increase in 
sympathetic activity (increased LFNorm and LF/HF 
ratio) and vagal withdrawal (decreased HFNorm and 
RMSSD) combined with an overall decrease in auto-
nomic activity (decreased SDNN), compared with the 
0° supine position. Similarly, Malhotra et al80 found a 
decrease in sympathetic activity in 30° HDT (decrease 
in LFNorm) compared with the 0° supine position, 
whereas both Mosqueda- Garcia et al73 and Saito et 
al81 found an increase in sympathetic activity in HUT. 
We also noted an increase in BRS (Figure  2D) from 
6.6±0.8  ms/mm  Hg (95% CI, 5.3– 8.3  ms/mm  Hg) 
at 45° HUT to 17.1±2.0  ms/mm  Hg (95% CI, 13.6– 
21.5 ms/mm Hg) at 45° HDT. This is congruent with 
Schroeder et al,30 who noted that HUT suppressed 
baroreflex sensitivity. Our values in the seated position 
(baseline) and horizontal 0° closely match those given 
in a review by Rovere et al.49 Although our study did 
not differentiate between the relative sensitivity of the 
2 divisions of the autonomic system, O’Leary et al82 
suggest that during HUT, the sympathetic arm is the 
dominant mediating cardiovascular control.

Differences in supine versus prone positioning on 
cardiac function also match what has been previ-
ously reported in the literature. Dharmavaram et al83 
compared HR, SV, and CO between 0° supine and a 
variety of prone positioning systems designed for spi-
nal surgery. Although they do not use a control group 
(ie, simple 0° prone position with no positioning de-
vice), their data using the Jackson spinal table and 
the longitudinal bolster are the most insightful (hori-
zontal position, body anatomically straight). They re-
ported a nonsignificant decrease of 0.5±0.6 L/min in 
cardiac output from supine to prone on the Jackson 
table, which closely matches our 0.54±0.25  L/min 
(95% CI, −0.15 to 1.23 L/min; P=0.202) decrease from 

supine to prone at 0°. Furthermore, they reported a de-
crease of 7.2±4.7 mL in SV on the Jackson table, and 
14.8±6.6 mL using the longitudinal bolster. These val-
ues are in close agreement with our 13.1±4.0 mL (95% 
CI, 2.2– 24.1  mL; P=0.005) decrease from supine to 
prone at 0°. It must be noted that Dharmavaram et al83 
also found a decrease in HR of 6±3 bpm from supine to 
prone (Jackson table) compared with the increase that 
we found at 0° (5.7±1.9 bpm; 95% CI, 0.5– 10.9 bpm; 
P=0.008). We hypothesize that this decrease could 
potentially be attributable to differences in their meth-
odology; patients were in an anesthetized state, with 
supine measurements performed first and prone mea-
surements performed sometime later. Fentanyl, vecu-
ronium, and thiopental used by Dharmavaram et al83 in 
the anesthetization process have varying temporal ef-
fects on HR and autonomic function.84– 86 Further stud-
ies found no change in blood pressure between the 
prone and supine positions, but increased TPR and re-
duced SV and CO in the prone position compared with 
the supine position.87– 90 Studies by Sudheer et  al,89 
Schaefer et al,90 Yap et al,91 and Pump et al88 also 
found increased HR in the prone position. These data 
are all in agreement with our findings. Taken together, 
the hemodynamic differences between prone and su-
pine are likely explained by compression of the thorax 
and inferior vena cava, reducing venous return.90,92 This 
is combined with attenuated pulsation of the arteries 
while in the prone position, further inhibiting barore-
flex function, leading to increased sympathetic ner-
vous system activity and hence an increase in HR and 
vascular resistance.88 Blood pressure is maintained 
between prone and supine postures via the concomi-
tant reflexive peripheral vasoconstriction.92 We further 
suggest that the increase in VO2 seen in the prone 
position may be a result of this thorax compression. 
Studies have shown that limited thorax compression 
can increase ventilatory efficiency by reducing expira-
tory cost,93 and the additional pressure on the muscu-
lature of the thorax may lead to a dyspnea sensation in 
subjects, reflexively inducing hyperventilation and thus 
increasing VO2.

94 Pump et al88 further suggested that 
these findings identify a limitation of the 6° HDT micro-
gravity analog in that cardiac function is regulated by 
the gravitational vector in the Gx direction as well as 
the Gz direction. Our results also support this conclu-
sion. Furthermore, we found RMSSD to be significantly 
higher in the supine position. Viewing RMSSD as an 
index of vagal activity, this supports the hypothesis of 
vagal withdrawal because of baroreflex inhibition when 
prone, leading to a higher HR compared with the su-
pine position.

Our study only considers angles from 45° HUT 
to 45° HDT; over this interval the tilt angle and its re-
spective sine differ by <10%. Therefore, we construct 
dose- response curves using the sine of the tilt angle 
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rather than the angle itself to capture the underlying 
mechanisms as accurately as possible. This follows 
the methodology of multiple other studies including 
Critchley et al95 (mean arterial pressure, HR, and SV), 
Khurana et al96 (HR, SBP, and DBP), and Smith et al97 
(SV, CO, and TPR). In line with these studies, if we were 
to expand our range of measurement from 90° HUT to 
90° HDT, we would hypothesize to see the linear trend 
continue in the sine of the angle between ±1. Thus, this 
would set maximal and minimal responses when angle 
is represented on a linear scale. These dose- response 
curves form a comprehensive baseline for the range 
of hemodynamic parameters and autonomic indices 
across a range of tilt angles representing a change in 
the direction of the gravitational vector.

The development of dose- response curves for 
cardiovascular and autonomic function is an import-
ant stage in the development of countermeasures 
for cardiovascular degradation during spaceflight. In 
particular, cardiac deconditioning is currently limited 
by a mixture of aerobic and resistive exercise on the 
International Space Station,98– 100 but mass and vol-
ume constraints necessitate novel concepts to protect 
astronaut health on future missions to the Moon and 
Mars.101 Furthermore, spaceflight associated neuro- 
ocular syndrome, the name given to the collective set 
of degenerative ocular changes that occur in long- 
duration spaceflight, is widely hypothesized to be asso-
ciated with the cephalad fluid shift caused by removal 
of hydrostatic gradients.15,102,103 Potential countermea-
sures, such as lower body negative pressure104– 107 or 
short radius centrifugation,39,41,42,108 may provide relief 
from these degrading effects. However, to accurately 
measure their effectiveness, it is necessary to have a 
comprehensive baseline to support countermeasure 
development.

Tilt studies also have important application out-
side of human spaceflight. Multiple surgeries, includ-
ing lower abdominal surgery, central venous catheter 
placement, and minimally invasive glaucoma surgery, 
are often performed in the Trendelenburg position 
(ie, 15°– 30° HDT) to facilitate access to pelvic organs 
and/or improve surgeon positioning. However, there 
is controversy over the efficacy of this positioning and 
its potential adverse complications.109– 111 Similarly, the 
use of a Wilson frame (or equivalent) in back surgery 
places the patient in a prone position where the head 
is hydrostatically lower than the heart.83,112 A greater 
understanding of the hemodynamic and operative 
response to such conditions may improve perioper-
ative management and clinical decision making.113 
Finally, the recent COVID- 19 pandemic has brought 
to public attention the practice of proning patients 
with SARS- CoV- 2 to improve respiratory function.114 
These dose- response curves provide a reference from 
nonpathological subjects that can be used for clinical 

management purposes to assess expected hemody-
namic and autonomic variation. This has applications 
in surgical cases such as Trendelenburg positioning or 
surgeries using spinal frames, along with tests of or-
thostatic response.113

Limitations
We acknowledge several limitations of our study. First, 
our study population consisted of only male subjects, 
which limits variability in our results. However, Arzeno 
et al115 noted sex differences in baroreflexive control of 
blood pressure. On the other hand, Patel et al116 found 
no significant effect of sex on autonomic indices in a 
protocol involving HUT, HDT, and lower body negative 
pressure. Future work should examine the impact of 
sex on the metrics considered as well as their underly-
ing physiological mechanisms. Second, our study only 
measured acute responses. Much literature has re-
ported on the long- term effects of altered gravity envi-
ronments, and our investigation did not consider those 
hemodynamic changes with a longer time course, for 
example cardiovascular degradation,4,76 reduction in 
total blood volume because of endocrine response, or 
long- term autonomic changes.7,31,117 However, we be-
lieve that understanding and mapping the physiologi-
cal mechanisms behind the acute response to altered 
gravity still provides insight into the expected response 
to countermeasures. Furthermore, there are also situ-
ations in spaceflight where optimal operational perfor-
mance is critical immediately after a gravity transition 
(for example, immediately after entering orbit or land-
ing), when the acute response is dominant.

The entire study was conducted using noninvasive 
methods. Future work should consider the addition of 
more invasive measurements to improve accuracy and 
provide additional dose- response relationships. In par-
ticular, a direct measurement of cardiac output would 
provide the most accurate dose- response relationship, 
because there are observable differences between the 
results of different methodologies.16,118 Furthermore, 
for the autonomic measures, samples of blood plasma 
catecholamines, and other neurohormones, along with 
intracellular magnesium levels,119,120 could provide fur-
ther insights into cardiovascular control. Finally, inva-
sive measurement of central venous pressure would 
provide informative data on cardiac loading conditions 
and thoracic blood volume.121,122

CONCLUSIONS
We implemented a tilt paradigm to investigate the acute 
changes in multiple hemodynamic parameters and 
autonomic indices across a range of 45° HUT to 45° 
HDT in both supine and prone positions. Our data re-
vealed a strong gravitational dependence of almost all 
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metrics considered, explained by cephalad fluid shift in 
HDT combined with alterations of baroreflex function. 
Based on the experimental data collected, we con-
structed gravitational dose- response curves for all vari-
ables across the tilt ranges considered. Furthermore, 
we confirmed statistically significant differences be-
tween supine and prone positions in HR, SV, CO, TPR, 
and VO2, but not in blood pressure. This difference is 
likely attributable to thorax compression inhibiting ba-
roreflex function while prone, leading to an increase in 
sympathetic activity. These findings lead to a greater 
understanding of acute cardiovascular hemodynam-
ics in altered gravity, whereas the gravitational dose- 
response curves provide a unique and comprehensive 
baseline to support spaceflight countermeasure devel-
opment, as well as other Earth applications, such as 
terrestrial surgery in prone or HDT positions.
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SUPPLEMENTAL MATERIAL



Table S1. Estimated model coe�cients for the gravitational dose-response curves displayed in Figures 4 and 5 generated by 
linear mixed models (LMMs) and generalized linear mixed models (GLMMs). Estimated coe�cients are presented as 
mean ± SE. Only significant terms were included in the models.

Estimated Coe�cients§ Std Dev
of Random

E�ect††Model† Link‡ Units V0 V1 V2
Intercept sin(Angle) || Position¶

Hemodynamic Measurements:
HR LMM ` = [ bpm 71.4 ± 2.0 12.4 ± 1.1 5.6 ± 0.7 6.6
SV LMM ` = [ ml 75.3 ± 3.1 �29.3 ± 1.6 �8.8 ± 1.6 9.9
CO LMM ` = [ l/min 5.20 ± 0.19 �1.30 ± 0.10 �0.19 ± 0.10 0.61
TPR LMM ` = [ mmHg.s/ml 1.13 ± 0.04 0.41 ± 0.03 0.07 ± 0.03 0.12
SBP LMM ` = [ mmHg 124.0 ± 1.9 4.1 ± 1.5 – 6.0
DBP LMM ` = [ mmHg 76.7 ± 1.2 7.8 ± 1.1 – 3.6
RPP LMM ` = [ mmHg/min 8477 ± 239 1638 ± 145 486 ± 140 752
VO2 LMM ` = [ l/min 0.23 ± 0.02 – 0.04 ± 0.01 0.05
Time-Domain Autonomic Indices:
SDNN GLMM ln (`) = [ ms 3.928 ± 0.096 �0.300 ± 0.037 – 0.148
RMSSD GLMM ln (`) = [ ms 3.399 ± 0.148 �0.559 ± 0.044 �0.147 ± 0.041 0.213
HRVTi GLMM ln (`) = [ – 2.419 ± 0.083 �0.199 ± 0.037 – 0.131
BRS GLMM ln (`) = [ ms/mmHg 2.422 ± 0.104 �0.631 ± 0.054 – 0.184
Frequency-Domain Autonomic Indices:
LF GLMM ln (`) = [ ms2 6.564 ± 0.125 �0.326 ± 0.074 – 0.238
HF GLMM ln (`) = [ ms2 5.470 ± 0.243 �1.080 ± 0.100 – 0.490
LFNorm LMM ` = [ – 73.6 ± 2.4 13.1 ± 1.6 – 7.8
HFNorm LMM ` = [ – 26.4 ± 2.4 �13.1 ± 1.6 – 7.8
LF/HF GLMM ln (`) = [ – 1.198 ± 0.129 0.634 ± 0.078 – 0.268

Notes:
†All models use a linear predictor of the form: [8 9 = V0 + V1sin (�=6;4) + V2

�
%>B8C8>= 9

�
+ W8 + Y8 9 for subjects 8 (8 = 1 : 12) and position 9

( 9 = 0 : 1). All GLMMs have a Gamma distribution.
‡Link function between the linear predictor, [, and the expectation of the dependent variable, `.
§For GLMMs, coe�cients V are given on the scale of the linear predictor for subject 8, [8 = XV + W8 . The coe�cient V3 corresponding to the
interaction e�ect sin (�=6;4) ⇥ %>B8C8>= was never significant so was not included in the models or table.
||Sine of tilt angle from �0.707 (sin (�45�)) to 0.707 (sin (45�)), positive angles represent head up tilt, negative angles represent head down tilt.
¶%>B8C8>= 9 : supine = 0, prone = 1.
††Standard deviation, f, of random intercept, W, for subject 8. W8 ⇠ #

�
0,f2

�
. Units for f are the same as the estimated coe�cients.
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