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SUMMARY

Human factors remain an important issue for long term space flight. In particular, a better under-

standing of the response of the cardiovascular system to changes in orthostatic stress is crucial

for the development of better countermeasures for astronauts. The goal of this study is to bet-

ter characterize blood fluid shift during orthostatic stress using 1D pulse propagation model that

will includes the effects of gravity on the arterial and venous system. Effects of gravity and

vein collapsible properties were implemented in a 1D pulse wave propagation model. For sin-

gle artery/vein model, we have shown that the model is able to simulate hydrostatic pressure and

qualitatively reproduce increased arterial blood volume flow after a muscle contraction that is an

influential phenomenon in orthostatic tolerance via increased venous return. To go forwards to a

qualitative estimate of in vivo data, a model of the full circulation has to be considered and periph-

eral vascular regulation has to be implemented. We aim at a better represention of physiological

responses and provide new information about the relative importance of the different phenomena

involved in fluid shift towards the lower body.

Key Words: wave propagation model, venous system, hydrostatic pressure, muscle pump.

1 INTRODUCTION

Human body limitations will be the most important issues for long term space missions. Cardio-

vascular deconditioning (the adaptation of the cardiovascular system to less a demanding envi-

ronment) is one of the most important adaptations to space. Astronauts follow physical training

to reduce cardiovascular deconditioning. However, they can still suffer from orthostatic intoler-

ance when landing. To improve countermeasure programs, a better understanding of the response

of the cardiovascular system to changes in hydrostatic pressure is crucial. In particular, a better

understanding of fluid redistribution and blood pooling to the lower limbs is essential.

Orthostatic stress to the cardiovascular system can be generated with ground facilities either with

Lower Body Negative Pressure (LBNP), tilt table, short arm human centrifuge or parabolic flight.

Most physiological measurements that can be performed non-invasively during orthostatic stress

tests are arterial parameters as blood pressure and ultrasound that can be used to assess arterial

blood flow velocity and wall distension. To obtain quantitative data from the venous system is

more laborious because of its lower pressure and blood flow velocity. This hampers the assessment
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and analysis of the fluid shift towards the venous system and motivates a modeling approach.

Finite element models as 1D wave propagation would allow simulating the entire arterial and

venous system while keeping low computational time and flexibility. Using a comprehensive

physiological data-set under orthostatic stress as input, a 1D wave propagation system would allow

going beyond measured parameters and better characterizing fluid shift toward the lower body

especially within the venous system. The goal of this reseach project is to better characterise blood

fluid shift during orthostatic stress by combining hemodynamics parameters during orthostatic

stress and a 1D pulse wave propagation model that will include the effects of gravity on the arterial

and venous system.

2 PHYSIOLOGICAL BACKGROUND

Cardiovascular responses to orthostatic stress have been studied under 45 mmHg LBNP and 70

degrees Head Up Tilt (HUT) [1]. Muscle pump effect that is an influential phenomenon in ortho-

static tolerance via increased venous return and tissue blood perfusion was used to study venous

refilling after they have been emptied by the action of the calf muscle. The in vivo data demon-

strates that muscle pump effect and sudden changes in gravitational stress dramatically increases

the perfusion of the lower limb femoral artery with an initial blood volume flow (BVF) increased

by 6 folds in average and characteristic half-time decay in the order of 5 seconds. It can be as-

sumed that the increased BVF within the arterial side is generated by an increase in the pressure

difference across the capillary bed after HUT and LBNP whereas hyperhemia vasodilation may

increase further BVF after muscle contraction. Unfortunately, these data do not allow determining

the relative importance of the venous valves, perfusion pressure (arterial/venous) and vascular bed

resistance. However wave propagation system can be used to further characterized blood fluid

shift by simulated hemodynamical conditions within the venous system.

Figure 1: Blood volume flow in the femoral artery after a 70 degree haed up tilt (grey area) and

Muscle Contraction (MC1 and MC2). EMG of the calf muscle is represented in red [1].

3 METHODS

After applying orthostatic stress, blood volume flow in the femoral artery is strongly increased due

to the increased perfusion pressure between the arterial and venous system. The increase is due to

the hydrostatic component immediately generated on the arterial side in the legs whereas closing

the venous valves will reduce pressure in the venous side. To simulate the former physiological

response both gravity, an appropriate pressure-volume relationship of the veins and the venous

valves need to are implemented.

A 1D wave propagation model based on Bessems et al [2,3] is used, and gravitational acceleration
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Figure 2: Schematic representation of the 1D finite element model.

term is added to the momentum balance equation such that
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with ρ the blood density, A the vessel cross-sectional area, q the blood volume flow, z the longitu-

dinal coordinate and g the gravity.

A non-linear relationship is used to define vein’s constitutive low that takes into account their

collapsibility properties.

Based on the collapsible tube model proposed by Shapiro et al [4] and the arctangent model of

Langewouters et al [5] , the following formulations are used for cross-sectional area and compli-

ance:
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where Am is the maximum cross-sectional area, ptr is the transmural pressure, p0 is the transition

point and p1 determines the slope of the transition from collapsed to open. p0 is set to zero and p1
is varied to test the model.

The effects of muscle contraction are simulated by increasing external pressure pex up to 50 kPa.

Finally, venous valves are implemented using a high resistive element. First, a model with a single

artery and vein was implemented, see Figure 2. The effects of venous valves are simulated during

a 70 degree Head Up Tilt (HUT) and muscle contraction.

4 RESULTS

Currently, the full model is able to simulate the effect of gravitational stress for the entire arte-

rial system. When simulating a 70 degree head up tilt, a linear hydrostatic pressure gradient is

found. These pressure changes induce variations in cross-sectional area, with a 14% increase in

the femoral artery and a decrease of 5% in the common carotid artery.

The effects of venous valves and muscle contraction were simulated for a single artery and vein

configuration. It is shown that the presence of valves, by preventing backflow, increases the out-

flow induced by the muscle contraction by 30%. This emptying of the vein during the contraction

phase induced an extra blood volume flow coming from the arterial system (as measured in the

former in vivo study) of 40 and 44 ml for a supine and tilted position, respectively.

5 CONCLUSION

The goal of this study is to better characterize blood fluid shift under orthostatic stress using in

vivo data and 1D wave propagation model. Hydrostatic pressure has been simulated in a 1D wave
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Figure 3: Inlet and outlet blood volume flow during and after muscle contraction.

propagation system of systemic arteries and corresponds to in vivo assessments. A collapsible tube

model low and valves elements have been used for a single vein. Muscle contraction was simulated

by increasing external pressure. Increase in venous outflow (venous return) during contraction and

increased arterial inflow (refilling of the vein) during the relaxation phase have been simulated.

We have shown that the model is able to quantitatively reproduce in vivo arterial BVF response

after muscle contraction. However, the obtained blood volume flow increase is lower than the

one measured in vivo. This discrepancy should come from the fact that our model does not take

into account the full hydrostatic column that is present in the lower legs. An integration of the

venous model to a systemic representation is needed; it will additionally allow simulating the

effect of tilting and LBNP. Furthermore, as in vivo data suggest, vasodilation of the capillary

bed after muscle contraction plays an important role in the large blood volume flow increase.

Thus regulatory mechanism of the capillary bed vascular should be implemented. This future

development should allow to better represent in vivo obtained measurements and provide new

information about the relative importance of the different physiological phenomena in fluid shift

towards the lower body. In the future, the validity of the former model will be further tested

against in vivo data provided during short arm centrifuge and parabolic flight experiments that

will provide an extended range of physiological-responses while human performance is pushed to

the limit during space physiology studies.
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