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ABSTRACT

The cardiovascular system is strongly dependent on the gravitational environment. Gravita-

tional changes cause mechanical fluid shifts and, in turn, autonomic effectors influence systemic

circulation and cardiac control. For future long-duration spaceflight, these gravitational effects

could be related to decreased cardiovascular performance, the pathoetiology of spaceflight asso-

ciated neuro-ocular syndrome (SANS), and increased venous thromboembolism (VTE) risk. The

development of novel countermeasure protocols using, for example, lower body negative pressure

(LBNP) or short-radius centrifugation (SRC) requires a full understanding of the detailed cardio-

vascular response to gravity and to different levels of countermeasure intervention.

In this research effort, we use a complementary experimental and modeling approach to gen-

erate acute dose-response curves for systemic, autonomic, and cephalad parameters of the cardio-

vascular system in graded tilt (as an analog for altered-gravity), graded LBNP, and graded SRC.

In the experimental approach, 24 subjects (12 male and 12 female) experienced 1) a graded tilt

profile in the range of 45° head-up tilt to 45° head-down tilt in 15° increments; and 2) a graded

LBNP profile from 0 mmHg to –50 mmHg in 10 mmHg increments. Using two different statistical

techniques (mixed-effects modeling and Bayesian hierarchical multivariate modeling) we generate

dose-response curves for the cardiovascular and ocular response. In the computational approach,

we further develop an existing lumped-parameter model of the cardiovascular system to incorpo-

rate cephalad hemodynamics and the effects of body tissue weight. In addition, we also further

develop a complementary lumped-parameter model of the eye. We simulate the same tilt and

LBNP profiles, along with a graded SRC profile and a gravitational field change using simulated

50th percentile male and female subjects.

The quantification of cardiovascular hemodynamics as a function of changes in the gravita-

tional vector or the presence of countermeasure interventions presented here provides a terrestrial

model to reference spaceflight-induced changes, contributes to the assessment of the pathogenesis

of SANS and spaceflight VTE events, and informs the development of countermeasures.
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1. INTRODUCTION

The spaceflight environment, and altered gravity in general, affects all the physiological sys-

tems in the body. In particular, the cardiovascular system experiences deconditioning through

a variety of mechanisms including cardiac atrophy and vascular remodeling2,3. Conflicting evi-

dence exists with regard to changing baroreflex function in space, although the major structure

appears to remain intact4,5. Whilst many of these effects take place over a time period of weeks

and months, in the short term there is an immediate cephalad fluid shift, causing systemic and

autonomic changes6,7. These changes, combined with cardiac deconditioning, can present medical

and operational issues on return to a gravitational environment after a period in reduced gravity,

including increased risk of orthostatic intolerance. Additionally, the cephalad fluid shift may be

etiologically associated with an observed set of ocular pathologies collectively termed spaceflight

associated neuro-ocular syndrome (SANS)8. Finally, there have recently been concerns that altered

flow patterns in the jugular veins could lead to an increased occurrence of venous thromboem-

bolism events (VTE)9–13. Thus, an enhanced understanding of the quantitative changes that occur

in the cardiovascular system in altered gravity environments can aid in predicting and managing

operational risk of human spaceflight. These quantitative data can also be used to compare the

efficacy of countermeasures, which may help to reduce cardiac deconditioning, or manifestations

of SANS or VTE.

This dissertation quantifies acute cardiovascular changes in multiple orthostatic regimes. First,

altered-gravity through a graded tilt paradigm, i.e., changing the gravitational vector resolved along

the craniocaudal axis. Second, through graded lower body negative pressure (LBNP), a promising

countermeasure for reducing cephalad fluid shift in microgravity. For these two regimes, cardio-

vascular dose-response curves are generated using a combined experimental and computational

modeling approach. Finally, a pure modeling approach is used to explore the acute cardiovascular

response to short radius centrifugation (SRC), as well as the influence of body tissue weight on

cardiovascular hemodynamics.
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Section 2 outlines the background related to cardiovascular deconditioning during spaceflight.

It also covers some proposed countermeasures (including LBNP and SRC), along with a discussion

on sex differences in cardiovascular physiology and the use of computational models to simulate

physiological systems. Section 3 clarifies the specific research aims.

Section 4 presents in detail the first experiment: the generation of gravitational dose-response

curves for cardiovascular parameters related to the systemic circulation, autonomic system, and

head and neck in graded head-up and head-down tilt in male subjects. This section also considers

sex differences in the cardiovascular response to tilt, along with a pilot study to measure gravita-

tional effects on intraocular pressure (IOP) and ocular perfusion pressure (OPP). Section 5 presents

the second experiment: the generation of gravitational dose-response curves for cardiovascular pa-

rameters related to the systemic circulation, autonomic system, and head and neck in graded LBNP.

In this experiment both males and females were considered together, although the sex differences

were still examined. The methodology to generate the dose-response curves was also altered, from

a frequentist to a Bayesian approach. This method allowed us to further consider the multivariate

relationship between all of the parameters examined. Section 6 presents the modeling element of

the research. In this section, the additions to an existing computational model are detailed, along

with the results of a sensitivity analysis and simulations of a range of orthostatic conditions (tilt,

LBNP, and SRC). Finally, conclusions, contributions, and ideas for further research are presented

in Section 7.
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2. BACKGROUND AND LITERATURE REVIEW

2.1 Gravitational physiology

The human body has evolved through thousands of millennia to be uniquely suited to a ter-

restrial, 1g, environment. Despite this, the body contains an array of control systems to regulate

physiological systems in response to a changing gravitational vector. The simple act of lying down

or standing up causes a 90° shift in the experienced gravitational vector, to which physiological

systems must respond to in order to maintain homeostasis. However, it in only in the last 60 or

so years, the age of human spaceflight, that humans have been subjected to prolonged shifts in the

gravitational environment for days, weeks, or months at a time. To date, with the exception of

nearly 25 man-daysi on the lunar surface in the Apollo program, all of the time humans have spend

in space has been in microgravity (the majority in Low Earth Orbit). In the next few years, future

plans will take humans back to the Moon for longer periods in a 1/6g environment. Longer-term,

human missions to Mars will require extended time at 3/8g (30-90 days for an opposition-class mis-

sion, with up to 500 days for a conjunction-class mission), with long periods in microgravity either

side during transit15. Further, the advances of technology have enabled humans to be subjected

to acute periods of gravitational stress far beyond those designed by evolutionary mechanisms.

In spaceflight, launch and re-entry profiles can create acute gravitational loads as high as 7g in

the Gx direction16. Outside of the space-domain, acute hypergravity conditions are experienced

in many scenarios where operator function is critical, including in high-performance aviation (for

example the F-16 Fighting Falcon, the world’s most numerous fixed-wing military jet, is capable

of sustaining 9g Gz loads17).

Broadly, the human body can be split into 11 physiological systems: the cardiovascular, ner-

vous, digestive, renal, endocrine, reproductive, immune, respiratory, integumentary, muscular, and

skeletal systems18. To a greater or lesser extent, gravity (or the combination of microgravity with

i24 days, 22 hours, 56 minutes14
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other characteristics of the spaceflight environment including radiation) influences all of these

systems during spaceflight. Although not critical to life preservation on a timescale of minutes or

hours, even systems such as the digestive tract experience changes in space (including disorganized

secretory function, fluctuated intestinal microecology, and altered metabolic capacity19). The in-

creased risk of renal stone formation in space has also been known for some time20. Due to its

life critical functionality, as well as effect on operational performance, the cardiovascular system

is one of the most important systems affected by the spaceflight environment7. This is true on both

acute and longer duration timescales.

2.2 Cardiovascular degradation in space

The cardiovascular system exhibits a deconditioning effect due to the spaceflight environment.

In the short-term, on entering microgravity there is an removal of all hydrostatic gradients and

tissue weight forces leading to redistribution of fluid in the body5,7 (see Figure 2.1), which, in turn,

leads to altered systemic function and variation in baroreceptor activity4. This is counteracted by

a loss in circulatory plasma volume of 10-17%, due to movement of fluid from intravascular to

extravascular space and endocrine-related effects21. Intracranial pressure (ICP) does not appear to

be pathologically elevated22, however a sustained increase in intraocular pressure (IOP) has been

noted with respect to a standing position on Earth23,24. In both ICP and IOP, diurnal variation with

postural changes, which occur naturally on Earth, do not take place in microgravity1. On a longer-

term scale, the lack of gravitational stress can cause atrophy of cardiac muscles25, altered vascular

and microvascular compliance6,26, and there exists conflicting evidence of impaired autonomic

response27–30.

On Earth, the heart is maintained by the work required to return venous blood to the heart in

order to maintain arterial pressure. Further, when standing, the heart must act against the gravita-

tional vector in order to pump blood to the brain. In microgravity, there is no significant gravity,

therefore less contractility is required to send blood to the head or provide adequate venous re-

turn. As a result, the heart can shrink by as much as 8-10% in just 10 days32. After spaceflight,

a decrease in stroke volume combined with an increase in sympathetic nervous activity has been

4



Figure 2.1: Diagrammatic representation of the hemodynamic fluid shift that occurs in micro-
gravity. Pre-flight, the majority of blood is pooled in the lower venous system. In microgravity,
the removal of hydrostatic pressure gradients leads to a cephalad fluid shift; over time, this shift
promotes a reduction in circulating blood volume. Post-flight, the return of hydrostatic pressure
gradients in combination with reduced blood volume and cardiovascular deconditioning can lead
to orthostatic intolerance. Image reproduced from Watenpaugh and Hargens31.

observed, combined with increased vascular resistance and reduced vasoconstriction. In particular,

orthostatic hypotension is observed in 64% of astronauts after even short duration space flights33.

The NASA Human Research Roadmap characterizes the risk due to cardiac deconditioning in the

form of a directed acyclic graph (DAG)34. The cardiovascular risk DAG connects the causes of

cardiovascular degradation with potential adverse mission and crew outcomes, and links to other

risks in the Human Research Roadmap. Further, cardiovascular changes are also associated with

one other Human Research Roadmap risk and one concern. These are the risk of spaceflight-

associated neuro-ocular syndrome (SANS) and the concern of venous thromboembolism (VTE).

Both of these risks/concerns have their own DAGs. All three are described below.
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2.2.1 Risk of Cardiovascular Adaptations Contributing to Adverse Mission Performance

and Health Outcomes

The cardiovascular risk DAG is presented in Figure 2.2. In this DAG, yellow nodes represent

spaceflight hazards, blue nodes represent contributing factors, blue nodes containing a black verti-

cal line represent mission level outcomes, light grey nodes represent links to other human systems

risks, and dark grey nodes represent exogenous contributing factors. Green edges represent causal

links and black edges represent causal links from exogenous nodes. The cardiovascular risk DAG

incorporates three former risks into a single risk to the cardiovascular system itself34.

There are two principal impacts of the cardiovascular adaptive response. First, from a med-

ical perspective, a weakening of the cardiac system may lead to increased risk of cardiovascular

disease2 or the manifestation of previously asymptomatic pathologies35. The impaired cardiac

function may also lead to reduced aerobic fitness and impaired organ perfusion, impacting oper-

ations where a high level of physical exertion is required (for example extravehicular activity)36.

The medical illness node in the DAG captures a range of medical conditions including dysrhyth-

mias, myocardial infarction, and vascular conditions, which may influence crew performance and

long term health outcomes. The second impact occurs during a gravitational transition, either a re-

turn to Earth gravity or to a reduced planetary gravity. Cardiac deconditioning in space leads to an

increased risk of orthostatic intolerance due to changes in organ perfusion, particularly in the brain.

Whilst in standard nominal returns from the International Space Station (ISS), a well-trained med-

ical ground-crew can limit the risk, this could be hazardous to crew health in an emergency landing

situation or a number of off-nominal situations where a high level of crew physical activity is re-

quired immediately on landing. Importantly, with plans for the return of long-duration exploratory

spaceflight to the Moon and Mars, at the destination surface, there will not be a ground-crew on

standby to offset the risks of astronaut incapacitation. Further, in particular for Mars missions,

the transit duration is longer, and mass and volume constraints may not permit the same level of

countermeasures on board the transit vehicle in order to limit the scale of the degradation37,38.

Finally, whilst government-selected astronauts are subject to exacting physical and health re-
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quirements to reduce the risk of medical emergencies, we are now beginning to see a large scale

increase in the number of commercial astronauts on either suborbital or orbital flights. Although

there are medical standards in place for commercial crew39,40, they are not the same standards as

government astronauts41. Further, the demographic for commercial crew is dependent on who can

afford the trip, thus exposing a generally older and much broader spectrum of the population to the

spaceflight environment. These crew will all have unique medical histories, and there is the poten-

tial for travelers with previously undetected (or even known) cardiac conditions or comorbidities

to be subjected to the physiological stresses and orthostatic challenges of spaceflight, including

the major gravity transitions on launch and landing. Beyond short suborbital hops, with plans

for commercialization of orbit (space hotels etc.), the problem becomes even more pronounced,

particularly if commercial crew members do not follow the same exercise protocols.

In summary, cardiovascular degradation has the potential to present a significant impact on

crew health and operations during long duration and/or commercial space missions. Future space

missions will require a careful analysis and risk management of cardiovascular degradation due to

changing crew demographics and mission profiles.

2.2.2 Risk of Spaceflight Associated Neuro-ocular Syndrome (SANS)

The SANS risk DAG is presented in Figure 2.3. Symbology is identical as Figure 2.2, however

in addition, dashed lines represent hypothetical causal links.

SANS is a collection of ocular pathologies that can occur in spaceflight. Initially identified in

2011 and termed visual impairment intracranial pressure (VIIP), the symptoms were recognized

in seven US astronauts after ISS stays. These symptoms included disc edema, globe flattening,

choroidal folds, and decreased near vision (a hyperopic shift)42. Diagnoses was based on pa-

pilledema Frisén grades with five classes. Subsequent investigation revealed that Russian cosmo-

nauts had experienced similar symptoms. Mader et al. also examined 300 post-flight question-

naires and discovered that 29% of short duration astronauts and 60% of long duration astronauts

had experienced some form of visual change. Additional ocular manifestations including cotton

wool spots, and nerve fiber layer thickening have also been reported, although these no longer
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fall under current clinical guidelines for SANS43. Critically, in some cases, the symptoms did not

resolve on return to Earth44,45.

Early hypotheses posited that VIIP was related to increased ICP due to the cephalad fluid shift

in microgravity. The similarity to terrestrial idiopathic intracranial hypertension (IIH) was noted,

although some classic symptoms of IIH were not present, including chronic headaches, diplopia,

transient visual obscurations, and pulse-synchronous tinnitus46. Due to uncertainty as to the role of

ICP, the name was changed to SANS. Current diagnosis is still based on papilledema and officially

stands at 16% of crewmembers based on the NASA evidence report of ISS Expeditions 1-4847,48.

However, 38-51% of crewmembers developed one or more of the findings associated with SANS47,

questioning the need for a better diagnostic methodology.

NASA currently classes SANS as one of the "Red Risks" for the Human Research Program,

requiring mitigation for deep space journey/habitation and planetary design reference missions

(DRM)47. Overtime, multiple competing (or complementary) hypotheses have emerged as to the

pathogenesis of SANS. These include: ICP; IOP and the pressure differential across the lamina

cribrosa49; body weight50; ocular perfusion pressure (OPP)1; genetic factors such as the presence

of certain biomarkers51 and/or the One-Carbon metabolism52,53; spaceflight exposures such as

elevated atmospheric carbon dioxide54,55 or radiation56,57; diet, sodium and exercise factors58; and

structural brain changes59. Many of these hypotheses are captured in Figure 2.3.

Two previously unconsidered contributing factors were considered in this research. First is the

role of ocular perfusion pressure (OPP). Changes in OPP due to changes in gravity, in combination

with the other hypotheses presented, is one of the most recent arguments as an important factor in

the development of SANS1. In this research, we demonstrated that OPP has a dependency on the

gravitational environment. Of note, OPP (defined as the difference between mean arterial pressure

at eye level and IOP, OPP = MAPeye−IOP ) is elevated in head-down tilt compared to the base-

line value in a supine posture, since IOP is more gravitationally dependent than MAPeye. Further,

case studies of terrestrial elevated OPP (for example due to traumatically induced ocular hypotony)

exhibit identical symptoms to SANS, including papilledema and globe flattening60 (Figure 2.4).
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Second, we consider the role of body weight and external tissue pressures as a contributing factor in

the development of SANS. Buckey et al. demonstrated the relationship between body weight and

IOP changes in microgravity61, suggesting that preflight body weight and anthropometric factors

may predict microgravity-induced ocular changes. Buckey further hypothesizes that the removal

of hydrostatic gradients reduces transmural pressure at the rear of the eye leading to the ocular

remodeling observed in SANS, and that this reduction in transmural pressure is greater in subjects

with a higher preflight body weight50.

Figure 2.4: Papilledema (A and C) and globe flattening (B and D) in case reports of SANS (A and
B)42 and traumatically induced ocular hypotony (C and D)60. Image modified from Mader et al.42

and de Guimarães et al.60.

In order to further investigate the hypothesis that OPP may be linked to the development of

SANS, as well as to investigate the potential efficacy of countermeasures, it is necessary to quantify

the response of both IOP and cephalad hemodynamics in altered gravity environments. Whilst we

11



are unable to remove tissue weight in terrestrial studies, we consider this through computational

modeling.

2.2.3 Concern of Venous Thromboembolism

The final concern due to cardiovascular changes in spaceflight is the recently identified concern

of venous thromboembolism events (VTE). The associated DAG is presented in Figure 2.5.

More recently, studies have reported alterations in jugular venous return, including flow stasis

and, in some cases, flow reversal12,62. The spaceflight environment also increases hypercoagu-

lability and endothelial dysfunction in the vascular system11,63. In particular, hematologic index

alterations such as changing hematocrit in response to hypoxia and atmospheric conditions can

lead to blood viscosity changes, which affect coagulability. Further, oxidative stress and/or psy-

chological stress can induce endothelial damage through inflammation34. In combination with flow

stasis, these factors increase the thrombotic risk of spaceflight via Virchow’s Triad10. Significantly,

at least one case study has reported the clinical manifestation of venous thrombosis occurring in

an astronaut onboard the International Space Station (ISS)9. Flow stasis and venous thrombo-

sis in the upper body presents a previously unidentified and potentially serious medical risk to

both professional and recreational astronauts13. Increased thrombogenicity could lead to embolic

events on return to a gravitational environment if preformed thrombi are dislodged during reentry

and landing10. With the growth of commercial spaceflight, recreational astronauts are likely to be

particularly at risk due to the possibly reduced medical standards and the possibility for partici-

pants with multiple pre-existing comorbitidies and/or undiagnosed asymptomatic cardiovascular

pathologies to travel to space64–66.

2.3 Current Countermeasures

Multiple countermeasures are currently in use on the International Space Station in order to

maintain astronauts’ cardiovascular health. These countermeasures are generally specifically fo-

cused on either the cardiovascular system alone, or the cardiovascular and musculoskeletal systems

together, rather than functioning as truly system-integrated countermeasures.
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The primary countermeasure is exercise. Current protocols dictate that astronauts exercise

for around 2.5 hours each day38,67. The exercise protocols comprise of a mixed set of aerobic,

anaerobic, and resistive exercises using three devices, shown in Figure 2.6: the advanced resis-

tive exercise device (ARED – a system to simulate the free weight exercises, including squats,

deadlifts, and calf raises using vacuum tubes and flywheel cables), the Treadmill with Vibration

Isolation Stabilization System (TVIS - multiple versions have been flown including the Combined

Operational Load-Bearing External Resistance Treadmill – COLBERT), and the Cycle Ergometer

with Vibration Isolation Stabilization System (CEVIS)68.

Figure 2.6: Exercises devices currently in use on the International Space Station (ISS). (A) Ad-
vanced resistive exercise device (ARED); (B) Treadmill with Vibration Isolation Stabilization Sys-
tem (TVIS); (C) Cycle Ergometer with Vibration Isolation Stabilization System (CEVIS). All im-
ages credit: NASA.

Other countermeasures are generally pharmacological35. Existing and proposed mechanisms

to counter hypovolemia include fludrocortisone69,70 and salt loading71. Pharmacological solutions

to preserve vasoconstriction include midodrine and vasopressin69,70. Fluid loading has been used

by the US space program to prepare astronauts for re-entry, decreasing the risk of orthostatic

hypotension72. However, physical activity remains the primary countermeasure with the least side
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effects, aside from the time penalty.

2.4 Proposed Countermeasures

Two of the most promising countermeasures proposed to prevent or decrease cardiovascular de-

conditioning in space are Lower Body Negative Pressure (LBNP) and Short Radius Centrifugation

(SRC).

2.4.1 Lower Body Negative Pressure

LBNP is the application of a pressure below atmosphere to a subject’s lower half. Military

fighter pilots often employ positive pressure g-suits, which combat g-force induced loss of con-

sciousness (g-LOC) by applying external pressure to the abdomen and legs, restricting blood pool-

ing in the lower body during high-g maneuvers. In contrast, LBNP works in the opposite fashion,

by using negative pressure to draw blood from the head, counteracting the cephalad fluid shift

induced by reduced gravity. The pressure gradient created by LBNP forces the heart to exert addi-

tional work to return venous blood from the lower body, thereby reducing cardiovascular decondi-

tioning. The reduced venous pressure at the heart leads to central hypovolemia, causing baroreflex

activation to increase neurohumoral-mediated heart rate and vasoconstriction73.

The first paper on the effects of LBNP was published in 196574. Gilbert and Stevens claimed

that -60 mmHg LBNP had a similar cardiac response to 90° of tilt without decreasing cerebral

blood pressure, thus preserving baroreceptor response75. Pre- and post-flight use of LBNP during

the Apollo program with –50 mmHg in a ramp protocol over 15 minutes was common for testing

of orthostatic intolerance76. The first in-flight use of LBNP occurred during the Skylab program

in 1973-74 (Figure 2.7). In this protocol, implemented every 2-3 days, calf volume increases were

induced by LBNP77, and the cardiovascular response in microgravity was demonstrated to predict

the degree of post-flight orthostatic intolerance78. Simultaneously, the United Socialist Soviet

Republic (USSR) first used in-flight LBNP with the Veter device on Salyut-1 in 197179. The Chibis

LBNP suit was subsequently developed by the Soviet Institute of Biomedical Problems (IBMP) and

used on Salyut flights, Mir, and ISS79. Most recently, the Chibis-M suit was developed in 2012
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for use on the ISS80 (Figure 2.8). The Chibis protocol developed by IBMP is short, consisting

of 2 min at –25 mmHg followed by 3 min at –35 mmHg81. This contrasts with the longer soak

protocols (–30 mmHg for 4 hours) used the day before landing on some shuttle flights80. Chibis

is used both to evaluate other countermeasures (i.e., exercise, pharmocologicals), and towards the

end of missions as a countermeasure in itself for post-flight orthostatic intolerance80.

Figure 2.7: Astronaut Owen Garriott in a lower body negative pressure (LBNP) chamber on Skylab
3 (1973). Image credit: NASA.

In the spaceflight environment, some of the functions that an LBNP device could perform

include: the reduction of the cephalad fluid shift82; when combined with exercise, the simultaneous

stress of the cardiovascular and musculoskeletal system83; the reduction of the susceptibility to

orthostatic intolerance prior to returning to a gravitational environment84–86; or the decrease of

cerebrospinal fluid pressure on the optic nerve sheath87. Terrestrial studies have shown a decrease

in intracranial pressure88.

There are also many terrestrial uses for LBNP. Goswami et al.73 detail many use cases, includ-

ing assessment of autonomic function, screening pilots, or analyzing heat stress, shock, and central

volume expansion. Military medicine makes regular use of LBNP to simulate hemorrhage89,90.

Further, from a practical perspective, the capability of LBNP to reduce intracranial pressure has
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Figure 2.8: Chibis-M lower body negative pressure (LBNP) device. Image credit: NASA.

obvious applications in cranial trauma88,91.

There is a renewed interest in LBNP both as a volume efficient countermeasure against car-

diovascular deconditioning, but also to study the etiology of, and as as a potential countermeasure

against, SANS (see discussion below)92. However, the application of LBNP as a countermeasure

for SANS is not certain. If LBNP lowers intraocular pressure more than intracranial pressure,

it may even exacerbate the issue by increasing the translaminar pressure gradient93,94. Further,

LBNP has the potential to lower IJV flow, which may alter the recently identified risk of thrombo-

sis9,12,92,95. Thus, in order to fully develop effective protocols, it is necessary to have a complete

and quantitative understanding of the physiological fluid shift response of LBNP. Thus, by mea-

suring the cardiovascular response to a graded LBNP protocol, we are able to map the dynamic

fluid changes and compare them between different levels of altered gravity. This dose-response

can provide insight into which levels of LBNP are effective at reproducing desired hemodynamic

effects.
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2.4.2 Artificial Gravity

Artificial gravity encompasses any means of generating a gravitational field in space. Artificial

gravity in spacecraft has been a staple of science fiction for many years, although many proposed

solutions lie outside the realm of science. Artificial gravity is a multisystem countermeasure; by

reproducing Earth-like (i.e., 1g) or partial gravity conditions in a spacecraft, the physiological sys-

tems still need to exert the same or similar effort to Earth conditions. Thus, they do not experience

the same level of deconditioning96. There are two principal forms of space-based artificial gravity:

linear and centrifugal. Both rely on the relativistic principle of the equivalence of gravitational and

inertial mass. Linear artificial gravity can be generated by constantly accelerating a spacecraft at a

given rate along a trajectory97. The propellant mass required to achieve the level of thrust required

for such a trajectory means that such a countermeasure is currently challenging. By contrast, arti-

ficial gravity generated by centrifugation uses a rotational motion to generate a centrifugal force,

which is experienced as gravity by a rotating subject. Centrifugation could be on a large scale (e.g.,

a spinning habitat module on a spacecraft, or even an entire rotating spacecraft) or on a smaller

scale98.

The history of artificial gravity dates back to Konstatin Tsiolkovsky in 1883 and has been a sta-

ple of early space habitat concepts98. Hugely popularized by Clarke and Kubrick in the novel and

film ’2001: A Space Odyssey’ (both 1968)99,100 (Figure 2.9), rotational artificial gravity viewed

as practically a necessity by both futurists and engineers such as O’Neill, Korolev, Noordung, and

von Braun98. The first serious technical proposals were conducted by NASA and the American

Society for Engineering Education (ASEE) in 1975 and presented in ’Space Settlements: A De-

sign Study’ by Johnson and Holbrow (1977)101. However, despite continued scientific interest,

budgetary constraints have principally limited actual in-flight artificial gravity experience to an-

imal experiments98. In this context, there have been a number of studies on fish, rodents, and

turtles as well as smaller microorganisms and organic matter. In particular, studies on rodents have

repeatedly demonstrated that artificial gravity can act as a countermeasure against cardiovascular

and musculoskeletal deconditioning102–104, although some studies have noted adverse effects on
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visual, vestibular, and motor coordination98.

Figure 2.9: Artificial gravity in science fiction: Astronaut Dave Bowman runs around the spinning
habitat of Discovery One in Clarke and Kubrick’s 2001: A Space Odyssey (1968). Image credit:
Metro-Goldwyn-Mayer100.

Human subjects experiments have been limited to a few anecdotal episodes of self-generated

artificial gravity (astronauts running around the inside of Skylab), along with incidental results

from neurovestibular studies. Of note, STS-42 included the Spacelab International Microgravity

Laboratory (IML-1) mission, in which four subjects were rotated and experienced 0.22g −Gz at

the head and 0.36g +Gz at the feet. In this case, the 0.22g stimulus was insufficient to provide

a vertical reference in any test subject105. Later, in 1998, four subjects were tested at 0.5g and

1g for seven minute protocols and described a perception of gravity. It is currently unknown how

the ’perception’ of artificial gravity is related to its utility as a countermeasure. Interestingly, the

four tested crewmembers exhibited an increased tolerance to orthostatic stress on landing, whilst

the remaining three crewmembers all experienced orthostatic intolerance98. The significance of

this finding is inconclusive without further testing. In past years there have been multiple plans to

place a human-rated short radius centrifuge on the ISS. However, none have come to fruition due

to various constraints including finance106–108. Multiple planned commercial space habitats may

include designs for artificial gravity, once again bringing the concept closer to reality.
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There is a complicated set of trade-offs related to the generation of artificial gravity by short

radius centrifugation. In particular, the level of experienced gravity is produced through a combi-

nation of spin speed and radius according to Equation 2.1:

acentrifugal = rω2 (2.1)

where r is the radius in meters, and ω is the angular speed in rad/s. The difference in radius

between the subject’s head and feet generates a gravity gradient given by Equation 2.2:

ahead
afeet

=
r − h

r
(2.2)

where h is the subject’s height. The second consideration is Coriolis acceleration. Any change

in posture (either a large change such as standing up or sitting down, or a small change such as

moving the head) induces a Coriolis acceleration of magnitude:

acoriolis = 2ωṙ (2.3)

where ṙ is the rate of change of the magnitude of the position vector, in a perpendicular direc-

tion to the centrifugal acceleration. Since the Coriolis acceleration is independent of the radius,

the only way to reduce it is to minimize the angular speed, requiring a larger radius to maintain the

same gravitational field.

The physics of artificial gravity present a number of human factors considerations that must

be considered. First and most important is the gravity level. Physiologically, what is the level

of generated gravity required in order to act as a) an effective countermeasure to mitigate space-

flight deconditioning (cardiovascular and other systems)? Further, depending on how the artificial

gravity is to be used operationally (i.e., what tasks must the subjects perform whilst experiencing

artificial gravity), b) what level is useful or necessary from a utility standpoint? Based on Earth

studies, Russian scientists have recommended that a minimum of 0.5g is required for a perception

of well-being and normal performance over extended timescales109, whilst astronauts may not be

20



able to perceive levels under 0.22g while in space110. Second, what level of coriolis acceleration

is tolerable? Previous studies recommended that Coriolis acceleration be no higher than 25% of

the artificial gravity level111, however more recent studies have indicated that this is conservative

and adaptation is possible112–116. Parabolic flight studies have indicated that motion sickness or

disorientation due to Coriolis forces may be related to the total gravity, such that if less than 1g is

generated, a higher proportion of Coriolis acceleration may be tolerable117,118. Finally, what is the

influence of gravity gradient on both subject comfort and physiological response? Here, the lim-

ited number of studies with short radius centrifugation have precluded a systemic study of changing

gravity gradient, although recent studies on short radius centrifuges at MIT119,120 and :Envihab121

have indicated that both physiological benefit and minimal subject discomfort are obtainable in the

presence of a large gravity gradient.

Previous research on short radius centrifugation has focused on protocols both at rest121 and in

combination with exercise119,120. However, similar to LBNP, there has not been a systematic study

quantifying the complete physiological response of the cardiovascular system to graded levels of

generated gravity. In order to fully develop concepts both for countermeasure protocols and even

structural designs of space-based centrifuges, it is necessary to have a deeper understanding of

the physiological response to different levels of SRC-generated gravity and a quantitative frame-

work to compare the cardiovascular effects of SRC to both constant gravity and other potential

countermeasures such as LBNP.

2.5 Terrestrial Altered Gravity

In order to quantify the cardiovascular response to LBNP and SRC compared to changing

the gravitational field, it is necessary to have a baseline that is possible to reproduce on Earth.

Tilt studies are an important analog for the understanding of cardiovascular changes in altered

gravity conditions. By changing the angle of tilt, we adjust the effective gravitational stress in

the rostrocaudal Gz direction. Tilt studies are commonly used to mimic the cardiovascular and

musculoskeletal effects of spaceflight on Earth. In particular, six degrees of head-down tilt (HDT)

has been used as an analog for microgravity conditions in multiple studies; including studies of the

21



acute effects of tilt1,122–127, and long duration HDT bed rest128–134. Since, on Earth, gravity always

acts in a vertical direction, when placed on a tilt table, the magnitude of the gravitational vector

resolved in the subject’s rostrocaudal axis can be calculated as:

gT ilt = gEarthsin (θ) (2.4)

where gT ilt is the equivalent gravity in the rostrocaudal axis, gEarth is 9.81 m/s2, and θ is the tilt

angle from the horizontal. Thus, for example, a tilt of 9.5° approximately represents Lunar gravity,

while a tilt of 22.3° represents Martian gravity126.

Whilst there are many examples of tilt studies in literature, most have focused on one or few

physiological parameters, and considered limited tilt angles in either head-up tilt (HUT) or HDT.

These include studies related to systemic135–139, cerebral123, ocular hemodynamics124, and auto-

nomic function140. Studies that cover both HUT and HDT (for example139) are generally limited

to one or two tilt angles in each condition.

Gravity always remains present during tilt studies, therefore, by reversing posture between

prone and supine we are able to effectively flip the gravitational vector. Through isolating changes

purely due to this reversal of the gravitational vector, we may be able to gain some insight into

the importance of tissue weight and/or the effects of thoracic pressure on gravitational hemody-

namics61,141. A limited number of studies have considered differences between supine and prone

postures during tilt1,142, and such changes have been demonstrated to influence regional hemody-

namics143–145.

Tilt studies also have important application outside of human spaceflight. Multiple surgeries

including lower abdominal surgery, central venous catheter placement, and minimally invasive

glaucoma surgery are often performed in the Trendelenburg position (i.e., 15-30° HDT) to facil-

itate access to pelvic organs and/or improve surgeon positioning (Figure 2.10). However, there

is controversy over the efficacy of this positioning and its potential adverse complications146–148.

Similarly, the use of a Wilson frame (or equivalent) in back surgery places the patient in a prone po-

sition where the head is hydrostatically lower than the heart149,150. A greater understanding of the
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hemodynamic and operative response to such conditions may improve perioperative management

and clinical decision making151.

Figure 2.10: Trendelenburg position used during lower abdominal surgery, central venous catheter
placement, gynecological surgeries, and minimally invasive glaucoma surgery. Image credit: Steris
Healthcare152.

Understanding the quantitative physiological response to altered gravity through a tilt paradigm

is important in itself, but can also be directly beneficial to the development of countermeasures. As

discussed, there are currently open questions as to the levels of countermeasures (e.g., LBNP or

SRC) that should be used in spaceflight protocols. Deeper knowledge of the equivalence between

these altered gravity environments (i.e, what level of LBNP or SRC is functionally equivalent to a

given tilt angle induced altered-gravity) can provide informative knowledge for the development of

protocols153,154. Thus, in the context of this study, tilt acts as the baseline from which to compare

and contrast the efficacy of the two previously described countermeasures.
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2.6 Sex Differences

To date, the majority (88.5%) of astronauts, both US and international, have been maleii. Future

space flight missions will see an increase in the number of female crew members. In the last NASA

astronaut selection, 40% of the selected astronaut candidates were female. It is well established in

literature that males and females exhibit differing physiological responses to both cardiovascular

stress and aging155–159. Furthermore, it is equally established that there is a significant effect of

sex on population means for a variety of cardiovascular parameters. These differences can either

be based purely on allometry and relative body size (e.g., total blood volume, vascular length), but

also related to vascular compliance and musculature. To cite two examples, Maffessanti et al.160

found that sex was highly significant in studies of right ventricular parameters, while Monahan

and Ray161 also noted sex differences in venous compliance. These differences may influence

cardiovascular adaptations to microgravity. Platts et al. highlight a number of identified research

priorities that should be considered related to sex and cardiovascular adaptation to spaceflight.

These include sex-specific mechanisms of autonomic regulation (including the effect of estrogen

and other hormone levels), allometric differences (e.g., center of gravity), and sex-specific effects

on vascular aging mechanisms as a predictor of cardiovascular risk and mortality162.

Tilt studies have had mixed conclusions on the effect of sex in cardiovascular response. Fe-

males are more susceptible than males to orthostatic intolerance162. Some studies (e.g., Arzeno

et al.163) noted differences in baroreflexive control of blood pressure between males and females.

On the other hand, Patel et al.164 found no significant effect of gender on autonomic indices in a

protocol involving HUT, HDT, and lower body negative pressure.

With respect to SANS, there may also be a sex difference in the the pathophysiology. Contrary

to previous reports47, SANS has now been diagnosed in both male and female crewmembers48.

To date, the majority of clinical diagnoses have occurred in males due to the larger sample size165.

As far as the relationship between IOP and the pathoetiology of SANS, there also is conflicting

evidence on the role of the menstrual cycle in IOP variation. Adhikari et al.166 found significant

ii65 females had flown in space out of 566 people total as of June 2020.
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influence of menstrual phase on measurement of IOP, whilst in a previous study, Qureshi et al.167

found the variation to be statistically insignificant. The hypothesis of body weight as a causal

factor for SANS would potentially also skew the distribution of cases towards male astronauts50.

In summary, the effect of sex-differences in cardiovascular response to altered gravity is an im-

portant consideration. When examining the quantitative dose-response of any given cardiovascular

parameters, sex should be considered as an effect to determine whether or not there is a significant

difference between the male and female response.

2.7 Computational Modeling

Computational modeling of physiological systems can provide further insight into their be-

haviour where experimentation is prohibitive, either due to cost or technological constraints. Even

where a protocol can be performed, modeling can quickly provide insight into detail where mea-

surement is difficult. For example certain regional blood flows. As Heldt succinctly summarizes:

"the physiological interpretation of limited experimental data can benefit substantially from the

concomitant use of a reasonably complete mathematical model"168. NASA uses a large multi-

system model in the form of the digital astronaut project (DAP), which has replicated the cardio-

vascular results found by a number of studies36,169,170. Since Guyton’s early models171,172, a variety

of modeling techniques have been used to investigate various aspects of the cardiovascular system.

These techniques cover a range of functions, including investigating the effects of exercise120,153,

microgravity169, head-up tilt173–175, lower body negative pressure173,176,177, centrifugation154, de-

conditioning178, and postural changes1,179–181. Thus, modeling techniques allow us to expand be-

yond the limits imposed by human experimentation and therefore, to make predictions on the risk

of orthostatic intolerance, the efficacy of countermeasures, and the variation in responses elicited

by different individuals.

In general, models are designed to perform a specific function, and caution should be taken ex-

trapolating performance to scenarios outside of the designed range. Furthermore, the principle of

“garbage in, garbage out” applies particularly with the selection of model parameters. This creates

a challenging scenario as 10 different literature sources could give 10 relatively different ranges
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for a particular physical parameter, and sometimes they must be estimated based on animal stud-

ies. The danger here can be mitigated with a sensitivity analysis to determine the most important

parameters.

The cardiovascular system in altered gravity environments has previously been modeled by

Heldt168,173 as a 21-compartment lumped-parameter hemodynamic transport model incorporating

detailed cardiac function, systemic circulation, pulmonary circulation, and two control systems

(the arterial baroreflex and cardiopulmonary reflex). Whilst several other cardiovascular models

had been previously designed to look at the effects of gravity (for example Melchior et al., Croston

et al., and Peterson et al.182–184), Heldt built on much of their work to develop a comprehensive

systemic model. He followed this with a detailed parameter estimation to develop a model that has

been validated in a number of scenarios. Heldt’s model was later extended first by Zamanian185 to

include the effects of centrifugation, and then by Diaz-Artiles120,153,154 to incorporate the effects of

exercise. This baseline model is introduced in Section 6.
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3. DISSERTATION AIMS

3.1 Research Gaps

Review of literature highlights the following research gaps that will be addressed:

• Previous studies have demonstrated cardiovascular changes in both head-up and head-down

tilt, however there is no literature quantifying these changes in a systematic manner in the

form of dose-response curves.

• Similarly, whilst the effect of countermeasures such as LBNP and SRC have been consid-

ered, there is little comprehensive comparison of their effects on the cardiovascular system

to the changes that take place in altered gravity (either through microgravity or through tilt).

• There have been few studies quantifying the differences between males and females in car-

diovascular response to altered gravity environments, or more generally, individual varia-

tions in the systemic response to countermeasures.

• A number of systemic models of the cardiovascular system exist, although few include the

effects of the cardiovascular control system (the arterial baroreflex and the cardiopulmonary

reflex). Similarly, there are models of the cephalad hemodynamic system at multiple scales.

However, there is no model that incorporates both a complete systemic hemodynamic model

(including cardiovascular control) along with detail on cephalad hemodynamics and pressure

changes.

3.2 Dissertation Aims

This dissertation addresses these research gaps through a combined experimental and compu-

tational modeling approach. The three aims of the dissertation are:

1. To empirically investigate the acute cardiovascular response to graded head-up and head-

down tilt. In particular, the specific objectives are:
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1.1 To generate dose-response curves for cardiovascular parameters, including the systemic

circulation, the autonomic response, and head and neck hemodynamics over the range

45° head-up tilt (HUT) to 45° head-down tilt (HDT).

• Hypothesis 1.1: Systemic hemodynamics will follow an approximately linear re-

sponse to HUT and HDT in the range observed. The response of the autonomic

system and head/neck will be non-linear.

1.2 To quantify the differences between the supine (face-up) and prone (face-down) re-

sponse to graded tilt as an analog to consider the influence of body weight on cardio-

vascular hemodynamics.

• Hypothesis 1.2: Altered body positioning will influence cardiovascular response.

In particular, the additional pressures due to body weight on the thoracic cavity in

the prone position will impair baroreflex function and venous return.

1.3 To quantify the difference between the male and female response to graded tilt.

• Hypothesis 1.3: Anthropometric considerations will be the principal driving force

between differences between males and females in cardiovascular response.

2. To empirically investigate the acute cardiovascular response to graded lower body negative

pressure (LBNP). In particular, the specific objectives are:

2.1 To generate dose-response curves for cardiovascular parameters, including the systemic

circulation, the autonomic response, and head and neck hemodynamics over the range

0 mmHg to –50 mmHg of LBNP.

• Hypothesis 2.1: Systemic hemodynamics will follow an approximately linear re-

sponse to graded LBNP. The response of the autonomic system and head/neck will

be non-linear..

2.2 To quantify the multivariate relationship between systemic, autonomic, and head/neck

cardiovascular parameters in graded LBNP.

28



• Hypothesis 2.2: Cardiovascular variables should not be considered in isolation.

In particular, a network structure exists between the parameters and latent subject

characteristics (for example body weight) such that there is a relationship con-

necting all of the variables.

2.3 To quantify the difference between the male and female response to graded LBNP.

• Hypothesis 2.3: Anthropometric considerations will be the principal driving force

between differences between males and females in cardiovascular response.

3. To develop a cardiovascular model to capture the effects of tilt, LBNP, short-radius centrifu-

gation (SRC), and microgravity on cardiovascular hemodynamics. In particular, the specific

objectives are:

3.1 To expand an existing cardiovascular model to incorporate detailed modeling of blood

flow through the head and eyes.

3.2 To incorporate the effects of tissue weight into a cardiovascular model in order to de-

termine the influence of its removal in microgravity on cardiovascular hemodynamics.

3.3 To validate the cardiovascular model with dose-response curves generated from exper-

imental measurements of subjects in tilt and LBNP.

3.4 To investigate the effects of SRC and microgravity on representative subjects.

Aims 1, 2, and 3 will be addressed in Sections 4, 5, and 6, respectively.
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4. EXPERIMENT 1: TILT*

4.1 Motivation

The human cardiovascular system is strongly dependent on the gravitational environment.

Changes in the gravitational vector influence the systemic circulation through mechanical and au-

tonomic effects. Mechanically, any alteration in gravity causes redistribution of fluid volumes and

dynamic pressures due to changing hydrostatic pressure gradients. For example, in weightless

conditions, the total loss of hydrostatic gradients induces a cephalad fluid shift and a redistribu-

tion of fluid from intravascular to extravascular spaces. Amongst other acute effects, this fluid

shift promotes venous return increasing stroke volume via the Frank-Starling mechanism and a

change in compliance188. Other changes include a fall in interstitial fluid pressure7, reduced sys-

temic vascular resistance6, decreased heart rate189, slightly decreased systolic and diastolic blood

pressures6,190, and decreased central venous pressure3. Simultaneously, these acute dynamic pres-

sure and volume changes influence autonomic receptors, including arterial baroreceptors in the

carotid sinus and aortic arch, and cardiopulmonary receptors in the atrio-caval junctions, atrial

and ventricular walls, and pulmonary vasculature4. On an acute timescale, autonomic response

due to stimulation of the arterial baroreflex and cardiopulmonary reflex receptors leads to changes

*Part of this chapter is reprinted with permission from the following publications:

• Petersen LG, Whittle RS, Lee JH, Sieker J, Carlson J, Finke C, Shelton CM, Petersen JCG, Diaz-Artiles A.

Gravitational effects on intraocular pressure and ocular perfusion pressure. J Appl Physiol. 2022;132:24–35.1

Copyright 2022 by the American Physiological Society.

• Whittle RS, Keller N, Hall EA, Vellore HS, Stapleton LM, Findlay KH, Dunbar BJ, Diaz-Artiles A. Gravi-

tational dose response curves for acute cardiovascular hemodynamics in a tilt paradigm. J Am Heart Assoc.

2022;11:e024175.186 Copyright 2022 by The Authors.

• Whittle RS, Diaz-Artiles A. Gravitational effects on jugular and carotid characteristics in graded head-up and

head-down tilt. J Appl Physiol. 2023;134:217–229.187 Copyright 2023 by the American Physiological Society.
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in sympathetic and vagal activity, 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 muscles, reduction in circulating fluid volume, and

impaired autonomic response191. Together, these changes induce an elevated risk of syncope when

subjected to orthostatic stress on return to a gravitational environment192.

More recently, studies have reported alterations in jugular flow, including flow stasis and, in

some cases, flow reversal12,62. The spaceflight environment also increases hypercoagulability and

endothelial dysfunction in the vascular system11,63. In combination with flow stasis, these factors

increase the thrombotic risk of spaceflight10. Significantly, at least one case study has reported the

clinical manifestation of venous thrombosis occurring in an astronaut onboard the International

Space Station (ISS)9. Flow stasis and venous thrombosis in the upper body presents a previously

unidentified and potentially serious medical risk to both professional and recreational astronauts13.

Increased thrombogenicity could lead to embolic events on return to a gravitational environment

if preformed thrombi are dislodged during reentry and landing10. With the growth of commer-

cial spaceflight, recreational astronauts are likely to be particularly at risk due to the possibly

reduced medical standards and the possibility for participants with multiple pre-existing comorbi-

tidies and/or undiagnosed asymptomatic cardiovascular pathologies to travel to space41,64–66. Up-

coming long duration exploration missions to the Moon and Mars will require significant time

periods of weeks, months, or even years in altered gravity conditions. Thus, there is a need to de-

velop novel countermeasures to counteract cardiovascular degradation or venous flow alterations,

ensuring astronauts are healthy and fully operationally capable on return to a gravitational envi-

ronment.

Tilt studies are an important analog for the understanding 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 degrees head-down tilt (HDT) has been used as an analog for the

cardiovascular and musculoskeletal effects of microgravity in multiple studies; including studies

of the acute effects of tilt1,122–127, and long duration HDT bed rest128–134. To date, most studies of
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head-up tilt (HUT) or HDT have focused on one or few physiological parameters, and considered

limited tilt angles. These include studies related to systemic135–139, cerebral123,193, ocular hemo-

dynamics124, and autonomic function140,193. Studies that cover both HUT and HDT (for example

Lieshout et al.139) are generally limited to one or two tilt angles in each tilt condition. A lim-

ited number of studies have also considered differences between supine and prone postures during

tilt1,142. Further insight into postural differences (i.e., supine versus prone posture) may lead to a

deeper understanding of the importance of tissue weight on gravitational hemodynamics by isolat-

ing changes purely due to the reversal of the gravitational vector in the Gx axis61. Such changes

have been demonstrated to influence regional hemodynamics143–145. Finally, limited studies have

measured jugular characteristics in altered gravity environments12,194,195. However, at present there

exist no predictive models for the expected jugular hemodynamic response to any given dose of

gravity (including partial gravities). Thus, it is important to quantify jugular hemodynamics as a

function of changes in the gravitational vector in order to inform the assessment of the pathogenesis

of both spaceflight venous thromboembolism events and SANS.

There exists some controversy over how representative 6° HDT is as a spaceflight analog, due

to differences in the physiological response compared to microgravity128,196,197. One example is the

response of central venous pressure, which is observed to increase in HDT, yet decrease in micro-

gravity3,198. Quantifying hemodynamics in a tilt paradigm is also informative for surgical applica-

tions on Earth, where HDT is used in a clinical setting. For example, Trendelenburg positioning is

used to increase surgical access for a number of surgeries including abdominal and gynecological

procedures146–148. Internal jugular vein cannulation is frequently used, both in routine surgery and

Trendelenburg positioning, for hemodynamic monitoring and central venous access199,200. During

venous cannulation, the size of the vein is important to minimize complications201, and differences

between the relative sizes of right and left side veins have previously been reported202–204.

Cerebral venous drainage via the internal jugular veins is critical for regulation of intracranial

pressure (ICP). In the upright position the jugular vein collapses, acting as a starling resistor to

protect the cerebral and central venous systems from severe negative pressure due to their anatom-
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ical position above the hydrostatic indifference point12. On Earth, diurnal variation and postural

changes act as part of the regulatory system for ICP. Previous terrestrial head-down tilt bed rest and

spaceflight studies12,205 have suggested that the acute increase in IJVP compared to the 1g stand-

ing position due to weightlessness, and the removal of daily variation patterns caused by postural

changes in a gravitational field, are related to the increase in ICP and transmural central venous

pressure (with respect to the upright position) found during microgravity exposure22,206. These

changes in cerebral pressures are likely part of the etiology of SANS1. Further, the engorgement

of the jugular veins could suggest an increase in passive blood pooling in the upper body venous

system207. Blood pooling, as an indicator of flow alterations, is related, via Virchow’s Triad, to

increased thromboembolic risk208. Our study aims to fully characterize the evolution of the carotid

and jugular vessels pressure and area when systematically exposed to increasing HDT angles. We

aim to generate terrestrial models that serve as a reference for spaceflight and that can be used to

compare the magnitude of microgravity (or partial gravity) response. Our work also expands on

previous work by Marshall-Goebel et al.12 by capturing variation on both the left and right sides

of the vascular system as well as in both supine and prone positions. We also consider a greater

range of tilt angles.

Understanding the physiological response to altered gravity through a tilt paradigm can also be

directly beneficial to the development of countermeasures120,209. For example, artificial gravity is

one posited countermeasure for combating cardiovascular deconditioning. Whilst artificial gravity

generated 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 should be targeted to provide a given physiological response119,153,154,210.

The aim of this study is 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, as well as carotid and jugular venous charac-

teristics, providing a holistic picture of cardiovascular circulation and control. While there have

been many studies using tilt in specific angles (for example 6° HDT as a microgravity analog), it is
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not currently possible to estimate the physiological 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). Further, we use the experimental data to build

hemodynamic, autonomic, and jugular/carotid gravitational dose-response curves, thus indicating

the predicted response in a representative non-pathological population. We hypothesize that many

of the relationships between tilt angle and a given systemic cardiovascular or autonomic param-

eter can be explained by linear models, but that the dose-response of the carotid/jugular will be

non-linear. Together, these results lead to a greater understanding of the gravitational influence

on the cardiovascular system, aiding in the future development of spaceflight countermeasures, as

well as clinical applications. By placing subjects in both supine (face-up) and prone (face-down)

positions, we can reverse the direction of the gravitational vector, gaining additional insight into

the role of extravascular pressures on hemodynamic response.

4.2 Methods

4.2.1 Subjects and Study Approval

Twelve healthy, recreationally active male subjects between 23 and 33 years old were recruited

from the Texas A&M University System to participate in the study. From the initial pool of vol-

unteers, 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 4.1. Prior to

participating in the study, subjects completed a questionnaire designed to identify any exclusion

criteria, including current use of any cardiac, blood pressure, muscle relaxant, anticoagulant, or

stimulant medications, thyroid disease, chronic cardiovascular pathologies, extreme obesity, and

history of hypertension. One subject was unable to complete one single condition (45° HDT, supine

position) due to discomfort; however, he was returned to a head-up tilt position and experienced

no lasting symptoms. The remainder of his data are included in the results. All other subjects

34



completed the full protocol and experienced no adverse effects. Each subject received written and

verbal explanations of the study protocols and gave written informed consent to participate in the

experiment. All procedures performed in the study were in accordance with the 1964 Helsinki Dec-

laration 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.

Table 4.1: Characteristics of the 12 recreationally active male subjects who participated in the
study. Characteristics were recorded during baseline session prior to testing sessions. Data are
reported as mean ± SD where appropriate. Race categories: W, White; B, Black or African Ameri-
can; A, Asian. Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure.

Characteristic Value

n 12
Race W (8), B (1), A (3)
Age (years) 26.8 ± 2.9
Height (cm) 179.0 ± 8.3
Weight (kg) 84.7 ± 18.7
BMI (kg/m2) 26.3 ± 4.9
SBP (mmHg) 129.5 ± 14.5
DBP (mmHg) 82.3 ± 6.5

4.2.2 Experimental Design and Testing Protocol

We implemented a counterbalanced, within-subjects, experimental design such that every sub-

ject experienced every tilt condition and posture. Subjects were tilted from 45° HUT to 45° HDT

in two separate postures: supine (face-up) and prone (face-down). The procedure was identical for

each posture. Experimental sessions took place on three separate days within a two-week period.

In the first session, subjects gave informed consent and baseline measurements were collected in

a seated posture. In the additional two 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 scheduled in the morning at approximately the same time. In addition,
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subjects were asked to refrain from drinking caffeine and exercising prior to each test session.

In a single experimental session (supine or prone), subjects were placed on a tilt table (World

Triathlon Corporation, Tampa Bay, FL) initially at 45° HUT. In the prone position, subjects rested

with their forehead on a thin cushion in order a) to support the weight of the head and prevent

excessive stress on neck musculature, b) to keep the cervical spine in an anatomically similar po-

sition to when supine, and c) to facilitate normal ventilation, with the mouth and nose slightly

displaced from the tilt table. Continuous measurements of blood pressure and electrocardiography

were recorded throughout the test. Subjects initially remained at rest for a period of six-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. Following this, a number of fur-

ther measurements were collected from the subjects, including ocular tonometry, ultrasonography,

and non-invasive measurement of internal jugular venous pressure. The total procedure at a single

tilt angle lasted for approximately 12 minutes. Subjects were then tilted downwards 15°, and the

entire process repeated, starting with the six-minute resting period. The total protocol included

seven 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.

4.2.3 Dependent Variables

Dependent variables include eight hemodynamic metrics, seven autonomic indices, and three

measures related to the head/neck. The hemodynamic measurements considered were: 1) heart

rate (HR, bpm); 2) stroke volume (SV, ml/beat); 3) cardiac output (CO, l/min); 4) total peripheral

resistance (TPR, mmHg.s/ml); 5) systolic blood pressure (SBP, mmHg); 6) diastolic blood pressure

(DBP, mmHg); 7) rate pressure product (RPP, mmHg/min), used as a metric for myocardial stress

and energy consumption211; and 8) oxygen consumption (VO2, l/min).

Autonomic analysis was performed from measurements of heart rate variability (HRV) and

baroreflex sensitivity. HRV analysis can be performed over short duration timescales, often of the

order of five minutes, although shorter analyses have been used successfully to analyze autonomic
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changes in parabolic flight over a single parabola212. In particular, two key classes of HRV indices

exist213: time-domain measures and frequency-domain measures. Time-domain measures are met-

rics related to the variation in the intrabeat interval (IBI) between normal sinus beats (the NN in-

terval). Frequency-domain metrics consider the distribution of IBI variation in the power spectral

density of various frequency bands. Three time-domain and three frequency-domain indices were

considered. The three time-domain indices were: 1) the standard deviation of the NN intervals

(SDNN); 2) the root mean square of direct differences of the NN interval (RMSDD); and 3) heart

rate variability triangular index (HRVTi). As a time-dependent measure of autonomic function,

baroreflex sensitivity (BRS) was also included in this set of metrics. SDNN and HRVTi represent

estimates of total heart rate variability incorporating sympathetic and parasympathetic activity213.

RMSDD represents short term variability and thus, is closely correlated with vagal-mediated car-

diac control214. Finally, baroreflex efferents translate into HRV via the cardiac sinoatrial node,

providing blood pressure buffering and cardioprotection215. Thus, BRS represents a metric of to-

tal autonomic control over the cardiovascular system via the arterial baroreflex, with implications

in the regulation of systemic fluid pressures216,217. The three frequency-domain indices were: 1)

spectral power density in the low frequency (0.04–0.15 Hz) band (LF); 2) spectral power density

in the high frequency (0.15–0.4 Hz) band (HF); and 3) the ratio between low frequency and high

frequency power spectral densities (LF/HF). Following the recommendations of the Task Force of

the European Society of Cardiology and the North American Society of Pacing Electrophysiol-

ogy (TFESCNASPE)213, LF and HF are shown in both absolute units (ms2) and normalized units

(LFNorm and HFNorm), which represent relative contributions of each power component in pro-

portion to the total power minus the very low frequency (VLF, 0.0033–0.04 Hz) component. LF is

used as a marker of sympathetic activity (particularly when expressed in normalized units), HF is

closely correlated with vagal activity, while LF/HF represents sympathovagal balance213.

Finally. the following metrics were collected related to cephalad blood circulation: 1) Common

Carotid Artery Cross Sectional Area (ACCA, mm2, right and left side); 2) Internal Jugular Vein

Cross Sectional Area (AIJV, mm2, right and left side); and 3) Internal Jugular Vein Pressure (IJVP,

37



mmHg, right and left side). Areas ACCA and AIJV were obtained using ultrasound (US) imagery

(VScan Extend, GE Healthcare, Chicago, IL). Pressure measurements were collected using a non-

invasive peripheral venous pressure measuring device (VeinPress, VeinPress GmbH, Münsingen,

Switzerland) attached to the probe head of the ultrasound.

4.2.4 Instrumentation and Data Collection

Hemodynamic measurements were collected using two instruments, an Innocor inert gas re-

breathing device (Cosmed: The Metabolic Company, Rome, Italy) and a Finapres NOVA (Finapres

Medical Systems B.V., Enschede, the Netherlands). Full calibration was performed on devices

daily, and ambient data calibrations were also performed prior to each subject test (mean ± SD:

temperature 20.5 ± 2.0°C, relative humidity 53.9 ± 11.0%, pressure 767.2 ± 4.8 mmHg). 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 sol-

uble gas (nitrous oxide, 5%) and an insoluble gas (sulfur hexafluoride, 1%) in an oxygen-enriched

air mixture over 5-6 breaths. The mixture is rebreathed using a bag for approximately 30 seconds.

During the rebreathe, subjects inspired and expired at a rate of 20 breaths per minute, following

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 op-

erator 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 methodology can be found in Whittle et

al.126.

Finapres data (finger arterial pulse contour waveform and 5-lead electrocardiogram) were col-

lected continuously throughout the protocol. Pressure was corrected to heart level with a hydro-

static height sensor placed laterally on the mid-coronal plane at the fifth intercostal space. At each

tilt angle, the Finapres pressure waveform was calibrated with a discrete blood pressure measure-

ment using a brachial sphygmomanometer. Finapres data were used to measure SBP, DBP, and

RPP. Further, total peripheral resistance (TPR) was calculated by equation 4.1:
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TPR =
MAP

CO
(4.1)

using the mean arterial pressure (MAP) from the Finapres, and the CO from the Innocor. Au-

tonomic indices were derived from the Finapres ECG trace and beat-to-beat RR interval. Calcu-

lations were performed automatically by the Finapres software. Three of the four time-domain

measures (SDNN, RMSDD, and HRVTi), and all of the frequency-domain measures, were con-

tinuously calculated using a 300 s sliding window. The BRS measure used a 10 s sliding window

to compute baroreflex sensitivity as the transfer gain of the cross-spectra between beat-to-beat

systolic blood pressure and RR interval, resampled to 1 Hz218. 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.

Measurements of ACCA were obtained from two four-second, 15 Hz US videos recorded in each

experimental condition (i.e., angle-position-side combination), capturing a transverse view of the

CCA. Measurements were collected approximately 30 mm inferior to the CCA bifurcation point

(around the C3 vertebral level). These two video files were separated into 120 individual images

(60 images per video). The images were processed using cell segmentation techniques: images

were thresholded219 and subsequently segmented using a watershed algorithm220. Each image was

manually inspected and segmentation failures were discarded. The CCA was identified in each of

the successfully segmented images based on pixel count. Finally, the ACCA for each angle-position-

side combination was calculated as the 20% trimmed mean of all the CCAs previously identified.

The 20% mean includes the central 80% density mass in the calculation, ignoring the highest and

lowest 10% of the data, respectively. Figure 4.1A shows a flow diagram of the ACCA calculation

algorithm.

In each experimental condition, ultrasound images of the IJV were collected using a transverse

view at the same level as the CCA (i.e., C3 vertebra). All images were collected at end-expiration.
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Figure 4.1: Methodology used to capture CCA and IJV cross sectional area. (A) Flow diagram
for the common carotid artery (CCA) area, ACCA, calculation algorithm. Individual frames of two,
four-second, 15 Hz videos (60 frames per video, a total of 120 frames) are filtered and segmented
to identify the CCA area based on pixel count. This process is repeated for all 120 available
frames. Lastly, the ACCA at each experimental condition (i.e., angle-position-side combination) is
calculated as the 20% trimmed mean of all the CCAs previously identified. (B-C) Internal jugular
vein (IJV) area, AIJV, shown for the same subject in two conditions: (B) 45° head-up tilt (HUT)
and (C) 45° head-down tilt.

Due to its irregular shape and varying size, AIJV could not be obtained using the previously de-

scribed segmentation methods that were used to calculate ACCA. Instead, two trained operators,

acting independently, manually identified and circumscribed the IJV on each image to calculate

AIJV based on pixel count. If the two measured areas from the different operators differed by less

than 10%, the final AIJV in that condition was calculated as the average of the two independently

measured areas. However, if the measured area differed by more than 10%, a third operator re-

peated the circumscription and the final AIJV in that condition was calculated as the average of the

three independently measured areas (Figure 4.1B-C).

Internal jugular vein pressure, IJVP, was obtained by manually compressing the IJV with the

VeinPress manometer attached to the head of the US. The VeinPress device was zeroed prior to
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each measurement. Pressure was recorded at the point at which the walls of the IJV vessel were

just about to touch each other. When this occurred, the pressure reading was allowed to stabilize

for two seconds to counter any inertial effects. Two IJVP measurements were collected at each

angle-position-side combination, and the final IJVP in that condition was calculated as the average

of the two measurements.

4.2.5 Statistical Analysis

4.2.5.1 Systemic/Autonomic Measurements

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 measurements within subjects. Subjects were included as random 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 Levine’s test. Data related to the autonomic

response were severely right-skewed, with multiple violations of normality. Since all autonomic

indices used are bounded by ∈ [0,∞], and following a methodology used in multiple studies221–224,

data were fit to generalized linear mixed-effects models (GLMMs) with a gamma distribution and

a log link (i.e., expected value of the dependent variable µ is given by log (µ) = η, where η is the

linear predictor) using the same fixed (i.e., Angle and Position) and random (i.e., subjects) factors

as the LMMs. GLMMs were fit to maximum likelihood estimated via adaptive Gauss-Hermite

quadrature225. Diagnostic plots of all GLMMs were examined visually, and fit assessed using tests

for dispersion, outliers, and distribution (Kolmogorov-Smirnof). LFNorm and HFNorm did not

present the same heteroscedasticity so were fit with LMMs as per the hemodynamic parameters.

Significant effects of Angle, Position, or their interaction were followed by post-hoc contrasts be-

tween the LMM/GLMM estimated marginal means (EMMs) and the seated baseline condition,

which was used as the control condition. Significance was adjusted using Dunnett’s many-to-one
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comparison test (α = 0.05)226. When only the factor Angle was significant, contrasts were per-

formed disregarding the factor Position (i.e., supine and prone values were pooled). Further, when

the factor Position was significant, a post-hoc contrast between supine and prone was performed

excluding the seated baseline. If this contrast was significant, then further contrasts were per-

formed between supine and prone at each tilt angle on the EMMs using Benjamini and Hochberg’s

correction for false discovery rates (α = 0.05)227.

Gravitational dose-response curves between 45° HUT and 45° HDT were constructed for each

dependent variable by refitting the models (LMM and GLMM) without the seated baseline, using

tilt angle as a quantitative continuous variable. Model fit was assessed as above. The following lin-

ear predictor (equation 4.2) was used to generate dose-response curves for each dependent variable

measured:

ηij = β0 + β1 sin (Angle) + β2 (Positionj) + β3 (sin (Angle)× Positionj) + γi + εij (4.2)

where, for each dependent variable, the linear predictor ηij 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 β (where β0 represents the intercept), the random intercept γi (associated with

each subject and the within-subjects design), and the residual error εij . 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 function228, as can be seen in equation 4.2. Dose-response curves

are shown as mean and 95% confidence band. If the main effect of the factor Position was not

significant, supine and prone data were pooled (i.e., 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 (i.e.,

the dose-response curve is just modeled using the factor Position). None of the interaction effects

were statistically significant and therefore, they were not included in the model.
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4.2.5.2 Cephalad Measurements

Data from all cephalad measurements were distributed approximately normally at each tilt an-

gle, side (left or right), and position (supine or prone) combination, assessed by Shapiro-Wilk

tests. Due to the observed non-linearity between tilt angle and the cephalad variables, gravi-

tational dose-response curves were constructed using generalized additive mixed-effects models

(GAMMs). GAMMs were used to assess the effects of position (supine or prone), side (left or

right), and tilt angle on measurements within subjects. Position (supine or prone) and Side (left or

right) were included as parametric terms, and the sine of the tilt Angle was included as a smoothed

term (the seated baseline was not included in GAMMs). Sine of the angle was chosen to repre-

sent the resolved craniocaudal component of gravitational vector acting in the vertical direction.

The smoothed term was fit using shrinkage cubic splines, with individual splines fit to each factor

(Position or Side) where those factors were significant. Subjects were included as a random inter-

cept. GAMMs were fit using restricted maximum likelihood. Diagnostic plots for all models were

examined visually to confirm normality and homoscedasticity of residuals. Since ultrasonography

images were two-dimensional, the variance of measurements of ACCA and AIJV increased with the

size of the measurement. Thus, a square-root transformation was performed on ACCA and AIJV

before fitting the model, avoiding issues with heteroscedasticity. We elected to use
√
area (as op-

posed to a diameter) since, whilst CCA were approximately circular in all subjects, the transverse

IJV section was highly irregular and greatly varied in shape. The GAMM function used is shown

in Equation 4.3:

yijk = β0 + β1 (Positionj) + β2 (Sidek) + fjk (sin (Angle)) + γi + εijk (4.3)

where, for each dependent variable, the measurement yijk for subject i (i = 1 : 12) in Position j

(j = 1 : 2, supine and prone, respectively) on Side k (k = 1 : 2, left and right, respectively) is

described by the tilt Angle (from +45° HUT, to –45° HDT), the parametric coefficients β (where

β0 represents the intercept), the smoothed splines fjk (·), the random intercept γi (associated with
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each subject and the within-subjects design), and the residual error εijk. GAMM are shown as

mean ± 95% confidence interval and only significant effects are included.

All statistical analyses were completed using R version 4.1.0229 with LMMs and GLMMs fit

using the lme4225 and glmmTMB230 packages. GAMMs were fit using the mgcv package231.

Diagnostics were assessed using the lmerTest232 and DHARMa233 packages. Adjusted means

and contrasts were calculated using the emmeans package234. Significance level was set at α =

0.05 (two-sided).

4.3 Results

4.3.1 Hemodynamic Response

Figure 4.2 shows the evolution of hemodynamic parameters (mean ± SE) as a function of tilt

angle (including the seated baseline). Table 4.2 reports the results of the LMM analyses. There

were no significant interaction effects between Angle and Position in any of the models. All hemo-

dynamic parameters except for VO2 showed a significant effect of Angle, and all hemodynamic

parameters except for SBP showed a significant effect of Position. A follow-up contrast between

supine and prone positions (excluding the seated baseline) also showed no difference in DBP. Heart

Rate decreased with increasing HDT (p < 0.001) and HR in the prone position was significantly

higher than in the supine position at most of the tilt angles. On average, HR in prone position was

5.5 ± 2.1 bpm (95% CI: 1.6 to 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 supine position was 8.8 ± 1.5 ml/beat (95% CI: 5.8 to 11.8 ml/beat; 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 supine and

prone position were found marginally significant (p = 0.048), with CO in supine position being

0.2 ± 0.1 l/min (95% CI: 0.0 to 0.4 l/min; p = 0.048) higher than CO in the prone position. How-

ever, no significant differences were found in an adjusted pairwise comparisons at each tilt angle.

TPR decreased significantly with increasing HDT (p < 0.001). There was no main effect of Posi-
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tion 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 mmHg (95% CI: 123.2 to 133.9 mmHg) at

45° HUT to 124.4 ± 2.7 mmHg (95% CI: 119.0 to 129.8 mmHg) at 45° HDT. SBP was only sig-

nificantly different from the seated baseline at 30° HDT. DBP also decreased significantly with

increasing HDT (p < 0.001). While there was a main effect for Position in DBP (p = 0.002),

significant differences were not found between Supine and Prone (p = 0.172) (i.e., 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 prone position was 480 ± 141 mmHg/min (95% CI: 200 to 759 mmHg/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 position than in the supine

position, with an average increase of 0.04 ± 0.01 l/min (95% CI: 0.02 to 0.06 l/min; p < 0.001)

between the two conditions.

4.3.2 Autonomic Response

Figure 4.3 shows the evolution of time-domain autonomic indices (mean ± SE) as a function

of tilt angle (including the seated baseline). Table 4.2 reports the results of the GLMM analyses.

There were no statistically significant interaction effects between Angle and Position in any of the

indices. All four indices showed statistically significant main effects of Angle (SDNN: p < 0.001;

RMSDD: p < 0.001; HRVTi: p < 0.001; BRS: p < 0.001), where all parameters 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 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 to 44.8 ms) at 45° HUT to 58.0 ± 5.9 ms (95% CI: 47.4 to 70.8 ms) at 45° HDT and was

significantly different from the seated baseline at 45° HUT and 30° HUT. The HRVTi index in-
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Figure 4.2: (A-H) Hemodynamic variables as a function of tilt angle in supine (solid line, filled
circles) and prone (dashed line, unfilled circles) positions, collected on 12 male subjects. Mea-
surements 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 means ± SE at each tilt an-
gle. 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) HR, heart rate; (B) SV, stroke volume;
(C) CO, cardiac output; (D) TPR, total peripheral resistance; (E) SBP, systolic blood pressure; (F)
DBP, diastolic blood pressure; (G) RPP, rate pressure product; (H) VO2, oxygen consumption.
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05, ###p < 0.001, ##p < 0.01, #p < 0.05.

creased from 9.0 ± 0.8 (95% CI: 7.5 to 10.7) at 45° HUT to 12.3 ± 1.1 (95% CI: 10.3 to 14.8) at

45° HDT and was significantly different from the seated baseline at 45° HUT and 30° HUT. The
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Table 4.2: Statistical results of the linear mixed model and generalized linear mixed model analysis.
Fixed factors included Angle, Position, and their interaction. Subjects were included as random
factors. See text for abbreviations and model details. ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05.

Significance p

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 —
RMSDD <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 —

Notes:
†Main effect of Position includes seated baseline.
‡Post-hoc contrast to determine whether there is a true difference between supine and prone positions (i.e., does not
include seated baseline).

BRS index increased from 6.6 ± 0.7 ms/mmHg (95% CI: 5.3 to 8.3 ms/mmHg) at 45° HUT to

17.1 ± 2.0 ms/mmHg (95% CI: 13.6 to 21.5 ms/mmHg) at 45° HDT and was significantly different

from the seated baseline at 45° HUT, 30° HDT, and 45° HDT. Finally, RMSDD was, on average,

1.16 ± 0.05 (95% CI: 1.06 to 1.25; p < 0.001) times (statistically significantly) higher in supine

than in prone (ratio and tests on log scale for GLMMs), although adjusted pairwise comparisons

did not show significant differences at any tilt angle. The RMSDD index increased in supine posi-
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tion from 17.6 ± 2.7 ms (95% CI: 13.0 to 23.8 ms) at 45° HUT to 40.5 ± 6.4 ms (95% CI: 29.7 to

55.0 ms) at 45° HDT, and in prone position from 16.4 ± 2.6 ms (95% CI: 12.1 to 22.3 ms) at 45°

HUT to 33.8 ± 5.2 ms (95% CI: 25.0 to 45.8 ms) at 45° HDT. RMSDD was significantly different

from the seated baseline at 45° HUT, 30° HUT, and 15° HUT (in both supine and prone positions),

and at 0° (only in prone position).
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Figure 4.3: (A-D) Time-domain autonomic indices as a function of tilt angle in supine (solid line,
filled circles) and prone (dashed line, unfilled circles) 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 means ± 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) SDNN, standard deviation of
NN intervals (normalized RR intervals); (B) RMSDD, root mean square of direct differences of
NN intervals; (C) HRVTi, heart rate variability triangular index; (D) BRS, baroreceptor sensitivity.
***p < 0.001, **p < 0.01, *p < 0.05.

Figure 4.4 shows the evolution of the frequency-domain autonomic indices (mean ± SE) as a

function of tilt angle (including the seated baseline). Table 4.2 reports the results of the LMM
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and GLMM analyses. There were no statistically significant interaction effects between Angle

and Position or statistically significant main effect of Position in any of the indices. Thus, supine

and prone results were pooled for all frequency-domain variables considered. All indices 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 to

691 ms2) at 45° HUT to 888 ± 134 ms2 (95% CI: 661 to 1192 ms2) at 45° HDT, with statistically

significant differences from the seated baseline at 45° HUT and 30° HUT. Similarly, HF increased

from 98 ± 24 ms2 (95% CI: 60 to 160 ms2) at 45° HUT to 407 ± 102 ms2 (95% CI: 249 to

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 (i.e,

the proportion of total power minus VLF power) decreased from 83.8 ± 2.9% (95% CI: 78.0 to

89.6%) at 45° HUT to 68.2 ± 2.9% (95% CI: 62.3 to 74.0%) at 45° HDT. Accordingly, HFNorm

increased from 16.2 ± 2.9% (95% CI: 10.4 to 22.0%) at 45° HUT to 31.8 ± 2.9% (95% CI: 26.0 to

37.7%) at 45° HDT. LFNorm and HFNorm differed from the seated baseline at 45° HUT and 30°

HUT. Thus, LF/HF decreased from 5.7 ± 0.9 (95% CI: 4.2 to 7.8) at 45° HUT to 2.5 ± 0.4 (95%

CI: 1.8 to 3.4) at 45° HDT, differing from the seated baseline at 45° HUT.

4.3.3 Dose-Response Curves for Systemic and Autonomic Response

Figures 4.5 and 4.6 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% confidence interval. Since 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 results 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 since the statistical analysis did not show a significant effect of Angle. Model

details are presented in Table 4.3.

49



***

*

(Sup & Pr pooled)400

600

800

1000

1200

Se
at

ed
45

° 
H

U
T

30
° 

H
U

T
15

° 
H

U
T 0°

15
° 

H
D

T
30

° 
H

D
T

45
° 

H
D

T

LF
 (

m
s2 )

A

***
***

***

**

(Sup & Pr pooled)
200

400

600

800

Se
at

ed
45

° 
H

U
T

30
° 

H
U

T
15

° 
H

U
T 0°

15
° 

H
D

T
30

° 
H

D
T

45
° 

H
D

T

H
F

 (
m

s2 )

B ***
**

(Sup & Pr pooled)60

70

80

90

Se
at

ed
45

° 
H

U
T

30
° 

H
U

T
15

° 
H

U
T 0°

15
° 

H
D

T
30

° 
H

D
T

45
° 

H
D

T

LF
 (

N
or

m
)

C

***
**

(Sup & Pr pooled)

20

30

40

Se
at

ed
45

° 
H

U
T

30
° 

H
U

T
15

° 
H

U
T 0°

15
° 

H
D

T
30

° 
H

D
T

45
° 

H
D

T

H
F

 (
N

or
m

)

D

**

(Sup & Pr pooled)2

3

4

5

6

Se
at

ed
45

° 
H

U
T

30
° 

H
U

T
15

° 
H

U
T 0°

15
° 

H
D

T
30

° 
H

D
T

45
° 

H
D

T

LF
/H

F
 R

at
io

E

Supine

Prone

Figure 4.4: (A-E) Frequency-domain autonomic indices as a function of tilt angle in supine (solid
line, filled circles) and prone (dashed line, unfilled circles) positions, collected on 12 male subjects.
Measurements were taken at a seated baseline, 45° head-up tilt (HUT), 30° HUT, 15° HUT, 0°,
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Figure 4.5: (A-H) 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 means ± 95% confidence
interval. Blue, supine; red, prone; green, supine and prone pooled. (A) HR, heart rate; (B) SV,
stroke volume; (C) CO, cardiac output; (D) TPR, total peripheral resistance; (E) SBP, systolic
blood pressure; (F) DBP, diastolic blood pressure; (G) RPP, rate pressure product; (H) VO2, oxy-
gen consumption.

51



40

50

60

70

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

S
D

N
N

 (
m

s)
A

20

30

40

50

60

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

R
M

S
D

D
 (

m
s)

B

8

10

12

14

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

H
R

V
T

i

C

5

10

15

20

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

B
R

S
 (

m
s/

m
m

H
g)

D

0

500

1000

1500

2000

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

LF
 (

m
s2 )

E

0

500

1000

1500

2000

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

H
F

 (
m

s2 )

F

60

70

80

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

LF
 (

N
or

m
)

G

20

30

40

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

H
F

 (
N

or
m

)

H

2

3

4

5

6

7

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

LF
/H

F
 R

at
io

I

Position: Supine Prone Pooled

Figure 4.6: (A-I) 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 means ± 95% confidence in-
terval. Blue, supine; red, prone; green, supine and prone pooled. (A) SDNN, standard deviation
of NN intervals (normalized RR intervals); (B) RMSDD, root mean square of direct differences of
NN intervals; (C) HRVTi, heart rate variability triangular index; (D) BRS, baroreceptor sensitiv-
ity; (E) LF, power density in the low frequency range (0.04–0.15 Hz); (F) HF, power density in
the high frequency range (0.15–0.4 Hz); (G) LFNorm, LF (normalized units); (H) HFNorm, HF
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4.3.4 Carotid and Jugular Response

Figure 4.7A shows the ACCA as a function of tilt angle (including the seated baseline). Ta-

ble 4.4 reports the results of the GAMM analysis. There was no significant effect of Position

(p = 0.341), Side (p = 0.849), or sin(Angle) (p = 0.262). In the supine posture, ACCA increased

from 34.3 ± 1.9 mm2 in 45° HUT to 46.0 ± 3.1 mm2 in 45° HDT (averaged left and right sides).

However, this change was not statistically significant when all factors were considered. In the prone

posture, there was no noticeable trend of ACCA: 36.9 ± 1.6 mm2 in 45° HUT and 34.0 ± 3.5 mm2

in 45° HDT (averaged left and right sides). The lack of significance of any factors was captured

by the dose-response curve constructed via GAMM in Figure 4.7B, which appears as a horizontal

line. Due to the observable fluctuations in measured ACCA, a gravitational dose-response curve

constructed in this fashion was only able to explain 22.6% of the observed deviance.
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Figure 4.7: Common carotid artery cross sectional area response to tilt, collected on 12 male
subjects. (A) Right (blue) and left (red) common carotid artery cross sectional area, ACCA, as a
function of tilt angle in supine (solid line, filled circles) and prone (dashed line, unfilled circles)
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 means ± SE at each tilt angle. (B) Gravitational dose-response curve (mean and 95%
confidence interval) fitted from experimental data using generalized additive mixed-effects models
(see text for methodology).
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Figure 4.8A shows the AIJV as a function of tilt angle (including the seated baseline). Table 4.4

reports the results of the GAMM analysis. There was no significant effect of Position (p = 0.663).

However, the factor Side was statistically significant (p < 0.001) as well as the smoothed term

sin(Angle) for both the left and right sides (p < 0.001 for both sides). The IJV markedly expanded

from 45° HUT (right side: 18.6 ± 2.6 mm2, left side: 15.1 ± 2.2 mm2, average of supine and

prone positions) to 45° HDT (right side: 196 ± 15.8 mm2, left side: 161 ± 14.1 mm2, average of

supine and prone positions). On both sides, the expansion was non-linear. Given the significant

differences found between the right and left side, we constructed two gravitational dose-response

curves, shown in Figure 4.8B, one for each side. Together, they fit the experimental dataset well,

explaining 78.0% of the observed variation in the data.
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Figure 4.8: Internal jugular vein cross sectional area response to tilt, collected on 12 male subjects.
(A) Right (blue) and left (red) internal jugular vein cross sectional area, AIJV, as a function of
tilt angle in supine (solid line, filled circles) and prone (dashed line, unfilled circles) 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 means ± SE at each tilt angle. (B) Gravitational dose-response curves (mean and 95%
confidence interval) fitted from experimental data using generalized additive mixed-effects models
(see text for methodology); separate curves created for right and left sides.
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Figure 4.9A shows the IJVP as a function of tilt angle (including the seated baseline). Table 4.4

reports the results of the GAMM analysis. There was no significant effect of Side (p = 0.775).

However, the factor Position was statistically significant (p < 0.001) as well as the smoothed

term sin(Angle) for both the supine and prone postures (p < 0.001 for both postures). IJVP

increased from 45° HUT (supine: 10.4 ± 2.0 mmHg, prone: 11.6 ± 2.0 mmHg, average of left

and right sides) to 45° HDT (supine: 56.0 ± 2.1 mmHg, prone: 59.4 ± 2.2 mmHg, average of left

and right sides). On average, IJVP was 4.3 ± 1.2 mmHg higher in the prone posture than in the

supine posture. Similarly to AIJV, the increase in pressure was non-linear. Given the significant

differences found between the supine and prone postures, we constructed two gravitational dose-

response curves, shown in Figure 4.9B, one for each posture. Together, they explain 76.2% of the

observed variation in the data.
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Figure 4.9: Internal jugular vein pressure response to tilt, collected on 12 male subjects. (A) Right
(blue) and left (red) internal jugular vein pressure, IJVP, as a function of tilt angle in supine (solid
line, filled circles) and prone (dashed line, unfilled circles) 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 means ± SE at each
tilt angle. (B) Gravitational dose-response curves (mean and 95% confidence interval) fitted from
experimental data using generalized additive mixed-effects models (see text for methodology);
separate curves created for supine and prone positions.
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The fitted smoothed terms used to construct the GAMMs in Figures 4.7B, 4.8B, and 4.9B are

presented in Figure 4.10.

4.4 Discussion

This study investigated the acute gravitational dependence of cardiovascular hemodynamics

and autonomic control in a tilt paradigm. To our knowledge, this study represents the most com-

prehensive analysis of hemodynamic and autonomic responses over the widest range of tilt angles

to date, whilst also considering supine and prone differences. Our main findings related to the sys-

temic and autonomic response show that: (1) almost all hemodynamic parameters and autonomic

indices present a strong gravitational dependence; (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;

and (3) in the range between 45° HUT and 45° HDT, linear models can effectively describe the

relationship between tilt angle and hemodynamic/autonomic response. Related to the cephalad

response, we find that: (1) ACCA is not gravitationally dependent. In addition, there is no signif-

icant differences between the left and right sides; (2) In contrast, IJV characteristics show a high

gravitational dependency, exhibiting a marked non-linear behavior; (3) AIJV is larger on the right

side and expands more than on the left side; and (4) IJVP is higher in the prone position than in

the supine position.

4.4.1 Systemic/Autonomic Response

Some studies have previously considered the hemodynamic137,138, autonomic235, or endocrine228

response to acute graded HUT. Other studies have considered the hemodynamic135,136 or auto-

nomic136,236 response to graded HDT. However, studies that investigated both HUT and HDT are

scarce: Lieshout et al.139 considered hemodynamic response in nine subjects at 20° HUT, hori-

zontal 0°, and 20° HDT (all supine). Further, we could find no studies that considered supine and

prone hemodynamic differences in HUT or HDT. Additionally, only the Laszlo et al.228 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 postural cardio-
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59



vascular response over both HUT and HDT, in 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 HDT122,137,193,198. With respect to

the horizontal supine 0° posture, our 21.9% (95% CI: 12.8 to 31.0%) decrease in CO to 30° HUT

matches closely the 19% decrease found by Tuckman et al.237. They did not measure CO at 15°,

but our decrease of 14.2% (95% CI: 5.1 to 23.3%) at 15° HUT is between their reported changes

at 10° HUT (5% decrease) and 20° HUT (17% decrease). Similarly, Bundgaard-Nielsen et al.238

found a decrease in CO by 0.7 l/min (95% CI: 0.2 to 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 to 2.2 l/min) decrease, although

they did not find an increase in CO during any angles of HDT (15°, 45°, 70°, or 90° HDT). Stroke

volume is principally controlled by the Frank-Starling mechanism: during HUT, a reduction in

central blood volume and reduced venous return due to pooling in the abdominal and lower ex-

tremity vasculature leads to decreased cardiac filling and left ventricular end diastolic pressure

(LVEDP), reduced myocyte stretch, and hence, reduced contraction force and lower stroke vol-

ume. Conversely, we expect the opposite behavior in graded HDT: the cephalad fluid shift leads to

increased central blood volume, increased LVEDP and thus, increased SV239. The reduction in HR

with HDT (and increase with HUT), along with the reduction in TPR, are primarily driven by auto-

nomic activity18,240. In HDT, increased pressure on the arterial baroreflex stimulates vagal activity

while simultaneously withdrawing sympathetic nervous stimulation, promoting a bradycardic re-

sponse together with vasorelaxation239. The converse is true in HUT: HR and TPR increase with

HUT driven by vagal withdrawal and sympathetic stimulation, which promote tachycardia and

vasoconstriction. This explanation is supported 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 mmHg (95% CI: -3.1 to
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11.5 mmHg), 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 decreases

by 8.6 ± 1.9 mmHg (95% CI: 3.5 to 13.7 mmHg) 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 since

maintenance of arterial pressure is the primary function of cardiovascular control239. In effect, the

rest of the hemodynamic and autonomic changes we observe in tilt are effected in order to maintain

arterial pressure. Our results fall between Mukai et al.241, who observed no changes in either SBP

or DBP in graded HUT; and Zaidi et al.137, 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.242 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 to our increase of 13.3±

1.9 bpm (95% CI: 7.6 to 19.1 bpm) under the same conditions. While SBP is essentially controlled

in tilt, we hypothesize that the apparent reduction in DBP with HDT is an artifact of bradycardia

combined with vasorelaxation in the terminal resistance arterioles, increasing both the diastolic

time interval and the rate of pressure drop during diastole243. Since blood pressure is largely main-

tained, bradycardia in HDT also leads to a reduction in RPP, indicating a reduction in myocardial

oxygen consumption with HDT. Although, on appearance, this may provide evidence for an re-

duced risk of cardiovascular events during reduced gravity conditions244, long-term cardiovascular

deconditioning likely outweighs any acute benefits178.

VO2 was the only hemodynamic parameter that did not show a strong response to tilt. Studies

on cardiopulmonary response to graded tilt are scarce. Diaz-Artiles et al.125 found no difference

in VO2 consumption at rest across a range of tilt angles from 90° HUT to 6° HDT. Further, our

results are concordant with Prisk and his colleagues, who noted no significant change to VO2

between standing and supine on Earth, or in microgravity, in a study of eight subjects on SLS-1

and SLS-2245. Based on these findings, we preliminarily conclude that VO2, and more broadly

pulmonary function, 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)
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than in the Gz direction, most likely as a result of the weight of the thoracic cavity141.

HRV indices provide additional insight into autonomic responses to changes in gravitational

loads. Our results indicate that, in general, HRV increases with increasing angles of HDT (shown

by the increase in HRVTi, Figure 4.3C). The increase in SDNN (Figure 4.3A) points to a combined

increase in sympathetic and vagal activity213. Results indicate, based on changes in RMSDD (Fig-

ure 4.3B) and HF (Figure 4.4B and D), that vagal activity increases with HDT. Conversely, whilst

the total power spectral density in the LF band increases with HDT (Figure 4.4A), we noticed that,

in normalized units (Figure 4.4C), LF power decreases with increasing HDT. TFESCNASPE213

recommends using LF in absolute units as an index of total sympathovagal activity, whereas LF

Norm is more indicative as marker for sympathetic activity only. Taking all the indices together,

results indicate an increase in vagal activity and sympathetic withdrawal with HDT. Once again,

comparison with previous literature is precluded by the limited number of studies considering HRV

in graded tilt. Our results are congruent with Sharma et al.246, who considered 10° and 70° HUT,

finding an increase in sympathetic activity (increased LF Norm and LF/HF ratio) and vagal with-

drawal (decreased HF Norm and RMSDD) combined with an overall decrease in autonomic activ-

ity (decreased SDNN), compared with the 0° supine position. Similarly, Malhotra et al.247 found a

decrease in sympathetic activity in 30° HDT (decrease in LF Norm) compared to the 0° supine po-

sition, whilst both Mosqueda-Garcia et al.242 and Saito et al.248 found an increase in sympathetic

activity in HUT. We also noted an increase in BRS (Figure 4.3D) from 6.6 ± 0.8 ms/mmHg (95%

CI: 5.3 to 8.3 ms/mmHg) at 45° HUT to 17.1 ± 2.0 ms/mmHg (95% CI: 13.6 to 21.5 ms/mmHg)

at 45° HDT. This is congruent with Schroeder et al.193 who noted that HUT suppressed baroreflex

sensitivity. Our values in seated position (baseline) and horizontal 0° closely match those given in

a review by Rovere et al.217. Although our study did not differentiate between the relative sensi-

tivity of the two divisions of the autonomic system, O’Leary et al.249 suggest that during HUT, the

sympathetic arm is the dominant mediating cardiovascular control.

Differences in supine vs. prone positioning on cardiac function also match what has been pre-

viously reported in literature. Dharmavaram et al.149 compared HR, SV, and CO between 0° supine
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and a variety of prone positioning systems designed for spinal surgery. Although they do not use

a control group (i.e., simple 0° prone position with no positioning device), their data using the

Jackson spinal table and the longitudinal bolster are the most insightful (horizontal position, body

anatomically straight). They reported a non-significant decrease of 0.5 ± 0.6 l/min in cardiac out-

put 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°. Further, they reported a

decrease of 7.2 ± 4.7 ml/beat in stroke volume on the Jackson table, and 14.8 ± 6.6 ml/beat using

the longitudinal bolster. These values are in close agreement with our 13.1 ± 4.0 ml/beat (95% CI:

2.2 to 24.1 ml/beat; p = 0.005) decrease from supine to prone at 0°. It must be noted that Dhar-

mavaram et al.149 also found a decrease in heart rate 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 to 10.9 bpm;

p = 0.008). We hypothesize that this decrease could potentially be due to differences in their

methodology: patients were in an anaesthetized state, with supine measurements performed first

and prone measurements performed some time later. Fentanyl, vecuronium, and thiopental used by

Dharmavaram et al.149 in the anaesthetization process have varying temporal effects on heart rate

and autonomic function250–252. Further studies found no change in blood pressure between prone

and supine positions, but increased TPR and reduced SV and CO in the prone position compared

to the supine position253–256. Studies by Sudheer et al.255, Schaefer et al.256, Yap et al.257, and

Pump et al.254 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 supine are likely

explained by compression of the thorax and inferior vena cava, reducing venous return256,258. This

is combined with attenuated pulsation of the arteries while in prone position, further inhibiting

baroreflex function, leading to increased sympathetic nervous system activity and hence, an in-

crease in HR and vascular resistance254. Blood pressure is maintained between prone and supine

postures via the concomitant reflexive peripheral vasoconstriction258. We further suggest that the

increase in VO2 found 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 expi-
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ratory cost259, and the additional pressure on the musculature of the thorax may lead to a dyspnea

sensation in subjects, reflexively inducing hyperventilation and thus, increasing VO2260. Pump et

al.254 further suggested that these findings identify a limitation of the 6° HDT microgravity 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 conclusion. Further, we found RMSDD to be significantly

higher in the supine position. Viewing RMSDD as an index of vagal activity, this supports the

hypothesis of vagal withdrawal due to baroreflex inhibition when prone, leading to a higher HR

compared to the supine position.

Our study only considers angles from 45° HUT to 45° HDT; over this interval the tilt angle and

its respective sine differ by less than 10%. Therefore, we construct dose-response curves using the

sine of the tilt angle rather than the angle itself in order to capture the underlying mechanisms as

accurately as possible. This follows the methodology of multiple other studies including Critchley

et al.261 (MAP, HR, and SV), Khurana et al.262 (HR, SBP, and DBP), and Smith et al.263 (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 plotted 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 direc-

tion of the gravitational vector. Thus, in the context of human spaceflight, they can be used as a

reference to assess and compare the efficacy and impact of various countermeasures (for exam-

ple lower body negative pressure, or short radius centrifugation) designed to alter hemodynamic

performance to prevent the deconditioning effects of altered gravity on the cardiovascular system.

Tilt studies also have important application outside of human spaceflight. Multiple surgeries

including lower abdominal surgery, central venous catheter placement, and minimally invasive

glaucoma surgery are often performed in the Trendelenburg position (i.e., 15° to 30° HDT) to fa-

cilitate access to pelvic organs and/or improve surgeon positioning. However, there is controversy

over the efficacy of this positioning and its potential adverse complications146–148. Similarly, the
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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 heart149,150. A greater understanding of the hemodynamic

and operative response to such conditions may improve perioperative management and clinical de-

cision making151. Finally, the recent COVID-19 pandemic has brought to public attention the

practice of proning SARS-CoV-2 patients to improve respiratory function264. These dose-response

curves provide a reference from non-pathological subjects that can be used for clinical manage-

ment purposes to assess expected hemodynamic and autonomic variation. This has applications in

surgical cases such as Trendelenburg positioning or surgeries using spinal frames, along with tests

of orthostatic response151.

4.4.2 Carotid/Jugular Response

In the 0° supine posture, we measure ACCA as 34.1 ± 1.6 mm2 (average of supine and prone,

left and right sides); equivalent to a vascular diameter of 6.6 ± 0.5 mm. These results are congruent

with reference values found in the literature, including Scheel et al.265 (6.0 ± 0.7 mm) and Krejza et

al.266 (6.5 ± 1.0 mm). Further, existing studies have found no significant difference between the left

and right CCA geometries267. Multiple studies have considered measurements of carotid arteries

during tilt interventions, often in the context of investigating cerebral blood flow268–270. Many

of these studies measure the geometry of the internal carotid arteries (ICA) and/or the vertebral

arteries (VA). It is likely that the same trends found in ICA during tilt would be followed by

CCA due to the similar characteristics of the two sections of the vessel271. During an acute HUT

maneuver (from supine to 70° HUT), Van Campen et al. noted no change in the diameter of the

VA or right ICA, and only a minor decrease in the diameter of the left ICA from 4.63 ± 0.46 mm

to 4.49 ± 0.50 mm (p < 0.05)268. These results are similar to data from Sato et al., who reported

a slight decrease in ICA diameter (4.9 ± 0.1 mm to 4.7 ± 0.1 cm; p < 0.05) between 0° and 60°

HUT, along with no significant change in VA diameter270. Our measurements do not include HUT

conditions over 45° HUT; however, we do not find any significant difference between ACCA at 45°

HUT and at a seated baseline. In contrast, Hannerz et al. noted a slight significant increase in

CCA diameter of 0.3 mm shortly after entering 15° HDT from 0° supine in subjects with chronic
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tension-type headaches, although the authors also noted that this increase was reversed 30 minutes

after a placebo injection272. We can hypothesize that any transient change in CCA geometry due to

a sudden fluid shift is likely to be very short-lived, on the order of minutes. Even a long period in

mild altered-gravity does not appear to alter the size of the CCA. For example, Palombo et al. noted

no change in CCA geometry or stiffness after five weeks of head-down tilt bed rest (HDTBR)269.

Similarly, Ogoh et al. found no significant change in CCA compliance after 57 days of HDTBR273.

In contrast to CCA results, our findings show that the AIJV is highly dependent on tilt, and

that there is a difference between the geometries of the left and right IJV. Lorchirachooonkul et al.

measured a larger IJV diameter on the right side compared to the left side (right: 13.4 ± 4.5 mm,

left: 11.0 ± 4.4 mm; p < 0.05) in a moderate Trendelenburg position (15° HDT)202. Our results are

consistent with Lobato et al., who also noted the larger size of the right IJV with respect to the left

IJV203. Further, Lobato and his colleagues compared the increase in size of the left and right IJV

between the 0° supine and the 10° HDT Trendelenburg positions, noting an approximately 20 mm2

increase in the left IJV compared to a 35 mm2 increase in the right IJV. The differences in size be-

tween the left and right IJV are likely explained by a combination of anatomy274 and embryologic

origins275,276. Variation in the expansion of the left and right IJVs shown in Figure 4.8B suggests

that there could be a difference in compliance between the two IJVs. A paucity of data exists on

left IJV compliance. However, further analysis of data from Tarnoki et al. would suggest values

for specific compliance (i.e., compliance per unit length) of 3.9 ± 0.2 ml/mmHg/mm for the right

IJV and 2.5 ± 0.2 ml/mmHg/mm for the left IJV in a study of 169 subjects277.

Anatomically, blood drains into the IJVs from the cranial sinuses via the left and right trans-

verse sinuses (TS)278. Saiki et al. demonstrated different drainage patterns between individuals.

They noted that in 73.6% of 91 subjects, the superior sagittal sinus drained principally (either per-

fectly or imperfectly – 100% or the vast majority) into the right TS (and hence, the right IJV),

whilst in 72.6% of subjects, the smaller straight sinus drained equivalently into both the left and

right TS or favored the left TS274. Thus, in the majority of people, the blood flow through the

right IJV originates principally from the larger sagittal sinus and the blood flow through the left
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IJV originates from the smaller straight sinus. In addition, Saiki hypothesized that the difference

in jugular vein size is related to embryonic development, specifically the anastomosis of the left

and right anterior cardinal veins leading to the disappearance of the left superior vena cava. This

leads to a lower vascular resistance in the right side path, leading to a shift of superior sagittal

sinus drainage towards the right TS. We hypothesize that increased venous compliance in the right

IJV is also related to this early development, with the increased blood flow in the right IJV leading

to increased compliance as a result of previously identified mechanotransduction pathways during

embryonic development279.

Conversely, we found no significant differences between the left and right IJVP. The venous

system splits at the confluence of sinuses before rejoining at the superior vena cava18. Across the

anatomical distance where the left and right sides are separated, the largest pressure drop occurs

between the distal sigmoid and jugular bulb280 such that, by the section where we took our mea-

surements, distal to the jugular bulb, IJVP on both sides is only slightly elevated above central

venous pressure281,282. Thus, we do not expect pressures on either side to be much elevated above

CVP, and hence we do not expect to find a difference between the left and right side at the measured

point. However, we note a significant difference in IJVP between the prone and supine positions.

Specifically, in the prone position, IJVP was, on average, 4.3 ± 1.2 mmHg higher than in the supine

position. To our knowledge, this is the first study comparing the effect of posture (supine vs. prone)

on IJVP. Moreover, our results are congruent with broader hemodynamic measures collected dur-

ing the same study186. We previously hypothesized that thorax compression in the prone position

leads to a decreased stroke volume and cardiac output, along with increased total peripheral resis-

tance. We further hypothesize here that this thorax compression elevates intrathoracic pressure283

and hence, central venous pressure in the prone position284. This is reflected in our measurements

as an increase in IJVP. This is supported by studies demonstrating elevated central venous pressure

during a Valsalva maneuver285,286.
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4.4.2.1 Comparison with Spaceflight Studies

A preliminary assessment of the gravitational dose-response curves can be made by comparing

our results with a variety of studies that have measured AIJV and IJVP in altered-gravity condi-

tions. Figure 4.11 presents experimental data from studies by Marshall-Goebel et al.12, Lee et

al.194, and David et al.195, superimposed on our AIJV and IJVP gravitational dose-response curves.

Marshall-Goebel et al. conducted a cohort study with 11 astronauts to investigate the left IJV on

Earth (in seated, supine, and 15° HDT positions) and during long duration spaceflight, with data

collected in-flight on day 50 (FD50) and day 150 (FD150). Lee et al. conducted a parabolic flight

study where investigators collected experimental data from the right IJV (right AIJV in 9 subjects,

right IJVP in 6 subjects) in different gravitational conditions: 1g seated, 0.75g, 0.50g, 0.25g, and

microgravity. David et al. conducted a study in a single Russian astronaut in which the right AIJV

was measured pre-flight across a range of tilt angles. Partial gravity data collected during parabolic

flight (Lee et al.194) are depicted in figure 4.11 as the equivalent tilt position obtained by project-

ing the gravitational vector along the craniocaudal axis for tilt (e.g., 0.50g is placed at 30° HUT

since arcsin (30◦) = 0.5). Data obtained in microgravity conditions (Lee et al.194 and Marshall-

Goebel et al.12) are superimposed at 6° HDT, since this is the most commonly used analog for

microgravity1,125,126,287.

Data for AIJV demonstrates good agreement with the dose-response curves for both parabolic

flight and tilt data. Data for IJVP in the same conditions is more difficult to interpret due to the

low number of points and reduced number of subjects. Data from Marshall-Goebel et al. indicate

that, although AIJV in-flight is elevated with respect to the seated position, it is actually reduced

with respect to the supine position. This decrease seems to be exacerbated with more prolonged

time in microgravity. IJVP is elevated from the (pre-flight) supine position after 50 days in micro-

gravity, then reduced when remeasured after 150 days in microgravity. Based on a 6° HDT model

for microgravity, we would expect AIJV and IJVP to be elevated compared to 0° supine. There are

multiple potential reasons for this difference. First, the dose-response curves generated represent

an acute rather than chronic response. Entry to microgravity conditions precipitates a number of
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Figure 4.11: (A-B) Comparison of the internal jugular vein area (AIJV) and the internal jugular vein
pressure (IJVP) gravitational dose-response curves with spaceflight-related studies that include rel-
evant data during tilt (Marshall-Goebel, 201912; David, 2021195), parabolic flight (Lee, 2020194),
and in-flight (Marshall-Goebel, 201912). Data collected in a weightless condition are placed at 6°
head-down tilt (HDT), data at partial gravity from parabolic flight are placed at a tilt angle repre-
sentative of the equivalent gravitational vector resolved along the craniocaudal axis. (A) AIJV; (B)
IJVP.

chronic changes in the hemodynamic system6. Principal among these changes is the reduction in

circulating blood volume due to the fluid shift from intravascular to extravascular spaces as well as

neurally-mediated reduction by the Renin-Angiotensin-Aldosterone (RAAS) endocrine system288.

This reduction in blood volume, which occurs over the first few hours in space, lowers fluid pres-

sures throughout the systemic circulation, leading to decreased distension after a prolonged pe-

riod12,21. Second, measurement of the IJVP using the non-invasive VeinPress device is dependent

on the tissue surrounding the vein. Measurements of IJVP using the VeinPress are likely slightly

elevated compared to the true venous pressure, due to compression of the tissue surrounding the

IJV. Changes in fluid compartmentalization289–291, including fluid shift to extravascular spaces as

well as potential changes in the neck tissue due to chronic muscular deconditioning over long du-

ration spaceflight, may result in both a reduced venous pressure, as well as an underestimation

of that measurement292. Third, there are fundamental differences in the vascular response to tilt
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compared to true microgravity. One key difference refers to the central venous pressure (CVP) re-

sponse. On Earth, in a tilt paradigm, central venous pressure has been demonstrated to increase in

HDT147,293 with respect to the supine position. However, data from spaceflight indicates that CVP

actually decreases in microgravity (with respect to the same supine reference position). Buckey

et al. hypothesize that the reason for this disparity is driven by the removal of external pressures

on the vascular system when exposed to true microgravity, due to the absence of tissue weight50.

Computational models of systemic circulation accounting for this removal of tissue weight sup-

port this hypothesis, demonstrating the anticipated reduction, rather than rise, in CVP95. Given

that IJVP is only minimally elevated above CVP, we further hypothesize that this decrease in CVP

in microgravity also leads to a decreased IJVP and AIJV with respect to the anticipated response

from the dose-response curves generated in 1g conditions using a tilt paradigm. These differences

suggest that, in cases where fluid shift and hemodynamic pressures in the head and neck are impor-

tant, for example when considering the pathoetiology of SANS or venous thromboembolic events,

the standard 6° HDT model of microgravity may require re-evaluation.

Overall, our results are congruent with studies supporting an increase in both jugular vein en-

gorgement and jugular venous pressure in space compared to the seated or standing position12,205–207,294.

These data serve as a reference terrestrial model that can be used to compare the magnitude of

ACCA, AIJV, and IJVP changes occurring on entry to microgravity (and in the future, partial grav-

ity) conditions. In addition, these dose-response models can be an invaluable resource to support

the development of spaceflight countermeasures focused on counteracting the headward fluid shift

and the associated hydrostatic changes (e.g., artificial gravity119,154). Such countermeasures could

be used to reduce incidence of SANS and decrease venous thromboembolic risk295.

4.4.3 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 al.163 noted gender dif-

ferences in baroreflexive control of blood pressure. On the other hand, Patel et al.164 found no

significant effect of gender on autonomic indices in a protocol involving HUT, HDT, and lower
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body negative pressure. Studies by Scheel et al. and Krejza et al. have demonstrated that the CCA

is significantly smaller in women than in men265,266. Similarly, Choudhry et al. found that men

presented a larger CCA at the bifurcation point than women267. In order to reduce variability in

the dose-response curves, it was determined that males and females should be considered sepa-

rately. This is supported by recent work by Patterson et al. suggesting significant differences in the

attenuation of the jugular vein in response to orthostatic stress between men and women295. Pat-

terson et al. conclude that data should be interpreted in a sex-dependent manner. We will consider

differences between male and female subjects in Section 4.7 below.

Second, our study only measured acute responses. Much literature has reported on the long

term effects of altered gravity environments, and our investigation did not consider those hemody-

namic changes with a longer time-course, for example cardiovascular degradation178,189, reduction

in total blood volume due to endocrine response, or long term autonomic changes4,140,296. From

the discussion of Figure 4.11 it was determined that chronic effects play a role in jugular vein

hemodynamics, particularly in spaceflight studies. Consideration should be given to the chronic

trends in the terrestrial dose-response curves (for example through head-down tilt bed rest55 or

computational models178), in order to determine whether they follow the same pattern of decon-

ditioning/adaptation observed in flight studies12. However, we believe that understanding and

mapping the physiological mechanisms behind the acute response to altered gravity still provides

insight into the expected response to countermeasures. Further, there are also situations in space-

flight where optimal operational performance is critical immediately after a gravity transition (for

example immediately after entering orbit or landing), when the acute response is dominant. In

order to minimize the transient effects of large fluid shifts, we elected to progress, as opposed to

randomize, the tilt angle in our methodology. It is established that there exists some amount of

hysteresis in the venous vascular system. However, there are conflicting data as to whether this

leads to significant creep297,298. Whilst our data undoubtedly contain some component of vascular

creep, we do not believe it to be significant in the context of the magnitude of the area and pressure

changes shown.
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Third, the entire study was conducted using noninvasive methods. Future work should con-

sider the addition of more invasive measurements to improve accuracy and provide additional

dose-response relationships. In particular, a direct measurement of cardiac output would provide

the most accurate dose-response relationship as there are observable differences between the re-

sults of different methodologies126,299. Further, for the autonomic measures, samples of blood

plasma catecholamines and other neurohormones along with intracellular magnesium levels300,301

could provide further insights into cardiovascular control. Finally, invasive measurement of central

venous pressure would provide informative data on cardiac loading conditions and thoracic blood

volume302,303. The VeinPress device used in the study was chosen for its heritage of use in previous

spaceflight and parabolic flight investigations12,194,292, thus, facilitating direct comparison between

studies. It is acknowledged that invasive measures, such as venous catheterization, may provide

more accurate measurements of IJVP. However, non-invasive measurements using ultrasonography

are well-established in a clinical environment304–306.

Fourth, in this study we attempted to capture the mean response of the common carotid artery,

as opposed to pulsatility. The data analysis workflow involved measuring and averaging ACCA

at 15 Hz across a number of heartbeats in a four-second window. Thus, the data represent an

arithmetic mean (similar to mean arterial pressure) used to determine whether there are larger

systemic changes outside of the pulsatility. Future work should investigate the role of pulsatility of

the carotid artery at different degrees of headward fluid shift. Ideally, this would be supplemented

with flow measurements (i.e., peak systolic and end diastolic flow) to capture a more complete

hemodynamic response.

Finally, related to the IJV, pressure and area measurements are only two parts of the very

complex picture of vascular hemodynamics. Whilst the pressure and area data are useful and

informative on their own, future studies should also include flow measurements to provide a more

complete understanding of jugular venous flow. In particular, an assessment of the characteristics

of jugular vein flow as performed by Marshall-Goebel et al. may prove insightful. However, it is

noted that they did not find any flow stagnation in a terrestrial setting in seated, supine, or 15° HDT
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positions12. In Section 5 we add flow measurements to our consideration of LBNP hemodynamics.

4.5 Summary of Experiment 1

We implemented a tilt paradigm to investigate the acute changes in multiple hemodynamic pa-

rameters and autonomic indices across a range of 45° HUT to 45° HDT in both supine and prone

positions. Our data revealed a strong gravitational dependence of almost all metrics considered,

explained by cephalad fluid shift in HDT combined with alterations of baroreflex function. Based

on the experimental data collected, we constructed gravitational dose-response curves for all vari-

ables across the tilt ranges considered. Further, we confirmed statistically significant differences

between supine and prone positions in heart rate, stroke volume, cardiac output, total peripheral

resistance, oxygen consumption, and internal jugular vein pressure but not in blood pressure. This

difference is likely due to thorax compression inhibiting baroreflex function whilst prone, leading

to an increase in sympathetic activity and raised central venous pressure. Results show that the

right IJV distends more than the left IJV. Pressure is not statistically different between the left and

right internal jugular veins. Comparison of the jugular vein dose-response curves with external

studies reveals good agreement in tilt. However, differences between tilt and true microgravity are

also revealed, likely as a result of reduced compressive forces on the venous system in weightless

conditions due to a combination of a reduction of intrathoracic pressure and the removal of tissue

weight. These findings lead to a greater understanding of acute cardiovascular hemodynamics in

altered gravity, while the gravitational dose-response curves provide a unique and comprehensive

baseline to support spaceflight countermeasure development, as well as other Earth applications,

such as terrestrial surgery in prone or HDT positions.

4.6 Addendum 1: Intraocular Pressure and Ocular Perfusion Pressure

Due to the importance of intraocular pressure and its relationship to SANS, we studied the

gravitational effect of IOP over a wider range than the ±45° covered in the main tilt experiment.

This experiment used a separate subject pool to the original experiment. Thus, we have elected

to report on the IOP results as an addendum separate to the main experiment. In this study, we
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further considered the gravitational effects on ocular perfusion pressure and the implications for

the pathoetiology of SANS.

4.6.1 Motivation

Any change in posture induces gravitational fluid shifts and accompanying changes in regional

pressures307–309. Because of the elongated shape of the human body and eccentric placement of

eyes and brain, these organs are exposed to particularly large pressure changes every time we stand

up and lie down310,311. Human physiology is well adapted to these common gravitational pressure

changes and compensatory systemic and intrinsic mechanisms, including cerebral autoregulation,

that work efficiently to maintain appropriate blood perfusion. Removal of gravitational stress,

such as during spaceflight, is associated with a chronic headward fluid shift and loss of diurnal

pressure variability, which likely results in a mild, but persistent elevation in cephalad pressures

compared to a standing or seated position on Earth22,312,313. This might be related to a series of

ocular changes occurring during spaceflight. More than half of astronauts on long-term missions

develop structural and functional changes at the back of the eye, including disc edema, widening

and possible kinking of the optic nerve, choroidal folds, globe flattening, loss of visual acuity,

and small retinal infarctions (cotton wool spots), collectively referred to as Spaceflight Associated

Neuro-ocular Syndrome (SANS)47,57. The exact etiology of SANS remains unknown, primarily

because we do not fully understand the gravitational influence on ocular health and thus, we are

unable to predict the consequences of removing, or more generally altering, the gravitational stress.

Normal ocular and visual function depend on appropriate arterial perfusion of the eye, which is

characterized as ocular perfusion pressure (OPP) and calculated as mean arterial pressure (MAP)

at eye level (MAPeye) minus intraocular pressure (IOP), Equation 4.4:

OPP = MAPeye − IOP (4.4)

IOP is determined by the production and absorption rate of aqueous humor plus episcleral

venous pressure as defined by the Goldmann equation (4.5):
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IOP =
(F − U)

C
+ P (4.5)

where F is aqueous flow rate through the anterior chamber, U is the outflow rate through the

uveoscleral drainage pathway, C is the trabecular outflow facility, and P is episcleral venous pres-

sure24. Postural changes in IOP, on a short timeline, are primarily driven by episcleral venous

pressure and as such, linked to the systemic circulation314. However, because the eye overall con-

stitutes a smaller hydrostatic system than the systemic circulation, changes in the gravitational

vector have a comparatively smaller impact on IOP than MAPeye
22,24,142,238,315–318. Due to the an-

terior position of the eye, not only upright versus lying down (Gy) but also prone versus supine

posture (Gx) affect ocular pressure and hemodynamics (including the ophthalmic arteries, the cen-

tral retinal arteries, and the posterior ciliary arteries) by inducing a short hydrostatic column from

the base of the rostral globe to the mid-caudal plane. The resultant hydrostatic pressure gradient in-

fluence IOP and, hence, OPP. Previous studies have shown IOP to be elevated in the prone position

compared to the supine position142,319.

Changes in OPP are associated with pathologies of the eye. For example, reduced OPP due

to reduced MAPeye and/or elevated IOP is a well-known risk factor for the prevalence, incidence,

and progression of glaucoma320–322. Similarly, choroidal thinning in early progression of patients

with reticular pseudodrusen (RPD) has also been associated with reduced OPP323. In particular,

the optic disc excavation seen in glaucomatous eyes is opposite to the edema found in many cases

of SANS. We hypothesize that increases in OPP due to the mismatch between autoregulation of

MAPeye and IOP in altered-gravity conditions leads to swelling of the hyperemic choroid and thus,

it is an important marker for understanding the etiology and progression of SANS.

Here, we investigate how changes in the full range (360°) of the gravitational vector from

upright standing to full inversion through supine and prone postures affect IOP, MAPeye, and thus

OPP. We hypothesize that head-down tilt postures increase MAPeye to a greater extent than IOP,

thereby increasing OPP. We also hypothesize that any degree of head-down tilt in prone postures

increases IOP to a greater extent than in supine posture, and thus are associated with a lower OPP.
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Finally, we hypothesize that these changes can be predicted and explained by passive hydrostatic

changes.

4.6.2 Methods

4.6.2.1 Subjects and Study Approval

Thirteen healthy male volunteers (mean ± SD: age 22.1 ± 1.1 years; height 180.91 ± 7.74

cm; weight 76.8 ± 12.22 kg) were enrolled in this study after providing oral and written consent.

None took any medication (prescription or over the counter) at the time of the study, and all were

instructed to avoid strenuous exercise and caffeine 12-hours prior to the trial. The subjects self-

reported no history of chronic cardiovascular or ocular conditions (e.g., glaucoma) and no ocular

surgery (including keratomileusis/keratectomy) within the previous 12 months. The protocol was

approved by the Institutional Review Board at both the University of California San Diego (UCSD)

and Texas A&M University (TAMU) and in accordance with the declaration of Helsinki. The study

was conducted in two separate locations; UCSD (n = 7) and TAMU (n = 6).

4.6.2.2 Procedure

Subjects were placed on an inversion tilt table fitted with ankle clamps to keep the subject from

sliding at steeper angles of tilt. After an initial rest period subjects were, in a randomized order,

exposed to varying tilt angles. Figure 4.12 shows a visual representation of the angle convention

used. For the supine posture, these angles were 90° (fully upright), 45°, 30°, 15°, 0° (supine hori-

zontal), 345°, 330°, 315°, 300°, 285°, and 270° (fully head-down). For the prone posture, angles

were 90° (fully upright), 135°, 150°, 165°, 180° (prone horizontal), 195°, 210°, 225°, 240°, 255°,

and 270° (fully head-down). Thus, the full 360° range of tilt angles were measured for each sub-

ject (Figure 4.12). Each tilt angle was maintained for five minutes before recording cardiovascular

variables and IOP of both left and right eye, subjects rested in a fully head-up (90°) posture for 5

minutes between each experimental tilt angle.
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Figure 4.12: Experimental setup. Subject is tilted through the full 360° range of tilt angles. MAP
was measured using either 1) a brachial cuff (n = 6) or 2) a finger cuff (n = 7) then corrected
to eye level (MAPeye). Supine position is the angles 270° (full inversion) through 0° (horizontal
supine) to 90° (upright), prone position is 90° (upright) through 180° (horizontal prone) to 270°
(full inversion). θ, angle of tilt; h, distance from heart to eye level along mid-coronal plane; h1,
perpendicular distance from mid-coronal plane to the globe of the eye; MCP, mid-coronal plane.

4.6.2.3 Equipment and Materials

Left and right IOP (26 eyes total) were measured non-invasively using a rebound technology

(iCare Pro Handheld Tonometer, iCare, Vantaa, Finland). The version of tonometer used, the

IC200, was specifically designed to allow accurate measurement with positional freedom across,

providing accurate measurements at all tilt angles considered. To account for heart rate and respi-

ratory fluctuation, each IOP measurement from each eye, in each posture, was repeated five times

and presented as average.

Blood pressure and heart rate were recorded either continuously by the volume-clamp method

(N=7) using a cuff around the third finger (Nexfin, Netherlands) and corrected to eye level (MAPeye)

by fixing the Nexfin height sensor at the lateral canthus; or during steady state by oscillometric

method (n = 6) using a brachial cuff on the right arm at heart level (Omron, USA) and mathe-
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matically corrected to eye level (MAPeye) by accounting for a) the hydrostatic pressure difference

between heart and eye-level (h in Figure 4.12) the perpendicular distance from mid-coronal plane

of the body to anterior placement of the globe of the eye (h1 in Figure 4.12). These distances, h

and h1, were measured for each subject before the study.

4.6.2.4 Statistical Analyses

Data and statistical analyses were performed in R version 4.1.0 (R foundation for statistical

computing, Vienna, Austria). Linear mixed models (LMM) were constructed with tilt angle (on a

360° scale as described in Figure 4.12), eye (left or right), and study location (UCSD or TAMU)

as fixed effects, and subject as the random effect. Separate models were constructed for the three

dependent variables: IOP, MAPeye (no eye factor), and OPP. Significant effects of tilt angle were

followed with two sets of contrasts. Differences from 0° supine were examined using Dunnett’s

multiple comparison procedure226. Pairwise comparisons between prone and supine were con-

ducted at each tilt angle with Benjamini and Hochberg’s false discovery rate correction applied227.

LMMs were fit with the nlme package using restricted maximum likelihood (REML) and vari-

ance was allowed to vary across tilt angles to compensate for increased heterogeneity at more

severe head-down tilts. Data are given as means and standard errors (SE). The level of statistical

significance was set to α = 0.05.

4.6.3 Results

There was no significant difference in the effect of study location on the measurement of IOP

values (p = 0.695). Thus, location was removed as a factor and both locations were combined

for subsequent analysis. Further, there was no significance for eye (left or right) on the measure-

ment of IOP (p = 0.193); hence, it was also removed as a factor. Mean IOP in 0° supine posture

was 19.2 ± 0.6 mmHg. A statistically significant decrease of –3.3 ± 0.6 mmHg (p < 0.001) was

measured when tilting to 90° (fully upright, Figure 4.13 and Table 4.5). There were no other signif-

icant changes in a head upwards position. A statistically significant increase of 20.7 ± 1.7 mmHg

(p < 0.001) was measured during supine head-down tilt to 270° (fully inverted). In supine pos-
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ture, there was a statistically significant increase in IOP from 0° supine when tilting downwards

at all angles: 345° (p = 0.043), 330° (p < 0.001), 315° (p < 0.001), 300° (p < 0.001), 285°

(p < 0.001), and 270° (p < 0.001). In prone posture, there was a statistically significant increase

in IOP compared to 0° supine at prone horizontal position (180°, p < 0.001), and all HDT angles:

195° (p < 0.001), 210° (p < 0.001), 225° (p < 0.001), 240° (p < 0.001), 255° (p < 0.001), and

270° (p < 0.001). Figure 4.13 shows the IOP mean ± SE across all tilt angles.
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Figure 4.13: Intraocular Pressure (mean ± SE) as a function of tilt angle across all subjects (n =
13). *p < 0.05 compared with 0º supine horizontal position.

There was no significant difference in the effect of study location on the measurement of
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MAPeye values (p = 0.358). Thus, location was removed as a factor and both locations were com-

bined for subsequent analysis. MAPeye followed a trend similar to IOP, and decreased significantly

from supine posture at 0° (81.3 ± 1.7 mmHg) to 90° (fully upright; 60.8 ± 3.2 mmHg, p < 0.001,

Figure 4.14 and Table 4.5), while increasing during head-down tilt postures to 119.8 ± 4.5 mmHg

(p < 0.001) at 270° (fully inverted). Significant differences from supine 0° were found at all tilt

angles apart from 345° (p = 0.051, 15° HDT supine), 15° (p = 0.074, 15° HUT supine), and 165°

(p = 0.999, 15° HUT prone). Figure 4.14 shows the MAPeye mean ± SE across all tilt angles.
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Figure 4.14: Mean arterial blood pressure (mean±SE) at the level of the eye as a function of tilt
angle across all subjects (n = 13). *p < 0.05 compared with 0º supine horizontal position.
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There was no significant difference in the effect of study location on the measurement of OPP

values (p = 0.384). Thus, location was removed as a factor and both locations were combined

for subsequent analysis. Further, there was no statistically significant difference for eye (left or

right) on the measurement of OPP (p = 0.418); hence, it was also removed as a factor. OPP

decreased significantly from 0° supine (62.1 ± 1.4 mmHg) to 90° upright (45.6 ± 2.2 mmHg;

p < 0.001, Figure 4.15), while supine fully inverted head-down tilt significantly increased OPP

to 79.4 ± 3.7 mmHg (p < 0.001). In supine posture, OPP was significantly different from 0°

supine at all tilt angles except for 345° (p = 0.148, 15° HDT supine). In prone posture, OPP was

significantly different from 0° supine at 135° (p < 0.001), 150° (p < 0.001), 195° (p = 0.002),

225° (p = 0.010), and 270° (p < 0.001). Figure 4.15 shows OPP (mean ± SE) across all tilt angles.

Table 4.5 shows a summary of all the changes from 0° supine with SE and p values for IOP,

MAPeye, and OPP.

4.6.3.1 Prone vs Supine

IOP in prone posture was significantly higher at all angles of tilt between 60° HDT and 30º

HUT compared to the supine posture (Figure 4.16 and Table 4.5). These angles correspond to

the maximum influence of the hydrostatic column caused by the offset of the eye from the mid-

caudal plane, which varies with the cosine of the tilt angle (Equation (4)). In particular, in the

horizontal position, IOP was 3.5±0.8 mmHg (p<0.001) higher in prone posture compared to supine

posture. OPP in prone posture was also significantly higher compared to the supine posture at

15º HDT (p=0.045), 15º HUT (p=0.044), and 30º HUT (p=0.044). Conversely, OPP was non-

significantly higher in supine than in prone at severe HDT angles (90º, p=0.198; 75º, p=0.225; and

60º, p=0.051). Figure 4.16 and Table 4.6 show the change in IOP between supine and prone across

all tilt angles. Table 4.6 also shows the OPP differences between prone and supine postures.

4.6.4 Discussion

This study confirms that IOP and MAPeye are both gravity dependent variables. In addition,

the study further contributes to the understanding of gravitational changes on OPP. A statistically
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Figure 4.15: Ocular perfusion pressure (mean ±SE) as a function of tilt angle across all subjects
(n = 13). *p < 0.05 compared with 0º supine horizontal position.

significant increase in IOP was measured in both eyes when subjects were tilted from 0° to 90°

head-down, while a small decrease in IOP was measured in both eyes when subjects were tilted

from 0° to 90° upright that was only significant at 90°. This occurred in both supine (face up)

and prone (face down) postures. No significant differences were found between the left and right

IOP at any tilt angle. MAPeye significantly decreased from 0° supine to 90° upright while MAPeye

significantly increased when subjects were tilted from 0° to 90° head-down in both supine and

prone postures.

These results are consistent with data from multiple studies across a smaller range of tilt angles.
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Table 4.5: Change from 0° supine for intraocular pressure (IOP), mean arterial pressure at eye level
(MAPeye), and ocular perfusion pressure (OPP). Significance is adjusted using Dunnett’s multiple
comparison procedure for 20 tests. *p < 0.05.

Angle
IOP (mmHg) MAPeye (mmHg) OPP (mmHg)

Change SE p
Change SE p

Change SE pfrom 0° from 0° from 0°

Supine

270° 20.7 1.7 <0.001* 38.5 4.1 <0.001* 17.4 3.2 <0.001*
285° 20.9 1.7 <0.001* 34.2 4.1 <0.001* 12.7 3.3 0.002*
300° 15.8 1.2 <0.001* 27.4 3.8 <0.001* 11.1 2.6 <0.001*
315° 11.3 0.9 <0.001* 20.0 2.6 <0.001* 8.1 1.8 <0.001*
330° 5.8 0.8 <0.001* 11.8 1.7 <0.001* 5.9 1.5 0.001*
345° 1.8 0.6 0.043* 4.9 1.7 0.051 3.0 1.2 0.148
0° — — — — — — — — —

15° –0.9 0.6 0.636 –6.2 2.2 0.074 –5.3 1.5 0.010*
30° –1.3 0.6 0.295 –11.8 2.1 <0.001* –10.3 1.5 <0.001*
45° –0.9 0.7 0.889 –14.6 2.6 <0.001* –13.4 2.1 <0.001*

Upright 90° –3.3 0.6 <0.001* –20.5 3.4 <0.001* –16.5 2.5 <0.001*

Prone

135° –1.0 0.6 0.679 –10.6 2.7 0.002* –9.6 1.8 <0.001*
150° 0.4 0.6 0.993 –6.0 1.8 0.017* –6.4 1.3 <0.001*
165° 0.6 0.7 0.961 –0.1 1.9 0.999 –0.7 1.5 0.999
180° 3.5 0.8 <0.001* 6.9 1.9 0.006* 3.4 1.5 0.296
195° 6.4 0.9 <0.001* 14.2 3.0 <0.001* 7.8 2.0 0.002*
210° 10.9 1.2 <0.001* 16.9 3.5 <0.001* 5.9 2.1 0.082
225° 15.8 1.7 <0.001* 23.1 3.4 <0.001* 7.3 2.1 0.010*
240° 19.9 1.6 <0.001* 22.8 4.7 <0.001* 2.9 2.7 0.942
255° 21.6 1.7 <0.001* 28.4 5.4 <0.001* 6.8 3.3 0.360
270° 21.9 1.9 <0.001* 33.6 3.7 <0.001* 11.6 2.6 <0.001*

Laurie et al. demonstrated a significant increase in IOP from 15.0 mmHg measured in supine

position to 15.7 mmHg measured at 6° HDT (0.7 mmHg increase)317. Similarly, Blecha et al.

demonstrated an increase in IOP from 19.9 ± 0.4 mmHg at 0° supine to 30.7 ± 0.6 mmHg at 45°

HDT after 30 minutes of exposure. This is consistent with our data, which show an increase in IOP

from 19.2 ± 0.6 mmHg at 0° supine to 30.5 ± 1.0 mmHg at 45° HDT315. Further, Marshall-Goebel

et al. found an increase in IOP from 15.7 ± 0.3 mmHg at 0° supine to 17.9 ± 0.4 mmHg at 12° HDT

(2.1 mmHg increase), and 18.7 ± 0.4 mmHg at 18° HDT (3.0 mmHg increase)124. Concerning

83



*

*

*

*

*

* *

16

18

20

22

24

26

28

30

32

34

36

38

40

42

44

90
° 

H
D

T

75
° 

H
D

T

60
° 

H
D

T

45
° 

H
D

T

30
° 

H
D

T

15
° 

H
D

T 0°

15
° 

H
U

T

30
° 

H
U

T

45
° 

H
U

T

Tilt Angle

IO
P

 [m
m

H
g]

Experimental Data
(mean±SE)

Supine

Prone

Figure 4.16: Prone and supine intraocular pressure (mean ± SE) as a function of tilt angle. Dark
bars represent supine posture, light bars represent prone posture. *p < 0.05.

HUT, Mayalı et al. found a non-significant decrease in IOP from 0° supine (18.5 ± 0.6 mmHg)

to 90° HUT (17.1 ± 0.5 mmHg, p=0.07)318, which is consistent with the decrease in our data.

Conversely, Chiquet et al. did not find a significant increase in IOP in 6° HDT compared to

the supine position316. However, their study involved 7 days HDT bed rest and they reported a

decrease in IOP after day 5. These differences in IOP results are most likely explained by the

timescale differences between our studies. While we considered acute changes, Chiquet et al.

performed their first IOP measurements after at least 24 hours of HDT bed rest, when the body’s

autoregulatory processes have already begun to act on systemic and cephalad hemodynamics.
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Table 4.6: Increase in IOP and OPP in prone position versus supine position. Significance is
adjusted using Benjamini and Hochberg’s false discovery rate correction for 10 tests. *p < 0.05.

Angle

IOP (mmHg) OPP (mmHg)
Increase in

SE p
Increase in

SE pProne vs Prone vs
Supine Supine

90° HDT 1.2 2.5 0.785 –5.8 3.9 0.198
75° HDT 0.7 2.3 0.847 –5.9 4.4 0.225
60° HDT 4.1 1.8 0.033* –8.2 3.5 0.051
45° HDT 4.5 1.7 0.018* –0.8 2.4 0.819
30° HDT 5.2 1.2 <0.001* 0.0 2.2 0.983
15° HDT 4.5 0.8 <0.001* 4.8 1.9 0.045*

0° 3.5 0.8 <0.010* 3.4 1.5 0.057
15° HUT 1.6 0.5 0.009* 4.5 1.7 0.044*
30° HUT 1.7 0.5 0.002* 3.9 1.5 0.044*
45° HUT –0.1 0.7 0.852 3.8 2.5 0.198

This study also demonstrated the effect of supine vs prone postures on IOP. Our experimental

data show a 3.5 ± 1.0 mmHg increase in IOP from 0° supine to 0° prone. Our results are consistent

with data from Anderson et al., who found a 6.6 ± 0.8 mmHg increase between 0° supine and

0° prone in 24 subjects142. This evidence supports the conclusion that hydrostatic forces play an

important role in ocular hemodynamics, and while the hydrostatic difference between heart and

eye level is clearly the dominant influence, the anterior eccentric placement of the eye is also an

important factor to take into account.

Changes in OPP are an important factor to consider that may have important implications for

the occurrence of SANS. We have demonstrated significant effects of posture on OPP, which sig-

nificantly decreased from 0° supine to 90° upright and significantly increased from 0° supine to

fully head-down. In particular, and more relevant to the spaceflight domain, Figure 4.15 demon-

strates that the increase in IOP due to head-down tilt is relatively small compared to the increase in

MAPeye; therefore, OPP significantly increases during head-down tilt. Notably, in a head-down tilt

bed rest study, subjects developing early symptoms of SANS displayed elevated cerebral perfusion

pressure55, therefore elevated OPP324. This also matches surgical studies where patients in steep
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Trendelenburg position have demonstrated elevated cerebral perfusion pressure325.

SANS remains a critical roadblock for long-term space exploration missions. While the ex-

act pathophysiological mechanisms behind the neuro-ocular findings of SANS remain unknown,

several possible explanations have been proposed and explored. An increase in intracranial pres-

sure due to the cephalad fluid shift in microgravity environments has been the prevailing theorized

mechanism behind SANS. However, recent data suggests that the absence of gravity in space does

not pathologically increase ICP but rather prevents the typical reduction of ICP seen in the upright

position when on Earth, which over time may lead to the neuro-ocular symptoms of SANS22,326,327.

It has also been suggested that a compromise in the balance between ICP and IOP due to micro-

gravity exposure could result in alterations in the translaminar pressure gradient (TLPG) across the

lamina cribrosa, which may induce remodeling of the eye leading to SANS328,329.

Pathologically elevated OPP can occur as a result of significantly increased MAPeye
330,331,

and/or decreased IOP60. Case reports of hypertension and ocular hypotony due to trauma dis-

play identical clinical manifestations to SANS, including optic disc edema, posterior globe flat-

tening, cotton wool spots, and loss of visual acuity60,330–332. We have demonstrated that changing

the gravitational vector through head-down tilt can increase both IOP and OPP simultaneously.

In microgravity, the loss of the habitual hydrostatic pressure gradient is likely associated with an

increase in MAPeye (as well as changes in aqueous humor outflow142) compared to the terrestrial

seated position (in addition to the removal of diurnal variation) and hence an increase in OPP in

addition to the increase in IOP. The same mechanisms that generate the TLPG are also responsible

for the manifested mismatch between MAPeye and IOP and hence elevated OPP333. This elevated

perfusion of the posterior parts of the eye can lead to edema formation321,334.

Despite previous studies examining the role that ICP and IOP may have on the development of

SANS, the role of OPP has yet to be explored. Maintaining proper OPP is crucial for regulating

blood flow into the ocular tissue, and alterations in OPP may result in inadequate perfusion of the

eye and pathologies. Changes in OPP have been implicated in the pathogenesis of several eye

diseases such as open angle glaucoma, which has been associated with a decrease in OPP335.
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The significant gravitational dependency of OPP and IOP demonstrated in this study implies

that the pressure and flow regulation of ocular tissues are likely affected both by changes in, or

abolishment of, the gravitational vector. While changes in IOP, MAPeye, and OPP in microgravity

may be relatively low in comparison to more steep HDT angles, continuous microgravity exposure

may result in a mild but constant state of augmented perfusion of the ocular tissue. While the exact

pathophysiological mechanism is unknown, changes in OPP due to alterations in the gravitational

vector may play a role in the neuro-ocular findings of SANS. Thus, we propose that a greater

understanding of gravitational and weightlessness effects on OPP is crucial to fully understand the

etiology of SANS.

Limited data exist examining whether the regulation of OPP and IOP can be described through

passive hydrostatics or an active regulation system. The increase in IOP and subsequent decrease

in OPP in the prone positions vs the supine positions demonstrated in this study supports the

significance of an additional hydrostatic column. These data suggest that OPP regulation can be

captured through a simple passive hydrostatic system.

The significant effects of gravity on IOP also have clinical implications on Earth. The Trende-

lenburg position, where patients are tilted 15-30° HDT, is often used in surgery to allow for optimal

access to the pelvic organs336. However, extended periods of time in this HDT position have been

associated with cases of postoperative blindness and cognitive dysfunction148,337. Previous stud-

ies have already demonstrated increases in IOP and decreases in OPP during the Trendelenburg

position315,338. The effect of gravity on IOP and OPP demonstrated in this study further confirms

these previous studies and suggests that changes in IOP and OPP may be responsible for the ocular

disruptions seen in the Trendelenburg position. Prone positioning during surgery has also been

associated with visual loss after spine surgery due to elevated IOP and a change in the hemody-

namics affecting optic nerve perfusion319. Similarly, the Wilson frame, which places the patient in

a prone head-down position, has also been associated as a risk factor for ischemic optic neuropathy

and perioperative visual loss339.
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4.6.4.1 Limitations

The overall aim of this study was to demonstrate changes in intraocular pressure and ocu-

lar perfusion pressure as a consequence of passive hydrostatics over the full range of tilt angles

(360°). While small tilt angles primarily induce passive fluid shift, larger angles of tilt inevitably

impose a multitude of physiological effects and compensatory reactions310. As pooling of venous

blood in the splanchnic circulation and legs is augmented during increasing head-up tilt angles,

a larger sympathetic response and a multitude of integrated reflexes are elicited with the ultimate

goal of preventing cerebral hypoperfusion. All of these effects in concert modulated the postural

responses of IOP, MAPeye, and OPP. Additionally, pulmonary function and PaCO2 are affected by

posture with significant effect on particular cerebral vasculature and thus potentially perfusion to

the eye. While head-down tilt initially facilitates cardiac filling, steeper angles may be associated

with impaired filling and contraction due to mechanical compression from abdominal organs and

possibly overstretching of heart musculature238. Taken together, the intricate integrative human

physiology includes a multitude of reactions and counter-reactions which ultimately all modulated

our data, however, the close correlation with the model demonstrated that much of these short-term

gravitational effects on ocular pressure and perfusion can be explained by passive hydrostatics, in-

dicating that these organs are highly gravity-dependent.

4.6.5 Summary of IOP/OPP Experiment

This study demonstrates the impact of gravitational stress on OPP and underlines the poten-

tial role of OPP for maintaining ocular health relative to both gravity and weightlessness. Angles

of HDT resulted in a greater increase in MAPeye relative to IOP, thereby increasing OPP. This

increase in OPP may be significant for visual and ocular pathology following, for example, sur-

gical procedures performed in HDT on Earth. Moreover, mild but persistent elevation in OPP

during spaceflight may contribute to the well described ocular changes associated with SANS. Ad-

ditionally, we confirm the effects of a hydrostatic pressure column that increases IOP in the prone

position compared to the supine position, which supports that these regional pressures, and thus
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OPP, are primarily regulated by passive hydrostatics.

4.7 Addendum 2: Sex Differences

4.7.1 Motivation

In Section 4.4.3 we discussed how one of the limitations of the original study was that it only

included male subjects. Future spaceflight will see a higher proportion of female crewmembers

and given the aim of the Artemis program to land the first woman on the Moon it is important to

consider the effect of sex when examining cardiovascular function. Further, it has already been

highlighted that multiple studies have noted sex dependent differences in hemodynamic function,

autonomic response, and in particular the hemodynamics of the neck163,265–267,295. Where the VTE

concern is considered, it should also be noted that the case report of a venous thrombosis onboard

ISS was detected in a female crewmember9. Thus, in this addendum, we extend the original study

by incorporating 12 additional female subjects. We keep the methodology and protocol the same

as in the original experiment, but add Sex as an additional factor into our dose-response models.

4.7.2 Methods

4.7.2.1 Subjects and Study Approval

In addition to the 12 male subjects, we further recruited 12 healthy, recreationally active female

subjects. The same inclusion and exclusion criteria as used in Section 4.2.1 were applied, with the

addition of pregnancy as an exclusion. The female subjects were selected in order to match the age

range and BMI of the male subjects. Subject characteristics (mean ± SD), including blood pressure

at screening, are shown in Table 4.7. The data also present a comparison with the male subjects

as assessed by a two-sample t-test. One subject was unable to complete the 45° HDT condition

in both the supine and prone positions due to discomfort; an additional subject was unable to

complete the 45° HDT condition in the prone position. Both subjects were returned to a head-

up tilt position and experienced no lasting symptoms. The remainder of their data are included

in the results. All other subjects completed the full protocol and experienced no adverse effects.

All procedures performed in the study were in accordance with the 1964 Helsinki Declaration
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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.

Table 4.7: Characteristics of the 12 recreationally active female subjects who participated in the
study. Characteristics are presented alongside the 12 male subjects from Table 4.1 and were
recorded during baseline session prior to testing sessions. Data are reported as mean ± SD where
appropriate. Race categories: W, White; B, Black or African American; A, Asian. Abbreviations:
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure. The final
column, p, shows where the values are significantly different from the male subjects as assessed
by a two-sample t-test: ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05.

Characteristic Male Female p

n 12 12 —
Race W (8), B (1), A (3) W (6), A (6) —
Age (years) 26.8 ± 2.9 27.9 ± 4.4 0.479
Height (cm) 179.0 ± 8.3 159.4 ± 6.9 <0.001∗∗∗

Weight (kg) 84.7 ± 18.7 61.3 ± 15.9 0.003∗∗

BMI (kg/m2) 26.3 ± 4.9 24.1 ± 6.4 0.344
SBP (mmHg) 129.5 ± 14.5 120.3 ± 18.7 0.192
DBP (mmHg) 82.3 ± 6.5 80.8 ± 13.1 0.722

4.7.2.2 Experimental Design and Testing Protocol

The experimental design and testing protocol was identical to the procedure described in Sec-

tion 4.2.2.

4.7.2.3 Dependent Variables

The dependent variables collected were identical to those described in Section 4.2.3, including

eight measures of systemic hemodynamics, four time-domain and five frequency-domain auto-

nomic indices, and three measures related to the neck hemodynamics.

4.7.2.4 Instrumentation and Data Collection

Instrumentation and data collection were largely the same as presented in Section 4.2.4. How-

ever, we used two separate ultrasound devices. The VScan Extend was used to collect measure-
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ments of IJVP in conjunction with a VeinPress device, whilst measurements of ACCA and AIJV

were collected using a Butterfly iQ+ ultrasound (Butterfly Network Inc., Burlington, MA). The

areas were collected from images taken at end diastole, with the vessels (both CCA and IJV) being

manually circumscribed onto the images by a trained operator.

4.7.2.5 Statistical Analysis

In order to construct the dose-response curves whilst including the effect of Sex,we use a sim-

ilar procedure to the one fully described in Section 4.2.5, with an additional fixed effect of Sex.

We constructed dose-response curves using LMMs, GLMMs (gamma distribution/log link), and

GAMMs for the systemic hemodynamic, autonomic, and cephalad measurements, respectively.

For the LMMs and GLMMs, the linear predictor took the form:

ηiikl = β0 + β1 sin (Anglej) + β2 (Sexk) + β3 (Positionl) + β4 (sin (Anglej)× Sexk)

+ β5 (sin (Anglej)× Positionl) + β6 (Sexk × Positionl)

+ β7 (sin (Anglej)× Sexk × Positionl) + γi + εijkl

(4.6)

where, for each dependent variable, the linear predictor ηijkl for subject i (i = 1 : 24) is described

by the tilt Angle (j = 1 : 7, from 45° HUT to 45° HDT), the Sex of the subject (k = 1 : 2, male

or female), Position (l = 1 : 2, supine or prone), the fixed effects β (where β0 represents the inter-

cept), the random intercept γi (associated with each subject and the within-subjects design), and

the residual error εijkl. Dose-response curves are shown as mean and 95% confidence band. If the

main effect of a factor and any interactions involving that factor were not significant, that factor

was removed. Interaction effects were only included if statistically significant. For the cepha-

lad measurements, the dose-response of the GAMM was given by Equation 4.7, where separate

smoothed splines were used for each significant parametric effect including the Side (m = 1 : 2,

right or left):
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yijklm = β0 + β1 (Sexk) + β2 (Positionl) + β3 (Sidem)

+ fklm (sin (Anglej)) + γi + εijklm

(4.7)

Diagnostics were assessed using the same procedure as described in Section 4.2.5. All sta-

tistical analyses were completed using R version 4.2.2340 with LMMs and GLMMs fit using the

lme4225 and glmmTMB230 packages. GAMMs were fit using the mgcv package231. Diagnostics

were assessed using the lmerTest232 and DHARMa233 packages. Significance level was set at

α = 0.05 (two-sided).

4.7.3 Results

4.7.3.1 Experimental Data

Figure 4.17 shows the evolution of hemodynamic parameters (mean ± SE) as a function of tilt

angle (including the seated baseline). Table 4.8 reports the results of the LMM analyses. Results

for the female subjects follow the same trend as results from the male subjects. All variables,

with the exception of VO2, show a linear effect of tilt angle. For SBP, as with the male subjects,

a small effect of tilt angle appears present, however systolic blood pressure is largely controlled

across the tilt range measured. There is a significant main effect of Sex for RPP (p = 0.042)

and VO2 (p < 0.001). On average, males have an RPP 1020 ± 490 mmHg/min (t52 = 2.082)

higher than females, and a VO2 0.143 ± 0.025 l/min (t61 = 5.797) higher than females. CO

has a significant interaction effect between Angle and Sex (p = 0.011) but no significant main

effect of Sex (p = 0.363), such that CO increases 0.11 ± 0.04 l/min/15° faster in males than

in females (t302 = 2.552). Similarly, TPR has a significant interaction effect between Sex and

Position (p = 0.037) but no significant main effect of Sex (p = 0.189), with TPR being lower in

the supine position for males, but higher in the supine position for females. Contrary to the results

in Section 4.3.1 and Figure 4.5, when female subjects are included, we find no effect of position on

stroke volume (higher in supine by 0.12 ± 3.39 ml, t298 = 0.036, p = 0.971). We further find no

effect of position on RPP (lower in supine by 530 ± 310 mmHg/min, t302 = −1.714, p = 0.088).
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Figure 4.17: (A-H) Hemodynamic variables as a function of tilt angle in supine (solid line, filled
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Figure 4.18 shows the evolution of time-domain autonomic indices (mean ± SE) as a function

of tilt angle (including the seated baseline). Table 4.8 reports the results of the GLMM analyses.

In none of the variables do we find a significant main effect of Sex, or any significant interactions

involving Sex. Further, contrary to the results in Section 4.3.2 and Figure 4.6, when the female

subjects are considered, we find significant main effects of Position for SDNN, HRVTi, and BRS,

but no significant main effect of Position for RMSDD (z = 1.95, p = 0.051). For SDNN, the

index is, on average, 1.23 times higher in the supine position than in the prone position (z = 2.39,

p = 0.017). BRS is 1.39 times higher in the supine position than in the prone position (z = 2.62,

p = 0.009). For HRVTi, there is both a significant main effect of Position (z = 2.97, p = 0.003)

and a significant interaction between Angle and Position (z = −2.04, p = 0.042).
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Figure 4.18: (A-D) Time-domain autonomic indices as a function of tilt angle in supine (solid line,
filled circles) and prone (dashed line, unfilled circles) positions, collected on 12 male (blue) and
12 female (pink) 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 means ± SE at each tilt angle. (A) SDNN, standard deviation of NN intervals (normalized RR
intervals); (B) RMSDD, root mean square of direct differences of NN intervals; (C) HRVTi, heart
rate variability triangular index; (D) BRS, baroreceptor sensitivity.
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Figure 4.19 shows the evolution of the frequency-domain autonomic indices (mean ± SE) as

a function of tilt angle (including the seated baseline). Table 4.8 reports the results of the LMM

and GLMM analyses. With the inclusion of the female subjects, the normalized low- and high-

frequency dose-response is the same as with only male subjects. However, we find a significant

interaction effect between Angle and Sex in the LF/HF ratio with the decrease in LF/HF ratio being

1.10 times lower in males (z = 0.2.306, p = 0.021). Further, with the inclusion of female subjects,

we now find a significant effect of Position on the absolute low- and high-frequency response. In

the supine position, LF and HF are on average 1.70 and 1.67 times higher than in the prone position

(LF: z = 2.85, p = 0.004; HF: z = 2.166, p = 0.030), respectively.

Figure 4.20 shows the evolution of ACCA, AIJV, and IJVP (mean ± SE) as a function of tilt

angle (including the seated baseline). Table 4.8 reports the results of the GAMM analyses. With

the addition of female subjects, we see no significant effect of Sex on any of the three neck variables

(p = 0.557, p = 0.465, and p = 0.938 for ACCA, AIJV, and IJVP respectively). However, contrary

to the male only results, we now find a significant effect of Side (t = −2.125, p = 0.034) and a

small effect of tilt Angle (F = 1.659, p = 0.002 on the right side, F = 0.747, p = 0.021 on the left

side) for ACCA. For AIJV in male only subjects we saw a significant effect of Side, with the right

IJV expanding more than the left. With the addition of female subjects we now see an additional

small significant effect of Position (t = 2.525, p = 0.012), such that AIJV is slightly larger in the

prone position compared to the supine position. For IJVP, the results are similar to those of male

only subjects, in that we find no significant effect of Side (t = −0.469, p = 0.640) but do find a

significant effect of Position (t = 6.653, p < 0.001), with IJVP being significantly higher in the

prone position.
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Figure 4.19: (A-E) Frequency-domain autonomic indices as a function of tilt angle in supine (solid
line, filled circles) and prone (dashed line, unfilled circles) positions, collected on 12 male (blue)
and 12 female (pink) 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 means ± SE at each tilt angle. (A) LF, power density in the low frequency range (0.04
— 0.15 Hz); (B) HF, power density in the high frequency range (0.15 — 0.4 Hz); (C) LFNorm,
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Figure 4.20: (A-C) ACCA, AIJV, and IJVP as a function of tilt angle in supine (solid line, filled
circles) and prone (dashed line, unfilled circles) positions, collected on 12 male (blue) and 12
female (pink) subjects on both the right (thick line) and left (thin line) sides. Measurements were
collected at a seated baseline, 45° head-up tilt (HUT), 30° HUT, 15° HUT, 0°, 15° head-down tilt
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4.7.3.2 Dose-Response Curves

Figure 4.21 shows the estimated dose-response curves for the hemodynamic parameters con-

sidered within the range of 45° HUT to 45° HDT. The parameters for the dose-response curves are

captured in Table 4.10. Curves are shown as mean and 95% confidence interval. Since there was

no significant difference between male and female data for HR, SV, SBP, and DBP, Sex data was

pooled for those responses. Further, since there was no significant effect of Position for SV, SBP,

DBP, and RPP, supine and prone estimates are also pooled for those dose-response curves. Thus,

for example, the dose-response curve for HR consists of two separate curves (supine and prone),

the dose-response curve for RPP also consists of two curves (male and female), whereas the dose-

response curve for VO2 is four separate curves, one for each male/female and supine/prone com-

bination. Similarly, the dose-response curves for SV, SBP, and DBP consist of a single curve for

male/female and supine/prone data all together.
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Figure 4.21: (A-H) Estimated gravitational dose-response curves for hemodynamic parameters
in the range 45° head-up tilt (HUT) to 45° head-down tilt (HDT) incorporating sex differences.
Curves were fit via linear mixed-effects models as described in the main text. Curves are presented
as means ± 95% confidence interval. Dark blue, male supine; pale blue, male prone; dark pink, fe-
male supine; pale pink, female prone; blue, male (position pooled); pink, female (position pooled);
dark green, supine (sex pooled); pale green, prone (sex pooled); green, position and sex pooled.
(A) HR, heart rate; (B) SV, stroke volume; (C) CO, cardiac output; (D) TPR, total peripheral resis-
tance; (E) SBP, systolic blood pressure; (F) DBP, diastolic blood pressure; (G) RPP, rate pressure
product; (H) VO2, oxygen consumption.

101



Ta
bl

e
4.

10
:

E
st

im
at

ed
m

od
el

co
ef

fic
ie

nt
s

fo
r

th
e

gr
av

ita
tio

na
l

do
se

-r
es

po
ns

e
cu

rv
es

di
sp

la
ye

d
in

Fi
gu

re
s

4.
21

an
d

4.
22

ge
ne

ra
te

d
by

lin
ea

rm
ix

ed
m

od
el

s
(L

M
M

s)
an

d
ge

ne
ra

liz
ed

lin
ea

rm
ix

ed
m

od
el

s
(G

L
M

M
s)

.E
st

im
at

ed
co

ef
fic

ie
nt

s
ar

e
pr

es
en

te
d

as
m

ea
n

±
SE

.O
nl

y
si

gn
ifi

ca
nt

te
rm

s
w

er
e

in
cl

ud
ed

in
th

e
m

od
el

s.

E
st

im
at

ed
C

oe
ffi

ci
en

ts
§

St
d

D
ev

of
R

an
do

m
E

ff
ec

t§§
M

od
el

†
L

in
k‡

U
ni

ts
β
0

β
1

β
2

β
2

A
dd

iti
on

al
In

te
rc

ep
t

si
n
(A

ng
le
)||

Se
x¶

Po
si

tio
n††

β
s‡‡

H
em

od
yn

am
ic

M
ea

su
re

m
en

ts
:

H
R

L
M

M
µ
=

η
bp

m
72

.0
±

1.
8

12
.9

±
0.

7
—

5.
8

±
0.

7
—

8.
4

SV
L

M
M

µ
=

η
m

l
63

.8
±

2.
4

–2
5.

2
±

1.
2

—
—

—
11

.3
C

O
L

M
M

µ
=

η
l/m

in
4.

14
±

0.
19

–0
.8

2
±

0.
09

0.
95

±
0.

26
0.

01
±

0.
06

A
n
g
le

×
P
os
it
io
n

:–
0.

48
±

0.
13

0.
62

T
PR

L
M

M
µ
=

η
m

m
H

g.
s/

m
l

1.
45

±
0.

05
0.

42
±

0.
03

–0
.3

2
±

0.
08

–0
.0

9
±

0.
04

P
os
it
io
n
×
S
ex

:0
.1

6
±

0.
05

0.
16

SB
P

L
M

M
µ
=

η
m

m
H

g
12

1.
5

±
1.

6
3.

3
±

1.
3

—
—

—
7.

5
D

B
P

L
M

M
µ
=

η
m

m
H

g
75

.6
±

0.
8

7.
2

±
0.

9
—

—
—

3.
5

R
PP

L
M

M
µ
=

η
m

m
H

g/
m

in
81

70
±

28
0

15
10

±
10

0
55

0
±

39
0

—
—

93
0

V
O

2
L

M
M

µ
=

η
l/m

in
0.

09
1

±
0.

01
4

—
0.

14
3

±
0.

01
9

0.
03

4
±

0.
00

5
—

0.
04

4
Ti

m
e-

D
om

ai
n

A
ut

on
om

ic
In

di
ce

s:
SD

N
N

G
L

M
M

ln
(µ
)
=

η
m

s
4.

00
2

±
0.

05
5

–0
.3

00
±

0.
02

9
—

–0
.0

87
±

0.
02

8
—

0.
25

3
R

M
SD

D
G

L
M

M
ln

(µ
)
=

η
m

s
3.

41
9

±
0.

08
3

–0
.6

19
±

0.
03

8
—

—
—

0.
39

6
H

R
V

Ti
G

L
M

M
ln

(µ
)
=

η
—

2.
48

4
±

0.
04

7
–0

.1
49

±
0.

04
1

—
–0

.0
62

±
0.

02
7

A
n
g
le

×
P
os
it
io
n

:–
0.

13
6

±
0.

05
8

0.
21

0
B

R
S

G
L

M
M

ln
(µ
)
=

η
m

s/
m

m
H

g
2.

52
1

±
0.

06
3

–0
.6

84
±

0.
04

2
—

–0
.1

54
±

0.
04

0
—

0.
27

4
Fr

eq
ue

nc
y-

D
om

ai
n

A
ut

on
om

ic
In

di
ce

s:
L

F
G

L
M

M
ln

(µ
)
=

η
m

s2
6.

66
5

±
0.

09
7

–0
.3

38
±

0.
06

4
—

–0
.2

81
±

0.
05

9
—

0.
43

2
H

F
G

L
M

M
ln

(µ
)
=

η
m

s2
5.

65
3

±
0.

15
5

–1
.1

41
±

0.
07

9
—

–0
.1

34
±

0.
07

3
—

0.
71

7
L

FN
or

m
L

M
M

µ
=

η
—

70
.5

±
1.

6
15

.0
±

1.
2

—
—

—
7.

3
H

FN
or

m
L

M
M

µ
=

η
—

29
.5

±
1.

6
–1

5.
0

±
1.

2
—

—
—

7.
3

L
F/

H
F

G
L

M
M

ln
(µ
)
=

η
—

0.
89

9
±

0.
09

5
0.

78
5

±
0.

08
5

0.
30

2
±

0.
13

4
—

A
n
g
le

×
S
ex

:–
0.

15
9

±
0.

11
9

0.
29

6

N
ot

es
:

† A
ll

m
od

el
s

us
e

a
lin

ea
rp

re
di

ct
or

of
th

e
fo

rm
:η

ij
k
=

β
0
+

β
1
si
n
(A

n
g
le
)
+

β
2
(S

ex
j
)
+

β
3
(P

os
it
io
n
k
)
+

β
4
(.
..
)
+

γ
i
+

ε i
j
k

fo
rs

ub
je

ct
s
i

(i
=

1
:
2
4

),
Se

x
j

(j
=

0
:
1

),
an

d
po

si
tio

n
k

(k
=

0
:
1

).
A

ll
G

L
M

M
s

ha
ve

a
G

am
m

a
di

st
ri

bu
tio

n.
‡ L

in
k

fu
nc

tio
n

be
tw

ee
n

th
e

lin
ea

rp
re

di
ct

or
,η

,a
nd

th
e

ex
pe

ct
at

io
n

of
th

e
de

pe
nd

en
tv

ar
ia

bl
e,
µ

.
§ Fo

rG
L

M
M

s,
co

ef
fic

ie
nt

s
β

ar
e

gi
ve

n
on

th
e

sc
al

e
of

th
e

lin
ea

rp
re

di
ct

or
fo

rs
ub

je
ct
i,
η i

=
X

β
+
γ
i.

T
he

co
ef

fic
ie

nt
β
4

co
rr

es
po

nd
in

g
to

an
y

si
gn

ifi
ca

nt
in

te
ra

ct
io

n
ef

fe
ct

s
is

no
te

d
w

he
re

ap
pr

op
ri

at
e.

|| Si
ne

of
til

ta
ng

le
fr

om
–0

.7
07

(s
in

(−
45

◦ )
)t

o
0.

70
7

(s
in

(4
5◦
))

,p
os

iti
ve

an
gl

es
re

pr
es

en
th

ea
d-

up
til

t,
ne

ga
tiv

e
an

gl
es

re
pr

es
en

th
ea

d-
do

w
n

til
t.

¶ S
ex

j
:f

em
al

e
=

0,
m

al
e
=

1.
††
P
os
it
io
n
k
:s

up
in

e
=

0,
pr

on
e
=

1.
‡‡

A
dd

iti
on

al
co

ef
fic

ie
nt

s
fo

ri
nt

er
ac

tio
n

ef
fe

ct
s

as
no

te
d.

§§
St

an
da

rd
de

vi
at

io
n,
σ

,o
fr

an
do

m
in

te
rc

ep
t,
γ

,f
or

su
bj

ec
ti

.γ
i
∼

N
( 0,

σ
2
) .U

ni
ts

fo
rσ

ar
e

th
e

sa
m

e
as

th
e

es
tim

at
ed

co
ef

fic
ie

nt
s.

102



Figure 4.22 shows the estimated dose-response curves for the autonomic indices (both time-

domain and frequency-domain) considered within the range of 45° HUT to 45° HDT. The param-

eters for the dose-response curves are captured in Table 4.10. Curves are shown as mean and 95%

confidence interval. Since there was no significant difference between male and female data for

all of the variables except LF/HF ratio, Sex data was pooled for those responses. Since there was

no significant effect of Position for RMSDD, LF (Norm), HF (Norm) and LF/HF ratio, supine and

prone estimates are also pooled for those dose-response curves.

Figure 4.23 shows the estimated dose-response curves for ACCA, AIJV, and IJVP within the

range of 45° HUT to 45° HDT. The effect sizes and model parameters are presented in Table 4.9.

Curves are shown as mean and 95% confidence interval. Since there was no significant difference

between male and female data for any of the variables, Sex data was pooled in all cases. Since there

was no significant effect of Position for ACCA, supine and prone data were pooled. Finally, right

and left side data were pooled for IJVP, since there was no significant effect of Side. As described

in Section 4.2.5.2, a square-root transformation on the dependent variable was used to construct

the dose-response curves for ACCA and AIJV since the data exhibited significant heterogeneity with

regards to the area measurements as a function of tilt angle. The fitted smoothed terms used to

construct the GAMMs in Figure 4.23 are presented in Figure 4.24.

4.7.4 Discussion

This study augmented our original work by adding female subjects and characterizing the effect

of sex on cardiovascular hemodynamics and autonomic response. Our main findings show that:

(1) most parameters measured do not exhibit a significant effect of sex, with significant differences

only found in five out of 20 variables considered; (2) in the hemodynamic response, we find a

significant difference in CO, TPR, RPP and VO2; (3) in the autonomic response, we only see a

significant difference in LF/HF ratio, a marker of sympathovagal balance; and (4) we find no sex

effect in any of the variables related to carotid or jugular hemodynamics.

Considering the hemodynamic response, we only find a significant effect of sex in four of

the measured variables. In particular, we see a sex effect in CO, TPR, RPP, and VO2, and we
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Figure 4.22: (A-I) Estimated gravitational dose-response curves for autonomic parameters in the
range 45° head-up tilt (HUT) to 45° head-down tilt (HDT) incorporating sex differences. 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
means ± 95% confidence interval. Blue, male (position pooled); pink, female (position pooled);
dark green, supine (sex pooled); pale green, prone (sex pooled); green, position and sex pooled.
(A) SDNN, standard deviation of NN intervals (normalized RR intervals); (B) RMSDD, root mean
square of direct differences of NN intervals; (C) HRVTi, heart rate variability triangular index; (D)
BRS, baroreceptor sensitivity; (E) LF, power density in the low frequency range (0.04–0.15 Hz);
(F) HF, power density in the high frequency range (0.15–0.4 Hz); (G) LFNorm, LF (normalized
units); (H) HFNorm, HF (normalized units); (I) LF/HF Ratio, ratio of low to high power densities.
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Figure 4.23: (A-C) Estimated gravitational dose-response curves for ACCA, AIJV, and IJVP in the
range 45° head-up tilt (HUT) to 45° head-down tilt (HDT) incorporating sex differences. Curves
were fit via generalized additive mixed-effects models as described in the main text. Curves are
presented as means ± 95% confidence interval. Dark green, supine (sex pooled); pale green, prone
(sex pooled); green, position and sex pooled. Thick line and no fill pattern, right side; thin line
and circles fill pattern, left side. (A) ACCA, common carotid artery cross-sectional area; (B) AIJV,
internal jugular vein cross-sectional area; (C) IJVP, internal jugular vein pressure.
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Figure 4.24: Fitted smoothed terms for generalized additive mixed-effects models (GAMMs) in-
corporating sex differences.
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only find a significant interaction effect between sex and tilt angle in CO. Diaz-Canestro et al.

hypothesized that sex differences in hemodynamic response to tilt can largely be explained by

blood volume and oxygen carrying capacity341. Regarding the interaction effect, our results are

congruent with Sarafian and Miles-Chan, who found an interaction effect in CO between males

and females in graded tilt, with males responding more strongly to tilt342. This is interesting and

is potentially evidence of a different autonomic response between males and females. Badrov

et al. found no sex differences in heart rate, stroke index, or cardiac index, lending evidence to

an anthropometrically driven difference. However they also noted a significantly greater TPR in

hypertensive female subjects in graded HUT343, which is matched in our study in normotensive

subjects. Finally, Afrin Rimi et al. concluded that the cardiovascular response to tilting was less

pronounced in females344. We observe this in the interaction effect of the CO response, but do not

observe the significant interaction between sex and tilt angle for SBP that the authors noted.

We find marginal evidence of a differing autonomic response between males and females, given

that we only found a significant effect of sex in the LF/HF ratio, a marker of sympathovagal bal-

ance. However, as with the male subjects, there was a large variance in the HRV metrics in female

subjects, which could obscure smaller effect sizes of sex differences. Robertson et al. found that

in upright tilt LF/HF increased more in males than in females (p = 0.044)345. They hypothesize

that this is due to sympathetic modulation of HR to control blood pressure in men, versus more

parasympathetic modulation in women. However, they also note a significant effect of sex on

baroreflex sensitivity, which we do not observe. In a more chronic study, Schäfer Olstad et al.

found that male runners exhibited higher markers of sympathetic activity during training and com-

petitions, whilst females had higher markers of parasympathetic activity during training346. Dart

et al. seek to explain this difference by examining the effect of hormones on autonomic control347.

They note that oestrogen enhances parasympathetic activity whilst promoting choline uptake and

acetylcholine synthesis and release348. Conversely, they present evidence that testosterone en-

hances norepinephrine (NE) and neuropeptide Y (NPY) synthesis and reduces NE clearance349–351.

Both of these are sympathetic co-transmitters, lending support to greater sympathetic activity in
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males and greater parasympathetic activity in females.

Finally, we did not find any sex dependent differences in ACCA, AIJV, or IJVP. This is in contrast

to Patterson et al. who noted greater jugular venous attenuation in males than in females in HDT295.

However, in a study measuring the influence of a neck compression collar on cerebrovascular and

autonomic function, Joshi et al. found no sex effect in ACCA or AIJV in the baseline condition352.

The authors did find a significant effect of sex when wearing the compression collar on AIJV at end-

inhalation and on both ACCA and AIJV at end-exhalation. They hypothesize that these differences

are likely explained by the previously identified autonomic differences between males and females.

We could find no studies examining sex differences in IJVP between males and females, however

studies of central venous pressure found no significant difference between males and females353.

4.7.4.1 Limitations

The limitations for this experiment remain broadly as described in Section 4.4.3, although we

remove the limitation of only considering one sex. It should further be noted that, whilst we main-

tain most of the previously used protocol, we used a different ultrasound device and methodology to

record ACCA and AIJV for male and female subjects. In particular, for male subjects we used a VS-

can Extend to record videos of the CCA, which were analyzed via an image processing algorithm,

whereas for female subjects we collected a single image using a Butterfly iQ+ at end-diastole. The

net effect of this change is that for male subjects, ACCA represents the average area throughout the

pulsatile waveform, whereas for female subjects ACCA represents the value at end-diastole. There is

a large variance in these ACCA measures, both within-subjects and between-subjects, compared to

any gravitational effects. In both cases, the effect size of Angle is small enough that even where we

observe a significant effect of tilt, the dose-response curve is still largely flat with a wide confidence

band. As such, we do not believe that this measurement difference invalidates any conclusions.

4.7.5 Summary of Sex Differences

We augmented our initial experiment by incorporating female subjects in order to look at the

effects of sex on cardiovascular parameters in graded tilt. Our data revealed that only a few vari-
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ables displayed a significant effect of Sex. In particular, we found a significant effect of sex in CO,

TPR, RPP, VO2, and LF/HF ratio. Further, we only found a significant interaction effect between

sex and tilt angle in two variables: CO and LF/HF ratio. The greater increase in CO seen in male

subjects with increasing HDT is likely due to the larger blood volume in males. Overall, the data

reveal that there are not large sex differences in the hemodynamic response to tilt. These find-

ings support our original experiment and demonstrate that the gravitational dose-response curves

created can be used for spaceflight countermeasure development for crewmembers of both sexes.
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5. EXPERIMENT 2: LOWER BODY NEGATIVE PRESSURE

5.1 Motivation

Future long-duration exploration missions will require novel countermeasure protocols to coun-

teract the degrading effects of the microgravity environment. In particular, three of the risks iden-

tified by the NASA Human Research Program34 directly related to the cephalad fluid shift that

occurs in astronauts are: (1) the risk of cardiovascular adaptations contributing to adverse mission

performance and health outcomes7; (2) the risk of spaceflight associated neuro-ocular syndrome

(SANS)47,57,165; and (3) the concern of venous thromboembolism9–13,62,63. Lower body negative

pressure (LBNP) has a long spaceflight heritage since the Skylab Program in the 1970s77,78, both

for physiological research and as a countermeasure to prevent post-flight orthostatic intolerance.

Currently, Russian cosmonauts on the International Space Station (ISS) use the Chibis-M suit, de-

veloped in 2012, as a countermeasure prior to landing80. The Chibis protocol developed by the

Institute for Biomedical Problems of the Russian Academy of Sciences (IBMP) is short, consist-

ing of 2 min at –25 mmHg followed by 3 min at –35 mmHg81. The primary effect of LBNP is to

pull blood down towards the feet, reducing venous return and introducing central hypovolemia73.

Thus, LBNP is also used terrestrially to study the effects of acute hypovolemia and hemorrhagic

shock90,354. Although it does not restore hydrostatic gradients or affect tissue weight, this footward

fluid shift could counteract the microgravity induced cephalad fluid shift and has been demon-

strated to effectively reduce intraocular pressure355, intracranial pressure (ICP)88, and optic nerve

sheath diameter87 in multiple ground-based studies. In addition to its use as a countermeasure to

prevent orthostatic intolerance, LBNP has also been posited as a potential long-term countermea-

sure to mitigate cardiovascular degradation, SANS, and VTE327.

To effectively develop successful LBNP protocols, it is important to fully quantify the influence

that changing the amount of pressure has on different aspects of the cardiovascular system. This is

not just limited to the systemic hemodynamics, but rather a complete understanding of the hemo-
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dynamic and autonomic response. Additionally, and particularly important for SANS and VTE, it

is also necessary to quantify the specific effects on the ocular system and blood flow in the head

and neck. Finally, there is a large amount of individual variation between crewmembers in terms

of both anthropometry188 and LBNP tolerance356. Thus, it is further important to characterize any

relationships between cardiovascular variables and easily measurable subject characteristics such

as age, height, and weight. As one example, Buckey et al. have previously identified an associa-

tion between IOP changes in microgravity and body weight50. This is particularly important as the

profile of spaceflight participants broadens with the rise of commercial spaceflight41.

LBNP has been extensively studied in literature73,80,86–88,354,356–364. Multiple studies have pre-

viously looked at the difference between males and females, with the majority of them noting a

difference in orthostatic tolerance161,295,353,358,365–367. For example, Patterson et al. highlight the

importance of sex as a factor in the CV response to LBNP295. However, none of the studies exam-

ined have considered the same range of hemodynamic, autonomic, and head/neck measurements

as will be considered in this study. Further, there are some studies that examine tilt and LBNP as

two separate interventions (e.g., Patterson et al.295, Greenwald et al.355, Ogoh et al.368). However,

we could only find a few studies where both HDT and LBNP are considered together (i.e., LBNP

during HUT or HDT), and in most of these cases only a single value or small range of LBNP are

examined164,326,369. Finally, the Bayesian workflow that we introduce in this study is unique, with

no previous studies examining the network of associations between variables.

The aim of this study is to construct dose-response curves to quantify the acute response of the

cardiovascular system to a range of levels of LBNP. We aim to encompass a wide range of systemic

and autonomic parameters, as well as variables related to the head and neck, in order to provide a

holistic picture of the response to LBNP, particularly as it relates to potential use cases as a space-

flight countermeasure. Whilst other studies have considered the acute response to LBNP across

multiple cardiovascular variables, we intend to focus on the spaceflight application and also answer

the question: "how much LBNP is required to compensate for the changes induced by a cephalad

fluid shift?" in any given variable of interest. We further intend to quantify any sex-dependent
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differences in LBNP response. Finally, in the process of analyzing our data, we developed a novel

workflow for the construction of dose-response curves using Bayesian multivariate analysis. This

allowed us to capture the relationships between all of the measured variables, as well as subject

characteristics such as age, height, and weight. Such a methodology could be expanded beyond

the cardiovascular system to encompass other organ systems. Together, these results lead to a

greater understanding of LBNP as a potential spaceflight countermeasure, aiding the development

of future protocols.

5.2 Methods

5.2.1 Subjects and Study Approval

Twenty-four healthy, recreationally active subjects (12 male, 12 female) between 22 and 42

years old were recruited from the Texas A&M University System to participate in the study. Of

these subjects, twenty-one (10 male, 11 female) were also participants in Experiment 1 described

in Section 4. Subjects were matched for age and body mass index (BMI) between the male and

female groups. Sample size and the number of pressure levels required was determined based on a

power curve analysis of pilot data. Subject characteristics (mean ± SD) are presented in Table 5.1.

Table 5.1 also gives the Bayes Factor showing evidence for the alternative hypothesis as opposed

to the null hypothesis (BF10) that the effect size, d, of the difference in a characteristic between

groups is negligible (where negligible is defined by a region of practical equivalence, ROPE, of

±0.1)iii, such that:

H0 : −0.1 < d < 0.1 (5.1)

Prior to participating in the study, subjects completed a questionnaire designed to identify any

exclusion criteria, including current use of any cardiac, blood pressure, muscle relaxant, antico-

agulant, or stimulant medications, thyroid disease, chronic cardiovascular pathologies, extreme

obesity, history of hypertension, or possible pregnancy. Testing was discontinued immediately if

iiiKruschke suggests ±0.1 as a default value for a standardized parameter370, equivalent to a negligible effect size

according to Cohen371.
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Table 5.1: Characteristics of the 24 recreationally active subjects (12 male, 12 female) who partic-
ipated in the study. Characteristics were recorded during baseline session prior to testing sessions.
Data are reported as mean ± SD where appropriate. BF10 presents the Bayes Factor evidence
against the null hypothesis (defined in Equation 5.1) that the measurements are equivalent between
the groups. Abbreviations: BMI, body mass index; HR, heart rate; MAP, mean arterial pressure.

Characteristic Male Female BF10

n 12 12 —
Age (years) 28.8 ± 5.4 28.1 ± 4.2 0.335
Height (cm) 178.9 ± 7.0 160.3 ± 7.8 50,800****
Weight (kg) 86.1 ± 18.9 62.9 ± 16.4 10.4**
BMI (kg/m2) 26.8 ± 5.2 24.5 ± 6.3 0.492
HR (bpm) 73.8 ± 12.0 75.8 ± 11.5 0.341
MAP (mmHg) 106.8 ± 12.4 94.9 ± 5.4 7.81*

Notes:
*Moderate evidence against the null hypothesis.
**Strong evidence against the null hypothesis.
***Very strong evidence against the null hypothesis.
****Extreme evidence against the null hypothesis.

subjects experienced discomfort, or presented physiological markers of presyncope such as unre-

strained rising heart rate, falling blood pressure, and/or perfuse perspiration. In the 0° supine posi-

tion presyncope was reached in seven subjects at –40 mmHg (n = 2, both female) and –50 mmHg

(n = 5, 4 female, 1 male). In the 15° HDT position, presyncope was reached in two subjects (both

female) at –40 mmHg (n = 1) and –50 mmHg (n = 1). After discontinued application of LBNP,

no subjects experienced lasting symptoms. The remainder of the data for these subjects up to the

point of discontinuation are included 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 consent to participate in the experiment. All procedures

performed in the study were in accordance with the 1964 Helsinki Declaration and its later amend-

ments. The study protocol was approved by the Texas A&M Human Research Protection Program

with Institutional Review Board number IRB2020-0724F.
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5.2.2 Experimental Design and Testing Protocol

The experimental design followed broadly a similar procedure as for the tilt experiment de-

scribed in Section 4, with lower body negative pressure substituted for tilt186. The full experimen-

tal design is described here for completeness. The experiment was designed as a counterbalanced,

within-subjects, experiment such that every subject experienced every pressure level and posture.

Subjects were exposed to graded LBNP from 0 mmHg to –50 mmHg in 10 mmHg increments (in

a progressive order) in two separate postures: 0° supine (face-up) and 15° head-down tilt (HDT)

supine. The procedure was identical for each posture. Experimental sessions took place on two

separate days within a two-week period. In each of the two experimental sessions, subjects were

tested once in the 0° supine position and once in the 15° HDT position (order counterbalanced).

Additionally, in the first session, baseline measurements were collected in a seated posture prior

to the main testing. To control for potential circadian effects, all sessions were scheduled in the

morning at approximately the same time. In addition, subjects were asked to refrain from drinking

caffeine and exercising prior to each test session.

In a single experimental session (0° supine or 15° HDT), subjects were placed in a lower body

negative pressure chamber (Technavance, Austin, TX) initially at 0 mmHg. Continuous mea-

surements of blood pressure and electrocardiography were recorded throughout the test. Subjects

initially remained at rest for a period of six-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. Following this, measurements of ocular tonometry, ultrasonography, and non-

invasive measurement of internal jugular venous pressure were collected from the subjects. The

total procedure at a single pressure level lasted for approximately 12 minutes. The LBNP pressure

level was then increased (more negative) by 10 mmHg and the entire process repeated, starting

with the six-minute resting period. The total protocol included six pressure levels: 0 mmHg, –

10 mmHg, –20 mmHg, –30 mmHg, –40 mmHg, and –50 mmHg. The procedure for the seated

baseline conducted on the first experimental session was identical to the procedure for a single

pressure level.

114



5.2.3 Dependent Variables

Dependent variables include 11 hemodynamic metrics, seven autonomic indices, and eight

measures related to the head/neck/eyes. The hemodynamic measurements considered were: 1)

heart rate (HR, bpm); 2) stroke volume (SV, ml); 3) cardiac output (CO, l/min); 4) oxygen con-

sumption (VO2, l/min); 5) systolic blood pressure (SBP, mmHg); 6) diastolic blood pressure (DBP,

mmHg); 7) rate pressure product (RPP, mmHg/min), used as a metric for myocardial stress and en-

ergy consumption211; 8) myocardial oxygen supply:demand index (MO, calculated as the ratio of

the diastolic pressure time interval to the systolic pressure time interval, DPTI/SPTI, no units)372;

and 9) total peripheral resistance (TPR, mmHg.s/ml). Additionally, two body weight normalized

indices were collected: 10) stroke index (SI, ml/m2); and 11) cardiac index (CI, l/min/m2).

Following the recommendations of the Task Force of the European Society of Cardiology and

the North American Society of Pacing and Electrophysiology213 we collected four time-domain

autonomic indices and three frequency-domain autonomic indices. These measurements were: 1)

the standard deviation of the NN intervals (SDNN, ms); 2) heart rate variability triangular index

(HRVTi, no units); 3) the root mean square of direct differences of the NN interval (RMSDD);

4) baroreflex sensitivity (BRS, ms/mmHg); 5) normalized spectral power density in the low fre-

quency (0.04–0.15 Hz) band (LFNorm, no units); 6) normalized spectral power density in the

high frequency (0.15–0.4 Hz) band (HFNorm, no units); and 7) the ratio between low frequency

and high frequency power spectral densities (LF/HF, no units). Interpretation of these measure-

ments has been previously described in Section 4.2.3, however in brief SDNN and HRVTi rep-

resent heart rate variability incorporating sympathetic and parasympathetic effects, RMSDD and

HFNorm are closely correlated with parasympathetic activity214, LFNorm represents sympathetic

activity, LF/HF represents sympathovagal balance, and BRS represents a measure of total auto-

nomic control via the arterial baroreflex213,216,217.

In relation to the head and neck, the following eight measurements were collected (or calcu-

lated): 1) intraocular pressure (IOP, mmHg); 2) ocular perfusion pressure (OPP, mmHg); 3) inter-

nal jugular vein cross-sectional area (AIJV, mm2); 4) internal jugular vein pressure (IJVP, mmHg);
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5) internal jugular vein flow pattern (IJVF, grade – see discussion in Section 5.2.4 below); 6)

common carotid artery cross-sectional area (ACCA, mm2); 7) common carotid artery peak systolic

velocity (PSV, cm/s); and 8) common carotid artery end diastolic velocity (EDV, cm/s). Head and

neck measurements were collected on both the right (Dexter) and left (Sinister) sides.

5.2.4 Instrumentation and Data Collection

Hemodynamic measurements were collected using two instruments, an Innocor inert gas re-

breathing device (Cosmed: The Metabolic Company, Rome, Italy) and a Finapres NOVA (Finapres

Medical Systems B.V., Enschede, the Netherlands). Full calibration was performed on devices

daily, and ambient data calibrations were also performed prior to each subject test (mean ± SD:

temperature 24.4 ± 1.2°C, relative humidity 46.7 ± 5.8%, pressure 753.6 ± 4.2 mmHg). Innocor

rebreathes were performed at every pressure level in a manner identical to the procedure described

in Section 4.2.4. Finapres data (finger arterial pulse contour waveform and 5-lead electrocardio-

gram) were collected continuously throughout the protocol with pressure corrected to heart level

with a hydrostatic height sensor placed laterally on the mid-coronal plane at the fifth intercostal

space. At each pressure level, the Finapres pressure waveform was calibrated with a discrete blood

pressure measurement using a brachial sphygmomanometer. Autonomic indices were derived from

the Finapres ECG trace and beat-to-beat RR interval as described in Section 4.2.4.

Measurements of intraocular pressure were obtained at each pressure level using a contact

tonometer (IC200, iCare, Vantaa, Finland). Values presented are the mean of the central four of

six measures (i.e., a trimmed mean) in order to account for arterial and respiratory fluctuation.

Ocular perfusion pressure was manually calculated from the IOP and MAP measurements for each

subject by correcting MAP to eye level (MAPeye) as per the procedure described in Section 4.6.2.3,

Figure 4.12, and Equation 4.4.

Internal jugular vein pressure, IJVP, was obtained by manually compressing the IJV with a

VeinPress (Compremium, Bern, Switzerland) manometer attached to the head of an ultrasound

probe (VScan Extend, GE Healthcare, Chicago, IL). The VeinPress device was zeroed prior to

each measurement. Pressure was recorded at the point at which the walls of the IJV vessel were
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just about to touch each other. When this occurred, the pressure reading was allowed to stabilize for

two seconds to counter any inertial effects. Two IJVP measurements were collected at each LBNP-

position-side combination, and the final IJVP in that condition was calculated as the average of the

two measurements.

All other measurements of the carotid arteries and jugular veins were collected using a Butter-

fly iQ+ ultrasound device (Butterfly Network Inc., Burlington, MA). Four separate images were

obtained from each side of the subject in each experimental condition (i.e., pressure-position com-

bination). Two images captured a transverse view of the CCA and IJV, respectively, collected

approximately 30 mm inferior to the CCA bifurcation point (around the C3 vertebral level) at end

diastole. Two trained operators, acting independently, manually identified and circumscribed the

CCA and IJV on each image to calculate ACCA and AIJV based on pixel count. If the two measured

areas from the different operators differed by less than 10%, the final AIJV in that condition was

calculated as the average of the two independently measured areas. However, if the measured area

differed by more than 10%, a third operator repeated the circumscription and the final AIJV in that

condition was calculated as the average of the three independently measured areas.

The final two images captured spectral pulse-wave Doppler flow of the CCA and IJV respec-

tively. For the CCA flow, an envelope tracing algorithm was applied, modified from an algorithm

developed by Wadehn and Heldt373. The output of this algorithm was used to calculate average

peak systolic velocity (PSV) and end diastolic velocity (EDV). IJV was binned into categories rep-

resenting four flow regimes as defined by Marshall-Goebel et al.12. These flow grades represent:

Grade 1 – forward flow that never returns to zero; Grade 2 – forward flow that may return to zero;

Grade 3 – stagnant flow characterized by equal forward and retrograde flow; and Grade 4 – pre-

dominantly retrograde flow. No instances of grade 4 flow were observed. Examples of grades 1, 2,

and 3 flow are presented in Figure 5.1.

5.2.5 Statistical Analysis

In contrast to the tilt experiment(s) described in Section 4, for LBNP we implemented a fully

Bayesian workflow. This was done for three main reasons. First, Bayesian analysis is less con-
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Figure 5.1: Internal jugular vein blood flow velocity waveform grades. (Top) Grade 1: forward
flow that never returns to zero; Middle Grade 2: forward flow that may return to zero; and Bottom
Grade 3: stagnant flow characterized by equal forward and retrograde flow. Flow grade regimes
are as defined by Marshall-Goebel et al.12.

strained by the problems of low sample size commonly found in spaceflight studies374. Since

Bayesian analysis represents a continual updating of understanding based on evidence ("the pos-

teriors of today are the priors of tomorrow"), this approach allows for the work to be taken and

expanded on with future data availability. Second, we believe that the outputs of a Bayesian model

are easier to interpret and understand in the context of dose-response curves. As an example, the

estimate and 95% confidence interval for a dose-response curve, like the ones constructed in Sec-

tion 4, formally represent the statement "if we were to repeat this experiment 100 times, we would

expect the estimated curve to appear in this interval 95 times out of 100". On the other hand, with

a dose-response curve constructed using Bayesian posteriors and, say, an 89% credible interval
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we are able to make the statement "the true effect size has an 89% probability of sitting within

this interval"375. Third, the Bayesian methodology allows for the construction of more compli-

cated regression models at the expense of computational time. As discussed in Section 5.1, we

note that there is certainly a dependent structural relationship between all of the variables mea-

sured. By following a Bayesian methodology we are able to conduct a multivariate analysis with

models an order of magnitude more complex than would be possible in a frequentist framework.

This is primarily due to the fact that the implementation of the Bayesian methodology relies on

a sampling framework, as opposed to a direct estimation of a prohibitively complex maximum

likelihood function in the frequentist approach376,377. A multivariate analysis allows us to eluci-

date some insight into the nature of the structural relationships. We fully and comprehensively

report the methodology following the Bayesian Analysis Reporting Guidelines (BARG) given by

Kruschke378.

All variables measured (with the exception of IJVF, described separately below) exhibited an

approximately linear response to graded LBNP. A single Bayesian robust multivariate, hierarchical

regression model was used to estimate the effects of sex, pressure, and position (0° supine or 15°

HDT) on all dependent variables. The model is presented in Equation 5.2:

yip ∼ Student (µp, σp, νp)

µp = βp,0 + βp,LBNP (Pressure) + βp,sex (Sex) + βp,pos (Position) + ...+ γip

γip ∼ N (0, σup)

(5.2)

where for each dependent variable, p outlined in Section 5.2.3, y represents the standardized re-

sponse, σ represents the population level standard deviation, ν represents the degrees of freedom,

β0, βLBNP , βsex, and βpos represent the coefficients for the independent variables, and γi represents

a group-level intercept for subject i distributed normally with mean 0 and standard deviation σu.

Pressure is an index variable representing the LBNP level, with 0 indicating 0 mmHg through to

5 indicating –50 mmHg, such that βLBNP gives the effect size of a decrease in 10 mmHg. Sex
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represents a contrast coded variable (−0.5 = Female, 0.5 = Male), such that βsex gives the effect

size of the increase in yp for males over females. Position is a categorical variable with 0 repre-

senting 0° supine and 1 representing 15° HDT, such that βpos gives the effect size of a change from

0° supine to 15° HDT.

Prior to constructing the dose-response curves, all dependent variables (except IJVF) were

standardized to have a mean of 0 and a standard deviation of 0.5. This was done for three prin-

cipal reasons. First, the prior choice was greatly simplified, as priors on the same scale could be

used for all dependent variables. Second, the computational efficiency of the Bayesian calculation

was greatly improved. Finally and most importantly, this process allows for the comparison of

the magnitude of the effect size across different variables. The results are presented both in this

standardized form, and also back-transformed to the original scales of measurement.

Correlations were modeled to exist between the dependent variables, p, such that the covariance

matrix of all the σu, Σ, was described by a Cholesky decomposition as shown in Equation 5.3:

Σ = (σuI)R (σuI)

R = LLT

(5.3)

where I is the identity matrix, R is a Hermitian positive-definite matrix, and L is a lower triangular

matrix.

For each dependent variable p, Bayes factors analysis of a simple univariate regression was

used to determine any additional interaction effects that needed to be included in the model, with

a Bayes factor of 3 (substantial evidence) used as the decision rule in favor of a more complicated

model379.

For the eight variables related to the head and neck, an additional independent contrast coded

variable, Side (and any appropriate interactions, determined using Bayes Factors), was included,

such that βside gives the effect size of the increase in yp for the right side (Dexter) over the left side

(Sinister). In the case of the dependent variable IJVP, in order to deal with significant heterogeneity

(i.e., the variance of the data increasing with stronger LBNP), a distributional regression model was
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used such that σ was allowed to vary with the pressure level:

log (σIJV P ) = ζ0,IJV P + ζLBNP,IJV P (Pressure) (5.4)

where ζ0,IJV P and ζLBNP,IJV P are the intercept and slope of the log of the σIJV P , respectively.

In the case of IJVF we implemented an ordinal logistic regression model. For this model, the

dependent variable was flow grade (from 1 to 3). The model used a binomial distribution with a

logistic (logit) link, presented in Equation 5.5. Pressure, Sex, Position, and Side remained as the

predictor variables and the group-level intercept was allowed to correlate with the remainder of the

dependent variables. In this case, the coefficients, β, of the independent variables represent the log

odds of either a grade 2 or grade 3 flow pattern with respect to a grade 1 pattern. eβ represents the

odds ratio (OR).

y∗i,IJV F ∼ Cumulative (µi,IJV F )

logit(µi,IJV F ) = βIJV F,0 + βIJV F,LBNP (Pressure) + βIJV F,sex (Sex)

+ βIJV F,pos (Position) + βIJV F,side (Side) + γi,IJV F

γi,IJV F ∼ N (0, σu,IJV F )

(5.5)

where y∗i,IJV F is the latent variable for the IJV blood flow velocity waveform pattern for sub-

ject i; µi,IJV F is the linear predictor (with a logit link function); βIJV F,0, βIJV F,LBNP , βIJV F,sex,

βIJV F,pos, and βIJV F,side are the coefficients for the intercept, LBNP Pressure, Sex (male or fe-

male), Position (0° supine or 15° HDT), and Side (right or left), respectively; γi,IJV F is the group-

level intercept for subject i; and σu,IJV F is the standard deviation of the group-level intercept.

Finally, in order to determine the multivariate relationship between the variables measured

and the subject characteristics, standardized Age, Height, Weight, and BMI , were added to the

multivariate regression model as dependent variables with only a group varying intercept in the

form of Equation 5.6:
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yi,chars = γi,chars

γi,chars ∼ N (0, σu,chars)

(5.6)

where yi,chars is the characteristic (Age, Height, Weight, or BMI) of subject i; and γi,chars is a

group-level intercept with standard deviation σu,chars.

Table 5.2 presents the form of the regression model for all dependent variables, p.

Weakly informative priors were chosen across all parameters; the summary of the priors used

is presented in Table 5.3. Normal priors were used for all β and ζ . Following the recommendations

of Gelman380, half-Cauchy distributions were used for all σ and σu. Gamma priors were used for

all ν. The covariance matrix, Σ, was assigned a Lewandowski-Kurowicka-Joe (LKJ) prior381,382.

Prior predictive checks were conducted to ensure that the priors generated credible estimates.

The model was fit via Markov Chain Monte Carlo (MCMC) using Stan version 2.26.1383, R

version 4.2.2340, and the brms package384–386. Stan is a probabilistic programming platform for

statistical modeling and high-performance statistical computation, where Hamilton Monte Carlo

(HMC) sampling is performed using a no-U-turn sampler (NUTS) to efficiently explore posteriors

in models. The model was sampled using 20,000 draws (1,000 burn-in) in each of four chains. In

the fitted model, chain diagnostics were visually inspected to ensure good mixing, with all R̂ val-

ues < 1.01 and all effective chain lengths > 5000387. Posterior predictive checks were conducted

to ensure that the posterior estimates approximated the data distribution. Pareto-smoothed leave-

one-out cross validation was conducted in order to ensure accurate model predictive power388. All

posterior summaries are given using the maximum a-posteriori estimate and the 89% highest den-

sity interval (HDI, also known as the 89% credible interval – 89% CrI). Evidence for the existence

of an effect is presented using the probability of direction (pd), which is the proportion of the pos-

terior distribution that is of the same sign as the median (from 50% to 100%)389. Evidence for

the significance of an effect is presented as the percentage of the full posterior inside the region of

practical equivalence (ROPE). For the majority of parameters, the ROPE is defined as [−0.05, 0.05]

on a normalized scale (or [−0.1sd(yp), 0.1sd(yp)] on the original scale of measurement)371,390. For
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Table 5.2: Distributions, main effects, and additional effects (interactions or distributional parame-
ters) for the Bayesian multivariate regression model used to construct the dose-response curves for
the cardiovascular response to LBNP. All dependent variables are combined into a single matrix
and analyzed using a single, large regression model as detailed in the text.

Measure Distribution Main Effects Additional Effects†

HR Student Pressure, Sex, Position —
SV Student Pressure, Sex, Position Pressure× Sex
CO Student Pressure, Sex, Position —
VO2 Student Pressure, Sex, Position Sex× Position
SBP Student Pressure, Sex, Position —
DBP Student Pressure, Sex, Position —
RPP‡ N Pressure, Sex, Position —
MO Student Pressure, Sex, Position —
TPR Student Pressure, Sex, Position —
SI Student Pressure, Sex, Position —
CI Student Pressure, Sex, Position —
SDNN Student Pressure, Sex, Position —
HRVTi Student Pressure, Sex, Position —
RMSDD Student Pressure, Sex, Position —
BRS Student Pressure, Sex, Position —
LFNorm Student Pressure, Sex, Position —
HFNorm Student Pressure, Sex, Position —
LF/HF Student Pressure, Sex, Position Pressure× Sex

IOP Student Pressure, Sex, Position, Side —
OPP Student Pressure, Sex, Position, Side —
AIJV Student Pressure, Sex, Position, Side —
IJVP Student Pressure, Sex, Position, Side log(σ) ∼ Pressure
IJVF§ Cumulative Pressure, Sex, Position, Side —
ACCA Student Pressure, Sex, Position, Side —
PSV Student Pressure, Sex, Position, Side —
EDV Student Pressure, Sex, Position, Side Pressure× Sex,

Sex× Position,
Sex× Side

Age|| — — —
Height|| — — —
Weight|| — — —
BMI|| — — —

Notes:
†Interactions or distributional parameters.
‡Bayes Factor analysis strongly favored a Gaussian distribution over a robust Student distribution for RPP.
§As described in the main text, IJVF flow pattern was modeled as an ordinal logistic regression with a logit link.
||Subject characteristics with only a group-level intercept.

123



Table 5.3: Weakly informative priors used for multivariate dose-response model. Note that the
priors apply to all relevant standardized dependent variables, p, in line with the model formulae
outlined in Table 5.2.

Group Prior Comment
β0 N (0, 1) Intercept
β N (0, 1) Slope†

ζ0 N (0, 1) Distributional intercept parameter
ζLBNP N (0, 1) Distributional slope parameter
ν Γ(2, 0.1) Degrees of freedom
σ Cauchy+(0, 1) Population variance
σu Cauchy+(0, 1) Group variance
L, R LKJ corr(1) Correlation structure‡

Notes:
†Applies to βLBNP , βsex, βpos, βside (where relevant), and any interactions.
‡Lewandowski-Kurowicka-Joe (LKJ) Cholesky correlation distribution with shape parameter η = 1.

the log odds parameters related to IJVF, the ROPE is defined as [−0.1π/
√
3, 0.1π/

√
3]390.

5.3 Results

5.3.1 Systemic Hemodynamic Response

Figure 5.2 shows the evolution of systemic hemodynamic parameters (mean ± SE) as a function

of LBNP pressure (the seated baseline has been removed for clarity). All measured variables follow

an approximately linear trend with respect to LBNP.

In particular, in males heart rate (Figure 5.2A) increases from 67.5 ± 3.4 bpm at 0 mmHg to

87.6 ± 4.1 bpm at –50 mmHg in 0° supine and from 65.2 3.6 bpm at 0 mmHg to 79.9 ±2.8 bpm at

–50 mmHg in 15° HDT. In general, female subjects have a heart rate 2.9 bpm (89% CrI: –3.4 to

10.1 bpm) higher than males (pd = 77.83%, %ROPE = 19.41%). Stroke volume (Figure 5.2B) and

cardiac output (Figure 5.2C) fall at an average rate (males and females together) of 8.7 ml (89%

CrI: 8.2 to 9.4 ml) and 0.46 l/min (89% CrI: 0.42 to 0.49 l/min) for every 10 mmHg increase in

LBNP strength (more negative). In absolute values, stroke volume and cardiac output are higher in

males by 24.9 ml (89% CrI: 16.9 to 33.6 ml) and 0.62 l/min (89% CrI: 0.21 to 1.06 l/min) respec-
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Figure 5.2: (A-K) Systemic hemodynamic variables as a function of LBNP in 0° supine (solid line)
and 15° HDT (dashed line) positions, collected on 24 subjects (12 male, 12 female). Measurements
were taken at 0 mmHg, –10 mmHg, –20 mmHg, –30 mmHg, –40 mmHg, and –50 mmHg. Data are
presented as means ± SE at each pressure level. (A) HR, heart rate; (B) SV, stroke volume; (C) CO,
cardiac output; (D) VO2, oxygen consumption; (E) SBP, systolic blood pressure; (F) DBP, diastolic
blood pressure; (G) RPP, rate pressure product; (H) MO, myocardial oxygen supply:demand index;
(I) TPR, total peripheral resistance; (J) SI, stroke index; (K) CI, cardiac index.

tively. However, when variables are indexed by body surface area, cardiac index (Figure 5.2K) is

equivalent in males and females, decreasing by 0.26 l/min/m2 (89% CrI: 0.24 to 0.28 l/min/m2,

males and females together) per 10 mmHg. On the other hand, stroke index (Figure 5.2J) is still
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higher in male subjects by, on average, 4.3 ml/m2 (89% CrI: 0.4 to 8.4 ml/m2).

Systolic blood pressure (Figure 5.2E), which is higher in males by 7.4 mmHg (89% CrI: 0.9

to 13.8 mmHg), decreases slightly at an average rate of 1.9 mmHg (89% CrI: 1.3 to 2.6 mmHg)

per 10 mmHg LBNP. However, diastolic blood pressure (Figure 5.2F) appears to hold a relatively

constant value with no clear trend.

Rate pressure product (Figure 5.2G), myocardial oxygen supply:demand index (MO, Fig-

ure 5.2H), and total peripheral resistance (Figure 5.2I) all increase linearly across the range of

LBNP values measured. There is no difference in MO between male and female subjects (0.01,

89% CrI: –0.04 to 0.05), however rate pressure product and total peripheral resistance appear

slightly higher in females (for RPP: 270 mmHg/min higher, 89% CrI –600 to 1200 mmHg/min,

pd = 70.06%, %ROPE = 22.47%; for TPR: 0.15 mmHg.s/ml higher, 89% CrI –0.01 to 0.30

mmHg.s/ml, pd = 93.69%, %ROPE = 10.02%). In RPP, this is most noticeable at lower pressure

levels, and is likely driven by the higher resting heart rate in female subjects.

The largest difference between males and females appears in oxygen consumption, where

males have around twice the consumption of females. Males have an average consumption of

0.22 ± 0.03 l/min at 0 mmHg, falling to 0.15 ± 0.02 l/min at –50 mmHg (in 0° supine); whilst

females have an average consumption of 0.12 0.02 l/min at 0 mmHg, falling to 0.05 ± 0.01 l/min

at –50 mmHg (0° supine). Relative to both a) the effect of LBNP, and b) the difference between

the sexes, the effect of position (0° supine or 15° HDT) appears minimal. This is supported by evi-

dence from Figure 4.2H in Section 4.3, which noted no effect of tilt angle on oxygen consumption.

5.3.2 Autonomic Response

Figure 5.3 shows the evolution of autonomic parameters (mean ± SE) as a function of LBNP

pressure.

Broadly, there is minimal effect of LBNP on overall heart rate variability, as evidenced by

minimal significant effect of LBNP on SDNN (Figure 5.3A) or HRVTi (Figure 5.3B). On the

other hand, the overall balance of sympathetic and vagal activity is clearly altered by LBNP. In

particular, RMSDD (Figure 5.3C), a marker of vagal activity, falls from 35.5 ± 3.0 ms at 0 mmHg
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Figure 5.3: (A-G) Autonomic variables as a function of LBNP in 0° supine (solid line) and 15°
HDT (dashed line) positions, collected on 24 subjects (12 male, 12 female). Measurements were
taken at 0 mmHg, –10 mmHg, –20 mmHg, –30 mmHg, –40 mmHg, and –50 mmHg. Data are
presented as means ± SE at each pressure level. (A) SDNN, standard deviation of NN intervals; (B)
HRVTi, heart rate variability triangular index; (C) RMSDD, root mean square of direct differences
of NN intervals; (D) BRS, baroreflex sensitivity; (E) LFNorm, normalized low frequency power
spectral density; (F) HFNorm, normalized high frequency power spectral density; (G) LF/HF, low
frequency to high frequency ratio.

to 22.4 ± 1.5 ms at –50 mmHg (average of both sexes and both positions), a fall of 2.8 ms (89%

CrI: 2.1 to 3.5 ms) per 10 mmHg LBNP. This decrease in vagal activity is further supported by the

fall in normalized high frequency power spectral density (Figure 5.3F) from 28.1 ± 2.3 at 0 mmHg

to 14.5 ± 1.6 at –50 mmHg (average of both sexes and both positions). This fall in vagal activity

is matched by a corresponding increase in sympathetic activity seen in the rise in normalized low

frequency power spectral density (Figure 5.3E) and low/high frequency ration (Figure 5.3G, a

marker of sympathovagal balance).

Finally, baroreflex sensitivity (Figure 5.3D) decreases slightly with LBNP, from 13.8 ± 1.1

ms/mmHg at 0 mmHg to 9.2 ± 0.7 ms/mmHg at –50 mmHg (average of both sexes and both
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positions). This is an average decrease of 0.9 ms/mmHg (89% CrI: 0.6 to 1.2 ms/mmHg) per

10 mmHg LBNP. This reduction in sensitivity is likely related to a fall in blood flow and pressure

in the carotid sinus and aortic arch as blood is pooled in the lower body.

5.3.3 Head/Neck Response

Figure 5.4 shows the evolution of head/neck parameters (mean ± SE), excluding IJVF, as a

function of LBNP pressure. Figure 5.5 shows the change in IJV blood flow velocity waveform

pattern as a function of LBNP.

Figure 5.4: (A-G) Head/neck variables as a function of LBNP in 0° supine (solid line) and 15°
HDT (dashed line) positions, collected on 24 subjects (12 male, 12 female). Thick lines represent
the right side (Dexter) and thin lines represent the left side (Sinister). Measurements were taken at
0 mmHg, –10 mmHg, –20 mmHg, –30 mmHg, –40 mmHg, and –50 mmHg. Data are presented as
means ± SE at each pressure level. (A) IOP, intraocular pressure; (B) OPP, ocular perfusion pres-
sure; (C) AIJV, internal jugular vein cross sectional area; (D) IJVP, internal jugular vein pressure;
(E) ACCA, common carotid artery area; (F) PSV, peak systolic velocity; (G) EDV, end diastolic
velocity.
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Figure 5.5: Internal jugular vein blood flow velocity waveform pattern as a function of LBNP in 0°
supine (left column) and 15° HDT positions (right column), on the left (top row) and right (bottom
row) sides, collected on 24 subjects (12 male, 12 female). Flow grade patterns are described in the
main text, illustrated in Figure 5.1, and taken from Marshall-Goebel et al.12.

There appears to be little difference between the right and left sides (thick and thin lines, re-

spectively) in any of the variables considered. Intraocular pressure (Figure 5.4A) is higher in

the 15° HDT position by 2.9 mmHg (89% CrI: 2.3 to 3.4 mmHg) and decreases linearly from

20.1 ± 0.6 mmHg at 0 mmHg to 16.4 ± 0.7 mmHg at –50 mmHg (0° supine, average of both sexes

and both sides). In 15° HDT, IOP decreases from 23.3 ± 0.7 mmHg at 0 mmHg to 18.1 ± 0.7 mmHg

at –50 mmHg. In contrast, there appears to be no significant effect of LBNP on ocular perfusion

pressure (Figure 5.4B), with the response remaining relatively constant, there is even a slight in-

crease in 15° HDT from 74.7 ± 1.5 mmHg at 0 mmHg LBNP to 78.1 ± 2.1 mmHg at –50 mmHg

LBNP (male and female, both sides).
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With common carotid artery area (Figure 5.4E), similar to the tilt response (Figure 4.7) we see

no effect of LBNP, although we find a small effect of position. The average ACCA at 0° supine is

30.3 ±0.5 mm2, which increases to 33.7 ±0.6 mm2 in 15° HDT (average of all pressure levels, sexes,

and sides). There is minimal change in end diastolic velocity of the CCA (Figure 5.4G), however

the peak systolic velocity (Figure 5.4F) falls from 97.7 ± 2.1 cm/s at 0 mmHg to 79.1 ± 1.7 cm/s

at –50 mmHg (average of both side, both sexes, and both positions), indicating an overall decrease

in the pulse velocity.

Finally, the internal jugular vein exhibits a strong response to LBNP, with decreases of 8.8 mm2

(89% CrI: 7.3 to 10.2 mm2) per 10 mmHg LBNP in area (Figure 5.4C) and 2.7 mmHg (89% CrI:

2.4 to 3.1 mmHg) per 10 mmHg in pressure (Figure 5.4D), respectively. As would be expected

from Figure 4.8 and 4.9, both ACCA and IJVP are higher in the 15° HDT position, by 40.1 mm2

(89% CrI: 35.5 to 44.8 mm2) and 7.9 mmHg (89% CrI: 6.9 to 9.0 mmHg) respectively. However,

in contrast to Figure 4.8 we see no effect of side on IJV cross-sectional area. This is not necessarily

surprising, since the larger changes in AIJV in Figure 4.8 only really begin to appear in HDT and

are amplified at larger tilt angles (30° HDT and 45° HDT). With respect to the IJV blood flow

velocity waveform, Figure 5.5 reveals that, whilst the majority of observed flows are at Grade 1, at

lower LBNP levels there appear to be more instances of Grade 2 flow (and even two cases of Grade

3 flow stagnation, both appearing in the left IJV). It appears that LBNP is effective at reducing the

instances of Grade 2 flow.

5.3.4 Dose-Response

The Bayesian methodology allows us to gain deeper insight into the relative changes amongst

all of the parameters considered. From the fitted dose-response model, we can extract and visualize

the posterior draws, βp,eff , for the effect size of each individual main effect, eff (LBNP , sex,

pos, or side), on each dependent variable p. Since all dependent variables in the model were

standardized, the effect sizes can be compared across different variables. In particular, we use

the Bayesian concept of a region of practical equivalence (ROPE) as an analogy to a frequentist

p-value. As discussed in Section 5.2.5, the ROPE is standardized as [−0.05, 0.05] for all variables
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(except IJVF, where [−0.1π/
√
3, 0.1π/

√
3] is used due to the log odds interpretation). Thus, we

can quantify the percentage of the full posterior distribution for any particular effect (Pressure,

Sex, Position, or Side) inside the ROPE (%ROPE). In general, if greater than 95% of the full

posterior distribution is inside the ROPE, this can be interpreted as strong evidence in favor of the

null hypothesis (no effect), whilst less than 5% of the full posterior distribution inside the ROPE

denotes strong evidence of an effect391.

This interpretation must also be viewed in the context of the probability of direction (pd). For

example, in all of the Side effects considered, the posterior distribution is centralized about 0 but

very wide, such that %ROPE is low, whilst pd ≈ 50%. This implies that there is strong evidence

of an effect, but little evidence as to whether that effect is positive or negative. Sections 5.3.4.1,

5.3.4.2, 5.3.4.2, and 5.3.4.2 below consider the effect sizes of Pressure, Sex, Position, and Side,

respectively, from the fitted dose-response curves.

5.3.4.1 Pressure Effect

Figure 5.6 presents the effect sizes of Pressure on the normalized responses of all variables

considered. The variables are ordered from the largest positive effect size at the top to the largest

negative effect size at the bottom, and IJVF is presented separately due to the differing ROPE

range. Table 5.4 presents the fitted parameters from the dose-response curves, back-transformed

from the standardized posterior distributions into their original units. Finally, Table 5.5 presents

the pd and %ROPE for each of the four main effects (βLBNP , βsex, βpos, and βside) for all dependent

variables. pd and %ROPE are invariant of the scale (normalized or original) used since the ROPE

scales with the dependent variable.
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Figure 5.6: Normalized main effect of LBNP level on systemic (green), autonomic (orange), and
head/neck (purple) variables. Variables are ordered from the largest positive effect size at the top
to the largest negative effect size at the bottom. Data are presented as the posterior distributions
from the Bayesian multivariate regression model. Distributions are colored gray when located
outside of the ROPE, and they are colored blue when located inside the ROPE. Points and error
bars underneath the distributions represent the maximum a-posteriori estimate along with the 89%
(thick) and 95% (thin) highest density intervals. IJVF is presented separately below, since the
ROPE is defined differently for a logistic regression model (see Section 5.2.5 for detail).
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Table 5.5: Existence and significance of main effects for dose-response model. Evidence for
existence of effects is presented as probability of direction (pd). Evidence for significance of
effects is presented as percentage of full posterior distribution in region of practical equivalence
(%ROPE). See Section 5.2.5 for detail on the pd and ROPE range.

Parameter βLBNP βsex βpos βside

pd %ROPE pd %ROPE pd %ROPE pd %ROPE

HR 100% 0% 77.83% 19.41% 100% 0.30% — —
SV 100% 0% 100% 0% 100% 0% — —
CO 100% 0% 98.95% 2.76% 100% 0.01% — —
VO2 100% 0.81% 99.61% 0.79% 99.91% 20.20% — —
SBP 100% 8.73% 96.22% 5.60% 63.28% 72.76% — —
DBP 91.38% 98.11% 85.80% 14.04% 58.30% 70.47% — —
RPP 100% 0% 70.06% 22.47% 96.34% 38.59% — —
MO 100% 0% 65.67% 23.91% 97.20% 30.62% — —
TPR 100% 0% 93.69% 10.02% 100% 0.05% — —
SI 100% 0% 95.86% 8.47% 100% 0% — —
CI 100% 0% 70.72% 30.82% 100% 0% — —
SDNN 69.18% 99.99% 95.76% 5.42% 99.46% 11.75% — —
HRVTi 90.29% 99.51% 89.01% 10.87% 78.78% 62.93% — —
RMSDD 100% 0.91% 81.00% 17.44% 99.93% 4.21% — —
BRS 100% 15.46% 62.06% 22.99% 99.98% 0.92% — —
LFNorm 100% 0.28% 91.85% 10.89% 98.28% 18.63% — —
HFNorm 100% 0.34% 91.93% 10.85% 98.42% 18.73% — —
LF/HF 100% 0% 56.70% 23.67% 99.71% 5.36% — —
IOP 100% 0% 56.96% 17.16% 100% 0% 51.25% 4.48%
OPP 97.77% 97.06% 66.81% 21.46% 99.35% 10.73% 51.62% 4.28%
AIJV 100% 0% 85.52% 13.18% 100% 0% 51.39% 4.47%
IJVP 100% 0% 86.11% 21.65% 100% 0% 51.52% 4.47%
IJVF 100% 0% 61.21% 16.74% 100% 0.04% 50.10% 14.53%
ACCA 52.12% 100% 64.46% 16.35% 100% 0% 51.23% 4.51%
PSV 100% 0.28% 95.60% 5.94% 96.03% 26.60% 53.70% 4.47%
EDV 97.12% 93.87% 55.09% 8.32% 84.96% 44.97% 50.77% 4.45%

Of the four main effects considered, the effect of LBNP presents the strongest evidence (nar-

rowest posterior distributions), with the majority of parameters falling either fully inside or outside

of the ROPE. The systemic hemodynamic variables are evidently those most influenced by LBNP,

with a larger relative effect size (either positive or negative) than the autonomic or cephalad vari-

ables. In particular, the fall in SV/CO (and their indexed equivalents) and the corresponding rise
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in TPR and MO. In contrast, there is strong evidence in favor of no effect of LBNP on five vari-

ables (ACCA, SDNN, HRVTi, DBP, and OPP) and trending evidence of no effect in EDV (%ROPE:

93.87%). This informs us that a) overall heart rate variability is not influenced by LBNP, and

b) most LBNP-related effects are related to the systolic (%ROPE = 8.73%), as opposed to the

diastolic (%ROPE = 98.11%), part of the blood pressure waveform. In addition, related to the

head/neck hemodynamics, it is insightful that there is strong evidence for an effect of LBNP on

IOP, AIJV, and IJVP, of approximately similar relative magnitude (%ROPE: 0% for all three), yet

no effect on OPP (%ROPE: 97.06%). This has potential implications for the use of LBNP as a

SANS countermeasure, discussed in Section 5.4 below.

Of the three groups (systemic hemodynamics, autonomic response, and head/neck), the auto-

nomic variables are the least affected by LBNP, although there is still strong evidence of a decrease

in parasympathetic activity (decrease in RMSDD and HFNorm; %ROPE: 0.91% and 0.34% respec-

tively) matched by an increase in sympathetic activity (increase in LFNorm and LF/HF; %ROPE:

0.28% and 0% respectively). Finally, there is clearly an effect of LBNP on IJVF flow pattern

(%ROPE: 0%), with the relative log odds of a higher grade (2 or 3) flow decreasing by 1.13 (89%

CrI: 0.82 to 1.52) with each 10% mmHg increase in LBNP strength.

5.3.4.2 Sex Effect

Figure 5.7 presents the effect sizes of Sex on the normalized responses of all variables consid-

ered. The variables are ordered from the largest positive effect size at the top to the largest negative

effect size at the bottom, and IJVF is presented separately due to the differing ROPE range. Due to

the contrast coding in the model, a positive effect size represents an increase in male subjects with

respect to female subjects. Tables 5.4 and 5.5 present the fitted parameters from the dose-response

curves, and the pd and %ROPE , respectively.

In contrast to the effect of Pressure, the posteriors associated with the Sex effect are much

wider. This is due to the fact that the magnitude of any sex effect between males and females is

often dwarfed by the natural intersubject variability found across all subjects. We found strong

evidence of significant effects of Sex in only three variables (SV, %ROPE = 0%l CO, %ROPE =
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Figure 5.7: Normalized main effect of sex (male or female) on systemic (green), autonomic (or-
ange), and head/neck (purple) variables. Variables are ordered from the largest positive effect size
at the top to the largest negative effect size at the bottom. Data are presented as the posterior dis-
tributions from the Bayesian multivariate regression model. Distributions are colored gray when
located outside of the ROPE, and blue when located inside the ROPE. Points and error bars un-
derneath the distributions represent the maximum a-posteriori estimate along with the 89% (thick)
and 95% (thin) highest density intervals. IJVF is presented separately below, since the ROPE is
defined differently for a logistic regression model (see Section 5.2.5 for detail).

2.76%; and VO2, %ROPE = 0.79%). With respect to the indexed variables, there is minimal

evidence of a sex effect in CI (pd = 70.72%, %ROPE = 30.82%) but some evidence of a sex effect

in SI (pd = 95.86%, %ROPE = 8.47%). The presence of an effect in the absolute variables (CO,
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SV), and the lack of a significant effect in the indexed variables (and elsewhere) would appear

to indicate that variation between males and females are principally the results of anthropometric

differences (i.e., on average males are larger, with a higher total blood volume and a larger stroke

volume).

In five variables, there is moderate evidence of the presence of a sex effect, even if it is not

necessarily of significant magnitude. This is evidenced by variables with a pd greater than 90%

and a _ROPE less than 10%. These variables are SDNN (pd = 95.76%, %ROPE = 5.42%), PSV

(pd = 95.60%, %ROPE = 5.94%), SBP (pd = 96.22%, %ROPE = 5.60%), SI (pd = 95.86%,

%ROPE = 8.47%), and TPR (pd = 93.69%, %ROPE = 10.02%). Similar to our results from

the female subjects in tilt, presented in Section 4.7, the fact that SDNN appears larger in males

(by, on average, 12.2 ms, 89% CrI: 0.9 to 24.4 ms) is likely explained by hormonal effects on the

autonomic nervous system347. We do not, however, see a corresponding reduction in RMSDD in

males which would be indicative of higher parasympathetic activity in females.

In summary, comparison between absolute variables (CO, SV) and indexed variables (CI, SI)

suggest that sex differences in the data appear to be principally driven by anthropometric variation

between males and females, however there is some evidence of increased sympathetic activity in

male subjects.

5.3.4.3 Position Effect

The main effect of position is insightful as it relates to how LBNP acts in the presence of a

cephalad fluid shift as experienced in microgravity. Figure 5.8 presents the effect sizes of Position

on the normalized responses of all variables considered. The variables are ordered from the largest

positive effect size at the top to the largest negative effect size at the bottom, and IJVF is presented

separately due to the differing ROPE range. Based on the way position has been captured in the

model, a positive effect size represents an increase from 0° supine to 15° HDT. Tables 5.4 and 5.5

present the fitted parameters from the dose-response curves, and the pd and %ROPE , respectively.

A significant effect is seen in six of the 11 systemic hemodynamic parameters, two of the

autonomic parameters, and five of the eight head/neck parameters. The largest effect sizes are
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Figure 5.8: Normalized main effect of position (0° supine or 15° HDT) on systemic (green), auto-
nomic (orange), and head/neck (purple) variables. Variables are ordered from the largest positive
effect size at the top to the largest negative effect size at the bottom. Data are presented as the
posterior distributions from the Bayesian multivariate regression model. Distributions are colored
gray when outside of the ROPE, and blue inside the ROPE. Points and error bars underneath the
distributions represent the maximum a-posteriori estimate along with the 89% (thick) and 95%
(thin) highest density intervals. IJVF is presented separately below, since the ROPE is defined
differently for a logistic regression model (see Section 5.2.5 for detail).

seen in the jugular vein response (area, pressure, and flow). This is congruent with our re-

sults in Section 4, which demonstrated the strong gravitational dependence of the jugular vein.

In contrast to Figure 4.7, we also find a significant effect of Position on ACCA (pd = 100%,
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%ROPE = 0%), although it should be noted that we are only considering a single tilt angle here.

Similar to Section 4, we also note significant increases in SV (pd = 100%, %ROPE = 0%), CO

(pd = 100%, %ROPE = 0%) (and their indexed equivalents), IOP (pd = 100%, %ROPE = 0%),

BRS (pd = 99.98%, %ROPE = 0.92%), and RMSDD (pd = 99.93%, %ROPE = 4.21%),

along with significant decreases in HR (pd = 100%, %ROPE = 0.30%) and TPR (pd = 100%,

%ROPE = 0.05%).

The RMSDD and BRS responses, combined with the decrease in heart rate indicate that the

autonomic response is activated by the cephalad fluid shift, manifested principally by an increase

in vagal activity lowering heart rate. This is combined with the reduced TPR promoting venous

return leading to increased SV and CO through the Frank-Starling mechanism188.

Finally, we note an increase in OPP in 15° HDT (pd = 99.35%, %ROPE = 10.73%), which

is significant in direction and approaching significance in magnitude. This is congruent with our

results in Section 4.6 demonstrating an increase in OPP in HDT. Analysis of the relative magni-

tudes of the effect sizes indicates that the increase in OPP is blunted by the constancy of blood

pressure, where there is slight evidence in favor of the null hypothesis of no effect of position

((pd = 63.28%, %ROPE = 72.76% and pd = 58.30%, %ROPE = 70.47% for SBP and DBP,

respectively).

5.3.4.4 Side Effect

Figure 5.9 presents the effect sizes of Side on the normalized responses of the head/neck vari-

ables considered. The variables are ordered from the largest positive effect size at the top to the

largest negative effect size at the bottom, and IJVF is presented separately due to the differing

ROPE range. Due to the contrast coding in the model, a positive effect size represents an increase

from left to right side. Tables 5.4 and 5.5 present the fitted parameters from the dose-response

curves, and the pd and %ROPE , respectively.

In all eight variables considered, we did not find an effect of Side. Whilst the %ROPE is small

(< 5%) for all variables except IJVF, this is due to the broad spread of the posterior distributions.

Taken in context with the pd (in the range 50% to 54% for all variables), there is no evidence of

139



Figure 5.9: Normalized main effect of side (left or right) on head/neck (purple) variables. Variables
are ordered from the largest positive effect size at the top to the largest negative effect size at the
bottom. Data are presented as the posterior distributions from the Bayesian multivariate regression
model. Distributions are colored gray when outside of the ROPE, and blue inside the ROPE. Points
and error bars underneath the distributions represent the maximum a-posteriori estimate along with
the 89% (thick) and 95% (thin) highest density intervals. IJVF is presented separately below, since
the ROPE is defined differently for a logistic regression model (see Section 5.2.5 for detail).

an effect size in any particular direction. This is in contrast to our results from the tilt experiment,

where we found differences in size between the left and right jugular veins. It would appear that

this effect is only present in the amplified expansion of the jugular vein in extreme head-down tilt.

Note that, in contrast to the frequentist methodology presented in Section 4, we are not constrained
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to accept the null hypothesis in the absence of evidence to the contrary. In fact, here we can go

further and say that there is no significant evidence either in favor of the null hypothesis (no effect),

or the alternative (an existing effect). Aside from our findings on AIJV in tilt discussed above, the

rest of the results are congruent with the remainder of our tilt data, in that we found no effect of

side on IOP, OPP, or IJVP.

5.3.4.5 IJV Flow

The majority of the variables are explained by linear models, whose interpretation is relatively

straight forward. In contrast, the dose-response curve for the internal jugular vein blood velocity

waveform flow pattern is based on an ordinal logistic regression, with a slightly more cryptic

interpretation. Thus, it is insightful to plot this dose-response in full. Figure 5.10 presents this

IJV flow pattern dose-response curve. Based on the effect sizes in Figures 5.6, 5.8, 5.9, and 5.7

(where there was evidence of Pressure and Position effects, but no evidence of Sex or Side

effects), we have grouped males and females, and left and right sides together. Whilst the response

is ordinal, the figure shows the latent variable1 given by the logit function392. Due to only a couple

of instances of Grade 3 flow occurring (Figure 5.5), we have grouped the probabilities such that

the Y axis in the curve represents the probability of "greater than Grade 1 flow" (i.e., Grade 2 or

Grade 3 flow).

In 0° supine, the probability of greater than Grade 1 flow is 31.2% (89% CrI: 8.5% to 61.9%) at

0 mmHg. This is reduced by LBNP to 13.8% (89% CrI: 2.8% to 33.0%), 5.2% (89% CrI: 0.8% to

13.9%), 1.9% (89% CrI: 0.2% to 5.5%), 0.7% (89% CrI: 0.1% to 2.1%), and 0.2% (89% CrI: 0.0%

to 0.8%) at –10 mmHg, –20 mmHg, –30 mmHg, –40 mmHg, and –50 mmHg, respectively. In 15°

HDT, there is an increased probability of Grade 2 or higher flow of 65.4% (89% CrI: 33.8% to

89.8%) at 0 mmHg. This is reduced by LBNP to 40.9% (89% CrI: 14.3% to 71.3%), 19.8% (89%

CrI: 4.7% to 43.3%), 8.0% (89% CrI: 1.3% to 20.6%), 3.0% (89% CrI: 0.3% to 8.6%), and 1.1%

(89% CrI: 0.1% to 3.5%) at –10 mmHg, –20 mmHg, –30 mmHg, –40 mmHg, and –50 mmHg,

1In the context of a logistic regression, the latent unobserved variable, y∗, represents the probability of an observed
binary variable, y. For an ordinal logistic regression, the ordinal responses are grouped to create binary categories
(e.g., grade 1 versus grade 2 and 3 flow, or grade 1 and 2 versus grade 3 flow).
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Figure 5.10: Dose-response curve for internal jugular vein blood flow velocity flow pattern. The
y-axis represents the probability of having higher than grade 1 flow (i.e., grade 2 or grade 3 flow).
Dose-response represents the fitted posterior draws from the multivariate regression model. Sex
and Side effects are pooled. Position (0° supine or 15° HDT) is faceted. Dose-response is
presented as the maximum a-posteriori estimate ± 89% CrI.

respectively.

The data highlight that LBNP is an effective tool for reducing flow stagnation in the inter-

nal jugular veins, suggesting its use as a potential countermeasure against the concern of VTE

described in Section 2.2.3. The implications for this will be further discussed in Section 5.4 below.

5.3.5 Multivariate Relationships

Figure 5.11 presents the multivariate relationships amongst all of the variables considered, in-

cluding the subject characteristics (Age, Height, Weight, and BMI). These relationships are

derived from the correlation matrix between the group-level intercepts (γip in Equation 5.2) mod-

eled with an LKJ prior (Equation 5.3 and Table 5.3). Correlations are only displayed where there

is significant evidence of an effect (in the Bayesian formulation, when the full posterior distri-

bution does not encompass 0)iv. The inclusion of the subject characteristics also sheds light on

ivCompared to correlation in a frequentist framework, the maximum a-posteriori estimate is analogous the r-value,

whilst the significance, i.e., whether the posterior distribution encompasses 0, is analogous to the p-value.
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any relationships between the variables driven by anthropometric considerations such as height or

weight.

Figure 5.11: Graph structure representing the multivariate relationships amongst all of the mea-
sured variables (green: systemic, orange: autonomic; purple: head/neck; blue: subject character-
istics). The direction of the correlations (positive or negative) are represented by the color of the
edges, and the strength (the maximum a-posteriori estimate) is represented by the thickness of the
edges. Only significant correlations are shown (see text for details).

Broadly, the graph structure appears to form two connected groups. All of the autonomic
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parameters are strongly connected to one another, forming one group. Similarly, the systemic

hemodynamics form a second connected group structure. HR is linked to the autonomic parameters

through heart rate variability and parasympathetic activity (RMSDD), where higher heart rate is

associated with lower variability and lower vagal activity. Similarly, increased HRV is associated

with increased stroke volume, and reduced RPP.

OPP is associated with both blood pressure and IOP (which is natural given Equation 4.4), but

increased OPP is also associated with increased TPR. The relationship with the subject characteris-

tics is also insightful: in contrast to Buckey et al.50,61, we do not find any association between IOP

and body weight or BMI, however greater height and weight are associated with increased oxygen

consumption. More interestingly, we see that Age is positively correlated with IJV cross-sectional

area (and by extension pressure), and negatively correlated with CI. Finally, carotid hemodynamics

are associated with systolic blood pressure (correlated with ACCA) and stroke volume (correlated

with PSV). There is no significant relationship between EDV or IJVF and any of the other metrics.

5.3.6 Relationship Between Change in IOP and Body Weight

In order to further investigate the relationship between IOP and body weight we are able to

extract the specific increase in IOP between 0° supine and 15° HDT. In order to do this, we define

a new variable, ∆IOPpos such that:

∆IOPpos,ijk = IOP15,ijk − IOP0,ijk (5.7)

where IOP15 is the IOP in 15° HDT and IOP0 is the IOP in 0° supine for each subject (i), pressure

(j), and side (k) combination.

To assess the correlation between ∆IOPpos and body weight, we will use a robust Bayesian

methodology. Using MCMC sampling, and assuming weakly informative priors, we will fit a mul-

tivariate t-distribution to the two variables in order to estimate the correlation coefficient between

them such that:
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∆IOPpos

 ∼ Student (µ,Σ, ν)

µ =

 µweight

µ∆IOPpos


Σ =

 σ2
weight ρ · σweight · σ∆IOPpos

ρ · σweight · σ∆IOPpos σ2
∆IOPpos


(5.8)

where µ is the vector of means, Σ is the covariance matrix, and ρ is the Bayesian correlation

coefficient.

Figure 5.12A presents the data with 50%, 89%, and 95% density ellipses from the fitted multi-

variate t-distribution overlaid, whilst Figure 5.12B presents the posterior distribution of the fitted

correlation coefficient, ρ. Using the same methodology, the analysis was repeated with BMI in-

stead of weight, and with OPP (with ∆OPPpos similarly defined as per Equation 5.7) instead of

IOP. The resulting correlation estimates are presented in Table 5.6.

Table 5.6: Bayesian robust correlation between body weight/BMI and the change in IOP/OPP
from 0° supine to 15° HDT. Correlation, ρ, is presented as the maximum a-posteriori estimate
(89% HDI). Evidence for existence of correlations is presented as probability of direction (pd).
Evidence for significance of correlations is presented as probability that |ρ| > 0.1 (i.e., probability
that ρ is not small). See Section 5.2.5 for detail on the pd.

Parameter 1 Parameter 2 ρ pd P (|ρ| > 0.1)

weight ∆IOPpos 0.201 (0.100, 0.299) 99.9% 94.4%
BMI ∆IOPpos 0.165 (0.058, 0.266) 99.3% 83.0%
weight ∆OPPpos –0.127 (–0.224, –0.028) 97.6% 65.5%
BMI ∆OPPpos –0.103 (–0.206, –0.009) 96.2% 56.4%

Results show that a modest, but significant, positive correlation does exist between the increase

in IOP with HDT and body weight, with an 89% probability that the correlation coefficient is in

the range 0.100 to 0.299 (maximum a-posteriori estimate 0.201). It has been previously noted that
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Figure 5.12: (A-B) Bayesian robust correlation between the change in IOP from 0° supine to 15°
HDT, ∆IOPpos, and body weight. (A) Raw data with 50%, 89%, and 95% density ellipses from a
multivariate t-distribution overlaid; fitted via MCMC as per Equation 5.8. (B) Posterior distribution
of the Bayesian correlation coefficient, ρ. The filled portion of the posterior distribution represents
the 89% HDI.
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there is an association between preflight body weight and the manifestation of SANS61. Buckey et

al. more recently suggest that the removal of hydrostatic gradients in microgravity reduces trans-

mural pressure posterior to the eye, and that this effect is more pronounced in individuals with a

higher preflight body weight50,393. The direction of the change in IOP compared to the terrestrial

supine position is opposite between HDT (positive) and microgravity (negative), however the as-

sociation of the magnitude with body weight remains. They reconcile the fact that IOP appears

reduced in microgravity compared to the supine position on Earth, with development of SANS by

hypothesizing that removal of tissue weight reduces IOP at the back of the eye, whilst reducing

ICP in the same location, leading to a decrease in transmural pressure (compared to the supine

position) that is more pronounced in heavier individuals. This reduced transmural pressure pro-

motes a shortening of the eye50. We also note some evidence of a correlation between ∆IOPpos

and BMI, although the significance is less compelling (an 83.0% probability that the correlation

is not small). Regarding the association between ∆OPPpos and body weight/BMI, data suggests

a small negative correlation, although in frequentist terms this would likely not appear significant

(given that P (|ρ| > 0.1) = 65.5% and 56.4% for body weight and BMI respectively). Given (1)

the similarities in our work demonstrating the gravitational dependence of OPP (i.e., the impor-

tance of the relative pressure changes between IOP and MAPeye)1 and the hypothesis of Buckey

et al. highlighting the importance of the relative changes between IOP and head venous pres-

sures related to body weight50; (2) the association between body weight and SANS61; and (3) the

similarities between terrestrially elevated OPP and symptoms of SANS60; future work should sys-

tematically investigate the holistic relationship between changing vascular pressures in the ocular

system (IOP, OPP, MAPeye, and ICP), body weight, and the removal of tissue compressive forces

in microgravity.

5.4 Discussion

This study investigated the acute effects of LBNP on the cardiovascular system. To our knowl-

edge, this is the most comprehensive analysis of cardiovascular hemodynamics, autonomic, and

cephalad response to LBNP. Further, we also introduce a new methodology for constructing dose-
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response models from cardiovascular measurements, analyzing the multivariate structure through

a Bayesian workflow. Our main findings show that: (1) there is a varying magnitude of the nor-

malized effect sizes of responses to LBNP in different cardiovascular variables; (2) sex differences

exist between the male and female response; however, these are principally driven by anthropomet-

ric considerations; (3) there is no evidence of a difference between the response in the left and right

sides (in terms of the common carotid arteries, internal jugular veins, or eyes) to LBNP; and (4)

there is an underlying multivariate structure with associations connecting all but two (EDV, IJVF)

of the cardiovascular variables considered as well as subject characteristics such as age, height,

weight, and BMI.

Multiple studies have investigated the effects of LBNP on cardiovascular hemodynamics; many

of these are summarized in a comprehensive review article by Goswami et al.73. In a classic

study by Blomqvist and Stone309, the systemic hemodynamic responses to graded LBNP up to

–40 mmHg were shown to be linear for TPR, HR, SV, CO, and MAP. Data from their study was

compiled by Goswami et al. and part of one of their figures is presented for comparison in Fig-

ure 5.13 below. The slopes on these data show the relative effect size of the five variables consid-

ered with the application of LBNP. Our study, and in particular Figure 5.6, extend this work and

increase the number of variables considered significantly. Our findings agree with the authors as to

the relative magnitudes of the effects of TPR (large positive), HR (small positive), and CO and SV

(large negative). We further find no decrease in DBP, and a small decrease in SBP, which corre-

sponds well with the minimal decrease in MAP found by Goswami and colleagues. In Figure 5.6

we add the effect sizes of 17 new variables, and present the relative magnitudes of the LBNP-

induced changes. Of note, we find that, whilst the TPR and SV/CO changes are the largest positive

and negative effects, respectively, there are smaller, still significant, negative effects surrounding

the jugular vein (AIJV, IJVP, IJVF), IOP, and VO2, as well as positive effects on myocardial oxygen

supply:demand index and rate pressure product.

Murray et al. investigated graded LBNP in four subjects and found a linear increase in heart rate

from 59 ± 2.9 bpm at 0 mmHg to 90 ± 5.5 bpm at –50 mmHg. They further found changes in blood
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Figure 5.13: Hemodynamic responses to graded LBNP in the range 0 mmHg to –40 mmHg as
collected by Blomqvist and Stone309. Figure reproduced from Goswami et al.73.

pressure (SBP/DBP) from 125 ±6.7/71 ± 4.6 mmHg at 0 mmHg to 119 ± 4.3/81 ± 3.5 mmHg at –

50 mmHg, and a decrease in stroke volume and cardiac output from 84 ± 6.0 ml and 4.9 ± 0.3 l/min

at 0 mmHg to 39 ± 4.6 ml and 3.4 ± 0.2 l/min at –50 mmHg respectively394. Murray’s increase

in HR (31 bpm) is greater than the average increase that we find (12 bpm, 89% CrI: 10 to 14

bpm) over the same range, considering both positions and both sexes. Our SBP falls at a similar

rate, from 129.5 ±2.2 mmHg at 0 mmHg to 117.2 ± 2.4 mmHg at –50 mmHg, but we do not

see any corresponding increase in DBP (effect size of 0.5 mmHg, 89% CrI: –0.1 to 0.9 mmHg

per 10 mmHg LBNP). Conversely, we find a larger decrease in stroke volume and cardiac output

(effect sizes: -0.87 ml/mmHg, 89% CrI: –0.94 to –0.82 ml/mmHg; and –0.046 l/min/mmHg, 89%

CrI: –0.049 to –0.042 l/min/mmHg, respectively). In general, our values fall within the confidence

intervals found by Murray et al.. Further, this study by Murray is one of the few to investigate

systemic vascular resistance or TPR. They found an increase from 1,415 ± 123 dyne-sec.cm–5 at

0 mmHg to 2,200 ± 132 dyne-sec.cm–5 at –50 mmHg (equivalent to 1.06 ± 0.09 mmHg.s/ml to

1.65 ± 0.10 mmHg.s/ml in peripheral resistance units, PRU). This closely matches the increase we

found, from 1.11 ± 0.04 mmHg.s/ml at 0 mmHg to 1.75 ± 0.06 mmHg.s/ml at –50 mmHg; an effect

size of 0.015 mmHg.s/ml/mmHg (89% CrI: 0.013 to 0.016 mmHg.s/ml/mmHg). Similarly, Levine

et al. found an increase of 18 bpm in HR, and a decrease of 43 ml in SV at –40 mmHg LBNP in 13

subjects395. Finally, Hinojosa-Laborde et al. considered graded LBNP as an experimental model

of hemorrhage354. The found a decrease in SBP from 121 to 80 mmHg, a decrease in SV from 59

to 41 ml, a decrease in CO from 5.1 to 4.2 l/min, and an increase in HR from 82 to 94 bpm from
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0 mmHg to –40 mmHg LBNP. The decrease in SBP is much larger than the corresponding drop

in our data, however all other measurements fall within the calculated confidence intervals of the

dose-response.

Autonomic response to LBNP is principally mediated through the reduction in central blood

volume lowering systemic flow and perfusion pressure, leading to stimulation of the arterial barore-

flex73,239,396,397. Convertino et al. investigated the effect of LBNP on baroreflex sensitivity, finding

that BRS decreased from 15 ± 1 ms/mmHg to 7 ± 1 ms/mmHg at presyncope in low-tolerance

subjects and from 17 ± 2 ms/mmHg to 4 ± 0 ms/mmHg in high-tolerance subjects398. This

matches well with our data, which found a reduction from 13.8 ± 1.1 ms/mmHg at 0 mmHg to

9.2 ± 0.7 ms/mmHg at –50 mmHg (average of both sexes and both positions). We did not deliber-

ately take our subjects to the point of presyncope, but the decreasing trend is anticipated to continue

to that point. This decrease in BRS, combined with the reduction in time- and frequency-derived

HRV metrics (i.e., RMSDD and HFNorm) is indicative of progressive vagal withdrawal399–401.

This vagal withdrawal is matched by a linear increase in sympathetic nervous activation with pro-

gressive LBNP. Our data demonstrate a linear increase in LFNorm, matched by a linear increase

in LF/HF. These data are supported by multiple studies assessing either HRV metrics or muscle

sympathetic nervous activity (MSNA) with LBNP357,363,364,402–404. Experiments using cholinergic

blockade demonstrate the importance of both arms of the autonomic response to mediate cardiac

function in LBNP405,406. The sympathetic response is also important for mediating vascular smooth

muscle constriction in response to the reduction in central blood volume398.

Regarding sex differences, Convertino investigated differences in autonomic function related

to blood pressure regulation353. Our results are congruent with Convertino, who noted higher

heart rate in female subjects, combined with a lower stroke volume during LBNP. Convertino

took all subjects to presyncope, and noted a lower tolerance in females. Whilst we did not delib-

erately take our subjects to this level, the fact that many more female subjects reached presyn-

cope in the 0 to –50 mmHg range would suggest a lower tolerance. This lower tolerance in

females is well supported by multiple studies353,358,366,367,407,408. Convertino further derived the
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effect size of the LBNP response in males and females with regard to HR, SV, CO, MAP, and

TPR, noting that the difference in slope is non-significant (p > 0.05) in all cases except for

TPR (p = 0.0002). In heart rate, he noted a 0.37 ± 0.05 bpm/mmHg increase in males and a

0.58 ± 0.10 bpm/mmHg increase in females. This is slightly higher than the 0.24 bpm/mmHg

(89% CrI: 0.20 to 0.28 bpm/mmHg) that we derived. With regards to stroke volume, Convertino

found a –1.06 ± 0.10 ml/mmHg change in males and a –1.23 ± 0.19 ml/mmHg change in fe-

males. This compares with our findings of –0.87 ml/mmHg (89% CrI: –0.94 to –0.82 ml/mmHg).

In contrast, we also note a "significant" interaction effect, with males decreasing stroke volume

0.42 ml/mmHg (89% CrI: 0.30 to 0.54 ml/mmHg) faster than females. Finally, in cardiac output,

we note a change of –0.046 l/min/mmHg (89% CrI: –0.049 to –0.042 l/min/mmHg). This fits in

between his measured values of –0.03 ± 0.01 l/min/mmHg in males and –0.07 ± 0.01 l/min/mmHg

in females. On the autonomic side, Convertino measured the baroreflex sensitivity, noting that the

response was 1.32 ms/mmHg lower in females (p = 0.047). We found that BRS was potentially

higher in males by 1.0 ms/mmHg (89% CrI: –3.0 to 4.4 ms/mmHg), though the difference was

far from significant and outweight by intersubject variability (pd = 62.06%, %ROPE = 22.99%).

Other studies have found potential differences in the autonomic response between men and women.

Frey et al. and Evans et al. found that women have a more dominant vagal response, whilst

men primarily demonstrate a greater sympathetic response362,409. In addition, Frey and Hoffler

also found that men exhibited a larger increase in TPR365. By considering Figure 5.7, we like-

wise find evidence of a higher sympathetic response in males based on LFNorm (pd = 91.85%,

%ROPE = 10.89%), however we find conflicting evidence of a higher vagal response in women.

The two autonomic markers corresponding to vagal response trend in opposite directions, with

HFNorm higher in females (pd = 91.93%, %ROPE = 10.85%), but RMSDD higher in males

(pd = 81.00%, %ROPE = 17.44%). Further, we find that TPR is actually lower in males ini-

tially by 0.15 mmHg.s/ml (89% CrI: –0.01 to 0.30 mmHg.s/ml), with an similar magnitude in the

response to LBNP. Further study is required to investigate these discrepancies in the sex-driven

autonomic response. More recently, Patterson et al. measured AIJV differences between men and
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women in the range 0 to –40 mmHg295. They noted a significant effect of sex (p < 0.001) and

LBNP (p < 0.001), but no significant interaction (p = 0.066), with AIJV being larger in female

subjects at 0 mmHg, –20 mmHg, and –30 mmHg. In contrast, we found a significant effect of

LBNP of -0.88 mm2/mmHg (89% CrI: –1.02 to –0.73 mm2/mmHg) but no significant effect of

sex. In fact, in our study we found trending evidence of a higher AIJV in males by 15.4 mm2 (89%

CrI: –8.7 to 37.6 mm2; pd = 85.52%, %ROPE = 13.18%. Our results match previous studies,

for example Jeon et al. and Magnano et al. who found no difference in AIJV between males and

females410,411.

The article by Magnano et al. is highly interesting in that they note a positive association

between AIJV and age in over 1000 subjects411. Using a totally different methodology, we also

discovered this association in Figure 5.11. This finding lends support both to their conclusions and

also to our Bayesian modeling workflow. The authors hypothesize that increased AIJV is linked

to inhibited central venous drainage as a result of raised intra-abdominal pressure with increased

BMI, which trends higher in older individuals. By contrast, though admittedly in a far smaller

study, we find no direct link between BMI (or weight) and AIJV. This suggests that the association

might be related to other factors outside of BMI. Magnano et al. posit on the role of endothelial

progenitor cells (EPCs) in the vascular remodeling process, noting sex differences related to preg-

nancy hormones412. Given evidence that EPCs decrease with increasing age413, we could support

this as potentially one of the factors in the age related differences in AIJV. Continuing our discus-

sion of Figure 5.11, we also note the negative association between age and CI, which is supported

by a number of studies414,415. Related to the head and neck variables, we do not see the association

between body weight and IOP noted by Buckey et al.61. As discussed in Section 5.3.6 above, when

we extract the change in IOP between 0° supine and 15° HDT, we do find small positive associa-

tions between the increase in IOP in HDT and both higher body weight and BMI. Further, we do

find an association between OPP and total peripheral resistance. It is difficult to find evidence in

the literature for similar relationships, although Fındıkoğlu et al. noted a decrease in OPP in 34

subjects after hot-water immersion, which was also matched by a decrease in TPR416. Samsudin et
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al. noted a relationship between OPP and EDV (which we did not find), but noted no relationship

between OPP and resistive index417. In this study, resistive index (RI) referred only to the specifics

of the ocular vasculature and not on the total peripheral resistance, thus, it is difficult to draw com-

parisons. Future work should look more closely at the relationship between IOP, OPP, and body

weight, given the evidence for the role of tissue weight in the pathogenesis of SANS50.

The effect of position is important since it allows us to determine the relative magnitude of a

fluid shift induced by HDT (and, by extrapolation, microgravity) compared to the LBNP effect. Of

the three groups (systemic, autonomic, and cephalad), we note that the largest effect size increase

is in head/neck parameters including AIJV, IJVP, IOP, and IJVF. This supports our evidence from

Section 4 that the jugular veins and eyes exhibit a non-linear response to HDT. Interestingly, in

this experiment we also found evidence of an increase in ACCA, which we did not see in the tilt

study. This is only at a single tilt angle, and compensatory mechanisms may prevent this increase

from progressing at more severe HDT angles. Aside from ACCA there are no data that contradicts

our results from Section 4, including evidence that blood pressure is maintained in tilt. By com-

paring the magnitude of the Pressure effect and the Position effect, we were able to estimate

the pressure required to bring that variable back to a supine equivalent, calculated as Estimated

LBNP = −10βpos/βLBNP . These results are presented in Table 5.7. These data show that for the

systemic parameters, an LBNP strength of less than –15 mmHg is sufficient to return the values to

equivalent to supine, whilst for the head and neck, much high strengths are required (e.g, around

–30 mmHg for IOP and IJVP, around –45 mmHg for AIJV).

We do not see any differences in any of the head/neck variables between the left and right side.

Looking back at our data from the tilt experiment in Section 4 would suggest that there is no

difference in the pressures in the ocular system between the left and right (neither IOP, nor OPP).

In our tilt experiment, we did not measure PSV or EDV, however we would anticipate that there

is little difference between sides since the CCA branch is located just superior to the ascending

aorta, such that arterial flow in the CCA is still approximately equivalent to aortic flow velocity.

The only difference found between between the left and right sides in Section 4 occurred in the
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Table 5.7: Estimated LBNP strength required to remove the effect caused by the fluid shift in-
duced with 15° HDT for each variable considered. The first column presents the standardized
effect size of Pressure per mmHg LBNP, the second column presents the standardized effect
size of Position, and the third column presents the ratio between the two (Estimated LBNP
= −10βpos/βLBNP ). Data are presented as the maximum a-posteriori estimate (89% CrI). Es-
timate not shown where the effects of Pressure and Position are in the same direction (i.e., no
amount of LBNP would reverse the change in the variable back from 15° HDT to 0° supine).

Parameter
βLBNP

10 βpos
Estimated LBNP

(mmHg–1) (mmHg)
HR 0.0087 (0.0074, 0.0101) –0.1221 (–0.1666, –0.0812) 13.9 (10.9, 16.4)
SV –0.0181 (–0.0194, –0.0169) 0.1536 (0.1177, 0.1921) 8.5 (7.0, 9.9)
CO –0.0177 (–0.0189, –0.0164) 0.1371 (0.1008, 0.1766) 7.7 (6.1, 9.3)
VO2 –0.0065 (–0.0076, 0.0055) 0.0668 (0.0325, 0.1019) 10.2 (5.9, 13.4)
SBP –0.0068 (–0.0090, –0.0047) –0.0106 (–0.0834, 0.0535) —
DBP 0.0021 (–0.0003, 0.0043) –0.0115 (–0.0852, 0.0651) —
RPP 0.0108 (0.0092, 0.0124) –0.0629 (–0.1114, –0.0064) 5.8 (0.7, 8.9)
MO 0.0171 (0.0151, 0.0187) –0.0636 (–0.1242, –0.0111) 3.7 (0.7, 6.6)
TPR 0.0187 (0.0170, 0.0202) –0.1528 (–0.2009, –0.1039) 8.2 (6.1, 9.9)
SI –0.0199 (–0.0212, –0.0184) 0.1833 (0.1415, 0.2283) 9.2 (7.7, 10.8)
CI –0.0213 (–0.0227, –0.0199) 0.1597 (0.1183, 0.2051) 7.5 (5.9, 9.0)
SDNN 0.0006 (–0.0012, 0.0023) 0.0895 (0.0359, 0.1482) —
HRVTi 0.0016 (–0.0004, 0.0037) 0.0327 (–0.0337, 0.1008) —
RMSDD –0.0075 (–0.0094, –0.0058) 0.1079 (0.0533, 0.1604) 14.3 (9.2, 17.1)
BRS –0.0062 (–0.0083, 0.0043) 0.1450 (0.0825, 0.2117) 23.5 (19.3, 25.6)
LFNorm 0.0085 (0.0064, 0.0106) –0.0836 (–0.1513, –0.0214) 9.8 (13.3, 14.2)
HFNorm –0.0085 (–0.0106, –0.0064) 0.0807 (0.0236, 0.1522) 9.5 (3.7, 14.4)
LF/HF 0.0108 (0.0087, 0.0129) –0.1184 (–0.1861, –0.0519) 11.0 (6.0, 14.4)
IOP –0.0098 (–0.0112, –0.0081) 0.2870 (0.2331, 0.3364) 29.3 (28.7, 29.9)
OPP 0.0026 (0.0005, 0.0046) 0.1002 (0.0349, 0.1668) —
AIJV –0.0105 (–0.0122, –0.0087) 0.4796 (0.4249, 0.5356) 45.5 (43.9, 48.7)
IJVP –0.0117 (–0.0132, –0.0102) 0.3369 (0.2914, 0.3836) 28.9 (28.5, 29.1)
IJVF –0.1128 (–0.1525, –0.0824) 1.6589 (0.9116, 2.4113) 14.7 (11.1, 15.8)
ACCA 0.0000 (–0.0018, 0.0017) 0.1957 (0.1371, 0.2526) —
PSV –0.0088 (–0.0109, –0.0066) –0.0795 (–0.1485, –0.0077) —
EDV 0.0027 (0.0005, 0.0051) –0.0559 (–0.1342, 0.0294) —

AIJV, and ACCA when female subjects were included (Figure 4.23). We did not see any significant

difference in IJVP between the left and right sides, hypothesized as due to the fact that both sides

sit minimally above CVP.
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Thus, the key difference between this LBNP experiment and the tilt study presented in Sec-

tion 4 is that here we did not find any Side effect on the cross-sectional area of the CCA or IJV.

The main difficulty in detecting significance between the left and right sides is the large intersub-

ject variability. Ogoh et al. assessed the difference between the left and right side AIJV in two

conditions: (1) 0° supine with –60 mmHg LBNP; and (2) 60° HUT with no LBNP368. This is one

of the few studies that assessed both sides of the jugular veins. Similar to our data, they found

large variability in their data. With the application of –60 mmHg LBNP, they measured a change

in the right AIJV of –45% ± 49%, and in the left AIJV of –49% ± 27%. Here, as with our data, the

standard deviation of the measurements is too large to draw significant conclusions. This gives us

confidence that indeed natural variability between subjects is larger than intrasubject differences

between the left and right side.

5.4.1 Implications for Countermeasure Design

This study has several implications for countermeasure design, but leads to important further

questions that warrant future investigation. The key risks and concerns from the Human Research

Roadmap that are addressed by this work were introduced in Section 2.2. They will be considered

briefly in turn below:

5.4.1.1 Risk of Cardiovascular Adaptations Contributing to Adverse Mission Performance and

Health Outcomes

Since this study only considered acute effects of LBNP, it is difficult to make solid recommen-

dations about a long-term countermeasure for cardiovascular health. By considering the DAG in

Figure 2.2, we can track that one of the routes of the cardiovascular risk is through fluid shifts

leading to: (1) alterations in intravascular volume, (2) changes in cardiac and vascular struc-

ture/function, (3) oxidative stress, and (4) inflammation34. Reducing the headward fluid shift,

or at least periodic unloading, would block these pathways in the DAG. The open questions are

therefore the specific level and protocol of LBNP that are appropriate.

This study leads to two insights into these questions. First, we note the well-established differ-
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ences in tolerance between males and females. Given that there is strong evidence of a difference

between the male and female response in absolute variables (e.g., SV, CO) but not in indexed vari-

ables (e.g., SI, CI), it would appear that differences are principally anthropometrically driven. This

places an upper limit on the level of LBNP that could be used in a spaceflight environment, par-

ticularly when the astronauts are in a deconditioned state. It appears, for example, that a strength

of –50 mmHg is perhaps too strong for many female subjects. Further analysis may lead to the

development of personalized protocols based on anthropometric considerations, rather than a "one

size fits all" approach. Second, and most importantly, by considering Figure 5.6 in conjunction

with Figure 5.8, we gain an insight into the relative magnitude of the LBNP Pressure effect com-

pared to a gravitationally induced fluid shift. We can used these differences to produce "Earth

normal" conditions in the variables of interest. As one example, we note that a 15° HDT in-

creases cardiac output by 0.35 l/min (89% CrI: 0.26 to 0.46 l/min). In contrast, LBNP reduces

CO by 0.046 l/min/mmHg (89% CrI 0.042 to 0.049 l/min/mmHg). Thus it would appear that only

–6 mmHg of LBNP is required to return CO to its normal, supine value. The amount of LBNP re-

quired depends on the variable, for example for IOP, approximately –29 mmHg are required. Thus,

an analysis of which variables are most important to control, combined with further understanding

of the long-duration effects, will allow us to target levels of LBNP for investigation. It should

be noted that there are differences between the physiological response to spaceflight and HDT. In

particular, as previously discussed, HDT replicates the fluid shifts but does not remove hydrostatic

gradients or alter tissue weight. Thus, countermeasure development will require validation of the

resultant protocols in microgravity conditions in addition to terrestrial development.

5.4.1.2 Risk of Spaceflight Associated Neuro-ocular Syndrome (SANS)

This study is insightful into the SANS risk for two reasons. First, as discussed, we do not

find any evidence for an association between body weight and intraocular pressure50. In partic-

ular, the correlation between weight and IOP was calculated as 0.06 (89% CrI: –0.19 to 0.29,

pd = 63.28%). It must be stressed that we also do not find any evidence to the contrary (i.e.,

no association). Thus further investigation should consider more subjects (in LBNP) to determine
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the true nature of the relationship. Second, we find that OPP is not influenced by LBNP in the

range measured. A head-down tilt increases OPP (as also seen in Section 4.6), but there is signif-

icant evidence for no effect of Pressure to subsequently reduce it (%ROPE = 97.06%). Given

the potential relationship between SANS and elevated OPP that we hypothesized in Section 4.6,

and the symptomatic similarities between terrestrial traumatically elevated OPP and SANS1,60,

this could perhaps be a contraindication against LBNP as a SANS countermeasure. As previ-

ously discussed, the pathoetiology of SANS is currently unknown, but it is likely the result of

multiple contributing factors. Related to fluid pressures, whilst OPP may be important, there are

other pressure gradients that also likely play a role, including the translaminar pressure gradient

(TLPG)1. An important missing piece of information for determining the complete hemodynamic

environment of the ocular system is a measurement of intracranial pressure (ICP). Petersen et al.

demonstrated that LBNP can reduce ICP in a study using 10 subjects with either parenchymal ICP-

sensors or Ommaya-reservoirs fitted to the frontal horn of a lateral ventricle88. They found that

graded LBNP (in the same range as our experiment) reduced ICP from 15 ± 2 mmHg (0 mmHg

LBNP) to 14 ± 4 (–10 mmHg LBNP), 12 ± 5 (–20 mmHg LBNP), 11 ± 4 (–30 mmHg LBNP),

10 ± 3 (–40 mmHg LBNP), and 9 ± 4 mmHg (–50 mmHg LBNP) (p < 0.0001), but that cere-

bral perfusion pressure (CPP = MAPmid−brain − ICP ) was unchanged. It is difficult to obtain

non-invasive measurements of ICP, but there are a number of existing techniques with varying de-

grees of accuracy including computed tomography and magnetic resonance imaging, transcranial

Doppler, electroencephalography power spectrum analysis, and audiological and ophthalmological

techniques418. Future work should assess the totality of hemodynamic measurements in the head

and eyes, including IOP, OPP, ICP, and CPP.

5.4.1.3 Concern of Venous Thromboembolism

The key finding from this study is that we have quantified the changes in IJV blood flow ve-

locity waveform pattern as a function of applied LBNP. In Figure 5.10 we demonstrated that in-

creasing LBNP can decrease the probability of a Grade 2 or higher flow. Grade 1 and 2 flows are

normal, whilst the risk of VTE is elevated when attaining Grade 3 and Grade 4 flows12. Since
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this was an acute study, we only observed four instances of Grade 3 Flow in three subjects (two

male, one female). In contrast, Marshall-Goebel et al. observed Grade 3 or higher flow in 7 of

11 subjects in flight. Thus, our data mainly demonstrates the ability of LBNP to change Grade 2

flow to Grade 1 flow. In order to further understand the suitability of LBNP as a countermeasure to

mitigate the concern of VTE, future work should either focus on long duration head-down tilt bed

rest (HDTBR) studies or spaceflight studies, where Grade 3 or higher flow is more likely to occur.

5.4.2 Discussion of the Bayesian Workflow Methodology

An important contribution of this research effort is the novel Bayesian workflow used to con-

struct the dose-response curves. We believe that this methodology, which moves away from more

common and traditional null hypothesis significance testing (NHST), is better suited to the analysis

of both ground-based and spaceflight studies of physiological response, which are often plagued

by a lower subject pool. In particular, by removing the reliance on a single value, e.g., p = 0.05, to

make binary decisions about a null hypothesis, we are able to gather evidence both in favor of, and

against, the null and alternative hypotheses. Similarly, whilst many spaceflight studies may find

significance, they are often constrained by difficulty in obtaining sufficient power. In a Bayesian

framework power constraints are less important, and we can find evidence even with a low subject

pool. Increasing the amount of evidence available reduces the width of the posteriors, increasing

our confidence in the estimates, but even a small amount of data are better than no data. Finally, we

believe that the Bayesian methodology provides improved understanding of the dose-response pa-

rameters. Rather than an often misunderstood interpretation of a confidence interval, the Bayesian

credible interval provides us with estimates as to where the effect sizes fall within the population.

The other benefit of the Bayesian workflow is that it allows us the ability to construct more

complicated models since we are no longer constrained by the assumptions of (generalized) linear

mixed-effects models. In this study, we used this feature for two purposes. First, by allowing

the dependent variables to follow a Student, rather than a Gaussian distribution, we developed a

model hierarchy more robust to outliers in the data. Second, rather than analyzing each variable

independently, we were able to construct a single, highly complex regression model in order to de-
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termine the multivariate structure of the response. The resulting output, in Figure 5.11, represents

a novel understanding of the relationships between the variables, derived from the experimental

data. When combined with theory, this allows us to draw further insights from the data.

One common criticism of the Bayesian methodology is a reliance on seemingly arbitrary pri-

ors as part of the workflow. However, on closer inspection selection of priors is just as much a

natural part of scientific experiment design as determining null hypotheses in the first place375. We

rarely go into an experiment with no knowledge about the expected outcomes, thus prior choice is

seldom fully blind. Use of prior predictive checks and a sensitivity analysis allow us to overcome

this complaint. For all variables in the model, we undertook a prior-predictive check in order to

determine that the priors chosen led to reasonable values when placed in the model. In particu-

lar, the Gaussian weakly informative priors (N (0, 1) for the slopes) allow an effect size centered

around zero with a wide variance that exceeded the maximum a-posteriori estimate of any indi-

vidual posterior effect. Further, we augmented our workflow with a sensitivity analysis in order to

determine the influence of the prior choices on the results. For this sensitivity analysis, we fit the

same multivariate regression model using completely uninformative flat priors of the form U[−3,3]

(which are viable, but often cautioned against in literature380), and more constrained Gaussian pri-

ors of the form N (0, 0.1), with an order of magnitude reduction on the variance. In both cases, the

choice of prior did not significantly alter the overall conclusions. The smallest change occurred in

the Pressure effect, which contained the narrowest Credible Intervals for the posterior effect size.

The largest difference occurred in the Side effect, where the strong priors narrowed the posterior

distributions. This is due to the low weight of evidence supporting trends in either particular direc-

tion of Side, where intersubject variability far outweighs any intrasubject effect. Overall, the prior

predictive checks and sensitivity analysis confirmed that the choice of priors were appropriate for

this study. A great feature of the Bayesian workflow is that future studies can now build on our

data, using the posteriors we have derived in order to inform more constrained prior choice.

We believe that this Bayesian workflow could be applied to spaceflight studies on physiological

response outside of just the cardiovascular system. In particular, it is theoretically possible to

159



elicit the relationship between multiple different physiological systems. For example, it would

allow us to answer questions such as "what is the relationship between cardiovascular degradation

and musculoskeletal remodelling during long-duration spaceflight"? Even with the low number

of subjects in spaceflight studies, evidence can be built up over time by replacing priors with

posteriors from previous studies.

5.4.3 Limitations

There are a number of limitations in this study, some of which are the same as in Section 4.4.3.

We overcome two identified limitations in the tilt study by integrating female subjects from the

outset, and capturing detail on the common carotid artery and internal jugular vein flow velocity.

However, like the tilt study, (1) we still only consider the acute response to LBNP and (2) we

are limited to noninvasive measurements. Regarding the acute nature of the study, Lightfoot et

al. have found that adaptation occurs with presyncopal symptom limited LBNP (PSL-LBNP) over

the course of a nine day repeated exposure419. The authors note an increase in RPP and maximal

heart rate by days 7 and 8, but no change in the mean arterial pressure response. They made no

comment about changing cardiovascular parameters at less than presyncopal strength LBNP with

adaptation, but their work notes that adaptation is possible. This indicates that subjects with a low

tolerance to LBNP, for example some of our female subjects, may be able to adapt to –50 mmHg

LBNP. However, in multiple other studies LBNP tolerance was found to be highly repeatable in

any given individual90,356,360,420. In studies of graded LBNP prior to presyncope, multiple stud-

ies by Convertino and Goswami have confirmed that individual cardiovascular response is highly

reproducible, even with rest periods as long as one year between tests73,90,357,359. This reproduca-

bility also supported our decision to progress, rather than randomize, the presentation of LBNP

strength to each subject. In order to determine the utility of LBNP as a spaceflight countermeasure

to mitigate SANS or VTE, long term studies must be conducted either in spaceflight or in HDTBR

in order to determine whether periodically unloading the cephalad fluid shift is able to prevent

the manifestation of symptoms. Finally, we previously discussed the limitations of noninvasive

measurement in Section 4.4.3. The same constraints apply in this study as to the accuracy of non-
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invasive cardiovascular measures126,299. The ability to obtain invasive measures would also allow

us to gain an accurate measure of ICP88. Future studies should attempt to obtain some measure of

ICP, which may be easier with advancing technology in the area418.

5.5 Summary of Experiment 2

We subjected 24 male and female subjects to graded LBNP to investigate the acute changes in

multiple hemodynamic parameters, autonomic indices, and head/neck hemodynamics across the

range 0 to –50 mmHg LBNP in both 0° supine and 15° HDT positions. Our data revealed a linear

dependence on pressure for all metrics considered, with varying effect sizes of response. Based on

the experimental data collected, we conducted a Bayesian multivariate analysis to construct dose-

response curves for all variables across the ranges considered. These dose-response curves demon-

strated anthropometrically driven sex-dependent changes in some metrics related to the systemic

hemodynamics, and supported evidence from previous studies regarding different autonomic acti-

vation between men and women. We calculated the relative effect size of a HDT induced cephalad

fluid shift, and the LBNP required to counteract it in each variable considered. Further, we demon-

strated the potential for LBNP to reduce jugular venous flow stagnation, and provided a logistic

dose-response. Finally, we calculated the relationship structures between all of the variables con-

sidered, as well as subject characteristics, finding correlation structures between many groups of

variables. These findings provide data to support spaceflight countermeasure development against

cardiovascular degradation, spaceflight-associated neuro-ocular syndrome (although there are po-

tential contraindications in the lack of effect of LBNP on ocular perfusion pressure), and venous

thromboembolism events.
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6. COMPUTATIONAL MODELING*

6.1 Outline

To further understand the human CV response to altered gravity environments, we can use

computational approaches to simulate a variety of environmental conditions and scenarios. Since

Guyton’s early models171,172, a variety of modeling techniques have been used to investigate vari-

ous aspects of the cardiovascular system. These techniques cover a range of functions, including

investigating the effects of exercise154, microgravity95,169,178, head-up tilt173–175, lower-body nega-

tive pressure173,176,177, and postural changes179–181. Thus, modeling techniques allow us to expand

beyond the limits imposed by human experimentation and therefore, to make predictions on the risk

of orthostatic intolerance, the efficacy of countermeasures, and the variation in responses elicited

by different individuals.

Section 6.2 provides a comprehensive description of the baseline model used in this study.

Section 6.3 considers a sensitivity analysis on the baseline model in order to determine which pa-

rameters exert the most influence on outcomes in constant gravity studies188. Section 6.4 presents

improvements and updates to the model in line with the Research Aims described in Section 3.

Finally, Section 6.5 presents results of simulations carried out on the updated model to a) simu-

late the experiments described in Sections 4 and 5 and b) consider the influence of Short-Radius

Centrifugation and microgravity on cardiovascular parameters.

6.2 Baseline Model

Figure 6.1 shows a schematic of the baseline cardiovascular model originally developed by

Heldt168 and subsequently modified by Zamanian185 and Diaz-Artiles120. The model consists of

21 compartments: 15 compartments represent the systemic circulation, four compartments repre-

*Part of this chapter is reprinted with permission from Whittle RS, Diaz-Artiles A. Modeling individual differences

in cardiovascular response to gravitational stress using a sensitivity analysis. J Appl Physiol. 2021;130:1983–2001.188

Copyright 2021 by the American Physiological Society.
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sent the cardiac chambers (which include variable capacitors representing contractions and diodes

representing the mitral, tricuspid, pulmonary, and aortic non-return valves), and two compartments

represent the pulmonary circulation. Parameters associated with each compartment include the

anatomical vertical length (superior-to-inferior extension of the vascular segment), a resistance,

and a vascular compliance, and they were estimated from the literature168. Three venous compart-

ments (legs, splanchnic, and abdominal veins) are modeled with a nonlinear pressure-volume rela-

tionship. The model also incorporates the two-major reflex mechanism concerning the short-term

hemodynamic regulation response: the arterial baroreflex and the cardiopulmonary reflex. These

are represented as feedback loop mechanisms using set-point controllers and reference pressures.

6.2.1 Systemic and Pulmonary Compartments

The physical properties of each compartment are characterized by an inflow resistance Rn,

an outflow resistance Rn+1), a capacitive element representing the pressure-volume relationship

Vn(Pn − Pe), and two pressure sources: Ph represents the hydrostatic pressure associated with the

compartment, whilst Pe represents the external pressure acting on the compartment. The flows

assigned to the nth compartment, qn, the n + 1th compartment, qn+1, and the capacitive element,

qc, are defined as follows:

qn =
Pn−1 − Pn + Ph)

Rn

(6.1)

qn+1 =
Pn − Pn+1

Rn+1

(6.2)

qc =
d

dt
Vn =

dVn

dt
(Pn − Pe) (6.3)

Combining the constitutive relationships for the flow in the compartment gives an expression

for the rate of change of luminal pressure:
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Figure 6.1: Circuit representation of the 21-compartment cardiovascular model, composed of 4
sections: head and arms, thorax, abdomen, and legs. The 15 systemic compartments are numbered
as followed: 1, proximal aorta; 2, brachiocephalic arteries; 3, upper body arteries and 4, veins;
5, superior vena cava; 6, thoracic aorta; 7, abdominal aorta; 8, renal arteries and 9, veins; 10,
splanchnic arteries and 11, veins; 12, leg arteries and 13, veins; 14, abdominal veins; and 15,
inferior vena cava. Capillary beds are represented by four microvascular resistances: upper body
Rub, kidneys Rrc, splanchnic Rsc, and legs Rlc. Pulmonary circulation is represented by Rpc.
Reproduced from Whittle and Diaz-Artiles188.

qn = qc + qn+1 (6.4)
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d

dt
Pn =

Pn−1 − Pn + Ph

CnRn

− Pn − Pn+1

CnRn+1

+
d

dt
Pe (6.5)

with Cn = dVn/d(Pn − Pe) representing the incremental vascular compliance (capacitance). The

entire system is thus defined by a set of coupled first-order differential equations with pressure as

the principal variable of interest. These equations are solved iteratively by a 4th Order Runge-Kutta

algorithm. In three of the venous compartments (11 – splanchnic, 13 – legs, and 14 – abdominal)

a non-linear pressure volume relationship is implemented as follows168,173:

Vt,n = V0,n +
2Vmax,n

π
· arctan

(
πC0,n

2Vmax,n

·∆Pn

)
for ∆P > 0, n = 11, 13, 14 (6.6)

where Vt,n denotes the total volume in compartment n, V0,n denotes the zero-pressure filling

volume, Vmax,n denotes the distending volume limit (1500 ml, 1000 ml, and 650 ml for com-

partments 11, 13, and 14 respectively), C0,n denotes the vascular compliance at zero transmural

pressure, and ∆Pn denotes the transmural pressure. Total blood volume is the sum of the volumes

in all compartments and is modified to account for transcapillary flow173,185,421. The pulmonary

circulation is represented by two compartments (pulmonary arteries and veins, respectively) and a

resistor representing the pulmonary capillaries.

Note that the compartments neglect all inertial effects. This was a computational choice since

the model was primarily designed to analyze cycle-to-cycle changes in blood flow and pressure.

In our case we are primarily concerned with steady state outcomes and the contribution of iner-

tial effects to pressure and flow is highest within a heartbeat rather than on a beat-to-beat scale.

Defares et al. estimate that less than 1% of stroke volume and mean arterial pressure are due to

inertial effects422 such that their inclusion would serve only as cosmetic refinement of the arterial

waveform, which we are not concerned with in this proposed study.
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6.2.2 Microvascular Resistances

Capillary flow is modeled by four resistors representing flow in the upper body, renal, splanch-

nic, and lower body circulations, respectively. As such, the capillary flows are modeled as non-

distending volumes with no associated compliance.

6.2.3 Cardiac Chambers

Each of the four cardiac chambers is simulated using a time-varying elastance model173,421.

The elastance E(t) is defined by a piecewise function of the diastolic and end-systolic elastances

(Ed and Ees respectively) such that the time of diastolic relaxation is half of the systolic time

interval Ts:

E(t) =


Ed +

Ees−Ed

2
·
(
1− cos

(
π t

Ts

))
0 ≤ t ≤ Ts

Ed +
Ees−Ed

2
·
(
1 + cos

(
2π t

Ts

))
Ts < t ≤ 3

2
Ts

Ed
3
2
Ts < t

(6.7)

Relative timing between the chambers is characterized by the atrial and ventricular systole

durations (T a
s and T v

s ), and the PR interval represents the delay between the onset of atrial and

ventricular depolarizations173,421, Ta−v. These are all assumed to be proportional to the square root

of the RR interval with:

T a
s = 0.2

√
TRR (6.8)

T v
s = 0.3

√
TRR (6.9)

Ta−v = 0.12
√

TRR (6.10)

The cardiac pacemaker is represented by an Integral Pulse Frequency Modulation (IPFM)
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model173,185,421,423:

M(t) =

∫ t

tk−1

m(t) dt =

∫ t

tk−1

m0 +mr(t) dt (6.11)

where M(t) represents the behavior of the sinoatrial node transmembrane potential as a func-

tion of a constant cumulative automaticity, m0, and the combination of neural control input from

either sympathetic or parasympathetic activity since the end of the last heartbeat, mr(t). A new

heartbeat occurs at time tk when both M(t) reaches a predefined threshold potential, Γ = 1, and

the time since the previous heartbeat is at least one fifth of the preceding cycle length:

{M(tk) ≥ Γ} and {tk − tk−1 ≥ 0.2(tk−1 − tk−2)} (6.12)

After this time, M(t) is reset and the integration process repeats. We define m(t) as the inverse

of the instantaneous RR interval, I(t), which is the sum of the nominal RR interval, I0 (the inverse

of I0 is the nominal heart rate), and the control input from the arterial baroreflex control system,

∆IAB(t):

m(t) =
1

I(t)
=

1

(I0 +∆IAB(t)
(13) (6.13)

Figure 6.2 shows the beat-to-beat response of the blood pressure waveform during a four-

beat simulation cycle. This figure shows the pressure waveform in the descending aorta, the left

ventricle, and the left atrium over a period of four heartbeats.

6.2.4 Control Systems

Two control systems, the arterial baroreflex and cardiopulmonary reflex are modeled using

negative feedback loops. The feedback error signals are described by:

δPAB[n] = 18 · arctan
( 1

2
(∆PAA +∆PCS)− P sp

A

18

)
(6.14)
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Figure 6.2: Pressure waveform of the descending aorta (solid), left ventricle (short dashes), and
left atrium (long dashes) over a four-beat simulation cycle. Reproduced from Whittle and Diaz-
Artiles188.

δPCP [n] = 5 · arctan
(
∆PCSPRA − P sp

CP

5

)
(6.15)

where δPAB[n] and δPCP [n] represent the error signals to the arterial baroreflex and cardiopul-

monary reflex loops respectively; P sp
A and P sp

CP are the respective pressure set-points; ∆PCS is

the carotid sinus pressure defined as located 25 cm superior to the heart; ∆PAA is the aortic arch

pressure; and ∆PRA is the transmural pressure in the right atrium. The transfer functions ∆X[n]

for the sympathetic and parasympathetic arcs are modeled as static gains Gs
X and Gp

X multiplied

by impulse response functions s[n] and p[n] with associated delays, peaks, and ends:

∆XY−AB[n] =
(
GA,S

Y s[n] +GA,P
Y p[n]

)
∗ δPAB[n] (6.16)
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∆XY−CP [n] =
(
GCP,S

Y s[n] +GCP,P
Y p[n]

)
∗ δPCP [n] (6.17)

where in the transfer functions superscript A refers to the arterial baroreflex, superscript CP refers

to the cardiopulmonary reflex, superscript S refers to the sympathetic arc, superscript P refers

to the parasympathetic arc, and subscript Y refers to the effector. The model includes separate

impulse responses to represent the parasympathetic, β-sympathetic, and α-sympathetic response

for each reflex, and static gains (subscript Y ) associated with loops to each effector separately. The

effectors for the arterial baroreflex are RR interval (sympathetic and parasympathetic), left and

right ventricular contractility (sympathetic only), systemic microvascular resistances (sympathetic

only), and venous unstressed volume (sympathetic only). The effectors for the cardiopulmonary

reflex are systemic microvascular resistances and venous unstressed volume (both sympathetic

only).

6.2.5 Transcapillary Flow and the Interstitial Fluid Volume

Orthostatic stress causes an increase in transcapillary flow to the dependent vasculature leading

to a decrease in intravascular volume173,185,421. In the model this is represented using additional RC

compartments. The transcapillary flow is computed analytically and subtracted from the venous

return in the splanchnic, leg, and abdominal venous compartments (compartments 11, 13, and

14). The total intercapillary flow q(t) and interstitial volume change V (t) is characterized by two

parameters: the time constant τ = RC = 4.6 min173,421 and the maximum interstitial volume

change Vmax.

6.2.6 Modeling Orthostatic Stress

The effects of gravitational stress are particularly important in this modeling effort. These

are represented using three mechanisms: 1) changes in hydrostatic pressure, a term included in

all systemic compartments; 2) changes in intrathoracic pressure due to the weight of the liver

being pulled down in the thoracic compartment185,424,425; and 3) changes in total blood volume

due to the increase in transcapillary fluid flow from the intravascular volume into the dependent
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vasculature154,426.

6.2.6.1 Tilt

Gravitational stress expressions for simulating tilt are summarized in Table 6.1. For each com-

partment, we define an "effective" vertical length, hn, equivalent to half of the anatomical length.

In the leg compartments (12 and 13) the effective length is assumed to be one third of the anatom-

ical length.

Table 6.1: Mathematical expressions used to simulate gravitational stress via tilt with tilt angle θ.

Gravitational Effect Expression
Hydrostatic pressure (mmHg) Ph,n = ρgchn sin (θ)
Intrathoracic pressure (mmHg) Pth = Pth0 − 3.5 gc

gE
sin (θ)

Max. blood lost from intravascular vol. (ml) Vmax = 700
sin(85◦)

gc
gE

sin (θ)

Notes:
Ph,n, hydrostatic pressure in compartment n; ρ, density of blood (7.95 mmHg.s2/m2); gc, gravitational acceleration in
constant gravity field; hn, effective length of compartment n (defined as half of the anatomical length, except of the
leg compartments where the effective length is assumed to be one third of the anatomical length); θ, tilt angle from
supine; Pth, intrathoracic pressure; Pth0 , nominal intrathoracic pressure (–4 mmHg); gE , gravitational acceleration
on Earth (9.81 m/s2); Vmax, maximal blood volume lost from intravascular volume into the interstitial space.

6.2.6.2 LBNP

Lower body negative pressure is modeled using two separate mechanisms: 1) an external pres-

sure on the leg compartments (compartments 12 and 13) and 2) changes in total blood volume

due to blood pooling in the lower body73,168. Expressions for simulating LBNP are summarized in

Table 6.2.

6.2.6.3 Short-Radius Centrifugation

Gravitational stress expressions for simulating short-radius centrifugation are summarized in

Table 6.3.
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Table 6.2: Mathematical expressions used to simulate gravitational stress via LBNP with pressure
pLBNP .

Gravitational Effect Expression
External pressure (mmHg) Pe,n = pLBNP ∀ n ∈ [12, 13]
Max. blood lost from intravascular vol. (ml) Vmax = 982ml

70
pLBNP

Notes:
Pe,n, external pressure on compartment n; pLBNP , lower body negative pressure; Vmax, maximal blood volume lost
from intravascular volume into the interstitial space.

Table 6.3: Mathematical expressions used to simulate gravitational stress via short-radius centrifu-
gation with angular speed ω.

Gravitational Effect Expression

Hydrostatic pressure (mmHg) Ph,n = 1
2
ρ
((

d+
ro,n−ri,n

2∗

)2 − (d+ ri,n)
2
)
ω2

Intrathoracic pressure (mmHg) Pth = Pth0 − 3.5
(d+ri10)ω2

gE

Max. blood lost from intravascular vol. (ml) Vmax = 700
sin(85◦)

(d+ri10)ω2

gE

Notes:
Ph,n, hydrostatic pressure in compartment n; ρ, density of blood (7.95 mmHg.s2/m2); d, distance of top of head from
center of rotation; ro,n, outer radius of compartment n; ri,n, inner radius of compartment n; ω, angular speed; Pth,
intrathoracic pressure; Pth0 , nominal intrathoracic pressure (–4 mmHg); ri10 , inner radius of the liver (splanchnic
arteries); gE , gravitational acceleration on Earth (9.81 m/s2); Vmax, maximal blood volume lost from intravascular
volume into the interstitial space. *For the majority of compartments, the effective length is assumed to be one half of
the anatomical length. For the leg compartments (12 and 13), the effective length is assumed to be one third of the
anatomical length.

6.2.6.4 Gravitational Fields

In the baseline model, we are also able to simulate altered gravity fields by changing the value

of gc in Table 6.1. As can be seen from the equations is Table 6.1, in the baseline model altering gc is

mathematically identical to changing the tilt angle. Thus, in the baseline version of the model, there

is no physiological difference between HDT and a reduction in gravity. Our model demonstrates an

acute increase in central venous pressure with increasing HDT and similarly with reducing gravity.

This is in agreement with terrestrial studies in which an acute increase in gravity in the head-to-toe
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direction through tilt causes a decrease in central venous pressure427,428. However, these trends

contrast with spaceflight and parabolic flight evidence3,22,206,429. Buckey et al. suggest that this

unexpected decrease in central venous pressure occurs as a result of the loss of tissue compressive

forces produced by tissue weight61,430. The baseline model does not capture changes in tissue

weight, and therefore, any simulations on reduced gravity could also be interpreted as a partial tilt

on Earth (including supine position representing 0g, and upright position representing 1g). This

differentiation will be addressed in Section 6.4.

6.3 Sensitivity Analysis

One of the challenges of computational approaches is linking the models with experimental

data. This includes both the process of assigning values to simulated physiological parameters,

and also the validation of the model431. Often, fitting experimental data requires a significant

degree of processing, estimating values from related physiological measurements, or scaling from

non-human studies173. When using a model to predict individual responses, rather than general

trends, this challenge is compounded by the necessity to know the specific measurements for that

specific individual. Thus, the following section describes an initial sensitivity analysis that was

carried out on the baseline model in order to determine the most influential parameters.

6.3.1 Motivation

Complex systemic models can have hundreds of parameters154,173, and it would be too resource-

intensive, and in many cases impossible, to determine every single parameter for an individual.

However, we can overcome this limitation by performing sensitivity analyses432. Thus, once an

appropriate and reasonable range of variation for all parameters has been determined, sensitiv-

ity analysis techniques identify the most important parameters that dominate the physiological

response in the specific context being modeled, i.e., parameters that we need to determine accu-

rately for the individual in order to get accurate results (as opposed to parameters where using a

population mean will not adversely affect the predictive power of the model).

We conducted a comprehensive Latin Hypercube Sampling/Partial Rank Correlation Coef-

172



ficient (LHS/PRCC) sensitivity analysis on the baseline 21-compartment lumped-parameter CV

model120,153,154,168,173,185 to determine the sensitivity of various physiological model parameters to

variation within their normal non-pathological range. Simulations capture short-term cardiovas-

cular responses of healthy subjects during an acute (600 seconds) tilt test (from supine to upright

posture) at various constant gravitational conditions. Similar to Monte Carlo analysis, the pro-

posed technique involves a large number of simulations in which model parameters are selected

randomly (within the appropriate constraints). Therefore, each one of the simulations include a

different combination of parameters, thus representing a different individual subject. Moreover,

we used a range of gravitational conditions (from 0g to 1g, in 0.25g increments) to further deter-

mine whether the most relevant physiological features differ with the strength of the gravitational

field.

6.3.2 Methods

6.3.2.1 Parameter Groups

The cardiovascular system and thus, our model have a small number of global key parameters

which, based on previous simulations168 and a preliminary analysis, cause larger variation in the

outcome measures than the rest of the parameters. Examples of these are total blood volume or

resting arterial pressure set-point. It was assumed that any future model simulations to determine

individual differences between individuals would necessarily involve the accurate measurement or

determination of these parameters using allometric scaling laws433–435 and data given from refer-

ence sources such as Leggett and Williams436. As such, they were not included in the detailed

LHS/PRCC sensitivity analysis presented herein, which aimed to determine the most important

of the remaining limited (i.e., non-global) parameters. A discussion of these global parameters is

given in Section 6.3.4.4. In all our simulations presented in the rest of this paper, the subject was

modeled with a height of 169.3 cm, a weight of 70 kg, a total blood volume of 5625 ml173,437,438,

a nominal heart rate of 70 bpm, a resting arterial set point of 91 mmHg, and a resting cardiopul-

monary reflex set point of 8 mmHg.
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We divided the cardiovascular parameters of interest into three groups: compartments (includes

parameters related to the systemic circulation: resistances, compliances, and anatomical lengths),

controls (includes parameters related to the baroreceptors and the cardiopulmonary reflex: gains

for resistances, volumes, and ventricular contractility), and heart and lungs (includes parameters

related to the cardiac and pulmonary systems: resistances and compliances).

Table 6.4 shows the 45 parameters of the compartments group, comprising 15 resistances, 15

compliances, and 15 anatomical lengths. Anatomical length was defined as the vertical distance

from the superior to the inferior end of the vascular segment. The control parameters, shown in

Table 6.5, corresponded to the gains of the control system feedback signals in the baroreflex and

cardiopulmonary reflex. Finally, Table 6.6 shows the heart and lungs group parameters. These

were the compliances and resistances corresponding to the pulmonary arteries and veins, and the

compliances and resistances corresponding to the four cardiac chambers.

As the exact distributions of many physiological parameters are relatively unknown, we as-

sumed that they are represented by truncated Gaussian distributions (i.e., they follow a standard

normal distribution where the two ends are modified to include lower and upper bounds. Thus, val-

ues outside the defined range are not included in the simulations)432,439,440. The ranges were chosen

based on extensive literature reviews168 to capture the total variation in a normal, non-pathological

population. The LHS was set up to capture 90% of this population (i.e., mean ± 1.64 standard

deviations).

6.3.2.2 Simulation Profile and Gravity Levels Investigated

We simulated cardiovascular responses when subjected to a constant gravitational field. During

simulations the subject model was initially in a supine position during 60 s before being tilted to

an upright position. Five levels of constant gravity were used: 0g, 0.25g, 0.5g, 0.75g, and 1g.

Since we are concerned with steady state outcomes, the simulations were run until all transients

had vanished and the model had reached stability. In all cases this occurred within 300 s of tilt).

All outcomes were averaged across the final 60 seconds of the simulation, with stability assured

by comparing means and variances with the preceding 240 seconds (giving a total 660 s run time
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Table 6.4: Compartment parameters and their associated values (range for the sensitivity analysis:
mean ± 1.64 standard deviations). Values taken from Heldt et al. and Diaz-Artiles et al.154,173.

Parameter Symbol Mean SD
Anatomical length 1 (Ascending Aorta) lv1 [cm] 10.0 0.5
Anatomical length 2 (Brachiocephalic Arteries) lv2 [cm] 4.5 0.5
Anatomical length 3 (Upper Body Arteries) lv3 [cm] 20.0 1.0
Anatomical length 4 (Upper Body Veins) lv4 [cm] 20.0 1.0
Anatomical length 5 (Superior Vena Cava) lv5 [cm] 14.5 0.5
Anatomical length 6 (Thoracic Aorta) lv6 [cm] 16.0 0.8
Anatomical length 7 (Abdominal Aorta) lv7 [cm] 14.5 0.5
Anatomical length 8 (Renal Arteries) lv8 [cm] 0.0 0.0
Anatomical length 9 (Renal Veins) lv9 [cm] 0.0 0.0
Anatomical length 10 (Splanchnic Arteries) lv10 [cm] 5.0 0.5
Anatomical length 11 (Splanchnic Veins) lv11 [cm] 5.0 0.5
Anatomical length 12 (Leg Arteries) lv12 [cm] 106.0 6.0
Anatomical length 13 (Leg Veins) lv13 [cm] 106.0 6.0
Anatomical length 14 (Abdominal Veins) lv14 [cm] 14.5 1.5
Anatomical length 15 (Thoracic IVC) lv15 [cm] 6.0 0.5
Compliance 1 (Ascending Aorta) C1 [ml/mmHg] 0.28 0.04
Compliance 2 (Brachiocephalic Arteries) C2 [ml/mmHg] 0.13 0.02
Compliance 3 (Upper Body Arteries) C3 [ml/mmHg] 0.20 0.10
Compliance 4 (Upper Body Veins) C4 [ml/mmHg] 7.00 2.00
Compliance 5 (Superior Vena Cava) C5 [ml/mmHg] 1.30 0.10
Compliance 6 (Thoracic Aorta) C6 [ml/mmHg] 0.10 0.03
Compliance 7 (Abdominal Aorta) C7 [ml/mmHg] 0.10 0.01
Compliance 8 (Renal Arteries) C8 [ml/mmHg] 0.21 0.05
Compliance 9 (Renal Veins) C9 [ml/mmHg] 5.00 1.00
Compliance 10 (Splanchnic Arteries) C10 [ml/mmHg] 0.20 0.10
Compliance 11 (Splanchnic Veins) C11 [ml/mmHg] 60.00 7.50
Compliance 12 (Leg Arteries) C12 [ml/mmHg] 0.20 0.10
Compliance 13 (Leg Veins) C13 [ml/mmHg] 20.00 3.00
Compliance 14 (Abdominal Veins) C14 [ml/mmHg] 1.30 0.10
Compliance 15 (Thoracic IVC) C15 [ml/mmHg] 0.50 0.10
Resistance 1 (Ascending Aorta) R1 [ml/mmHg] 0.007 0.002
Resistance 2 (Brachiocephalic Arteries) R2 [ml/mmHg] 0.003 0.001
Resistance 3 (Upper Body Arteries) R3 [ml/mmHg] 0.014 0.004
Resistance 4 (Upper Body Veins) R4 [ml/mmHg] 0.110 0.050
Resistance 5 (Superior Vena Cava) R5 [ml/mmHg] 0.028 0.014
Resistance 6 (Thoracic Aorta) R6 [ml/mmHg] 0.011 0.002
Resistance 7 (Abdominal Aorta) R7 [ml/mmHg] 0.010 0.003
Resistance 8 (Renal Arteries) R8 [ml/mmHg] 0.100 0.050
Resistance 9 (Renal Veins) R9 [ml/mmHg] 0.110 0.050
Resistance 10 (Splanchnic Arteries) R10 [ml/mmHg] 0.070 0.040
Resistance 11 (Splanchnic Veins) R11 [ml/mmHg] 0.070 0.040
Resistance 12 (Leg Arteries) R12 [ml/mmHg] 0.090 0.050
Resistance 13 (Leg Veins) R13 [ml/mmHg] 0.100 0.050
Resistance 14 (Abdominal Veins) R14 [ml/mmHg] 0.019 0.007
Resistance 15 (Thoracic IVC) R15 [ml/mmHg] 0.008 0.003

for each simulation). In each of the three groups (compartments, controls, and heart and lungs)

and at each of the five gravitational conditions, we conducted a separate sensitivity analysis using
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Table 6.5: Control parameters and their associated values (range for the sensitivity analysis:
mean ± 1.64 standard deviations). Values taken from Heldt et al. and Diaz-Artiles et al.154,173.

Parameter Symbol Mean SD
ABR R-R interval sympathetic gain GA,S

R−R 0.012 0.004
ABR left ventricular contractility gain GA,S

Clv 0.014 0.001
ABR right ventricular contractility gain GA,S

Crv 0.021 0.003
ABR upper body arterial resistance gain GA,S

Rub –0.13 0.05
ABR renal circulation arterial resistance gain GA,S

Rrc –0.13 0.05
ABR splanchnic circulation arterial resistance gain GA,S

Rsc –0.13 0.05
ABR leg circulation arterial resistance gain GA,S

Rlc –0.13 0.05
ABR upper body venous unstressed volume gain GA,S

V ub 5.30 0.85
ABR renal venous unstressed volume gain GA,S

V rc 1.30 0.20
ABR splanchnic venous unstressed volume gain GA,S

V sc 13.30 2.10
ABR leg venous unstressed volume gain GA,S

V lc 6.70 1.10
ABR R-R interval parasympathetic gain GA,P

R−R 0.009 0.004
CPR upper body arterial resistance gain GCP

Rub –0.30 0.05
CPR renal circulation arterial resistance gain GCP

Rrc –0.30 0.05
CPR splanchnic circulation arterial resistance gain GCP

Rsc –0.30 0.05
CPR leg circulation arterial resistance gain GCP

Rlc –0.30 0.05
CPR upper body venous unstressed volume gain GCP

V ub 13.5 2.7
CPR renal venous unstressed volume gain GCP

V rc 2.7 0.5
CPR splanchnic venous unstressed volume gain GCP

V sc 64.0 12.8
CPR leg venous unstressed volume gain GCP

V lc 30.0 6.0

LHS/PRCC techniques. When analyzing one of the groups, the other two were held constant,

generating 15 independent sensitivity analysis datasets. Figure 6.3 shows examples of our tilt test

simulations, including blood pressure (at 1g), and heart rate (at multiple g levels: 0g, 0.25g, 0.5g,

0.75g, and 1g).

6.3.2.3 Outcome Measures

The primary outcome measures considered were the following CV variables: heart rate, stroke

volume, central venous pressure, mean arterial pressure, systolic blood pressure, and diastolic

blood pressure. We further considered two secondary outcome measures calculated from the pri-

mary measures: cardiac output and pulse pressure.
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Table 6.6: Heart and lungs parameters and their associated values (range for the sensitivity analysis:
mean ± 1.64 standard deviations). Values taken from Heldt et al. and Diaz-Artiles et al.154,173.

Parameter Symbol Mean SD
Pulmonary arterial compliance Cpa [ml/mmHg] 3.4 1.8
Pulmonary venous compliance Cpv [ml/mmHg] 9.0 3.7
Right ventricular outflow resistance Rpa [PRU] 0.006 0.003
Pulmonary venous outflow resistance Rpv [PRU] 0.006 0.003
Pulmonary microvascular resistance Rpc [PRU] 0.070 0.040
Right atrial end-systolic compliance Ces,ra [ml/mmHg] 1.35 0.18
Right ventricular end-systolic compliance Ces,rv [ml/mmHg] 1.30 0.47
Left atrial end-systolic compliance Ces,la [ml/mmHg] 1.64 0.19
Left ventricular end-systolic compliance Ces,lv [ml/mmHg] 0.40 0.10
Right atrial diastolic compliance Cd,ra [ml/mmHg] 3.33 0.56
Right ventricular diastolic compliance Cd,rv [ml/mmHg] 19.29 5.00
Left atrial diastolic compliance Cd,la [ml/mmHg] 2.00 0.40
Left ventricular diastolic compliance Cd,lv [ml/mmHg] 9.69 1.18
Tricuspid valve resistance Rtri [PRU] 0.006 0.003
Mitral valve resistance Rmit [PRU] 0.010 0.001

6.3.2.4 Latin Hypercube Sampling / Partial Rank Correlation Coefficient (LHS/PRCC)

We adopted a Latin Hypercube Sampling / Partial Rank Correlation Coefficient (LHS/PRCC)

approach to examine the effects of varying model parameters on the outputs listed above (i.e.,

heart rate, stroke volume, central venous pressure, mean arterial pressure, systolic blood pressure,

and diastolic blood pressure). This method is a combination of an ordered sampling method (i.e.,

Latin Hypercube Sampling)441 followed by a correlation method (Partial Rank Correlation Coeffi-

cient)442,443, both of which are briefly described below.

Latin Hypercube Sampling (LHS) – LHS was introduced by McKay et al.444 and developed by

Conover445, and was initially created to characterize the uncertainty in inputs to computer mod-

els439. It is a stratified Monte Carlo sampling scheme to achieve maximal coverage of an input

space. The "stratified sampling" scheme divides the distribution of a random variable Xj into n

non-overlapping intervals of equal-probability. Then, a random sample is selected from each of

the n intervals. This is repeated for each of k variables of interest440,441,446–448. This method has
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Figure 6.3: Examples of model outcome responses during the tilt test simulations. A) Blood
pressure evolution over time for a single simulation run at 1g. The grey ribbon shows the blood
pressure range (with systolic, mean, and diastolic blood pressures labeled). The tilt maneuver from
0° to 90° occurs at 60 s (dashed line), and model outcomes were averaged during the final 60 s of
the simulation (shaded area starting at 600 s). B) Heart rate evolution over time for five simulations
at the five levels of constant gravity used (0g, 0.25g, 0.5g, 0.75g, and 1g).

two main advantages: first, it ensures that samples are taken from the entire distribution, with more

samples taken from closer to the probability peak of the distribution; and second, it is more com-

putationally efficient than Monte Carlo methods, while ensuring that every interval in the n × k

space is included in the experiment.

The LHS method ensured that we sampled over the entire distribution of each parameter. How-

ever, it is important to generate a sufficient number of intervals, since too few divisions could lead

to an erroneous representation of the parameter space. According to Khan et al.439, the recom-

mended number of divisions when the number of variables is large falls between 4N/3 and 5N for

N total parameters. Our three groups (compartments, controls, and heart and lungs) had 45, 20,

and 15 parameters, respectively. To be consistent, we took the same number of divisions, 100, for

each of the three groups. This number of divisions lies on Khan’s range for the compartments and

controls groups439, but is higher for the heart and lungs group, leading to a longer computational

time but ensuring a large enough sampling size.
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Furthermore, within each group and gravity condition, the entire LHS method described above

was applied three times, resulting in 300 simulations per group and per gravity condition. Thus,

the total experiment space was given by:

100 simulations × 3 trials × 3 variable groups × 5 gravity conditions

resulting in a total of 4,500 runs of the model. Each run of the model could be considered as

representing a separate subject with a unique combination of individual physiological parameters

(all within a normal physiological range).

Partial Rank Correlation Coefficient (PRCC) – PRCC is a non-linear correlation method used to

interpret the association between a parameter and an outcome measure after removing the effects

of all other parameters on that outcome432. This method allows quantification of the relationship

between each pairing of a parameter and an outcome measure by a rank correlation coefficient

between –1 (perfect inverse relationship) and +1 (perfect direct relationship), with 0 indicating

no relationship442,449–451. Since this is a rank methodology, the linearity of the relationship is not

determined or quantified.

6.3.2.5 Data Analysis

Cumulative Influence Factor – Every parameter was related to each of the six primary outcome

measures by a PRCC coefficient, generating six PRCCs for each parameter, at each gravity condi-

tion. After those coefficients were calculated, they were normalized to obtain, for every parameter,

a single value (the Cumulative Influence Factor) that quantifies its overall influence on the outcome

measures. Thus, the "Cumulative Influence Factor" is calculated as follows:

CIFj =
5∑

l=1

∑6
k=1 |rjkl|
6× 5

(6.18)

where |rjkl| is the absolute value of the PRCC between parameter j and outcome measure k at

gravity level l, which is then averaged across all six outcome measures and all five gravity levels

to calculate CIFj . Each CIF had a value between 0 and 1, where 0 indicates no influence of the

parameter on the outcome measures, and 1 indicates a very strong influence. For the compartments
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group, we further grouped and normalized the influence of the three parameter types (resistance,

compliance, and anatomical length) that represent a systemic compartment, giving a single numer-

ical value representing the overall influence of each compartment on the outcome measures440.

Cumulative Distribution Function and Coefficient of Variation – To quantitatively compare the

variation of the outcome measures as a function of the gravity condition, and to compare between

groups of parameters (i.e., compartments vs. controls vs. heart and lungs), we generated cu-

mulative distribution functions (CDFs) for each of the three groups of parameters at each of the

five gravity conditions440,452,453. To quantify these differences, we used the coefficient of variation

(COV) to describe the spread of each CDF. Coefficient of variation is defined by:

COVk,lm =
σk,lm

µk,lm

(6.19)

where σk,lm and µk,lm represent the standard deviation and mean, respectively, of the outcome

measure k, from group m (compartments, controls, or heart and lungs) at gravity level l. We

further calculated the CDF and COV of the two secondary outcome measures (cardiac output and

pulse pressure).

6.3.3 Results

Figure 6.4 shows the CIF of the compartments (A), controls (B), and heart and lungs (C) groups.

Figure 6.4 shows that within the compartments group, most influence comes from varying pa-

rameters in the splanchnic (Spl), lower body (LB), and abdominal (Abd) veins (Ve). Within each

compartment, in the majority of cases the compliance is the dominant parameter, although towards

the end of the venous segment (i.e., the abdominal vein and inferior and superior venae cavae) the

resistance exerts the most influence. Within the controls group, the arterial baroreflex sympathetic

arc resistance gains to the lower systemic circulation (GA,S
Rrc, G

A,S
Rsc, G

A,S
Rlc ), along with the cardiopul-

monary reflex volume gains to the splanchnic (GV sc
CP ) and lower body (GCP

V lc) circulations, show

the largest CIF. Both arcs of the arterial baroreflex (sympathetic and parasympathetic) related to

R-R interval (GA,S
R−R, GA,P

R−R), also have a high (> 0.6) CIF. Finally, within the heart and lungs
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Figure 6.4: Cumulative influence factor (CIF) for compartments (A), controls (B), and heart and
lungs (C) groups. In the compartment group (A), the CIF is further divided to show the individual
contributions of the different parameters forming a compartment (resistance, length, and compli-
ance). CIF takes a value between 0 and 1, where a higher value represents greater influence on
the outcome measures. Abbreviations: Ao, aorta; Art, arteries; Ve, veins; Asc, ascending; Dsc,
descending; BC, brachiocephalic; UB, upper body; SVC, superior vena cava; Th, thoracic; Abd,
abdominal; Ren, renal; Spl, splanchnic; LB, lower body; IVC, inferior vena cava; G, gain; A, arte-
rial baroreflex; CP, cardiopulmonary reflex; S, sympathetic; P, parasympathetic; R-R, R-R interval;
C, compliance; lv, left ventricle; rv, right ventricle; R, resistance; ub, upper body microcirculation;
rc, renal microcirculation; sc, splanchnic microcirculation; lc, lower body microcirculation; V, un-
stressed Volume; pa, pulmonary arteries; pv, pulmonary veins, pc, pulmonary microcirculation; es,
end-systolic; ra, right atrium; la, left atrium; d, diastolic; tri, tricuspid valve; mit, mitral valve.
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group, parameters related to the right ventricle have the largest CIF. These include end-systolic

and diastolic compliances (Ces,rv, Cd,rv) and the tricuspid valve resistance (Rtri).

Figure 6.5 shows the cumulative distribution functions for all six primary outcome measures

(heart rate, stroke volume, central venous pressure, mean arterial pressure, systolic blood pressure,

and diastolic blood pressure) and the two secondary outcome measures (cardiac output and pulse

pressure). Each plot shows the CDF for all five gravity levels (0g, 0.25g, 0.50g, 0.75g, 1g) and

all three parameter groups (compartments, controls, and heart and lungs). These plots allow for

comparison between the three groups showing the overall variation of the outcome measures as a

function of the variation of the model parameters.

Figure 6.5 shows a decrease in stroke volume and central venous pressure, along with an in-

crease in heart rate and diastolic blood pressure with increasing gravity level. There is also a small

increase in mean arterial pressure. Systolic blood pressure is largely held constant. Both cardiac

output and pulse pressure decrease with increasing gravity level. All parameters stay within a

normal physiological range. For most of the outcome measures, the largest variation (i.e., largest

spread of the CDFs) occurs in the heart and lungs group except for diastolic blood pressure and

pulse pressure, where the largest variation occurs in the compartments group.

Figure 6.6 shows the coefficient of variation (COV) for each of the three parameter groups

(compartments, controls, and heart and lungs) and each outcome measure, at each gravity level

simulated. These figures highlight the change in the relative influence of each group as the gravity

level changes from 0g to 1g.

Overall, the largest COVs (∼ 0.1) are found in the heart and lungs group for stroke volume,

central venous pressure, and pulse pressure, and in the compartments group for pulse pressure.

The remaining COVs are 0.05 or lower. For heart rate, stroke volume, central venous pressure,

and mean arterial pressure the heart and lungs group has the largest COV at all gravity levels and

it is significantly higher (around twice the value) than the COV of the other two groups. These

results suggest that variation of the heart and lungs parameters has significantly more effect on

heart rate, stroke volume, central venous pressure, and mean arterial pressure than variation of
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either the compartments or controls parameters. For systolic blood pressure, the heart and lungs

group still has the largest COV, but with increasing gravity the difference between COVs from

heart and lungs and compartments groups decreases. In relation to diastolic blood pressure, the

compartments group has the largest COV. In regards to the secondary outcome measures, cardiac

output follows a similar trend to systolic blood pressure: the heart and lungs group has the largest

COV but the COV of the compartment group is also high, particularly at higher gravity levels. The
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COV of pulse pressure is equally high in both the compartments and heart and lungs groups.

6.3.4 Discussion

By varying parameter values across a normal physiological range and considering changes in

systemic outcomes, we have identified a subset of parameters that have most influence on car-

diovascular response to orthostatic stress in a number of gravitational conditions. We have also

identified the parameters within our three chosen parameter groups with the most cumulative in-

fluence in constant gravitational fields. We have further compared these groups to one another,

identifying the extent to which parameter variation within the group affects the overall systemic

outcomes. Finally, we have quantified changes in the influence of each group with increasing

gravity level.

6.3.4.1 Within Group Influence

Figure 6.4A shows that the largest influence in the compartments group comes from the splanch-

nic, abdominal, and lower body venous compartments. From a systemic perspective this is unsur-

prising, since at rest, 70% of blood is contained in the venous system at any instant, and these

three compartments account for 47% of all circulating blood168. Together, this represents the total

venous outflow from the gastrointestinal tract, all of the pelvic organs, two thirds of the skin, one

half of the skeleton, 90% of the skeletal muscle, and nearly all of the adipose tissue153,154,168.

Based on physiological principles, total venous return is expected to match cardiac output,

both at rest and during exercise. The lower body venous compartment must be responsible for

returning any blood from the legs back to the heart primarily through a combination of muscle

pump and sympathetic nervous system stimulated venoconstriction454,455. The lower body micro-

circulation is predominantly supplying oxygen to skeletal muscle. Hyperemia to skeletal muscle

can be up to 100-fold456, particularly during high intensity exercise. Hence, the resistance of the

lower body veins must ordinarily swing through a large range to promote effective venous return.

It is therefore unsurprising that varying the resistance of the lower limb veins compartment in the

absence of exercise causes large changes in hemodynamic parameters. As an example, Skoog et
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al.457 found reduced venous compliance to be an important determinant of orthostatic intolerance

in some populations.

Within the majority of the compartments, compliance is the dominant influencing factor, with

resistance being the second most influential parameter, particularly in the venous system. These

findings confirm the decision to model the higher fidelity nonlinear relationship between pressure

and volume in the large veins (details can be found in Section 6.2). In addition, the majority of

the total blood volume at any instant resides in relatively compliant venous compartments and

therefore, it is reasonable that the pressure-volume relationship of these compartments exerts the

most influence on model outcomes. Some alternative models (for example Coats and Sharp or

Blanco et al.458,459) choose to control compliance directly rather than controlling unstressed venous

volume. Our results show that compliance is a key parameter for global outcomes and therefore

the set points for these control systems should be carefully selected. Finally, the importance of

accurate measures of compliance is underscored. This is particularly relevant when applying the

model to simulate individual subjects, since studies have shown trends in compliance varying with

age460 and also deconditioning (for example time in bed rest461 or microgravity192).

With respect to the abdominal and splanchnic venous compartments, these are the large venous

compartments directly before the right atrium – excluding the thoracic inferior vena cava. The role

of the venous components of circulation is to return blood to the heart. Hence, the large venous

compartments are naturally compliant in order to accommodate a large variation in cardiac output

whilst protecting systemic mean arterial pressure. As indicated in Table 2, these compliance values

also present a fairly wide range (e.g., 47.7 to 72.3 ml/mmHg for the splanchnic veins compared

to 0.04 to 0.36 ml/mmHg for the splanchnic arteries). Our modeling exercise demonstrates that

varying the large range of compliance parameters in compartments associated with a high percent-

age of blood flow accounts for the largest changes to the systemic outcomes that the large venous

compartments are partially responsible for regulating.

Finally, when considering the heart and lungs group, Figure 6.4C shows that the right ventric-

ular compliance, both end-systolic and diastolic (along with the tricuspid valve resistance), exerts
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the most influence on systemic outcome measures out of all the parameters studied. This may

seem counter-intuitive, since we usually associate left ventricular function or degradation with

many cardiovascular adaptation and pathologies (for example left ventricular hypertrophy is asso-

ciated with both the physiological response to training and as a marker for cardiovascular disease

associated with hypertrophic cardiomyopathy462). The left ventricle pumps blood around the en-

tire system accommodating a wide range of preloads (determined principally by cardiac output

matched to venous return) and afterloads (determined principally by peripheral resistance and the

range of normal mean arterial pressures throughout the systemic system). From a resting baseline,

mean arterial pressure rises only moderately in dynamic exercise scenarios, primarily due to sig-

nificant vasodilation as a result of functional sympatholysis463. However, the same mean arterial

pressure increases dramatically during isometric exercise as a result of the pressor response464.

As a consequence, in a model simulation that involves no exercise response, the left ventricle is

over-designed and underutilized, and therefore adjusting its parameters will not greatly affect the

systemic response. By contrast, the right ventricle must only accommodate a narrower range of

afterloads, determined by the limits of systolic pressure in the lower pressure pulmonary circula-

tion. As such, the right ventricle becomes a systemic bottleneck, and varying these parameters can

dramatically affect the flow of blood arriving at the left chambers, amplifying the impact of the

right heart parameters in the system response.

6.3.4.2 Between Group Influence

The CIFs displayed in Figure 6.4 show the relative influence of each parameter within each

group, but do not provide any information about the relative importance of one group with re-

spect to the others. To investigate this relative importance, we must also consider the CDFs and

COV (Figure 6.5 and Figure 6.6) Qualitatively, the CDFs follow the expected acute physiological

response to changing the gravity level: when gravity level decreases there is an increase in car-

diac output primarily due to an increased stroke volume as a result of increased preload6, blunted

by increased vagal modulation (seen as a fall in heart rate)465. The expected increase in pulse

pressure465 as a result of increased stroke volume is also well simulated.
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Quantitatively, our models show a 1.34 l/min (Welch two sample t-test, t(1537) = 128.8,

p < 0.0005, 95% CI: 1.32 to 1.36 l/min) increase in cardiac output between 1g and 0g, from

4.71 ± 0.17 l/min to 6.05 ± 0.26 l/min. This is closely matched to the 1.6 l/min acute increase

found on entering microgravity reported by Norsk et al.466, although their absolute cardiac out-

put values are higher (6.6 ± 0.7 in 1g to 8.4 ± 0.9 l/min in 0g). The same study found no

change in mean arterial pressure or heart rate. Our model shows a small decrease in mean ar-

terial pressure of 6.98 mmHg (Welch two sample t-test, t(1598) = −87.9, p < 0.0005, 95%

CI: 6.83 to 7.14 mmHg), and a decrease in heart rate of 15.98 bpm (Welch two sample t-test,

t(1532) = −142.2, p < 0.0005, 95% CI: 15.76 to 16.20 bpm). It should be noted that Norsk’s

experimental values are taken after a week in space, when adaptation has already begun. Also,

we note that we expect to see less variation in our population at a given condition since we are

not varying parameters such as height, weight, and total blood volume that grossly impact our

systemic CV outcomes (Section 6.3.4.4). Varying these parameters would lead to larger standard

deviations such that, for example, our decrease in mean arterial pressure may not be significant in a

global population. By comparison, Mukai et al.467 found a decrease in heart rate of 22 ± 7 bpm in

microgravity induced by parabolic flight, which is entirely consistent with our acute simulations.

Finally, visual inspection of the CDFs shows that for the majority of the parameters, the spread

of the CDFs (which is a measure of the absolute variance) in the heart and lungs group (dotted

lines) is often larger than the other two groups. This is most noticeable in mean arterial pressure,

heart rate, and stroke volume. Based on these results, we preliminarily conclude that the heart

and lungs group exerts the major influence on the outcome measures. In certain parameters (most

noticeably stroke volume, central venous pressure, cardiac output, and pulse pressure), we further

note that the absolute variation in the heart and lungs group appears to increase with decreasing

gravity. We hypothesize that this model effect is related to decreased regulatory control in lower

gravity, a finding supported by tilt studies showing reduced baroreflex sensitivity when decreasing

orthostatic stress468,469.

Further insight into the relative influence of the groups can be seen through the coefficient of
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variation shown in Figure 6.6. In all outcome measures at all gravity levels, the controls group of

parameters exerts the least variation on outcome measures. In five of the outcome measures, the

heart and lung parameters provided the most variation, whilst in diastolic blood pressure it was the

compartments parameters. Taking into context our understanding of the relative influence of the

parameters within the groups, our results suggest that the right ventricular elastances are the key

parameters that must be accurately determined for accurate system response, due to the bottleneck

effect described above.

Interestingly, with increasing gravity levels, the influence of both the compartments group and

the controls group slightly increase. However, the COV of the controls group never matches the

COV of the heart and lungs group, and only in heart rate does it present a higher COV than the

compartments group. We hypothesize that the increased influence of the controls group is due

to the fact that, as the primary regulator of blood pressure, the arterial baroreflex is increasingly

stressed at higher gravity levels. We further posit that the increased influence of the compartments

stems from increased blood pooling in the large veins at higher gravity levels, leading to greater

importance of their parameters in promoting effective venous return in order to allow regulated

circulation; a change in these parameters will cause large scale changes in blood flow, which the

already stressed control system is attempting to regulate. Aside from the aforementioned trends,

it is important to note that in general, the COV of the different groups is similar across gravity

levels. First, this underscores that our cardiovascular model (and more generally the cardiovascular

system) behaves similarly across the 0g to 1g gravitational range. From the modeling perspective,

these results specifically mean that the important set of parameters that must be accurately selected

to simulate the behavior of a subject on Earth remain constant across reduced gravity conditions.

This in itself is an important finding, stated simply that "if you can select precisely the necessary

parameters to accurately model a subject on Earth, you can also accurately model the same subject

in reduced gravity".
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6.3.4.3 Recommendations

Our simulations suggest that a small subset of parameters exert a large influence on CV reg-

ulation. Thus, more effort should go into determining the specific value of these parameters for

individuals whose physiological responses we intend to simulate. Specifically, we have determined

that the most important physiological characteristics to be described are those related to the large

veins (lower body, splanchnic, and abdominal), and the right ventricle. To give examples of how

these could be measured, right ventricular function can be accurately estimated non-invasively us-

ing biplanar contrast cineangiography470, and venous characteristics (at least in the lower body) can

be readily determined using a combination of allometric scaling and water-displacement plethys-

mography471 to determine the appropriate pressure-volume relationships.

To highlight the potential impact of these findings with a short case study, numerous stud-

ies162,472–475 have found significant differences in CV responses to orthostatic stress based on gen-

der. Aside from the global key parameters, many of which will be different between men and

women (most notable those, such as total blood volume (TBV), linked to allometric scaling), there

have also been studies noting gender differences in many of our important parameters. Maffessanti

et al.160 found that gender was highly significant (p < 0.01) in studies of right ventricular param-

eters. Similarly, it is expected that vascular length will be different in men and women based on

allometry, but Monahan and Ray161 also found gender differences in venous compliance (specif-

ically in the leg, one of our influential compartments). All in all, our sensitivity analysis results

suggest that accurately valuing differences in this subset of parameters, along with the global key

parameters, could provide more accurate predictions of the CV responses of men and women, and

more broadly, of specific individuals, to gravitational stress.

6.3.4.4 Global Parameters

Our model includes a small number of "global" parameters that cause larger variation in the

outcome measures than the rest of the parameters. In particular, the four parameters that have

the largest effect on one or more outcomes measures are total blood volume (Vtot), the arterial
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baroreflex and cardiopulmonary reflex set points (Paspa, Paspc), and nominal heart rate (HRnom).

The aim of this study was to determine other influential parameters besides these four, so they

were not included in the main sensitivity analysis. However, we did conduct a simple sensitivity

analysis varying each of these four parameters in turn uniformly ± 2SD from the mean (ranges

taken from Heldt168), in order to capture their influence on systemic outcomes. More detail on

how these global parameters fit into the model can be found in Section 6.2.

Figure 6.7 shows the result of varying each of these four parameters (one at a time) on the six

primary and two secondary outcome measures at each one of the five gravity levels simulated. The

simulations had the same profile as described in the main text. All other parameters were held

constant at their mean value.

Figure 6.7A shows that total blood volume has a large effect on all outcome measures except

diastolic blood pressure. In particular, at 1.0g, a 203 ml increase in Vtot (1 SD from the mean of

5625 ml) leads to a 4.4 bpm drop in heart rate, an 8.4 ml increase in stroke volume, a 0.6 mmHg

increase in central venous pressure, a 2.3 mmHg increase in central venous pressure, a 4.6 mmHg

increase in systolic blood pressure, a 0.1 mmHg drop in diastolic blood pressure, a 0.4 l/min

increase in cardiac output, and a 4.7 mmHg increase in pulse pressure. Figure 6.7B shows that

the arterial baroreflex set point has an effect on blood pressure. In particular, at 1.0g, a 3.0 mmHg

increase of Paspa (1 SD) leads to a 2.5 mmHg increase in mean arterial pressure, systolic blood

pressure, and diastolic blood pressure, but doesn’t significantly change other outcomes. In contrast,

the cardiopulmonary reflex set point (Figure 6.7C) also has an influence on heart rate. A 1.0 mmHg

(1 SD) increase in Paspc at 1.0g leads to a 2.9 bpm decrease in heart rate, a 1.5 mmHg increase

in mean arterial pressure, and a 2.4 mmHg increase in systolic blood pressure. Finally, nominal

heart rate (HRnom) obviously has a significant influence on heart rate (Figure 6.7D) with a 3.3 bpm

increase (1 SD) leading to a 3.5 bpm increase in outcome heart rate.

It is unsurprising that the amount of blood circulating in the body has a large influence on

all hemodynamic outcome measures. Similarly, the primary function of the arterial baroreflex

and cardiopulmonary reflex is to provide blood pressure regulation, so changing the set point has a
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Figure 6.7: Change in outcome measures as a result of varying each of four key global parameters
by ± 2SD with respect to baseline. A, total blood volume (Vtot), mean = 5625.0 ml, SD = 203.0 ml;
B, arterial baroreflex set point (Paspa), mean = 91.0 mmHg, SD = 3.0 mmHg; C, cardiopulmonary
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scale.
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direct influence on blood pressure. All of these parameters can be easily measured in an individual.

As discussed in the main text, the aim of this study was to determine the other model parameters

with large influence. As such, these four global parameters were excluded from the sensitivity

analysis, but must be considered when applying the model to an individual.

6.3.4.5 Limitations

Diaz-Artiles et al. examined in detail some of the physiological limitations in the model in

a previous publication154. This included limitations of lumped-parameter modeling to determine

pulse wave propagation, and intra-beat changes, along with assumed linearities in the systolic and

diastolic pressure-volume relationships, and lack of viscoelastic stress-relaxation effects of the sys-

temic veins. Inertial effects are also not included, since this model was primarily designed to ana-

lyze cycle-to-cycle cardiovascular changes in blood flow and pressure when exposed to orthostatic

stress. In our case, we are primarily concerned with steady state outcomes, and the contribution

of inertial effects to pressure and flow is largest within the cardiac cycle (i.e., intra-beat changes)

rather than on a beat-to-beat scale. Defares et al. estimated that less than 1% of stroke volume

and mean arterial pressure are due to inertial effects422. Thus, their inclusion would only serve

as a slight refinement of the arterial waveform at a higher computational cost. Diaz-Artiles et al.

further commented on the difficulty of assigning numerical values to model parameters, and how

a sensitivity analysis could help determine the subset of important parameters – this study intends

to answer that limitation.

Similarly, the decision not to include compliances for the microvasculature, which are modeled

as pure lumped resistances, was a modeling choice designed to limit the number of systemic com-

partments for computational efficiency. Literature on compliance of capillary beds, or their natural

variation is scarce. Gallo et al. modeled all capillary compliances in the order of 0.03 ml/mmHg in

a similar 0D lumped-parameter model178. This is at least an order of magnitude smaller than our

arterial compliances, and two to three orders of magnitude smaller than our venous compliances.

As such, any minute variation in distension in the microvasculature is unlikely to have a significant

impact on outcome measures.
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Other models found in the literature incorporate additional features not included in our model,

but we expect to find our results applicable. For example, both Blanco et al.459 and Coats and

Sharp458 developed models using arterial baroreflex control systems involving varying compliance,

as opposed to the varying unstressed volume found in our model. In both of these models, we

expect that the parameters with the highest sensitivity (aside from the heart and lung parameters,

which are modeled similarly) are the ones related to the large venous compartments (for example

venous resistance in the Coats and Sharp model), the compliance set points in these compartments,

and the gains from the sympathetic arc of the arterial baroreflex.

With regards to the design of the sensitivity analysis, the full model contains in excess of

150 parameters. We selected a subset of parameters that we considered most likely to have large

influence on the model outcomes, however there are others (such as time constants for the reflex

arcs) that were not varied. The model outcomes only measured the average steady state response

after acute transients had settled, such that the impact of variation on the time response of the

system was untested. Since we are considering steady-state cardiovascular responses to resting

conditions, we also neglected the impact of exercise on the system. This adds an entirely new set

of variables that could be separately analyzed using the same methodology as an additional group.

The simulations varied the chosen model parameters within predefined ranges. These ranges

were chosen based on an extensive literature review as detailed by Heldt168, and were designed to

capture the majority of individual variation within a non-pathological population. The influence

of each parameter is valid only within the ranges given, and caution should be taken extrapolating

the results outside of these ranges. In particular, extrapolation to populations with pathological

indications, such as acute ventricular hypertrophy, should be avoided. In addition, since the exact

distribution of the selected parameters is largely unknown, we assumed that they followed trun-

cated normal distributions. However, these underlying distributions could be slightly different for

certain parameters and reflect, for example, lognormal distributions, or have a bimodal behav-

ior driven by gender differences. By dividing the subset of varied parameters into three separate

groups, we are potentially losing some influence due to a potential complex interaction of param-
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eters from different groups. We have considered the relative importance of the groups using CDFs

and COVs, but we recognize there could be a certain amount of information lost. Additionally,

our methodology assumes that all parameters are independently sampled. This was a choice to

capture the largest range of possible variation. In reality, some parameters are certainly correlated,

and this additional correlation could influence the PRCC used in the sensitivity analysis. A re-

fined analysis using, for example, Copula models476, could allow for more realistic selection of

parameter combinations. The associated correlations and allometric scaling could be applied to

both the local and global parameters together, as there is a relationship between body type/size and

the homeostatic set point of an individual. This approach is dependent on identifying the potential

correlations between parameter variables, and whilst the results may vary slightly in the details,

due to the underlying physiological reasoning we anticipate the same underlying findings, namely

high sensitivity from the large venous compartments and right ventricular parameters.

The parameter ranges chosen represent the individual variation found within healthy subjects in

terrestrial conditions during a tilt test. As such, the model represents the acute response to changing

gravitational conditions in the head-to-toe direction, as opposed to the response after decondition-

ing caused by a period spent in reduced gravity. It should be noted that this deconditioning causes

a very specific trend in a subset or parameters, as opposed to the random variation assigned by the

LHS/PRCC methodology. There are recently published models178 that investigate long duration

deconditioning due to microgravity, and combining the sensitivity analysis described in this paper

with long duration trends could provide further insight into individual deconditioning responses.

As detailed in Section 6.2.6.4, the baseline model used for the sensitivity analysis does not

differentiate between tilt and reduced gravity. The consequences are that we do not find reductions

in CVP evidenced in spaceflight but instead, our results show an increase in CVP with reducing tilt

angle supported by findings from tilt maneuvers on Earth. Whilst this is an inherent limitation of

the baseline model, our findings related to the sensitivity of physiological parameters with respect

to general hemodynamic response to orthostatic stress are not invalidated by this limitation. This

limitation is addressed in Section 6.4 below.
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6.3.5 Summary of Sensitivity Analysis

We have conducted a thorough sensitivity analysis of a lumped-parameter model of the car-

diovascular system in a range of constant gravity conditions. Model simulations compared well

qualitatively and quantitatively to expected changes based on physiological principles. We have

determined a subset of model parameters, including those related to the large venous compartments

and the right ventricle, that have the largest influence on model outcomes. The purpose of this sen-

sitivity analysis was to determine the most important model parameters that must be accurately

valued in order to model and predict the responses of individuals to gravitational environments.

By effectively measuring those influential parameters (i.e., characteristics of the leg, abdominal,

and splanchnic veins, and the right ventricle) in addition to the important global parameters, we

can more accurately simulate and predict acute response to changing gravitational conditions. This

allows for the design of more effective countermeasures and protocols.

6.4 Model Development

As part of this modeling effort, we incorporate three separate mechanisms into the model: (1)

we separate the upper body branch into two separate branches, one representing the brachial cir-

culation, and one representing just the head and neck; (2) the original model was not designed to

simulate head-down tilt, we rectify this omission; (3) we include a simulation of body weight in

order to differentiate between a tilt in a constant gravity field and a removal of all hydrostatic gradi-

ents50,61,95,430. Finally, we further develop a standalone ocular model, which could be incorporated

into the full systemic model1. These additions are described in detail below.

6.4.1 Head Branch

The baseline upper body circulation is shown in detail in Figure 6.8. It consists of two compart-

ments and a single microvascular resistance. Compartment 3 represents the upper body arteries,

whilst compartment 4 represents the upper body veins.

In order to examine cephalad blood flow in more detail, we expand this branch into two parallel

branches. The original branch, containing compartments 3 and 4 remains architecturally the same;
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Figure 6.8: Detail of baseline model upper body branch showing two compartments (upper body
arteries and veins) and the upper body microcirculation.

however, we reassign the parameter values to reflect an updated definition of the compartments.

Thus, compartment 3 now represents the brachial arteries, compartment 4 represents the brachial

veins, and the microvascular resistance, rarm, now represents the arm microcirculation. In parallel,

we add a new branch containing four new compartments and two new microcirculations.

In the updated architecture, shown in Figure 6.9, compartment H1 represents the lumped

carotid arteries (common carotid arteries, external and internal carotid arteries), compartment H2

represents the cerebral arteries, compartment H3 represents the cerebral veins (including, but not

limited to, the superior sagittal sinus, the straight sinus, the transverse sinuses, the superior and

middle cerebral veins, and the cavernous sinuses), and rceph represents the cerebral microvascula-

ture. There are two principal drainage pathways from the head: the jugular veins and the vertebral

plexus477. The vertebral plexus is highly non-distendable due to its anatomical location along the

spine. Thus, we model two parallel drainage pathways from H3: compartment H4 represents the

internal and external jugular veins, whilst a fixed resistance, rvp represents the vertebral plexus.

The updated architecture of the new branch is presented in Figure 6.9.

6.4.1.1 Parameter Assignment

Parameter assignment covers both the reassignment of the parameters for compartments 3 and

4 to reflect their updated definition and also the assignment of parameters for the four new com-

partments and microvasculature. For all other compartments, we retain the values derived by Heldt

and validated by Zamanian and Diaz-Artiles120,185.

In the baseline model, Heldt used 4.9 PRU to represent the microvascular resistance of the

197



R4
q4

+�

Ph,4

P4

C4

qc,4

+
� Pe,4

4

Brachial veins

rarm
P3

+�

Ph,3
R3

q3

C3

qc,3

+
� Pe,3

3

Brachial arteries

RH1

qH1

+
�Ph,H1

PH1

CH1

qc,H1

+�

Pe,H1

H1

C
arotid

arteries

RH2

qH2

+�

Ph,H2

PH2

CH2

qc,H2

+
� Pe,H2

H2

Head arteries

rceph

PH3

CH3

qc,H3

+
� Pe,H3

+�

Ph,H3

RH3

qH3

H3

Head veins

P2

rvp

qvp

V
er

te
b
ra

l
P

le
xu

s

PH4

CH4

qc,H4

+ �

Pe,H4

+
� Ph,H4

RH4

qH4

H4

Ju
gu

la
r

ve
in

s

P5

Figure 6.9: Lumped parameter representation of the new upper body incorporating a brachial
branch and a head branch. Compartments H1 to H4 represent the carotid arteries, the cerebral
arteries, the cerebral veins, and the jugular veins, respectively. rceph represents the cerebral mi-
crovasculature and rvp represents the vertebral plexus.

upper body, based on a division of blood flow throughout the body such that 22% (15% to 29%) of

resting cardiac output supplies the upper body168,173. We redivide the flow such that 12% (8% to

16%) of blood flows to the head478, and the remainder of the flow goes to the upper body, keeping

the overall systemic vascular resistance unchanged. Based on studies by Cirovic et al. and Gisolf

et al., we further assign a small value of 0.068 PRU to the fixed resistance of the vertebral plexus,

rvp
477,479. New parameter values are shown in Table 6.7.

Table 6.7: Parameter assignments for systemic microvascular resistances.

Microcirculation
head arms renal splanchnic legs vertebral plexus

r PRU 9.0 10.8 5.2 3.3 4.5 0.068
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Regarding vascular length, the carotid arteries and jugular veins stretch from just above the

aortic arch to just behind the jaw line. From this point, the major cerebral arteries and veins extend

throughout the majority of the head. Following data from Gray480, we assign 20 cm for the vertical

length of each of compartments H1 to H4. We further lengthen compartments 3 and 4 to represent

the full brachial system, based on a study by Singh et al. on 50 cadavers, we assign a value of

66 cm to the length of each compartment481. Since the majority of the blood volume is situated in

the upper portion of arms, we define the effective length of compartments 3 and 4 to be one third

of the anatomical length, similar to compartments 12 and 13 for the legs168. Table 6.8 presents the

compartment lengths for compartments 3, 4, and H1–4.

Table 6.8: Parameter assignments for anatomical vertical length.

Vertical Length
3 4 H1 H2 H3 H4

lv cm 66* 66* 20 20 20 20

Notes:
*Effective length defined as 1/3 anatomical length for compartments 3 and 4.

On the arterial side of the body, we assign values for the compliance per unit length of the

brachial and cerebral arteries of 0.004 ml/mmHg/cm, giving values of 0.26 ml/mmHg and 0.08

ml/mmHg respectively for compartments 3 and H2168,173. The carotid artery has been studied

extensively in the literature; thus, based on a study of the arterial stiffness in 584 subjects by

Vriz et al. and 26 subjects by Gamble et al., both using M-mode echocardiography, we derive a

compliance of 1.226e-6 m2/kPa for each of the two carotid arteries. Thus, we assign a value of

0.07 ml/mmHg to account for both vessels in compartment H1482,483. On the venous side, Heldt

assigned a value of 7 ml/mmHg for compartment 4, derived from a compliance of 1.2 ml/mmHg

for the arms, and the remainder for the cerebral sinuses and the jugular veins. We reassign this

value of 1.2 ml/mmHg to compartment 4 alone, and split the remainder between compartments
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H3 and H4. Based on supplemental data from Tarnoki et al. on 170 adult Caucasian twins, we

are able to derive an estimate of the compliance of the jugular veins as being 2.6 ± 0.2 ml/mmHg

on the right and 3.9 ± 0.2 ml/mmHg on the left277. Lumping these results together gives a value

slightly above data recorded by Amelard et al. using optical hemodynamic imaging484. Thus, we

assign 2.45 ml/mmHg to compartment H4, leaving 3.35 ml/mmHg to compartment H3. Table 6.9

presents the compliances for compartments 3, 4, and H1–4.

Table 6.9: Parameter assignments for vascular compliance.

Compliance
3 4 H1 H2 H3 H4

C ml/mmHg 0.26 1.2 0.07 0.08 3.35 2.45

We assume a reduction in mean arterial pressure of 2 ± 1 mmHg over the length of the upper

body arteries, assigning a resistance value of 0.014 PRU to compartment 3. Heldt suggests an

arterial resistance of (7.0 ± 2.0) ·10−4 PRU/cm in the lumped upper body arteries, thus we also

assign a resistance of 0.014 PRU to each of compartments H1 and H2. On the venous side, Heldt

assigns resistances of 0.07 ± 0.04 PRU, 0.11 ± 0.06 PRU, and 0.11 ± 0.05 PRU to the outflow

resistances of the splanchnic, renal, and upper body compartments based on data from Barratt-

Boyes and Wood485. Using the same source, we maintain the resistance in compartment 4 and also

assign 0.05 PRU to the resistances of each of compartments H3 and H4 respectively168. Table 6.10

presents the resistances for compartments 3, 4, and H1–4.

Table 6.10: Parameter assignments for compartment resistances.

Resistance
3 4 H1 H2 H3 H4

R PRU 0.014 0.11 0.014 0.014 0.05 0.05
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In order to derive and assign zero-pressure volumes for the new compartments, we begin with

the estimates given by Heldt of 200 ml to compartment 3 and 645 ml to compartment 4. Rescaling

these values to account for 12% of total blood flow to the head and 10% to the arms, whilst

maintaining the same fractions of blood in the arterial and venous sides of the circulation, we arrive

at 72 ml for compartment 3 and 360 ml for compartment 4. This leaves 128 ml on the arterial side,

which we split between compartments H1 and H2. Based on our own experimental data from

Sections 4 and 5, we take the cross-sectional area of the carotid artery to be 36 mm2. Given a

vascular length of 20 cm and two vessels, we conservatively assign 20 ml to compartment H1,

leaving 108 ml to compartment H2. On the venous side, we split 285 ml between compartments

H3 and H4. Lan et al. use a value of 35 ml for the zero-pressure volume of the jugular veins, likely

a low estimate95. Thus we assign 250 ml to compartment H3, and 35 ml to H4. Table 6.11 presents

the zero-pressure filling volumes for compartments 3, 4, and H1–4.

Table 6.11: Parameter assignments for zero-pressure filling volumes.

Zero-Pressure Filling Volume
3 4 H1 H2 H3 H4

ZV ml 72 360 20 108 250 35

The baseline model incorporates two control systems, the arterial baroreflex and the cardiopul-

monary reflex. The efferent arm of each of these control systems influence systemic vascular

resistance as well as venous unstressed volume. In order to incorporate the new head branch

into these control systems, we adjust the values of the static gains to the upper body (now arms

only) and assign new values to the static gains corresponding to the head branch. For resistance

gains from both arcs, we maintain the values given by Heldt across all microvascular resistances

of –0.05 PRU/mmHg, applying this to rceph. For the venous unstressed volumes, Heldt assigns

6 ml/mmHg to the volume gain from the arterial baroreflex for the upper body. We split this into

4 ml/mmHg to the arms, and 2 ml/mmHg to the head. Similarly, for the cardiopulmonary reflex,
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we split Heldt’s value of 13 ml/mmHg into 9.5 ml/mmHg for the upper body, and 3.5 ml/mmHg

for the head168. Finally, the external pressure on compartments H2 and H3 is modeled as a constant

intracranial pressure, Picp, of 10 mmHg124.

6.4.2 Head-Down Tilt

The baseline model developed by Heldt was validated on a standing test in which a subject

was tilted from supine to a steep angle of HUT. One of the key mechanisms acting during this

process is the decrease in intravascular volume as a result of transcapillary flow to the dependent

vasculature. As described in Section 6.2.5, this is modeled as a single RC compartment with a

time constant of 4.6 min. The flow is subtracted or added analytically to the splanchnic, leg, and

abdominal venous compartments based on the instantaneous Vmax given in Tables 6.1, 6.2, and

6.3. In the original model, this created problems during head-down tilt, since the negative value

of sin (θ) led to a negative Vmax, implying that circulating blood volume is increased beyond the

total blood volume.

In reality, during head-down tilt, blood is pooled in the upper body, principally in the arms

and head. The volume of blood pooled in extravascular spaces in HDT is considerable less than

in HUT486. Thus, we set the minimum value of Vmax (which removes blood from the lower body

and is activated during HUT) to be zero, and created a second RC compartment, with the same

time constant, activated during HDT only (i.e., when sin (θ) < 0), with maximum blood pool-

ing in the upper body Vmaxub
. The upper body interstitial flow was analytically subtracted from

compartments 4 and H3. Literature on blood pooling during HDT proved scarce; thus, we initially

assigned a value of 200 ml to account for this blood pooling in HDT. This is likely an overestimate,

and future work should be undertaken in order to refine this value486.

6.4.3 Body Weight

One limitation of the current model (discussed in Section 6.2.6.4) is that there is no differ-

ence between a tilt and changes in the overall gravitational field strength. This is a reasonable

assumption for many applications; however, there has been much literature published on the dif-
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ferences between tilt and microgravity. One of the key differences in the physiological response

can be found in central venous pressure3,186. CVP is observed to increase in HDT, but to decrease

in microgravity. Recent literature has identified that this difference may be related to hydrostatic

gradients caused by body tissue weight, which are removed in microgravity95. Questions related

to removal of tissue weight in microgravity may also be linked to the pathoetiology of SANS50. In

order to solve this issue, we propose to include the effects of tissue weight in each compartment,

in the form of an additional pressure term, Pt. This mechanism was previously implemented by

Lan et al. in a model used to predict reduced jugular vein flow in microgravity95, and we imple-

ment a similar architecture here. The revised architecture for a single compartment is presented in

Figure 6.10.

In the revised model, we further give the tissue weight a postural dependence, such that the full

force is exerted when supine and there is no component acting on an upright vessel, such that Pt,n

is given by Equation 6.20:

Pt,n = ρtgcht,n |cos (θ)| (6.20)

where ρt is the density of fat-free tissue (1.10 g/cm3)487, gc is the gravitational acceleration in a

constant gravity field, ht,n is the radius of the body at that compartment, and θ is the angle of tilt

from supine.

6.4.3.1 Parameter Assignment

In order to finalize this addition to the model it is necessary to assign a body radius, ht, to each

systemic compartment. Lan et al. split the body into four segments: the head, neck, chest and

waist95. Modifying their procedure to our model, we elect to split the 19 systemic compartments

of the body into six segments: head (compartments H2 and H3), neck (compartments H1 and H4),

arms (compartments 3 and 4), thorax (compartments 1, 2, 5, 6, and 15), abdomen (compartments

7, 8, 9, 10, 11, and 14), and legs (compartments 12 and 13). We performed measurements on

four volunteers and initially assigned the median values as baselines for each segment radius. At
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Figure 6.10: Revised schematic of a single compartment, n, incorporating a term to account for
tissue weight, Pt,n. All other elements including vascular resistance (Rn), vascular compliance
(Cn), hydrostatic pressure as a result of vascular length (Ph,n, and external pressure (Pe,n) are
unchanged. qn represents blood flow and Pn represents transmural pressure.

this time, we do not apply the body weight correction to the four cardiac chambers or the two

pulmonary chambers. The values used are presented in Table 6.12.

Table 6.12: Parameter assignments for tissue weight body radii.

Body Radii
head neck arms thorax abdomen legs

ht cm 10 7 7 14 12 10

A complete schematic of the final updated model is included in Appendix A along with tabu-
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lations of all of the parameters in the updated baseline.

6.4.4 Ocular Model

As part of our model development, we developed a standalone model of the eye and ocular

hemodynamics. This model was validated independently using the experimental data obtained in

Section 4.6. The validation results are presented in Section 6.5.2.5. Future work will integrate this

standalone ocular model into the full model of systemic hemodynamics.

Our lumped-parameter model is a modified version of the model developed by Nelson et

al.24,488 with the addition of an extra hydrostatic column representing the eccentric placement of

the eye from the mid-coronal plane. The original model is described in Nelson et al.24 and our

modifications are further detailed in Petersen et al.1. For completeness we have reproduced the

key equations below. Figure 6.11 presents a schematic representation of the model.

6.4.4.1 Compartments

The model is represented by six compartments that interact with each other via a series of

linked differential equations. The aqueous humor compartment represents both the anterior and

posterior chambers of the eye. It has a volume Vaq, pressure IOP , and has an inflow and outflow

represented by Qaq,in and Qaq,out. Three blood compartments connected in series represent the ar-

teries, veins, and capillaries in the eye (both the choroid and the retina). These compartments have

volumes Va, Vc, and Vv respectively. Blood flow to the arterial side of the eye is represented by

Qb,in at pressure Pa (also referred to as MAPeye). Blood flow leaving the venous side is represented

by Qb,out at pressure Pv. The capillary compartment is modeled as a rigid bed with fixed resistance;

thus it plays no part in the governing equations. These aqueous humor and blood compartments

reside within a passive compartment. The passive compartment represents all the isovolumetric in-

traocular components including the lens and vitreous humor. The passive compartment has volume

Vp and pressure IOP . The term "globe" is used to represent the combination of the aqueous humor

compartment, the three blood compartments, and the passive compartment. Finally, the globe sits

anterior to the retrobulbar subarachnoid space (rSAS) with pressure Pcsf . The rSAS compartment
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Figure 6.11: Standalone six-compartment lumped parameter model of the eye, modified from
Nelson et al.24. Compartments:1) Aqueous humor with volume Vaq and pressure IOP . 2) Art., ar-
teries with volume Va and pressure pa (equivalent to MAPeye). 3) Cap., capillaries, non-distending.
4) Veins, with volume Vv and pressure pv. 5) Passive (isovolumetric components) with volume
Vp and pressure IOP . 6) Retrobulbar subarachnoid space (rSAS) with exchange volume Vr and
pressure pcsf . Flows: Qb,in, blood flow in; Qb,out, blood flow out; Qaq,in, aqueous humor inflow;
Qaq,out, aqueous humor outflow. Compliances: Cag, arterial blood-to-globe compliance; Cvg, ve-
nous blood-to-globe compliance; Crg, rSAS-to-globe compliance; Cshell, corneoscleral shell com-
pliance.

does not exchange fluid with the globe but can exert influence through pressure difference acting

via an exchange volume Vr.

Volume distension is represented by a series of compliances, C = dV/dP , between the various

compartments: Cag and Cvg are the arterial and venous blood-to-globe compliances (with the

net blood-to-globe compliance Cbg = Cag + Cvg since the capillaries are non-distending with

Ccg = 0); Crg is the rSAS-to-globe compliance; and Cshell is the compliance of the corneoscleral

shell. Extraorbital pressure is assumed constant.
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6.4.4.2 Transient Equations for Compartment Volumes

Flow through the aqueous compartment is represented using unsteady mass conservation for

an incompressible fluid, such that volume in the aqueous humor compartment, Vaq, is given by:

dVaq

dt
= Qaq,in −Qaq,out (6.21)

where Qaq,in and Qaq,out represent the aqueous humor formation rate and outflow rate respectively.

Vb, the volume in the blood compartments are given in terms of the compartmental compliances

(capillaries are modeled as non-distending, dVc/dt = 0), such that:

dVb

dt
=

dVa

dt
+

dVv

dt
= Cag

d

dt
(Pa − IOP ) + Cvg

d

dt
(Pv − IOP ) (6.22)

Similarly, exchange volume in the rSAS compartment, Vr, is given by:

dVr

dt
= Crg

d

dt
(Pcsf − IOP ) (6.23)

where the pressure in the rSAS compartment, Pcsf , is the cerebrospinal fluid pressure.

The total volume of the globe, Vg, can be given either as the sum of the volumes of the blood

compartments and the aqueous humor compartment (the passive compartment is isovolumetric,

dVp/dt = 0):

dVg

dt
=

dVb

dt
+

dVaq

dt
(6.24)

or as a single object which can change volume either through expansion of the corneoscleral shell,

or through volume exchange with the rSAS:

dVg

dt
= Cshell

dIOP

dt
− dVr

dt
(6.25)
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6.4.4.3 Governing Equation for Intraocular Pressure (IOP)

Equating Equations 6.24 and 6.25 gives:

(Cshell + Crg)
dIOP

dt
− Crg

dPcsf

dt
= Cag

d

dt
(Pa − IOP )

+ Cvg
d

dt
(Pv − IOP ) +Qaq,in −Qaq,out

(6.26)

which can be rearranged to give:

(Cshell + Crg + Cbg)
dIOP

dt
= Crg

dPcsf

dt
+ Cag

dPa

dt
+ Cvg

dPv

dt
+Qaq,in −Qaq,out (6.27)

where Cbg = Cag + Cvg is the net blood-to-globe compliance.

Qaq,out can be further defined as a combination of pressure-dependent outflow through the

trabecular network and uveoscleral outflow, Quv, such that:

Qaq,out = Ctm (IOP − EV P ) +Quv (6.28)

where Ctm is the aqueous outflow facility through the trabecular meshwork and EVP is episcleral

venous pressure.

Substituting Equation 6.28 into Equation 6.27, rearranging, and simplifying to combine all

terms not including IOP gives the governing equation for IOP:

dIOP

dt
=

1

Cg,in vivo

Fg −
1

Cg,in vivo

CtmIOP (6.29)

where Cg,in vivo represents the total globe compliance and Fg is a forcing function defined by group-

ing all of the terms which do not include IOP.
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6.4.4.4 Modeling Elements of the Governing Equation

Cg,in vivo is given by the sum of Cshell, Crg, and Cbg. This is modeled using empirical constants

derived by Nelson et al.24, such that:

Cg,in vivo = Cshell + Crg + Cbg = Vg0

(
C1

IOP
+ C2

)
(6.30)

where C1 = 4.87 · 10−3 mmHg–1, C2 = 3.90 · 10−5 mmHg–1, and Vg0 is the initial globe volume

6500 µl.

Aqueous outflow operates via a one-way valve preventing blood reflux into the eye if EVP is

greater than IOP. This is modeled by a piecewise function, Ctm, such that:

Ctm =


Ctm,normal, EV P ≤ IOP

0, EV P > IOP

(6.31)

where Ctm,normal = 0.30 µl·min–1·mmHg–1.

The forcing function, Fg, is defined by collecting all of the terms from Equation 6.27 which do

not involve IOP:

Fg = Crg
dPcsf

dt
+ Cag

dPa

dt
+ Cvg

dPv

dt
+Qaq,in + CtmEV P −Quv (6.32)

Here, Crg, Pcsf , Qaq,in, and Quv are modeled as constants: Crg = 1.1 · 10−3 µl/mmHg, Pcsf =

13 mmHg, Qaq,in = 2.4 µl/min, and Quv = 0.4 µl/min. Cag and Cvg are given by fractional

division of the net blood-to-globe compliance, such that:

Cag = (1− ξ)Cbg and Cvg = ξCbg (6.33)

where ξ = 0.7 (the fraction of blood distal to the arteries, approximately at venous pressure). Cbg

is modeled similarly to Cg,in vivo using empirical constants C1 and C2 such that:
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Cbg = Vg0

(
C1

IOP
+ C2 −

1

k · IOP

)
(6.34)

with k, the nondimensional globe stiffness, found by multiplying Friedenwald’s ocular rigidity

coefficient (45) K = 0.048 µl–1 by Vg0 such that k = 312.

6.4.4.5 Pressures

Nelson’s model uses two different approaches to account for the difference between central

venous pressure (CVP) and episcleral venous pressure (EVP). Their theoretical approach uses

a simple hydrostatic column to account for the pressure differential between the heart and the

eye level, whilst their empirical approach more closely models experimental data to account for

otherwise unmodeled autoregulatory processes. We adopt their second approach, modeling EVP

as an empirically derived piecewise function given by Equation 6.35):

EV P = 9mmHg − α sin (θ)− h1

h
α cos (θ)

α =


2.23mmHg, 0◦ < θcrit < 180◦ (HUT)

22.1mmHg, 180◦ ≤ θcrit ≤ 360◦ (Horizontal/HDT)

(6.35)

where the critical angle θcrit represents the point at which eye level is below heart level calculated

as arctan (h1/h). To further account for prone versus supine hydrostatic differences, we also add

an additional hydrostatic column representing the perpendicular distance between the globe and

the mid-coronal plane (h1 in Figure 4.12)142. The additional hydrostatic column is modeled as the

third term in Equation 6.36:

MAPeye = MAP − ρgh sin (θ)− ρgh1 cos (θ)−∆Pa,losses (6.36)

where MAPeye is the inflow arterial pressure at the level of the eye; MAP is the mean arterial

pressure at the heart; ρ is the density of blood; g is the acceleration due to gravity; h is the distance

from the aortic root to eye level along the mid-coronal plane; h1 is the perpendicular distance from
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the mid-coronal plane to the globe; θ is the tilt angle from horizontal supine; and ∆Pa,losses is a

term representing viscous flow losses.

Venous pressure, Pv, is constrained such that it cannot drop below central venous pressure,

CV P (7 mmHg):

Pv = max


CV P

EV P

(6.37)

We make no changes to the parameter values given by Nelson et al.24 with the exception of

mean arterial pressure at eye level (MAPeye). In this case, we adjust MAPeye to represent our study

population, varying with tilt angle. At each tilt angle, we obtain the steady state response after all

transients have settled. We further use the mean h and h1 values derived from our experimental

subjects. As such, three parameters (MAPeye, h, and h1) are used to fit the model.

6.4.4.6 Solving the Equations

Thus, with all model parameters defined, the governing Equation 6.29 was solved for IOP at

each tilt angle θ using a pseudo-implicit time marching series as described in Nelson et al.24. At

each tilt angle, the model was allowed to run for a simulated time of five-minutes, by which time

the IOP value had reached steady state. This steady state IOP value was taken as the simulation

output for each tilt angle.

6.5 Validation

This section details a number of simulations used to validate the performance of the updated

and expanded models in realistic scenarios.

6.5.1 Methods

6.5.1.1 Subjects

We simulate two subjects, a 50th percentile male and a 50th percentile female. In order to

simplify the anatomical differences between male and female subjects, we scale our model based
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on three parameters: total blood volume (ml), height (cm), and the location of the center of mass

(CoM). In particular, we use 0.560 as the average ratio of CoM to height in males and 0.543 as the

average ratio of CoM to height in females489. These scaling variables are presented in Table 6.13.

Table 6.13: Parameters used to scale the model to represent a 50th percentile male and 50th per-
centile female subject. Median height and blood volume data are sourced from Ogden490 and
Jain491, respectively.

50% Male 50% Female
Total Blood Volume ml 5372.5 3972.5
Height cm 178.1 163.2
CoM Ratio* — 0.560 0.543

Notes:
*Ratio of center of mass to height.

Using these three parameters, we then scale a number of other variables in the model. In

particular, using height we scale the vascular lengths (and the associated inner and outer radii of

each compartment) and using total blood volume we further scale: (1) the zero-pressure filling

volumes for each compartment and (2) the maximum volume in the nonlinear compartments 11,

13, and 14. The baseline values, along with the scaled values for the male and female subjects are

presented in Table 6.14.

All other parameters are kept at their baseline values.

In order to test the standalone eye model we adopt a different methodology. Since this model

does not incorporate the systemic circulation, we fit it to the experimental data collected in Sec-

tion 4.6. Specifically, we use the mean MAPeye measured from our 13 subjects at each tilt angle,

combined with the mean values h (distance from heart to eye level along mid-coronal plane) and h1

(perpendicular distance from mid-coronal plane to the globe of the eye) collected prior to the start

of the experiment. See Figure 4.12 for a schematic of these measurements. Thus, three parameters

are used to "fit" the model.
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Table 6.14: Scaled zero-pressure volume and vascular length based on Table 6.13.

Baseline 50% Male 50% Female
ZV1 ml 21 22 16
ZV2 ml 5 5 4
ZV3 ml 72 75 56
ZV4 ml 360 376 278
ZV5 ml 16 17 12
ZV6 ml 16 17 12
ZV7 ml 10 10 8
ZV8 ml 20 21 15
ZV9 ml 30 31 23
ZV10 ml 300 313 231
ZV11 ml 1146 1196 884
ZV12 ml 200 209 154
ZV13 ml 716 747 552
ZV14 ml 79 82 61
ZV15 ml 33 34 25
ZVH1 ml 20 21 15
ZVH2 ml 108 113 83
ZVH3 ml 250 261 193
ZVH4 ml 35 37 27
V maxsp ml 1500 1565 1157
V maxll ml 1000 1043 771
V maxab ml 650 678 501
lv1 cm 10.0 10.2 9.4
lv2 cm 4.5 4.6 4.2
lv3 cm 66.0 67.2 61.6
lv4 cm 66.0 67.2 61.6
lv5 cm 14.5 14.8 13.6
lv6 cm 16.0 16.3 15.0
lv7 cm 14.5 14.7 13.5
lv8 cm 0.0 0.0 0.0
lv9 cm 0.0 0.0 0.0
lv10 cm 10.0 10.2 9.3
lv11 cm 10.0 10.2 9.3
lv12 cm 105.0 106.9 97.9
lv13 cm 105.0 106.9 97.9
lv14 cm 14.5 14.7 13.5
lv15 cm 6.0 6.1 5.6
lvH1 cm 20.0 20.3 18.6
lvH2 cm 20.0 20.3 18.6
lvH3 cm 20.0 20.3 18.6
lvH4 cm 20.0 20.3 18.6
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6.5.1.2 Validation Scenarios

We validate the model using five scenarios:

1. Tilt. In this scenario we perform a graded tilt identical to that performed in Section 4. I.e.,

we progress from 45° HUT through to 45° HDT in 15° increments. We hold the simulation

at each tilt angle, allow transients to settle for seven minutes in order to obtain the steady

state response, and record the mean value of each parameter/compartment in the next five

minutes. Note: the systemic model does not currently distinguish between supine and prone,

thus these differences are not captured.

2. LBNP. In this scenario we perform a graded LBNP identical to that performed in Section 5.

We progress from 0 mmHg LBNP through to –50 mmHg LBNP in 10 mmHg increments in

a 0° supine position. We hold the simulation at each pressure level, allow transients to settle

for seven minutes in order to obtain the steady state response, and record the mean value of

each parameter/compartment in the next five minutes.

3. SRC. In this scenario we simulate graded artificial gravity on a short-radius centrifuge. We

measure the level of artificial gravity generated as the level at the subject’s center of mass,

progressing from 0g through to 1.75g in 0.25g increments. Again, we hold the simulation at

each g level, allow transients to settle for seven minutes in order to obtain the steady state

response, and record the mean value of each parameter/compartment in the next five minutes.

In order to determine the centrifugation speeds, both subjects were position such that their

feet were at 230 cm (such that the head of the 50% male subject was closer to the center

of rotation than the head head of the 50% female subject) and speeds calculated to give the

required g-level at each subject’s center of mass, gCoM . As such, both subjects were subject

to slightly different sets of speeds, and thus, both subjects experienced a different gravity

level at the feet, gfeet. The relevant speeds and g-levels are presented in Table 6.15.

4. Change in gravity level. In this scenario, we progress the subjects through four different
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Table 6.15: Speeds for the short-radius centrifugation simulations. Both male and female subjects
were positioned with their feet at 230 cm, speeds were set to give 0.00g to 1.75g (in 0.25g incre-
ments) at the subject’s center of mass.

50% Male 50% Female
rhead 51.9 cm 66.8 cm
rfeet 230 cm 230 cm

Level gCoM rpm gfeet rpm gfeet

1 0.00g 0.00 0.00g 0.00 0.00g
2 0.25g 13.10 0.44g 12.58 0.41g
3 0.50g 18.53 0.88g 17.79 0.81g
4 0.75g 22.69 1.32g 21.78 1.22g
5 1.00g 26.21 1.77g 25.15 1.63g
6 1.25g 29.30 2.21g 28.12 2.03g
7 1.50g 32.10 2.65g 30.81 2.44g
8 1.75g 34.67 3.09g 33.28 2.85g

gravity levels: Earth gravity (1g), Martian gravity (0.379g), Lunar gravity (0.166g) and Mi-

crogravity. This is repeated twice, once in the 0° supine position and once in an upright

position. By maintaining the subject in a 0° supine posture, we isolate the effect of body

weight (as opposed to hydrostatic gradients due to vascular length) in order to examine the

changes compared to experimental spaceflight studies and capture the difference from a tilt

response.

5. Ocular model in tilt. In this final scenario we switch to the ocular model. This model

does not capture systemic changes but is able to measure IOP and OPP in tilt and also to

capture the differences between a supine and a prone subject. We simulate the experiment

performed in Section 4.6, progressing a subject through a complete 360° range of tilt angles

in 15° increments. At each tilt angle, the IOP was allowed to reach steady state over five

minutes before the final value was recorded.

6.5.2 Results and Discussion

Select results from the modeling simulations are presented below. Where relevant (simulations

1, 2, and 5), the results are displayed in conjunction with experimental data collected in Sections 4,
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5, and 4.6, respectively. Model outputs include the pressures, volumes, and flows in every com-

partment. Thus, it would be impractical to present the complete set of output data. In order to

provide comparisons between the scenarios, and the experimental data, we elect to present nine

outputs for each simulation:

• Heart Rate (HR)

• Stroke Volume (SV)

• Cardiac Output (CO)

• Systolic Blood Pressure (SBP)

• Diastolic Blood Pressure (DBP)

• Total Peripheral Resistance (TPR)

• Cerebral Blood Flow (CBF)

• Central Venous Pressure (CVP)

• Jugular Vein Pressure (JVP)

6.5.2.1 Scenario 1: Tilt

Figure 6.12 presents the results of the tilt simulation. Where relevant (i.e., for all measures

except CBF and CVP) the dose-response curves found in Section 4 (Mean ± 95% CI) are shown

on top of the simulation results.

Results from the tilt simulations are mixed. We see good agreement with SV, CO, and TPR in

terms of the slopes predicting the change with tilt, although the simulation results overestimate SV

and CO by 20%, and underestimate TPR by 25%. This is likely due to a mismatch in the initial

simulation parameters. Further, with blood pressure we see a large deviation from the experimental

data.
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Figure 6.12: (A-I) Model outcomes as a function of tilt angle for 50th percentile male (blue) and
50th percentile female (pink) subjects. (A) HR, heart rate; (B) SV, stroke volume; (C) CO, cardiac
output; (D) SBP, systolic blood pressure; (E) DBP, diastolic blood pressure; (F) TPR, total periph-
eral resistance; (G) CBF, cerebral blood flow; (H) CVP, central venous pressure; (I) JVP, jugular
venous pressure.

6.5.2.2 Scenario 2: LBNP

Figure 6.13 presents the results of the LBNP simulation. Where relevant (i.e., for all measures

except CBF and CVP) the dose-response curves found in Section 5 (MAP ± 89% CrI) are plotted

on top of the simulation results.
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Figure 6.13: (A-I) Model outcomes as a function of LBNP for 50th percentile male (blue) and
50th percentile female (pink) subjects. Where appropriate, dose-response curves from Section 5
(MAP ± 89% CrI) are overlayed on the data (dashed line and ribbon). (A) HR, heart rate; (B) SV,
stroke volume; (C) CO, cardiac output; (D) SBP, systolic blood pressure; (E) DBP, diastolic blood
pressure; (F) TPR, total peripheral resistance; (G) CBF, cerebral blood flow; (H) CVP, central
venous pressure; (I) JVP, jugular venous pressure.

The data show excellent agreement with the experimental dose-response curves for HR, SV,

and CO. For SV and CO, the model follows almost the exact experimental response. Regarding

blood pressure, our experimental data show that SBP decreases slightly whilst DBP is maintained

during LBNP. This is in contrast to the simulation results, which predict a steady decrease in both
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SBP and DBP. This is likely due to unmodeled systemic regulatory effects in play in addition to

the modeled ABR and CPR. The simulation predicts and increase in TPR, but it is significantly

underestimated compared to the experimental response. This is likely due to the differences in

the blood pressure response, and were blood pressure maintained we would see good agreement

between the model and the experimental data.

The model shows a drop in CBF and CVP. We did not measure these variables in our exper-

imental studies, however the predicted values are in good agreement with literature. Hinojosa-

Laborde et al. recorded a 4 mmHg drop in CVP between 0 and –54 mmHg LBNP in male sub-

jects with CVP reaching 0 mmHg at –54 mmHg LBNP and dropping to –2 mmHg at –71 mmHg

LBNP354. We see an almost identical response, with CVP falling from 3.9 mmHg at 0 mmHg

LBNP to 0.2 mmHg at –50 mmHg LBNP. Regarding CBF, it is difficult to make comparisons as

most studies measure cerebral blood velocity (CBV) in one or more major arteries as a surrogate

for CBF492,493. In one of the few studies that directly measure CBF, Neumann et al. found a 14.6%

drop in CBF between 0 mmHg and –50 mmHg LBNP494. However, this study had a wide dis-

persion and our modeled decreases of 37.3% in males and 31.2% in females are well within their

experimental confidence intervals.

Finally, similarly as for the tilt simulation, the model underestimates the JVP response. The

same explanation applies, although it should be noted that the simulation response falls firmly

within the Bayesian credible interval across the entire range. Altogether, with the exception of

blood pressure and TPR, the LBNP model simulation is an excellent predictor of the experimental

dose-response.

6.5.2.3 Scenario 3: SRC

Figure 6.14 presents the model response to short-radius centrifugation. In this simulation,

the model behaves as expected up to 1.00g at the center of mass (1.77g at the feet for males

and 1.63g at the feet for females). Above 1.00g, systolic and diastolic blood pressure, which

are relatively stable until that point, begin to drop rapidly until blood pressure is 12.7/7.1 mmHg

at 1.75g (clearly unrealistic). Likewise, CBF hits 0 ml/s at 1.75g. Examining the simulation in
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more details shows that at 1.75g, the vasculature in the head branch are entirely collapsed as a

result of the low transmural pressures throughout the system (compared to the pressures due to the

hydrostatic forces induced by centrifugation). Thus, no blood is flowing through the head branch.

This is also observed in the marked increase in TPR at 1.75g, as the autonomic system attempts to

maintain systemic blood pressure.

One area in the model that is potentially responsible for this unrealistic response in hypergravity

conditions is the blood lost to the interstitial space, Vint. The instantaneous value is set by a transfer

function built around an RC circuit with a time-constant of 276 s, however the maximum value is

defined in Table 6.3 as:

Vmax =
700

sin (85◦)

(d+ ri10)ω
2

gE
(6.38)

such that Vint is given by:

Vint (t) = L−1

{
1

276s+ 1

}
∗ Vmax (t) (6.39)

where ∗ is a convolution. The instantaneous value Vmax was originally defined empirically by

Zamanian185 and Diaz-Artiles120 based on experimentation using the Massachusetts Institute of

Technology (MIT) Compact Radius Centrifuge, which has a maximum radius of 1.4 m. In the

validation experiments, the subject was in a seated position with their feet 1.09 m from the center

of rotation, with a maximum exposure level of 1.4g at the feet 120. In this scenario a 50th percentile

male subject would only experience 1.01g at the center of mass. Vmax was set such that 700 ml of

blood would be lost at a speed generating 0.996g at the liver (equivalent to an 85° HUT). Thus, the

model has not been validated in hypergravity conditions.

In order to validate the model in hypergravity conditions, first it is necessary to collect ex-

perimental data against which to compare the model. This was precluded in this study by the

unavailability of a human rated centrifuge, and is discussed in Sections 7.2.1 and 7.2.2. Based on

the centrifuge experimental data, it may be necessary to adjust certain parameters in the model
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Figure 6.14: (A-I) Model outcomes as a function of short-radius centrifugation for 50th percentile
male (blue) and 50th percentile female (pink) subjects. The x-axis presents g-level at the subject’s
center of mass, gCoM . (A) HR, heart rate; (B) SV, stroke volume; (C) CO, cardiac output; (D) SBP,
systolic blood pressure; (E) DBP, diastolic blood pressure; (F) TPR, total peripheral resistance;
(G) CBF, cerebral blood flow; (H) CVP, central venous pressure; (I) JVP, jugular venous pressure.

to account for changes in circulating blood volume with centrifugation. It is likely that the value

of Vmax should be altered. Second, even with adjusted model parameters, the model architecture

may not accurately represent the physiology of a hypergravity spin. In high-performance aviation,

pilots use a mixture of technology (e.g., anti-g pants, positive pressure regulators) and techniques
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(e.g., an anti-g straining maneuver, AGSM) to increase systemic vascular resistance, raise intratho-

racic pressure, and maintain cerebral blood flow during high-g maneuvers. Since this is the first

time that the model has been used in hypergravity conditions, it may be necessary to model some

of these effects. For example we could model an AGSM as an increase in Pth in hypergravity.

Finally, as discussed in Section 6.4.1, the model does not currently incorporate any of the cerebral

autoregulation mechanisms. Adding these mechanisms may help to maintain cerebral blood flow,

but would do little to influence overall SBP/DBP.

6.5.2.4 Scenario 4: Change in Gravity Level

Figure 6.15 presents the model response to reducing gravity from 1g to microgravity through

Martian and Lunar gravity. The simulation is repeated twice, once with the subjects in a supine

position, and once in a standing position. In 1g, whilst supine there is an effect of tissue weight but

no effect of vascular length, whilst the opposite is true in a standing position.

Figure 6.15 shows that the model now correctly follows the expected response to entry to micro-

gravity. In particular, our data closely match Norsk et al.466 who noted that CO in spaceflight was

decreased slightly (nonsignificant) from a supine position but increased significantly by 1.0 l/min

from seated (p = 0.021). This closely matches the increase we see of 1.2 l/min in male subjects.

Similarly, Norsk et al. noted a nonsignificant increase in TPR from supine to microgravity, but a

significant decrease from standing to microgravity of 2.5 mmHg.min/l (equivalent to 0.15 PRU).

Again this is similar to the reduction we find of 0.27 PRU in males and 0.25 PRU in females. The

data from Norsk et al. is presented in Figure 6.16 for comparison.

Importantly, we can now capture the correct trend in CVP: a decrease in spaceflight compared

to the terrestrial supine position3 whilst heart rate remains relatively constant495. This demon-

strates that, even with the very rough estimates for body radius in Table 6.12, the body weight

augmentations to the model are effective at capturing the effects of microgravity. This supports the

conclusions of Lan et al. and Buckey et al. on the importance of tissue weight50,95. By incorpo-

rating our standalone ocular model into the complete lumped-parameter model, future work will

enable us to draw more conclusions as to the influence of body weight on IOP and OPP.
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Figure 6.15: (A-I) Model outcomes as a function of gravitational field strength for 50th percentile
male (blue) and 50th percentile female (pink) subjects in supine (solid) and standing (dashed) pos-
tures. The x-axis represents gravitational field strength in Earth-g, with marks at Lunar (0.166g)
and Martian (0.379g) gravity levels. (A) HR, heart rate; (B) SV, stroke volume; (C) CO, cardiac
output; (D) SBP, systolic blood pressure; (E) DBP, diastolic blood pressure; (F) TPR, total periph-
eral resistance; (G) CBF, cerebral blood flow; (H) CVP, central venous pressure; (I) JVP, jugular
venous pressure.
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Figure 6.16: (A-B) Data reproduced from Norsk et al.466 showing cardiac output and systemic
vascular resistance (cf. TPR) in spaceflight compared to preflight measurements in the supine and
seated positions. (A) cardiac output, (B) systemic vascular resistance. Image modified from Norsk
et al.466.

6.5.2.5 Scenario 5: Ocular Model in Tilt

For the final simulation we use the standalone ocular model. The simulation outputs are IOP

and OPP (calculated using Equation 4.4). As discussed in Section 6.5.1.1, for this validation

scenario we use the experimental data collected in Section 4.6. Figure 6.17 presents the model

outputs overlaid on the experimental data collected for IOP (Figure 4.16, Figure 6.17A) and OPP

(Figure 4.15, Figure 6.17B).

Three parameters were used to fit the lumped parameter model to the experimental data:

MAPeye; h, the mean distance from the aortic root to eye level along the mid-coronal plane; and h1,

the mean perpendicular distance from the mid-coronal plane to the globe. Model fit was assessed

by comparing normalized squared residuals from the experimental data with a reduced chi-square

statistic χ2
red ≈ 1 with p > 0.05 indicating good fit. The resulting value of χ2

red (532) = 1.04,

p = 0.254 indicates an excellent fit to the experimental data as can be seen in Figure 6.17. The
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Figure 6.17: (A-B) Simulation outputs for the standalone ocular model compared to the experi-
mental data collected in Section 4.6 and presented in Figures 4.15 and 4.16. (A) IOP, (B) OPP.

original model by Nelson et al.24, was more recently validated using a set of 36 studies measuring

the effect of postural changes on IOP with good result488. Our additions to the model and the

design of our experiment bring two additional contributions. First, we validate the range of the

model across the entire 360° orientation space using a single dataset including 13 subjects. Sec-

ond, our addition of the secondary hydrostatic column in the Gx plane allows the model to capture

the differences between prone and supine posture, extending the use cases and predictive power.

6.5.3 Limitations

Computational modeling is not without limitations, many of which have already been addressed

in Section 6.3.4.5. Related specifically to the model development that we have presented in Sec-

tion 6.4, the limitations are presented below.

First, the model does not include any specific cerebral autoregulation. Cerebral autoregulation

is a highly complex mechanism involving the complex interaction of four separate processes: myo-

genic, neurogenic, endothelial, and metabolic496. Much is still unknown about these mechanisms,

and the relative influence of each is controversial497. In the current model it is not possible to di-

rectly incorporate the endothelial and metabolic processes as we do not currently model blood gas
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concentrations209. We note that, even without this extra control system, the model performs well in

tilt, LBNP, and microgravity maintaining CBF within a reasonable range, although jugular venous

pressure is underestimated in HDT. The key area where it appears that this additional autoregula-

tion would be required is in high speed SRC, where the equivalent gravity in greater than Earth

(i.e., hypergravity conditions). Without experimental data to compare the model against for this

simulation it is difficult to determine the magnitude of the regulation that should be included. For

these simulations it may be necessary to incorporate additional effects of hypergravity including

things like AGSM and changes in intrathoracic pressure.

Second, in any modeling effort parameter assignment is a critical part of the model development

that is highly dependent on the literature sources chosen. Many parameters in a lumped-parameter

model cannot be directly measured and must be estimated from a range of sources including but not

limited to animal studies and supplementary data from studies where the variable is not the variable

of interest. In the original model development, Heldt did an excellent job of assigning the baseline

model parameters168. We have attempted to follow his example in assigning parameters for the

new branches of the model developed, but every single parameter could be argued differently. The

criticality of parameter assignment is somewhat offset by the performance of a comprehensive

sensitivity analysis, such as the one presented in Section 6.3. However it should be noted that

we performed this sensitivity analysis on the baseline model prior to any model development.

Future work should apply this same methodology to the updated model in order to determine the

sensitivity of the new parameters.

Third, modeling gives us access to so much data that it is not practical to present every variable

measured in every scenario. This is further complicated by the ability to vary the input parameters

to represent different subjects. The simulations captured the output of 150 direct variables from

the model (including the pressures, volumes, and flows for all compartment) as well as many other

derived quantities. For ease of comparison between the scenarios, we elected to present the same

9 variables for each simulation, and to use the same two subjects (an idealized 50th percentile

male and female) in order to provide an overall picture of the cardiovascular response. On closer
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inspection, it may become apparent that certain aspects of the model do not behave as they should

and must be adapted. However, it is clear from the data presented that overall, the models largely

behave as expected.

Finally, we created our idealized subjects by modifying only a small subset of the input pa-

rameters based on height and total blood volume. As the data from Sections 4 and 5, as well as

literature, show, there are deeper physiological differences between males and females that could

further be incorporated into creating male and female subjects. In particular, the sensitivity anal-

ysis highlighted the influence of the heart and lungs parameters, which we elected not to change

in these subject simulations. Overall, based on the limited number of parameters we do change,

the simulations capture the differences between males and females well, as shown by the general

agreement with the dose-response curves for tilt and LBNP.

6.6 Summary of Modeling

In this Section we augmented an existing lumped-parameter model in order to incorporate (1) a

separate branch for cephalad blood flow, (2) a simulation of the effects of body weight, and (3) the

effects of head-down tilt. We further developed a standalone ocular model that can account for the

effects of posture in simulations of IOP. Using the baseline model, we conducted a comprehensive

sensitivity analysis using a LHS-PRCC methodology in order to determine which parameters have

the most influence on model outcomes. Having developed the models and assigned parameters

from a combination of literature and our experimental data, we conducted five short validation

studies testing the systemic model on 50th percentile males and females in tilt, LBNP, SRC, and

microgravity, and the ocular model in 360° of tilt. Simulation results show that: (1) the updated

model can capture the effects of microgravity well; (2) the systemic lumped-parameter model

is able to effectively recreate the dose-response curves from tilt and LBNP in most parameters,

although underestimates jugular venous pressure in HDT; (3) the model is able to predict the effects

of SRC but does not capture hypergravity conditions well (i.e., when gCoM > 1g); and (4) the

ocular model is able to accurately predict IOP and OPP across a full 360° range of tilt angles.

This model development expands our understanding of the cardiovascular effects of altered-gravity
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by allowing us to measure the pressures, volumes, and flows throughout the body rather than

just overall systemic measurements. Theoretically we could use these models to construct dose-

response curves for every compartment in the model.
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7. CONCLUSION

Future exploratory class spaceflight will require development of new countermeasures in order

to counteract the effects of cardiovascular deconditioning and reduce the risk of SANS and VTE.

LBNP and short-radius centrifugation are promising countermeasures for reducing the cephalad

fluid shift; however, we still do not have a complete understanding of the dose-response of the

cardiovascular system to altered-gravity or to differing levels of LBNP/SRC. This research effort

aimed to generate the acute dose-response curves for the CV system in graded tilt as a terrestrial

analog for altered-gravity, and LBNP. These results provide a baseline from which to investigate

protocols for long-duration use.

Three specific areas were targeted, using complementary methods. In Section 4 we developed

comprehensive dose-response curves for the acute cardiovascular response to graded head-up and

head-down tilt. In Section 5 we used a different statistical approach to develop dose-response

curves for the cardiovascular response to lower body negative pressure as a potential spaceflight

countermeasure, using the power of Bayesian modeling to draw additional insights from the re-

lationships between measured variables. Finally, in Section 6 we used a modeling approach to

support the conclusions derived experimentally and expand our scenarios to consider short-radius

centrifugation as an alternative countermeasure as well as capture specific changes related to an

external gravity field. The specific aims and hypotheses tested in this dissertation are reproduced

below:

1. To empirically investigate the acute cardiovascular response to graded head-up and head-

down tilt. In particular, the specific objectives are:

1.1 To generate dose-response curves for cardiovascular parameters, including the systemic

circulation, the autonomic response, and head and neck hemodynamics over the range

45° head-up tilt (HUT) to 45° head-down tilt (HDT).

• Hypothesis 1.1: Systemic hemodynamics will follow an approximately linear re-
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sponse to HUT and HDT in the range observed. The response of the autonomic

system and head/neck will be non-linear.

1.2 To quantify the differences between the supine (face-up) and prone (face-down) re-

sponse to graded tilt as an analog to consider the influence of body weight on cardio-

vascular hemodynamics.

• Hypothesis 1.2: Altered body positioning will influence cardiovascular response.

In particular, the additional pressures due to body weight on the thoracic cavity in

the prone position will impair baroreflex function and venous return.

1.3 To quantify the difference between the male and female response to graded tilt.

• Hypothesis 1.3: Anthropometric considerations will be the principal driving force

between differences between males and females in cardiovascular response.

2. To empirically investigate the acute cardiovascular response to graded lower body negative

pressure (LBNP). In particular, the specific objectives are:

2.1 To generate dose-response curves for cardiovascular parameters, including the systemic

circulation, the autonomic response, and head and neck hemodynamics over the range

0 mmHg to –50 mmHg of LBNP.

• Hypothesis 2.1: Systemic hemodynamics will follow an approximately linear re-

sponse to graded LBNP. The response of the autonomic system and head/neck will

be non-linear..

2.2 To quantify the multivariate relationship between systemic, autonomic, and head/neck

cardiovascular parameters in graded LBNP.

• Hypothesis 2.2: Cardiovascular variables should not be considered in isolation.

In particular, a network structure exists between the parameters and latent subject

characteristics (for example body weight) such that there is a relationship con-

necting all of the variables.
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2.3 To quantify the difference between the male and female response to graded LBNP.

• Hypothesis 2.3: Anthropometric considerations will be the principal driving force

between differences between males and females in cardiovascular response.

3. To develop a cardiovascular model to capture the effects of tilt, LBNP, short-radius centrifu-

gation (SRC), and microgravity on cardiovascular hemodynamics. In particular, the specific

objectives are:

3.1 To expand an existing cardiovascular model to incorporate detailed modeling of blood

flow through the head and eyes.

3.2 To incorporate the effects of tissue weight into a cardiovascular model in order to de-

termine the influence of its removal in microgravity on cardiovascular hemodynamics.

3.3 To validate the cardiovascular model with dose-response curves generated from exper-

imental measurements of subjects in tilt and LBNP.

3.4 To investigate the effects of SRC and microgravity on representative subjects.

A summary of the results, main conclusions, contributions, and associated publications is pre-

sented in Section 7.1 below, along with suggestions for further research in Section 7.2.

7.1 Summary and Contributions

The first experimental study exposed 12 male subjects to a graded tilt profile in the range 45°

HUT to 45° HDT whilst obtaining measurements of systemic hemodynamics, autonomic response,

and head/neck parameters. From these measurements dose-response curves were generated (Aim

1.1). These dose-response curves followed a linear structure for the systemic hemodynamics, a

generalized linear form for the autonomic response, and a highly non-linear form for the head and

neck (Hypothesis 1.1 confirmed). The study was repeated twice, once in the supine position and

once in the prone position, and the generated dose-response curves captured the effect of com-

pression of the thorax in the prone position (Aim 1.2), inhibiting baroreflex function, increasing
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sympathetic activity, and raising central venous pressure (Hypothesis 1.2 confirmed). In an ad-

dendum to the study, we subsequently performed the same experiment of 12 female subjects (Aim

1.3). Thus, we were able to construct dose-response curves capturing the sex-dependent difference

in the cardiovascular response (Hypothesis 1.3 confirmed).

The second experimental study exposed 24 subjects (12 male, 12 female; most previously par-

ticipated in Experiment 1) to graded LBNP in the range 0 mmHg to –50 mmHg. We measured the

same set of cardiovascular parameters along with two additional measurements related to jugular

vein flow pattern and carotid artery flow velocity. We adopted a Bayesian workflow to construct

a single multivariate dose-response model (Aim 2.1), which took a linear form for all variables

considered (Hypothesis 2.1 partially confirmed). The use of a single multivariate regression model

allowed us to construct a network diagram for the relationship between the cardiovascular mea-

sures as well as subject characteristics (Aim 2.2). The network structure revealed an association

structure between most of the cardiovascular variables and highlighted some previously unforeseen

linkages such as the association between Age and AIJV (Hypothesis 2.2 confirmed). Unexpectedly,

there was no association between IOP and body weight. From the dose-response model, we were

able to extract the effect sizes of the sex difference (Aim 2.3), as well as the effect of posture.

As expected, anthropometric considerations were the principal driver between male and female

differences, although there remained an effect of sex even in some indexed variables (e.g., SI) (Hy-

pothesis 2.3 partially confirmed). From the effect size of position (0° vs. 15° HDT), we were able

to predict the strength of LBNP required to "correct" the effect of a headward fluid shift in each

variable.

Finally, the computational approach involved the expansion and further development of an

existing cardiovascular lumped-parameter model. We added a new branch to the model allowing

simulation of cephalad blood flow. This was augmented by a standalone eye model with the ability

to capture supine vs. prone differences in tilt (Aim 3.1). We further added a simulation of tissue

weight to each compartment in the model. This addition enabled the model to correctly replicate

the effects of microgravity, in particular with relation to the direction of the change in CVP with
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respect to HDT (Aim 3.2). We simulated the augmented model using four scenarios: tilt, LBNP,

SRC, and a gravity change (Aim 3.3). Further, we validated the standalone eye model using a

simulation of 360° of tilt. In the cases of tilt and LBNP, the models accurately replicated the

dose-response curves for some of the variable measured; however, it underestimated others (for

example jugular venous pressure in HDT) (Aim 3.4). Finally, in the SRC simulations, the model

performed well up to 1.00g at the center of mass, but was unable to maintain cerebral blood flow

in hypergravity simulations, likely due to missing autoregulation in the head loop.
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7.2 Suggestions for Further Research

This section contains some suggestions for future research based on this work.

7.2.1 Further Experimental Studies

In the experimental portion of this research effort, dose-response curves were generated for

two separate interventions: tilt and LBNP. As discussed, the tilt study provides a baseline from

which to compare the efficacy of various countermeasures, whilst also having terrestrial use cases.

LBNP is a potential countermeasure to mitigate multiple degrading effects of spaceflight and our

dose-response curves enhance the understanding of the levels that should be targeted for different

protocols. Below, we detail one further study and two measurement enhancements that could be

incorporated into future work:

• Short-radius centrifugation: In Section 6 we incorporated a simulation of the effects of

short-radius centrifugation on cardiovascular function. The Texas A&M University Aerospace

Engineering Centrifuge is currently under construction. Once complete, this will allow us
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to experimentally conduct the protocol described in Table 6.15. This procedure should be

performed, ideally using the same subjects as were used in the experiments described in Sec-

tions 4 and 5. This would allow dose-response curves for SRC to be constructed in the same

manner as they have been for tilt and LBNP. The Bayesian workflow presented in Section 5

could be used for this in order to capture the relationships between the measured variables.

• Measurement of total blood volume changes: Orthostatic stress (tilt, LBNP, or centrifuga-

tion) alters the amount of blood in circulation. In addition, one of the early effects of entry

to microgravity is a reduction in circulating blood volume mediated via the RAAS system

due to the cephalad fluid shift5. In our cardiovascular model we capture this effect through

flow into two interstitial compartments (one for the upper body and one for the lower body).

Future experimental studies should measure the circulating blood volume during the course

of orthostatic interventions in order to determine the accuracy of the modeling. One method

of performing this measurement would be using an abbreviated carbon monoxide (CO) re-

breathing method (aCORM), which has been validated in multiple studies514–516.

• Noninvasive measurement of intracranial pressure changes: During our experimental

studies into tilt and LBNP, we were able to capture multiple metrics related to the head and

neck. These included IOP, OPP, ACCA, AIJV, IJVP, IJVF, PSV, and EDV. One important

omission was a measurement of ICP. It has been noted throughout this work that a measure-

ment of ICP is important for understanding the complete hemodynamic picture of the head.

Unfortunately, ICP is a very difficult measurement to accurately capture, particularly using

a non-invasive method. Previous work by Petersen et al. captured ICP using invasive meth-

ods in subjects with pre-existing conditions that allowed measurement through an Ommaya

reservoir or similar88. Noninvasive techniques to measure ICP are in existing, although with

varying accuracy. Khan et al.517 provide a review of existing modalities. Of the 15 tech-

niques they examine, they highlight optic nerve sheath diameter (ONSD) and pupillometry

as the two most promising methods. These, and other methods, should be further investi-
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gated to determine whether they could be incorporated into future experimental studies.

7.2.2 Further Modeling Analysis

The modeling analysis performed in this research effort significantly enhanced the existing ca-

pabilities of the lumped-parameter cardiovascular model through (1) the addition of a head and

neck branch to the model (2) allowing the accurate simulation of head-down tilt, and (3) incor-

porating the effects of body weight. However, below are listed some further improvements to the

model that could be incorporated into future work:

• Incorporating the eye model into the systemic model: The current model architecture

comprises two separate models, a systemic model and a standalone ocular model. The next

stage of work is to incorporate this standalone ocular model into the complete model of

the systemic circulation. Whilst the standalone model is very effective at predicting ocular

changes in tilt1, this extension would allow for more complex simulations of IOP and OPP. In

particular, this would be a useful step to comparing our experimental findings from Section 5.

It would also allow us to predict ocular changes in SRC prior to the completion of the Texas

A&M Aerospace Engineering Centrifuge and validation of the systemic modeling results for

SRC.

• Incorporating a model of ICP: At present, the lumped-parameter model uses a highly

simplified model of intracranial pressure, keeping it at a fixed value of 10 mmHg. In reality,

ICP has a postural dependence and can also be influenced by external manipulation such as

LBNP88. More comprehensive simulations of ICP could be incorporated into the model, for

example those used by Lan et al.95, Fois et al.518, or Ursino and Giannessi519.

• Incorporating cerebral autoregulation: Similar to the ICP above, at present cerebral

autoregulation is only performed with the existing control loops representing the arterial

baroreflex and the cardiopulmonary reflex. As observed in Section 6, this works well in

hypogravity conditions, but begins to perform poorly in hypergravity. This was most clearly
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observed during the SRC simulations when gCoM > 1g. In reality, the additional cerebral au-

toregulation mechanisms (myogenic, neurogenic, endothelial, and metabolic) should engage

in these hypergravity conditions in order to maintain cerebral blood flow within a normative

range. Cerebral autoregulation is difficult to model in a mechanistic, bottom-up fashion as

we have done for the arterial baroreflex and cardiopulmonary reflex, since there is still much

unknown about the relative influence of the specific mechanisms. However, by incorporating

methods similar to those found in Ursino and Giannessi519, it should be possible to better

maintain CBF in hypergravity scenarios.

• Understanding the underestimate of jugular venous pressure in head-down tilt: In Sec-

tion 6 it was noted that, whilst the head branch generally performs well, it tends to underes-

timate jugular venous pressure in a head-down tilt scenario. Further work should focus on

understanding why this occurs, and correcting as necessary in order to rectify the model and

allow it to better follow the dose-response curves developed in Sections 4 and 5.

• Incorporating long duration changes: The current model is limited to simulation of acute

changes. As discussed in Section 2, in reality chronic effects play an important role in car-

diovascular degradation during spaceflight. Further, for the development of countermeasures

it is vital to understand the effects of potential protocols such as LBNP or SRC on a decon-

ditioned CV system. Experimental studies such as long duration HDTBR can allow us to

simulate protocols on deconditioned physiology. However, there is utility in a predictive

model to understand the changes in the cardiovascular system during long duration space-

flight. Modeling efforts have had some success in this area already, for example Gallo et

al.178. In Whittle and Diaz-Artiles512, we outlined how the model could be adapted to in-

corporate chronic changes by creating a separate ’long duration’ loop, which would alter the

baseline parameters based on data from long-duration spaceflight studies incorporated via a

machine-learning architecture. This would allow us to propagate the model through a long

period in spaceflight conditions (e.g., a Mars transit) with or without a range of potential
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countermeasures. Once the long-duration loop had been propagated, we would then be able

to run an acute simulation in order to analyze the differences between an intervention (e.g.,

a gravity transition) on a "healthy" subject and the same intervention on a deconditioned

subject.

• Expansion to include metabolic transport: At present, the model only focuses on the

cardiovascular system. However, lumped parameter modeling has also been successfully

applied to the pulmonary system and metabolic transport of gases520. In Whittle and Diaz-

Artiles209 we detailed how the model could be expanded in order to allow prediction of blood

gases throughout the cardiovascular system. By expanding the model in this direction, we

would enable two novel use cases. First, we would be able to simulate the effects of cabin at-

mospheres, including compositions and pressures, on the cardiovascular system. This would

allow us to simulate a range of different nominal and off-nominal spaceflight scenarios, and

the cardiopulmonary effects of actions such as extravehicular activity (EVA). Second, such

an expanded model could be easily combined with a model of bubble formation in reduced

gravity in order to provide an individualized risk model of decompression sickness (DCS).
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APPENDIX A

CARDIOVASCULAR MODEL PARAMETERS

Figure A.1 shows a complete schematic of the model developed in Section 6.4. Tables A.1 to

A.13 detail the model parameters used as a baseline.

In Figure A.1, the model is composed of four sections: head and arms, thorax, abdomen, and

legs. The 19 systemic compartments are numbered as followed: 1, proximal aorta; 2, brachio-

cephalic arteries; 3, brachial arteries and 4, veins; 5, superior vena cava; 6, thoracic aorta; 7,

abdominal aorta; 8, renal arteries and 9, veins; 10, splanchnic arteries and 11, veins; 12, leg ar-

teries and 13, veins; 14, abdominal veins; 15, inferior vena cava; H1, carotid arteries; H2, head

arteries and H3, veins; H4, jugular veins. Capillary beds are represented by five microvascular re-

sistances: head rceph, arms rarm, kidneys rrc, splanchnic rsc, and legs rlc. Pulmonary circulation is

represented by rpc and the vertebral plexus by rvp. Upper and lower body interstitial compartments,

arterial baroreflex, and cardiopulmonary reflex are not shown.
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Figure A.1: Circuit representation of the 25-compartment model, see text for details.
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Table A.1: Compartment definitions for the 25-compartment lumped-parameter cardiovascular
model.

Compartment Definitions
Compartment Definition

1 Ascending Aorta
2 Brachiocephalic Arteries
3 Brachial Arteries
4 Brachial Veins
5 Superior Vena Cava
6 Descending Aorta
7 Abdominal Aorta
8 Renal Arteries
9 Renal Veins

10 Splanchnic Arteries
11 Splanchnic Veins
12 Leg Arteries
13 Leg Veins
14 Abdominal Veins
15 Inferior Vena Cava
H1 Carotid Arteries
H2 Head Arteries
H3 Head Veins
H4 Jugular Veins
pa Pulmonary Arteries
pv Pulmonary Veins
ra Right Atrium
rv Right Ventricle
la Left Atrium
lv Left Ventricle
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Table A.2: Compartment inner (ri,n) and outer (ro,n) radii and vertical length (lv,n).

Vascular Length
Compartment, n ri,n ro,n lv,n

1 cm 39.5 49.5 10.0
2 cm 35.0 39.5 4.5
3 cm 35.0 101.0 66.0*
4 cm 35.0 101.0 66.0*
5 cm 35.0 49.5 14.5
6 cm 39.5 55.5 16.0
7 cm 55.5 70.0 14.5
8 cm 65.0 65.0 0.0
9 cm 65.0 65.0 0.0

10 cm 70.0 80.0 10.0
11 cm 70.0 80.0 10.0
12 cm 70.0 175.0 105.0*
13 cm 70.0 175.0 105.0*
14 cm 55.5 70.0 14.5
15 cm 49.5 55.5 6.0
H1 cm 15.0 35.0 20.0
H2 cm 5.0 25.0 20.0
H3 cm 5.0 25.0 20.0
H4 cm 15.0 35.0 20.0

Notes:
*Effective vertical length is 1/3 of lv for compartments 3, 4, 12, and 13.
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Table A.3: Compartment resistances, Rn, in PRU (mmHg.s/ml). Rtri is the resistance of the
tricuspid valve, Rmit is the resistance of the mitral valve.

Resistance
R1 PRU 0.007
R2 PRU 0.003
R3 PRU 0.014
R4 PRU 0.11
R5 PRU 0.028
R6 PRU 0.011
R7 PRU 0.01
R8 PRU 0.1
R9 PRU 0.11
R10 PRU 0.07
R11 PRU 0.07
R12 PRU 0.09
R13 PRU 0.1
R14 PRU 0.019
R15 PRU 0.008
RH1 PRU 0.014
RH2 PRU 0.014
RH3 PRU 0.05
RH4 PRU 0.05
Rpa PRU 0.006
Rpv PRU 0.006
Rtri PRU 0.006
Rmit PRU 0.01

Table A.4: Microvascular resistances, r. Abbreviations: ceph, head; arm, arms; rc, renal circula-
tion; sc, splanchnic circulation; lc, leg circulation; vp, vertebral plexus; pc, pulmonary circulation.

Microvascular Resistance
rceph PRU 9.0
rarm PRU 10.8
rrc PRU 5.2
rsc PRU 3.3
rlc PRU 4.5
rvp PRU 0.068
rpc PRU 0.07
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Table A.5: Compartment compliances, Cn. Ces,n and Cd,n represent the end-systolic and diastolic
compliances, respectively, for the variable capacitors in the heart compartments.

Compliance
C1 ml/mmHg 0.28
C2 ml/mmHg 0.13
C3 ml/mmHg 0.26
C4 ml/mmHg 1.2
C5 ml/mmHg 1.3
C6 ml/mmHg 0.21
C7 ml/mmHg 0.1
C8 ml/mmHg 0.21
C9 ml/mmHg 5
C10 ml/mmHg 0.42
C11 ml/mmHg 50
C12 ml/mmHg 0.42
C13 ml/mmHg 27
C14 ml/mmHg 1.3
C15 ml/mmHg 0.5
CH1 ml/mmHg 0.07
CH2 ml/mmHg 0.08
CH3 ml/mmHg 3.35
CH4 ml/mmHg 2.45
Cpa ml/mmHg 3.4
Cpv ml/mmHg 9.0
Ces,ra ml/mmHg 1.35
Cd,ra ml/mmHg 3.33
Ces,rv ml/mmHg 0.77
Cd,rv ml/mmHg 19
Ces,la ml/mmHg 1.64
Cd,la ml/mmHg 2.0
Ces,lv ml/mmHg 0.40
Cd,lv ml/mmHg 9
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Table A.6: Compartment zero-pressure filling volumes, ZVn.

Zero-Pressure Filling Volume
ZV1 ml 21
ZV2 ml 5
ZV3 ml 72
ZV4 ml 360
ZV5 ml 16
ZV6 ml 16
ZV7 ml 10
ZV8 ml 20
ZV9 ml 30
ZV10 ml 300
ZV11 ml 1146
ZV12 ml 200
ZV13 ml 716
ZV14 ml 79
ZV15 ml 33
ZVH1 ml 20
ZVH2 ml 108
ZVH3 ml 250
ZVH4 ml 35
ZVpa ml 160
ZVpv ml 430
ZVra ml 14
ZVrv ml 46
ZVla ml 24
ZVlv ml 55

Table A.7: Nonlinear compartment maximum volumes. Refer to Vmax,n in Equation 6.6 for details.

Nonlinear Volumes
V maxsp ml 1500
V maxll ml 1000
V maxab ml 650

304



Table A.8: Compartment external pressures. Abbreviations: icp, intracranial pressure; th, thorax;
abd, abdomen; e, external (atmospheric).

External Pressure
Picp mmHg H2, H3 10
Pth mmHg 1, 2, 5, 6, 15 –4
Pabd mmHg 7, 8, 9, 10, 11, 14 0
Pe mmHg 3, 4, 12, 13, H1, H4 0

Table A.9: Body Radii, ht,n. Abbreviations: th, thorax; abd, abdomen.

Body Radii
ht,head cm H2, H3 10
ht,neck cm H1, H4 7
ht,arm cm 3, 4 7
ht,th cm 1, 2, 5, 6, 15 14
ht,abd cm 7, 8, 9, 10, 11, 14 12
ht,leg cm 12, 13 10

Table A.10: Global parameters. HRnom represents the nominal heart rate; Vtot represents the total
blood volume; V maxtilt, V maxlbnp, V maxsrc, and V maxub are the maximum blood volumes lost
to the interstitium in the reference condition for tilt, LBNP, SRC, and the upper body, respectively.
See Tables 6.1, 6.2, 6.3, and Section 6.4.2 for details.

Global Parameters
HRnom bpm 67
Vtot ml 5150

V maxtilt ml 700
V maxlbnp ml 982
V maxsrc ml 700
V maxub ml 200

τ s 276
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Table A.11: Arterial baroreflex (ABR) parameters.

Arterial Baroreflex (ABR)

Paspa mmHg ABR Pressure Set Point 93

hCS cm Height of the Carotid Sinus Above the Heart 25

GA,S
R−R — ABR RR Interval Sympathetic Gain 9

GA,S
Clv — ABR Left Ventricular Compliance Sympathetic Gain 0.007

GA,S
Crv — ABR Right Ventricular Compliance Sympathetic Gain 0.022

GA,S
Rh — ABR Head Resistance Gain –0.05

GA,S
Rub — ABR Arm Resistance Gain –0.05

GA,S
Rrc — ABR Renal Resistance Gain –0.05

GA,S
Rsc — ABR Splanchnic Resistance Gain –0.05

GA,S
Rlc — ABR Leg Resistance Gain –0.05

GA,S
V h — ABR Head Volume Gain 2

GA,S
V ub — ABR Arm Volume Gain 4

GA,S
V rc — ABR Renal Volume Gain 2

GA,S
V sc — ABR Splanchnic Volume Gain 15

GA,S
V lc — ABR Leg Volume Gain 8

GA,P
R−R — ABR RR Interval Parasympathetic Gain 9
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Table A.12: Cardiopulmonary reflex (CPR) parameters.

Cardiopulmonary Reflex (CPR)

Paspc mmHg CPR Pressure Set Point 6

GCP,S
Rh — CPR Head Resistance Gain –0.05

GCP,S
Rub — CPR Arm Resistance Gain –0.05

GCP,S
Rrc — CPR Renal Resistance Gain –0.05

GCP,S
Rsc — CPR Splanchnic Resistance Gain –0.05

GCP,S
Rlc — CPR Leg Resistance Gain –0.05

GCP,S
V h — CPR Head Volume Gain 3.5

GCP,S
V ub — CPR Arm Volume Gain 9.5

GCP,S
V rc — CPR Renal Volume Gain 3

GCP,S
V sc — CPR Splanchnic Volume Gain 64

GCP,S
V lc — CPR Leg Volume Gain 30

Table A.13: Constants.

Constants
gE Earth gravity m/s2 9.81
ρfft Density of fat-free tissue g/cm3 1.10
ρb Density of blood g/cm3 1.06
d Distance from top of head to center of rotation cm 0
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