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Artificial gravity has been suggested as a multisystem countermeasure against the negative effects of
weightlessness. However, many questions regarding the appropriate configuration are still unanswered,
including optimal g-level, angular velocity, gravity gradient, and exercise protocol. Mathematical models
can provide unique insight into these questions, particularly when experimental data is very expensive
or difficult to obtain. In this research effort, a cardiovascular lumped-parameter model is developed to
simulate the short-term transient hemodynamic response to artificial gravity exposure combined with
ergometer exercise, using a bicycle mounted on a short-radius centrifuge. The model is thoroughly de-
scribed and preliminary simulations are conducted to show the model capabilities and potential appli-
cations. The model consists of 21 compartments (including systemic circulation, pulmonary circulation,
and a cardiac model), and it also includes the rapid cardiovascular control systems (arterial baroreflex
and cardiopulmonary reflex). In addition, the pressure gradient resulting from short-radius centrifuga-
tion is captured in the model using hydrostatic pressure sources located at each compartment. The model
also includes the cardiovascular effects resulting from exercise such as the muscle pump effect. An initial
set of artificial gravity simulations were implemented using the Massachusetts Institute of Technology
(MIT) Compact-Radius Centrifuge (CRC) configuration. Three centripetal acceleration (artificial gravity)
levels were chosen: 1 g, 1.2 g, and 1.4 g, referenced to the subject's feet. Each simulation lasted 15.5
minutes and included a baseline period, the spin-up process, the ergometer exercise period (5 minutes of
ergometer exercise at 30 W with a simulated pedal cadence of 60 RPM), and the spin-down process.
Results showed that the cardiovascular model is able to predict the cardiovascular dynamics during
gravity changes, as well as the expected steady-state cardiovascular behavior during sustained artificial
gravity and exercise. Further validation of the model was performed using experimental data from the
combined exercise and artificial gravity experiments conducted on the MIT CRC, and these results will be
presented separately in future publications. This unique computational framework can be used to si-
mulate a variety of centrifuge configuration and exercise intensities to improve understanding and in-
form decisions about future implementation of artificial gravity in space.

& 2016 IAA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The cardiovascular system experiences important changes
during spaceflight in response to a weightlessness environment.
These changes include the central fluid shift phenomenon, the
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reduction in total circulation blood volume, and a decrease in
heart size, venous compliance, and baroreflex sensitivity [1–5]. In
general, this adaptation is successful. However, the re-adaptation
process when crewmembers return to a gravity environment is
more problematic, and orthostatic intolerance may occur [6–8].

Several countermeasures are currently in place [1,9]. In general,
they are system specific, focusing on one aspect of human de-
conditioning in space. In particular, cardiovascular counter-
measures include aerobic exercise, fluid loading, the use of leg
cuffs to reduce the amount of fluid shift from the lower ex-
tremities to the upper extremities, and the use of Lower Body
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Negative Pressure (LBNP) that induces a cardiovascular stress [1].
However, despite the variety of countermeasures, their effective-
ness in terms of maintaining preflight levels has not been de-
monstrated, and their specificity and difficult application to sev-
eral physiological systems at the same time makes their use dif-
ficult and time consuming [9–11]. Artificial gravity is seen as an
integrated countermeasure capable of challenging several phy-
siological systems at the same time [10]. In particular, short-radius
centrifugation combined with exercise may be effective against
cardiovascular deconditioning in space [12]. However, the cen-
trifuge configuration still needs to be selected in order to max-
imize its effectiveness. These critical design questions include
g-level, radius, gravity gradient, angular velocity, and exercise
protocol [6,7].

Some of these questions can be resolved using ground ana-
logs, like bed-rest [13–19]. However, others can be approached
using mathematical simulations. An important advantage of
computational modeling is that it allows the exploration of
many different configurations with a large flexibility at a low
computational cost. Guyton was the “pioneer’ of the quantitative
physiological system analysis of circulation regulation. He de-
veloped a large circulatory model with hundreds of equations
used to quantify the different subsystems of the circulation and
their control [20]. His main contributions include (but are not
limited to) the understanding of the interaction between venous
return and cardiac function, the whole body autoregulation,
renal body-fluid feedback mechanism in long-term blood pres-
sure control, graphical analysis of physiological regulation, and
quantitative computer modeling of physiological systems
[21–23]. Although Guyton's work was focused on long-term
steady-state cardiovascular responses, the principles he devel-
oped are still applicable, and are widely used in the field [24].

The cardiovascular system can be modeled using different ap-
proaches depending on the modeling objective and the assump-
tions on the spatial degrees of freedom. Three-dimensional (3D)
models are used when detailed information about the blood flow
in a particular region is needed. In these models, the fluid behavior
is usually described by the Navier–Stokes equations for in-
compressible fluids. Despite the progress of current numerical
methods, the computational cost of these models is very high,
limiting their application to small localized regions. One-dimen-
sional (1D) models assume axial symmetry and only have one
degree of freedom, namely translation along the axial direction.
These models are useful to analyze arterial wave propagation, and
they are described by hyperbolic partial differential equations.
Finally, zero-dimensional models (0D), or lumped-parameter
models, represent the spatial variation in a highly aggregated
manner, as they compartmentalize the cardiovascular system into
discrete functional units. They describe the time evolution of the
pressure and flow in each compartment using ordinary differential
equations [25]. The objective of our modeling effort is to capture
the beat-to-beat, short-term hemodynamic response to artificial
gravity generated by a compact-radius centrifuge. Thus, a lumped-
parameter model is the logical choice, since it provides beat-to-
beat average variables (including pressures, flows, and volumes) at
a low computational cost.

1.1. Modeling orthostatic stress

With regard to the cardiovascular adaptation to gravitational
stress, many computational models have been developed with a
large variety of temporal and spatial resolutions, depending on the
representation and the objective of the model [25,26]. Various
mathematical models investigate the physiological responses to
postural changes, such as active standing [27], head-up tilt [28–
31], or lower body negative pressure [28,32]. Some models were
designed to explain observations seen during human spaceflight
[31,33,34], including the recent Visual Impairment and elevated
Intracranial Pressure (VIIP) syndrome [35].

For our purpose, the cardiovascular model to be developed
needs to have enough compartments to capture the strong hy-
drostatic gradient generated by a compact-radius centrifuge. Heldt
developed a lumped-parameter model using 21 compartments in
order to simulate the short-term (E 5 minutes), transient, beat-to
beat hemodynamic response to gravitational stress, such as head-
up tilt and lower body negative pressure [36]. The hemodynamic
model included the systemic circulation (arterial system, micro-
circulation, and the venous system), the cardiac chambers, and the
pulmonary circulation. The cardiovascular systemwas represented
by seventeen vascular and four cardiac compartments grouped
into four main sections: head and arms, thorax, abdomen, and
legs. The full 21-compartment model is shown in Fig. 1 and is
currently incorporated in the expanded research version of CVSim,
a computational platform developed at the Harvard-MIT Division
of Health Science and Technology [37]. Parameters such as com-
pliance, volume, resistance, or vascular length (to determine the
hydrostatic pressure) were estimated from the literature [36]. The
model also incorporated the arterial baroreflex and the cardio-
pulmonary reflex to maintain blood pressure homeostasis during
orthostatic stress. Based on the 21-compartment model developed
by Heldt, Zamanian built a lumped-parameter hemodynamic
model for the cardiovascular response to centrifugation [38]. This
new model introduced the simulation of the hydrostatic pressure
resulting from centrifugation as well as a model for the collapsi-
bility of blood vessels under high orthostatic stress (negative
transmural pressure). Simulations at 11.6 rpm, 22.9 rpm, and
29.4 rpm were validated with experimental measurements con-
ducted in the Man Vehicle Laboratory using the MIT short-radius
centrifuge.

Despite the broad range of applications, to our knowledge, no
previous computational models have been applicable to exercise in
altered gravity environments. In the current modeling effort, Heldt's
and Zamanian's approaches are combined and upgraded with a new
exercise module to develop a unique cardiovascular model capable of
capturing the short-term, beat-to-beat hemodynamic responses to
artificial gravity generated by a compact-radius centrifuge combined
with lower-body ergometer (i.e. cycling) exercise. In the following
sections, the mathematical details of the model are described so it
can be reproduced by the reader. Additionally, a series of preliminary
simulations are presented and discussed to show the model cap-
abilities and potential applications.
2. Modeling approach

The cardiovascular system can be represented as a fluid vessel
network with regulatory control systems. This fluid network can
also be represented by electric circuit analogs [36,38,39]. Thus, the
cardiovascular system can be represented by a series of vascular
segments modeled by electric circuit blocks or compartments. The
model developed by Heldt [36] and used in this work consists of
fifteen compartments representing the systemic circulation, four
compartments representing the cardiac chambers, and two com-
partments representing the pulmonary circulation. In addition, the
model includes the two major reflex mechanisms concerning the
short-term hemodynamic response to orthostatic stress, namely
the arterial baroreflex and the cardiopulmonary reflex.

Centrifugation using a short-radius centrifuge induces a sig-
nificant orthostatic stress in the cardiovascular system. The arti-
ficial gravity induces both a primary rapid fluid shift from the
upper body to the lower extremities, and a secondary slower fluid
shift from the intravascular to the interstitial fluid compartment.



Fig. 1. Circuit representation of the 21-compartment cardiovascular model, composed of 4 sections: head and arms, thorax, abdomen, and legs. Four microvascular
resistances are also included: upper body Rub, kidneys Rrc , splanchnic Rsc , and legs Rlc . Figure modified from Heldt [36].
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These shifts induce a cardiovascular state of central hypovolemia
that triggers the regulatory mechanisms to counteract the reduc-
tion in blood pressure and central blood volume. These effects of
centrifugation were modeled by Zamanian [38] and are in-
corporated in the model described here.

Lastly, exercise has a significant impact in the cardiovascular
system. Exercise increases cardiac output and blood flow to the
exercising muscles, located in the legs in the case of lower-body
ergometer exercise. This effect is accompanied by a decrease in
peripheral resistance in the working muscles to facilitate the at-
tainment of the new and more demanding muscle metabolic
needs. Other exercise effects are related to muscular contraction,
such as the muscle-pump effect, which facilitates venous return,
and the increase in intra-abdominal pressure. These effects, which
were already considered by Heldt to some extent [36], are also
incorporated in the model and they are further described in the
following sections.

2.1. Systemic circulation

A single vascular segment is represented using the electric
circuit analog show in Fig. 2. The compartment is characterized by
an inflow resistance Rn, an outflow resistance +Rn 1, and the pres-
sure-volume relationship ( − )V P Pn n e , or the capacity of the segment
to store volume Vn given a transmural pressure ∆ = −P P Pn e.
Fig. 2. Single compartment circuit representation [36].
In Fig. 2, − +P P P, ,n n n1 1 are the compartment pressures; Ph is the
hydrostatic pressure; Pe is the external pressure (such as the intra-
thoracic pressure, intra-abdominal pressure, or the muscle-pump
pressure); +q q q, ,n n c1 are the flow rates; Vn is the compartment
volume; and +R R,n n 1 are the flow resistances. The flows are cal-
culated using the following constitutive relations:
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is defined as incremental compliance Cn, that may be a

function of transmural pressure.
In Heldt's model, the systemic circulation is represented by

fifteen compartments, connected in series and parallel, re-
presenting three different functional units: the arterial system
(aorta and arteries), the micro-circulation (arterioles and capil-
laries), and the venous system (venules, veins, and venae cavae).
Thus, the entire model is described by a set of coupled first-order
differential equations. The model architecture is shown in Fig. 1.
The circulation is divided in four vascular beds. The upper body
comprises the circulation of the head, the neck and upper ex-
tremities, and this accounts for 10% of total skeletal muscle mass,
one third of the blood supply to the skin, and one half of the blood
supply to the skeleton. The renal compartment represents the
kidneys and the adrenal glands. The splanchnic compartment in-
cludes the gastrointestinal track, one third of the skin, and one half



Table 2
Parameter values assigned to the systemic microvascular resistances.

Parameter Units Microcirculation

Upper body Rub Kidneys Rrc Splanchnic Rsc Legs Rlc

R PRU 3.3 4.1 2.4 3.9

Table 3
Parameter Vmax (distending volume limit of the compartment) corresponding to the
non-linear compartments.

Parameter Units Compartment index

11 13 14

Vmax ml 1500 1000 650

Fig. 3. Circuit representing the atrial and ventricular cardiac compartments. Figure
taken from Heldt [36].
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of the adipose tissue. Lastly, the leg compartment comprises the
lower extremities and the pelvic circulation. This accounts for 90%
of the skeletal muscle, one half of the skeleton, one third of the
skin, one half of the adipose tissue, and the pelvic organs [36].

Some parts of the systemic circulation show non-linear beha-
viors. For example, certain segments of the venous circulation only
allow unidirectional flow due to the presence of unidirectional
valves. Thus, unidirectional diodes are included in the compart-
ments representing those regions, namely the venous upper body
(compartment 4) and the venous leg circulation (compartment 13).
The cardiac compartments also include unidirectional diodes re-
presenting the cardiac valves. Under certain conditions of ortho-
static stress, pressure-volume relationships in some venous circu-
lation regions can reach regimes where they show a non-linear
behavior. Generally, blood vessels operate in the linear range (low
transmural pressures), but at high transmural pressures, the com-
pliance decreases and the vessel can reach the elastic limit. There-
fore, the following non-linear relation between total volume, Vt , and
transmural pressure, ∆P , is implemented in the compartments
likely to be exposed to these non-linear regimes, namely the
splanchnic (compartment 11), leg (compartment 13), and abdom-
inal (compartment 14) venous compartments:

⎛
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⎠⎟π
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V

arc
C
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2
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where Vmax is the distending volume limit of the compartment, C0 is
the vascular compliance at zero transmural pressure, and V0 is the
venous unstressed volume or zero-pressure filling volume.

The numerical values assigned to all the physical parameters
were estimated by Heldt based on the literature. In the model de-
scription, Heldt includes a very detailed discussion about the ra-
tionale of all these choices [36]. For each compartment, these
parameters include values for resistance R, compliance C, zero-
pressure filling volume V0, and anatomical vertical length lv (su-
perior-to-inferior extension of the vascular segment). The leg ana-
tomical vertical lengths lv12 and lv13 were adjusted to take into
account the shorter configuration of the MIT centrifuge. In addition,
the microvascular resistance values are also provided. Tables 1, 2,
and 3 summarize the parameters of the systemic circulation.

2.2. Cardiac model

The four cardiac chambers are represented using time-varying
elastance models proposed by Heldt [36]. Both the right heart
(right atrium and right ventricle) and the left heart (left atrium
and left ventricle) are modeled using the same circuit re-
presentation, shown in Fig. 3. The diodes represent the unidirec-
tional nature of the blood flow in the cardiac chambers; −Ra v is the
resistance due to the cardiac valves (tricuspid valve in the right
heart, mitral valve in the left heart); Pa and Pv are the atrial and
ventricular pressures; ( )C ta and ( )C tv are the atrial and ventricular
capacitances; ( )E ta and ( )E tv are the atrial and ventricular
elastances; and the time-varying pressure source Pth is the
Table 1
Parameter values assigned to the systemic arterial compartments (1, 2, 3, 6, 7, 8, 10, and 1
compliance C, zero-pressure filling volume V0, resistance R, and anatomical vertical len

Parameter Units Compartment index

1 2 3 4 5 6

C ml
mmHg

0.28 0.13 0.42 7 1.3 0.21

V0 ml 21 5 200 645 16 16
R PRU 0.007 0.003 0.014 0.11 0.028 0.011
lv cm 10.0 4.5 20.0 20.0 14.5 16.0
intrathoracic pressure.
The normalized time-varying elastances for each one for the

four cardiac chambers were taken to be identical, but each one
scaled appropriately to account for the different end-systolic and
end-diastolic compliances. Fig. 4 depicts the normalized time-
varying elastance of the human left ventricle. The time-varying
elastance in each one of the four chambers is modeled using the
equation below, where the time interval of diastolic relaxation Td

r

is assumed to be one half of the systolic time interval Ts.
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Ed and Ees are the diastolic elastance and end-systolic elastances
respectively, and they take different values depending on the
cardiac chamber. Table 4 summarizes the model parameters of the
cardiac compartments.

The cardiac timing parameters include the atrial and ven-
tricular systole duration, TS

a and TS
v, as well as the “P–R interval”, i.e.

the delay between the onset of the atrial and ventricular con-
traction −Ta v. Their values are assumed to be proportional to the
square root of the R–R interval length (inter-beat interval) TRR [36],
2) and systemic venous compartments (4, 5, 9, 11, 13, 14, and 15). Parameters include
gth lv (superior-to-inferior extension of the vascular segment).

7 8 9 10 11 12 13 14 15

0.10 0.21 5 0.42 50 0.42 27 1.3 0.5

10 20 30 300 1146 200 716 79 33
0.010 0.010 0.11 0.07 0.07 0.09 0.10 0.019 0.008
14.5 0.0 0.0 10.0 10.0 85.0 85.0 14.5 6.0



Fig. 4. Normalized time-varying elastance. Ts: systolic time interval; Td
r: time in-

terval of diastolic relaxation. Figure taken from Heldt [36].

Table 4
Cardiac parameters: Ed: diastolic elastance; Ees: end-systolic elastance; V0: zero-
pressure filling volume; −Ra v: resistance between atria and ventricles (right heart:
tricuspid valve; left heart: mitral valve) Values taken from Heldt [36].

Parameter Units Right heart Left heart

Atrium Ventricle Atrium Ventricle

Ees mm Hg
ml

0.74 1.3 0.61 2.5

Ed mm Hg
ml

0.3 0.07 0.5 0.13

V0 ml 14 46 24 55

−Ra v PRU 0.006 0.010

Table 5
Time parameters for the cardiac model: TS

a: atrial systole duration; TS
v: ventricular

systole duration; −Ta v: delay between the onset of the atrial and ventricular con-
traction. TRR: R–R interval length. Values taken from Heldt [36].

Parameter Units TS
a TS

v −Ta v

Time s T0.2 RR T0.3 RR T0.12 RR

Table 6
Pulmonary circulation parameters: C: compliance, V0: zero-pressure filling volume,
R: resistance, and Rpv: pulmonary microcirculation.

Parameter Units Pulmonary arteries Pulmonary veins

C ml
mmHg

3.4 9.0

V0 ml 160 430
R PRU 0.006 0.006
Rpv PRU 0.07
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and they are summarized in Table 5.
The generation of heartbeats is represented using an Integral

Pulse Frequency Modulation (IPFM) model [36,38,40]. The model
represents the dynamics of the transmembrane potential ( )M t ,
whose value at time t depends on the cumulative automaticity and
the contribution of neural control (i.e. sympathetic or para-
sympathetic activity) since the last heartbeat or cardiac excitation
time −t 1k .

∫ ∫ ( )( ) = ( ) = + ( )
− −

M t m t dt m m t dt
t

t

t

t

r
1 1

0
k k

where m0 corresponds to the automaticity, and ( )m tr represents the
neural input from the arterial baroreflex control system. A new
heartbeat occurs when the transmembrane potential ( )M t reaches a
predefined threshold potential Γ , and the time since the previous
heartbeat is at least one fifth of the preceding cardiac cycle length.
This last constraint represents the absolute refractory period of the
heart cells. Therefore, the heartbeat occurs at tk when:

∫ ( )( ) = ≥Γ
−

m t dt M t and
t

t

k
1k

k

( )− ≥ −− − −t t t t0. 2k k k k1 1 2

The automaticity m0 is assumed to be constant, which leads to
a constant heart rate in the absence of neural input from the
sympathetic or parasympathetic control system. Then, the baror-
eceptor input can either increase (via sympathetic stimulation) or
decrease (via parasympathetic stimulation) the slope of the
transmembrane potential, increasing or decreasing the generation
rate of heartbeats. The function ( )m t is defined as the inverse of
the instantaneous R–R interval ( )I t :

( )=
( )

=
+∆ ( )

m t
I t I I t
1 1

AB0

where I0 is the nominal R–R interval, and ∆ ( )I tAB represents the
control input from the baroreceptor control system. The nominal
heart rate is 67 beats/min and the threshold potential Γ is equal to 1.

2.3. Pulmonary circulation

The pulmonary circulation is represented by one arterial com-
partment and one venous compartment connected in series by the
pulmonary microcirculation Rpv. The parameters for the pulmon-
ary circulation are shown in Table 6.

2.4. Control systems

The cardiovascular system must assure the delivery of oxygen
and nutrients to all parts of the body, as well as the removal of
waste. These mechanisms need to be maintained even in the
presence of cardiovascular stress such as orthostatic stress due to
centrifugation. The arterial baroreflex and the cardiopulmonary
reflex are the two major neurally-mediated reflex mechanisms
responsible for the short-term hemodynamic response, assuring a
proper regulation of the cardiovascular system.

The arterial baroreceptors are stretch receptors located in the
aortic arch and carotid sinus, and their main function is to regulate
arterial blood pressure. These pressure sensors respond to stretching
so that if arterial pressure increases, the arterial wall expands
causing an increase in the firing rate of action potentials. Similarly, if
pressure suddenly decreases the firing rate of action potentials de-
creases. These signals travel to the nucleus tractus solitarious (NTS),
which is located in the medulla of the brainstem, through two sets
of nerves: the glossopharyngeal nerves (carotid sinus reflex) and the
vagus nerves (aortic arch reflex). Integrating the autonomic re-
sponses, the NTS regulates both the sympathetic and para-
sympathetic activity using efferent pathways to various organs [41].

The cardiopulmonary receptors are located in the atria and the
pulmonary arteries. They respond to increases in blood pressure in
these low-pressure areas caused by an increase in volume. Thus,
when blood volume increases in these areas, the information
travels through the vagal afferent nerves to the medulla, leading to
a reduction in efferent sympathetic activity [36,38,41]. In addition,
the cardiopulmonary reflex is related to the long-term neuro-
humeral regulation. Stretch of the atria causes an increase of atrial
natriuretic peptide (APN), a powerful vasodilator, and a decrease in
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the secretion of antidiuretic hormone (ADH), causing loss of fluid
through urine.

Each reflex mechanism can be represented using a negative
feedback loop and a reference pressure [38]. The feedback error
signal between the corresponding sensor pressure (either arterial
or cardiopulmonary receptors) and the reference pressure is fed to
the sympathetic and parasympathetic system (using the appro-
priate filtering) before constituting the neurally-mediated global
reflex contribution to the corresponding effector variables, in-
cluding heart rate, heart rate contractility, vascular resistance, and
venous tone. A schematic of the cardiovascular control system
implemented in the model is shown in Fig. 5.

2.4.1. Modeling the arterial baroreflex
The arterial baroreceptor mechanism is represented using a ne-

gative feedback loop and an arterial pressure set-point PA
spas the

reference pressure. Only one lumped baroreceptor in the carotid si-
nus is considered, and it is assumed to be located 25 cm above the
location of the heart (represented by the aortic arch pressure P1).
Thus, taking into account the hydrostatic column due to short-radius
centrifugation, the carotid sinus pressure PCS (mmHg) is defined as:

( )ρ ω= − ⋅ ⋅ ( )⋅ ( + ) −P P t d d
1
2

25CS 1
2 2 2

where d is the distance between the head and the center of rotation
measured in cm, ρ is the blood density in mmHg

1 /s cm2 2
, and ω ( )t is the

angular velocity of the centrifuge in rad/s. The feedback error signal
( )e tAB is then calculated by subtracting the arterial pressure set-point

PA
sp from the carotid sinus pressure PCS , and scaling the resultant

signal appropriately [36,38]:

⎛
⎝⎜

⎞
⎠⎟( ) = ⋅

−
e t arc

P P
18 tan

18AB
CS A

sp

In nominal conditions (no exercise), the value of the arterial
pressure set-point PA

sp is 95 mmHg.
The sympathetic and parasympathetic control systems are

modeled as two linear time-invariant (LTI) filters, as proposed by
Samar [42] and later used by Zamanian [38]. The sympathetic filter
is represented using a triangular impulse response function, which
is parameterized in terms of three timing variables: a delay, a
peak, and an end. The transfer function used for the sympathetic
filter is given by:

( ) = + +− − −s s
s

e
s

e
s

e
1

42
1

75
1

300
s s s

2
2

2
5

2
30
Fig. 5. Cardiovascular control system. ∆ ( )P tAB , ∆ ( )P tCP : arterial baroreceptors and ca
corresponding to a delay of 2 s, a peak of 5 s, and an end of 30 s
(values taken from Samar [42]).

Samar [42] also proposed to represent the parasympathetic
transfer function as a simple gain with zero delay. This approx-
imation is valid due to the relatively rapid response of the para-
sympathetic system and its small time delay of less than one
second. Therefore, the parasympathetic filter is given by:

( ) =p s 1

The contribution of the autonomic control system to the ef-
fector variables is obtained by convolving the error signal with a
linear combination of the sympathetic and parasympathetic con-
trol filters. The gains of the filters are specific to each effector
variable. The arterial baroreflex contribution is then added to the
cardiopulmonary reflex contribution (see following section) to
constitute the total neurally-mediated global reflex contribution to
each effector variable. The effector variables taken into account in
the arterial baroreflex model are heart rate, heart contractility,
arterial resistance, and venous unstressed volume [36]. Fig. 6
shows a diagrammatic representation of the arterial baroreflex
central nervous processing. The gain values for the arterial bar-
oreflex model are taken from Heldt's model [36] and later used by
Zamanian [38]. They are summarized in Table 7.

2.4.2. Modeling the cardiopulmonary reflex
The cardiopulmonary reflex is also represented by a negative

feedback loop, using a pressure set-point PCP
sp as the reference pres-

sure. The variable measured is the transmural right atrial pressure
∆PRA. The feedback error signal ( )e tCP is then calculated by sub-
tracting the set-point pressure PCP

sp from the transmural right atrial
pressure ∆PRA, and scaling the resultant signal appropriately [36,38]:

⎛
⎝⎜

⎞
⎠⎟( ) = ⋅

∆ −
e t arc

P P
5 tan

5CP
RA CP

sp

where the reference pressure PCP
sp is set to 5 mmHg.

The contribution of the cardiopulmonary reflex to the effector
variables is obtained using a similar process to the case of the
arterial baroreflex. The cardiopulmonary error signal is fed to the
sympathetic and parasympathetic filters previously described, and
specific gains are applied to each effector variable. Finally, the
cardiopulmonary contribution is added to the arterial baroreflex
contribution to constitute the total neurally-mediated global reflex
contribution to each effector variable. The effector variables taken
into account in the cardiopulmonary reflex model are arterial re-
sistance and venous unstressed volume [36]. The gain values are
rdiopulmonary receptors transmural pressures (figure adapted from [36,38,42]).



Fig. 6. Arterial baroreflex block diagram of the central nervous processing for an effector variable X. Parameters include eAB (t): feedback error signal; s(t), p(t): sympathetic
and parasympathetic control filters; GX

s , GX
p: sympathetic and parasympathetic gain values for effector variable X; ΔXAB, ΔXCP: arterial baroreceptor and cardiopulmonary

receptor contributions to the effector variable X; X0: initial value of effector variable X; X(t): current value of effector variable X (adapted from Zamanian [38]).

Table 7
Sympathetic Gs and Parasympathetic Gp gain values for the arterial baroreflex
model. Values taken from Heldt [36] and Zamanian [38].

Reflex arc Units Gs G p

R–R Interval ms
mm Hg

9 9

Left ventricular contractility Cls ml

mm Hg2
0.007 0

Right ventricular contractility Crs ml

mm Hg2
0.022 0

Upper body arterial resistance Rub PRU
mm Hg

�0.05 0

Renal circulation arterial resistance Rrc PRU
mm Hg

�0.05 0

Splanchnic circulation arterial resistance Rsc PRU
mm Hg

�0.05 0

Leg circulation arterial resistance Rlc PRU
mm Hg

�0.05 0

Upper body venous unstressed volume Vub ml
mm Hg

5 0

Renal venous unstressed volume Vrc ml
mm Hg

2 0

Splanchnic venous unstressed volume Vsc ml
mm Hg

13 0

Leg venous unstressed volume Vlc ml
mm Hg

7 0

Table 8
Sympathetic Gs and Parasympathetic Gp gain values for the cardiopulmonary reflex
model. Values taken from Heldt [36] and Zamanian [38].

Reflex arc Units Gs G p

Upper body arterial resistance Rub PRU
mm Hg

�0.05 0

Renal circulation arterial resistance Rrc PRU
mm Hg

�0.05 0

Splanchnic circulation arterial resistance Rsc PRU
mm Hg

�0.05 0

Leg circulation arterial resistance Rlc PRU
mm Hg

�0.05 0

Upper body venous unstressed volume Vub ml
mm Hg

13 0

Renal venous unstressed volume Vrc ml
mm Hg

3 0

Splanchnic venous unstressed volume Vsc ml
mm Hg

64 0

Leg venous unstressed volume Vlc ml
mm Hg

30 0

Fig. 7. Pressure sources accounting for the hydrostatic pressure resulting from
centrifugation.

Fig. 8. Example of the subject configuration on the centrifuge and positioning of
the leg compartment. The angular velocity ω has been depicted at the center of
rotation of the centrifuge. The inlet radius Ri is the distance between the superior
end of the compartment and the center of rotation, and the outlet radius Ro is
defined as the sum of the effective height of the compartment and the inlet radius.
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taken from Heldt's model [36] and later used by Zamanian [38].
They are summarized in Table 8.

2.5. Modeling centrifugation

The effects of centrifugation are represented by changes in
hydrostatic pressure, changes in intra-thoracic pressure, and
changes in total blood volume.

The effect of orthostatic stress is primarily represented by
pressure sources, Ph, to account for the hydrostatic pressure re-
sulting from centrifugation. These pressure sources are positio-
ned in series within each compartment (see Fig. 7) and their
magnitudes depend on the subject positioning on the centrifuge,
particularly on the distance between each cardiovascular com-
partment and the center of rotation of the centrifuge. A mathe-
matical expression for the hydrostatic pressure is given below and
in Fig. 7:

∫ ρ ω ρ ω ρω( ) = · ( )· = · ( )· = ( )·( − )P t t dr t
r

t R R
2

1
2h

R

R

R

R

o i
2 2

2
2 2 2

i

o

i

0

where ω ( )t is the angular velocity of the centrifuge, ρ is the blood
density, the inlet radius Ri is the distance between the superior
end of the compartment and the center of rotation, and the outlet
radius Ro is the sum of the effective height of the compartment
and the inlet radius. The effective height is assumed to be one half
of the anatomical vertical length for each compartment, except the
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leg compartments where the effective length is defined as a third
of the anatomical vertical length. As an example, Fig. 8 shows a
subject lying down on a centrifuge with the feet pointing at the
rim of the centrifuge (radially outward direction). The leg com-
partment is located at a distance Ri from the center of rotation, and
its effective height is = − =h R R llef o i v legs

1
3

.
Intra-thoracic pressure also changes during orthostatic stress

due to the weight of the liver being pulled down in the thoracic
compartment [38,43,44]. Based on Heldt's model [36], the intra-
thoracic pressure ( )P tth during centrifugation is given by:

ω ω( ) = − ⋅( + ) ⋅ ⋅ ( )P t P
r h

g
t3.5th th

max
2 2

2
2

0

where =r 55 cm corresponding to the location of the liver in the
thoracic compartment; h is the distance from the head to the
center of rotation of the centrifuge in cm; and ω ( )t is the angular
velocity. The nominal intra-thoracic pressure Pth0 is set to
�4 mmHg.

Orthostatic stress causes an increase in transcapillary fluid flow
in the dependent vasculature and, as a consequence, a net de-
crease in intravascular volume. Changes in hydrostatic pressure
alter the equilibrium between oncotic and hydrostatic gradients,
directly affecting transcapillary fluid exchange. Based on previous
studies about transcapillary flow during orthostatic stress, Heldt
characterized this phenomenon using additional RC compart-
ments. The transcapillary flow is solved analytically based on the
orthostatic stress profile using the equations described in Appen-
dix A. The solution of the equations depend on two parameters:
the time constant τ = RC and the maximum interstitial volume
change =V P Cmax h . For upright tilt and stand test simulations, Heldt
proposed a time constant τ = min4.6 , value that we maintained
for our centrifuge simulations. Lastly, using Heldt and Zamanian's
approaches, the maximum interstitial volume change Vmax during
centrifugation is given by:

ω= ⋅( + )⋅
⋅ ( )

V
r h

300 ml
g sin 85max

max
2

where =r 55 cm corresponds again to the thoracic compartment;
h is the distance from the head to the center of rotation of the
centrifuge in cm; and ω ( )t is the angular velocity.

Once the equations are solved, the transcapillary flow is simply
subtracted from the venous return at the selected compartments
where this phenomenon is significant, namely splanchnic venous
(number 11), leg venous (number 13), and abdominal venous
Fig. 9. Exercise effects inco
(number 14) compartments. The fractions of interstitial volume
and interstitial flow assigned to each compartment are defined as
follows:

( ) =
∑

⋅ ( )V t
P

P
V tn h

n

i h
i

( ) =
∑

⋅ ( )q t
P

P
q tn h

n

i h
i

where Ph
n is the hydrostatic pressure in the nth compartment

(either 11, 13, or 14); and ∑ Pi h
i is the sum of the hydrostatic

pressures of the three compartments (11, 13, and 14).

2.6. Modeling exercise

One of the primary effects of exercise on the cardiovascular
system is the large increase in the blood flow to the muscle groups
that are exercising [36,41]. During exercise, blood flow through
skeletal muscle can increase from 3–4 ml/min per 100 g of muscle
(average during rest) to 50–80 ml/min per 100 g of muscle [41].
Three major processes (although all three are interconnected)
occur in the circulatory system to supply the increased blood flow
required by the muscles: mass sympathetic discharge through the
body, increase in arterial pressure, and increase in cardiac output.
Other effects of lower-body ergometer exercise include the pump
effect of the leg muscles and the increase in intra-abdominal
pressure due to the contraction of the abdominal muscles.

In the proposed cardiovascular model, the exercise effects are
modeled using four mechanisms: the increase in blood pressure,
the increase in blood flow to the exercising muscles due to a de-
crease in resistance, the action of muscle pumps, and the increase
in intra-abdominal pressure. These effects are summarized in
Fig. 9.

2.6.1. Increase in arterial blood pressure
In order to capture the effects of increased blood pressure

during exercise, an exercise control system is incorporated using a
set-point model [36]. The desired exercise workload sets a pre-
defined set-point pressure of the arterial baroreflex PA

sp. Thus, this
is an adjustable parameter as a function of exercise intensity.
Consequently, the model accounts for changes related to sympa-
thetic activity, namely, increase in heart rate, increase in heart
contractility, increase in arterial resistance (except in the active
rporated in the model.
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muscles), and increase in venous tone (decrease in venous zero
pressure filling volume).

2.6.2. Decrease in leg arterial resistance
The increase in leg blood flow during ergometer exercise is

simulated by disconnecting the leg resistance from the baroreceptor
and cardiopulmonary control at the onset of exercise and decreasing
it according to:

( )( )= + − ( − )τ− − −R t R R R e1lc lc lf lc
t/

where −Rlc is the leg vascular resistance immediately before the
onset of an exercise phase, Rlf is the final leg vascular resistance for a
given exercise intensity, and τ is a time constant. The other three
microvascular resistances (upper body Rub, kidneys Rrc, and
splanchnic Rsc) are also disconnected from the baroreflex and car-
diopulmonary reflexes and their values are also adjusted to simu-
late the decrease in total peripheral resistance due to the ergometer
exercise. These parameters are chosen manually based on previous
experimental data [45,46]. For future simulations, the microvascular
resistances remain fully adjustable to simulate different exercise
conditions or intensities.

2.6.3. Increase in muscle leg pump
The action of the leg muscle pump during cycling is simulated

by varying the external pressure at the venous leg compartment,
assuming an ergometer exercise protocol cycling at 1 rev/s. The
external pressure is represented according to:
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where Pmax
pump is the maximal external pressure and it depends on

the exercise workload. Fig. 10 depicts an example of the muscle
pump modeling, using Pmax

pump¼20 mmHg.
In addition to the periodic muscle pump effect during cycling, a

constant external pressure Pspin is also added during the centrifuga-
tion periods with no exercise to take into account the activation of
the leg muscles when subjects are being pushed against the pedals.

2.6.4. Increase in intra-abdominal pressure
The increase in intra-abdominal pressure is represented by an

increase in external pressure on the abdominal compartments
(compartments 7, 8, 9, 10, 11, and 14). The external pressure is
represented according to:
Fig. 10. Example of external pressure due to the muscle pump effect where the
maximal external pressure has been set to 20 mmHg. The cycling cadence is 1 rev/s.
= ( − )τ− ^P P e1ext
abd

max
abd t/

where τ̂ is a time constant and Pmax
abd is the maximal external

pressure, which depends on the exercise workload.

2.7. Platform

The cardiovascular model is developed in Matlab Simulink, and
it builds upon the previous model developed by Zamanian [38]. In
order to avoid problematic numerical errors, the state variable is
chosen to be the compartmental distending volume ( )V td . There-
fore, the state equation for the compartment n becomes:

( )= −d
dt

V t q qdn in outn n

where qinn
and qoutn correspond to the inward and outward com-

partmental flow respectively.
The model runs using the variable-step solver ode23t with a

maximum step size of 0.01 s. The initial conditions are calculated
using the methodology first implement by David [47], and further
developed by Zamanian [38]. The equations are reproduced in
Appendix B. This methodology uses a non-linear system of 23 al-
gebraic equations based on first principles to solve for luminal
pressures in the compartments and from them, the initial com-
partmental volumes.
3. Simulation inputs

3.1. Centrifuge configuration

An initial set of simulations was performed to explore the
cardiovascular responses to ergometer exercise under different
levels of centrifugation, using the MIT CRC as the centrifuge con-
figuration. One of the main characteristics of this centrifuge is that
it has been constrained to a radius of 1.4 meters, the upper radial
limit for a centrifuge to fit within the Permanent Multipurpose
Module (PMM) on-board the International Space Station (ISS). In
addition, an ergometer exercise device has been incorporated and
therefore, subjects can cycle at the same time as they are being
centrifuged. More details of the centrifuge configuration are pub-
lished elsewhere [48]. Fig. 11 shows the subject positioning on the
MIT CRC, which is the configuration that has been taken into ac-
count for the simulations. It can be appreciated the bended pos-
ture of the subject to be able to fit into a 1.4 m radius centrifuge.
The final positioning of the subject on the centrifuge is important,
since this ultimately defines the distances between each
Fig. 11. Subject positioning on the MIT centrifuge. This same configuration was
taken into account during the simulations. Figure taken from Diaz [48].



Table 9
Values for inlet radii Ri and outlet radii Ro for all compartments. Subject's head is
assumed to be located at the center of rotation (h ¼ 0 cm).

Compartment index Ri (cm) Ro (cm)

1 24.5 29.5
2 20 22.25
3 0 10
4 0 10
5 20 27.25
6 24.5 32.5
7 40.5 47.75
8 55 55
9 55 55

10 55 60
11 55 60
12 55 83.3
13 55 83.3
14 40.5 47.75
15 34.5 37.5

Fig. 12. Angular velocity profile in each one of the three simulations: 1g condition
(28.6 RPM), 1.2g condition (31.4 RPM), and 1.4g condition (33.9 RPM). G-levels are
referenced to the subject's feet.

Fig. 13. Exercise protocol.

Table 10
Input parameters in the different conditions. The baseline simulation refers to the
period where there is no exercise or G-level. The rest of the columns (1g, 1.2g, and 1.4g)
show the value of the parameters right after the spin-up process (Pspin), or during the

exercise period at 30W (PA
sp, Pmax

pump, Pmax
abd , and resistances Rlf , Rub, Rrc , Rsc).

Baseline simulation 1g 1.2g 1.4g

PA
sp (mmHg) 95 127 130 134

Pspin (mmHg) 0 20 25 30

Pmax
pump(mmHg) 0 54 71 87

Pmax
abd (mmHg) 0 2.5 2.5 2.5

Rlf (PRU) 3.9 1 0.95 0.90

Rub (PRU) 3.3 4.5 4.5 4.5
Rrc (PRU) 4.1 4.7 4.7 4.7
Rsc (PRU) 2.4 3.6 3.6 3.6

Fig. 14. Leg external pressure due to muscle pump during the 1g simulation.
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cardiovascular compartment and the center of rotation of the
centrifuge, and therefore, the hydrostatic pressure in each com-
partment during rotation. Assuming the subject has his/her head
at the center of rotation (h ¼ 0 cm), the inlet radii Ri and the outlet
radii Ro for all compartments are shown in Table 9.

3.2. Artificial gravity and exercise profiles

Three levels of artificial gravity were chosen: 1g, 1.2g, and 1.4g
referenced to the subject's feet. These levels correspond to simu-
lated angular velocities of 28.6 RPM (1g condition), 31.4 RPM (1.2g
condition), and 33.9 RPM (1.4g condition).
Each of the simulations lasted 15.5 min, including a baseline

period (3 min with no rotation or exercise), the spin-up process
(120 s), the exercise protocol, and the spin-down process (60 s).
The exercise protocol consisted primarily of 5 min of ergometer
exercise at 30 W of power with a simulated pedal cadence of
60 RPM. Workload transitions were incorporated over 60 s. Fig. 12
depicts the angular velocity profiles in each one of the conditions,
and Fig. 13 shows the overall exercise protocol and the specific
timeline of the different phases.

3.3. Model parameters

Several parameters were adjusted in each one of the simulated
conditions. These parameters include arterial pressure set-point
( PA

sp, in mmHg), leg external pressure after spin-up ( Pspin, in
mmHg), maximal leg external pressure during exercise (Pmax

pump, in
mmHg), maximal intra-abdominal pressure (Pmax

abd , in mmHg), and
the four microvascular resistances: legs Rlf , upper body Rub, kid-
neys Rrc, and splanchnic Rsc. These values were selected based on
previous experimental data and simulations reported elsewhere
[45,46]. Table 10 summarizes the input parameters of the cardio-
vascular simulations in the different conditions, including their
baseline value with no exercise or centrifugation. The arterial
pressure set-point PA

sp increased slightly according to the cen-
trifugation level to counteract the effects of a higher gravity level.
Similarly, the maximal leg external pressure Pmax

pump and the leg
external pressure after spin Pspin, were slightly larger at faster
centrifugation rates due to the higher foot forces generated at
higher artificial gravity levels.

As an example, Fig. 14 shows the external pressure exerted by
the leg muscles during the simulation at 1 g. The exercise period
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corresponded to the filled portions of the graph (pressure attained
periodically Pmax

pump and 0 mmHg). The workload transition at the
beginning of the ergometer exercise was simulated using an ex-
ponential function to better capture experimental behavior, using
a time constant based on previous experimental data [45,46]. The
workload transition at the end of the exercise was represented as a
linear function. Furthermore, a constant pressure of
Pspin¼20 mmHg was also added during the centrifugation period
with no exercise (after spin-up and before the exercise phase) to
simulate the leg muscle activation while subjects are being pushed
against the pedals of the cycle ergometer due to the presence of
artificial gravity. This pressure Pspin was gradually increased during
the spin-up phase according to the increase in artificial gravity
during this period.

Finally, the total blood volume used in the simulations was
=V 5150 mltot . This number was based on the assumption that, in

the human body, there are 75 ml of blood per Kg of mass
[28,49,50]. Therefore, a total blood volume of 5150 ml corresponds
to a subject of approximately 69 Kg. The total zero-pressure filling
volume was =V 4166 mltotal

0 .
4. Simulation results

Figs. 15 and 16 show the different cardiovascular variables
during the simulated 15.5-min exercise protocol at the various
levels of centrifugation. Cardiovascular variables include heart
rate, mean blood pressure, systolic blood pressure, diastolic blood
pressure, stroke volume, cardiac output, vascular resistance, and
pulse pressure (defined as the difference between systolic and
diastolic blood pressure).
Fig. 15. Cardiovascular variables (Heart Rate, Mean Blood Pressure, Systolic Blood Pressu
each one of the three artificial gravity conditions: 1g (blue line), 1.2g (orange line), and 1
assumed to be located at the center of rotation of the centrifuge). (For interpretation of t
of this article.)
4.1. Spin-up phase

During the spin-up process, the angular velocity of the cen-
trifuge increased from 0 RPM to the desired RPM value using a
sinusoidal function (see Fig. 12). The targeted angular velocity was
reached over 120 s, corresponding to the shadowed spin-up region
on the graphs in Figs. 15 and 16. The simulations are able to cap-
ture the spin-up transient cardiovascular responses, which are
primarily driven by the increase in hydrostatic pressure that ulti-
mately causes blood pooling towards the lower body. Given the
configuration of a short-radius centrifuge and therefore the pre-
sence of a strong gravity gradient, the hydrostatic pressure was
more important in the compartments located further away from
the center of rotation (i.e. lower body). On the other hand, external
pressure in the legs increased during the spin-up process due to
the small contractions of the leg muscles when pushed against the
pedals. This facilitates blood circulation back to the heart and
counteracts to some extent the effects of the orthostatic stress
caused by centrifugation.

At the beginning of the spin-up process, the vascular resistance,
initially at 0.88 PRU (Peripheral Resistance Unit), decreased due to
the blood pooling to the lower part of the body. After several
seconds, the baroreceptor signal activated the sympathetic sti-
mulation and the vascular resistance slowly increased to 0.91 PRU.
The simulated heart rate also responded properly to the ortho-
static stress by increasing from 75 bpm to 80 bpm. These cardio-
vascular regulation actions, prompted by the arterial baroreceptor
and cardiopulmonary control systems, were able to keep the mean
blood pressure relatively constant around 88 mmHg. Stroke vo-
lume decreased from 76 ml to �70 ml, but cardiac output re-
mained fairly constant at �5.8 l/min, presumably due to the in-
crease in venous return caused by the leg external pressure. Fi-
nally, pulse pressure decreased from 42 mmHg to �38 mmHg due
re, and Diastolic Blood Pressure) simulated during the 15.5-min exercise protocol at
.4g (yellow line). Gravity levels are simulated at the subject's feet (subject's head is
he references to color in this figure legend, the reader is referred to the web version



Fig. 16. Cardiovascular variables (Stroke Volume, Cardiac Output, Vascular Resistance, and Pulse Pressure) simulated during the 15.5-min exercise protocol at each one of the
three artificial gravity conditions: 1g (blue line), 1.2g (orange line), and 1.4g (yellow line). Gravity levels are simulated at the subject's feet (subject's head is assumed to be
located at the center of rotation of the centrifuge). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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to slight decrease in systolic blood pressure and a slight increase in
diastolic blood pressure.

During the spin-up period and before the exercise phase, dif-
ferences between the three gravity levels were not very sub-
stantial, although they were still noticeable.

In general, transient responses during the spin-up process at
higher g-levels were slightly more prominent, particularly stroke
volume, pulse pressure, and vascular resistance. However, after the
spin-up transient period (i.e. once the angular velocity reached its
final, constant value), the cardiovascular variables presented very
similar responses across gravity levels, despite the stronger blood
pooling effect created at higher g-levels.

4.2. Exercise phase

The simulation of ergometer exercise activity caused a sig-
nificant change in the operating point of all the cardiovascular
variables. The vascular resistance decreased considerably to allow
higher blood flow to reach the exercising muscles, and satisfy their
higher energetic demand. As mentioned in previous paragraphs,
the vascular resistance was disconnected from the control systems
at the onset of the exercise and was manually decreased to the
values shown in Table 10, according the g-level (higher g-levels
were associated to a lower vascular resistance to account for the
more intense exercise caused by the higher centrifugal accelera-
tion). Thus, vascular resistance can be considered an input to the
simulation. As expected, heart rate, blood pressure, stroke volume,
and cardiac output increased during exercise.

Differences across g-levels are very noticeable in most of the
cardiovascular variables. Heart rate increased slightly with g-level,
presumably to respond to the stronger blood pooling towards the
lower body. Interestingly, mean blood pressure also increased with
g-level. This behavior could be explained by the fact that at higher
g-level, despite the stronger blood pooling to the lower
extremities, the venous return was facilitated and maintained by
the higher foot forces exerted on the cycle ergometer during ex-
ercise. Therefore, this exercise effect, combined with the higher
sympathetic activity, caused the systolic blood pressure to slightly
increase. On the other hand, minimum values of diastolic blood
pressure decreased in the presence of centrifugation pooling blood
to the lower body. As a result, pulse pressure also increased with
artificial gravity level during ergometer exercise. Stroke volume
and cardiac output also increased according to the g-level.

4.3. Post-exercise and spin-down phase

The exercise period finalized after 60 seconds of ramp-down,
where the workload intensity was decreased from 30 W to 0 W.
During this time, all cardiovascular variables initiated their return
to their original values before the exercise period. In general,
the cardiovascular behavior during the spin-down process was the
opposite to the spin-up process (see stroke volume, pulse pres-
sure, heart rate, and blood pressure). Vascular resistance was again
manually increased to its initial value using a sinusoidal function.
This resistance was kept disconnected from the control systems
and therefore, it is still considered an input to the model. In this
scenario, the vascular resistance remained independent of the
spin-down process and therefore, the cardiovascular results in this
region must be interpreted with caution.
5. Discussion

Artificial gravity has been suggested as a multi-system coun-
termeasure against the debilitating effects of extended weight-
lessness. The different approaches to development and validation
have served as the emphasis of at least three major international
working groups over the past 15 years [51–53]. Among the
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numerous critical design questions remain those of centrifuge
radius, g-level, gravity gradient, or exercise. Mathematical simu-
lations are certainly an affordable approach to understand the
physiological responses in altered-gravity environment, and the
important trade-offs between the multiple parameters and pos-
sible configurations.

The cardiovascular model developed here is able to make quanti-
tative predictions on several cardiovascular variables (including blood
pressure, heart rate, stroke volume, and cardiac output) during erg-
ometer exercise in altered-gravity generated using a short-radius
centrifuge. The model is composed of 21 compartments representing
different parts of the cardiovascular system, namely the systemic cir-
culation, cardiac chambers, and the pulmonary circulation. The high
number of compartments, particularly in the Gx axis, allows for
changes in hydrostatic pressure along the body that account for the
presence of a strong gravity gradient when spinning in a short radius
centrifuge. In addition, the model also incorporates the two major
neurally-mediated control mechanisms: the arterial baroreflex and the
cardiopulmonary reflex. Furthermore, the effects of ergometer exercise
were also incorporated in the model, including the increase in blood
pressure, the muscle pump effect, the decrease in vascular resistance,
and the slight increase in intra-abdominal pressure. This model builds
on previous contributions from Heldt [36] and Zamanian [38] and, to
our knowledge, this is the first cardiovascular model that has the
ability to incorporate exercise in the presence of gravity-gradient en-
vironments. Due to theMIT experimental set-up (see Fig. 11), we chose
to simulate lower body cycling exercise, but other types of exercise
(e.g. squats or upper body exercise) could be easily incorporated fol-
lowing a similar approach.

The model integrates different inputs to define the operating
point of the desired simulation. Inputs include centrifuge config-
uration (i.e. centrifuge length), the subject positioning on the
centrifuge (i.e. distance from the head and other compartments to
the center of rotation), the centrifugation angular velocity, and
exercise protocol. In this particular case, we performed a set of
simulations representing an ergometer exercise protocol in the
new configuration of the MIT centrifuge [48]. Three equally-
shaped artificial gravity profiles were simulated, attaining differ-
ent angular velocities: 28.6 RPM, 31.4 RPM, and 33.9 RPM, gen-
erating 1g, 1.2g, and 1.4g of artificial gravity referenced to the
subject's feet respectively. The simulated protocol included a
baseline period, a spin-up phase, an exercise phase (simulating an
ergometer workload of 30 W), and a spin-down-phase.

All cardiovascular variables responded appropriately to the
orthostatic stress induced by the spin-up process. Variable tran-
sients during the acceleration profile were well captured and the
amplitude of these changes increased with the g-level. These re-
sults indicate the ability of the cardiovascular control systems,
combined with the benefits of small leg muscle contractions, to
regulate properly at the simulated levels of artificial gravity. After
the spin-up phase and once the angular velocity was stable, dif-
ferences between g-levels were not as noticeable. This could be
explained by the positioning of the subject and the presence of the
strong gravity gradient associated with such as short-radius cen-
trifuge. Thus, even if the artificial gravity levels generated at the
feet are considerably different, those differences get smaller in the
upper body and ultimately disappear at the head, which is located
at the center of rotation and therefore the centripetal acceleration
is zero in all conditions. Additionally, the simulations also captured
the cardiovascular changes that occurred during the exercise
period. Heart rate, stroke volume, and cardiac output increased to
satisfy the new metabolic demand imposed by the exercise ac-
tivity. In addition, simulations indicated that, during exercise,
stroke volume, cardiac output, pulse pressure, and to a lesser ex-
tent, heart rate increased with g-level. These results suggest that,
despite the stronger blood pooling effect, ergometer exercise at
higher g-levels increased venous return, facilitated by the stronger
muscle pump effect presumably due to higher foot forces.

The lumped-parameter nature of the model entails some limita-
tions. First, these types of models provide beat-to-beat averaged car-
diovascular values, which significantly reduces the computational cost.
Given our particular application, the use of a lumped-parameter
model is a reasonable choice, but this is not appropriate for other
applications interested in more detailed hemodynamic datawithin the
cardiac cycle. Additionally, these models do not capture appropriately
hemodynamic changes along the body such as wave transmission
phenomena or hemodynamic distal changes [39,54].

The lumped-parameter model developed in this research effort
provides a unique insight into the cardiovascular regulation under
artificial gravity combined with exercise. The large number of
cardiovascular compartments, particularly in the longitudinal axis
of the body, makes this model an excellent approach to capture
the effects of the strong gravity gradient generated in a short-ra-
dius centrifuge. This paper provides a deep technical description of
the different cardiovascular elements incorporated in the model,
including previous work from Heldt [36] and Zamanian [38], with
the objective of making it fully reproducible by the reader. In ad-
dition, the initial simulations presented here provide a first look
into the capabilities of the model, which is able to capture both the
cardiovascular dynamics during gravity changes, and steady-state
responses during sustained artificial gravity levels and exercise.
The model has also been further evaluated and validated using
experimental data from the combined exercise and artificial
gravity experiments conducted on the MIT CRC, and these results
will be presented separately in future publications. This cardio-
vascular model can simulate a variety of centrifuge configurations
and exercise intensities without the need of performing additional
human experiments. Future simulations should include different
centrifuge configurations and exercise protocols, exploring both
hyper-gravity (greater than 1g) and hypo-gravity (between
0–1g) altered-gravity levels.
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Appendix A

The following equations, taken from Heldt [36], provide an
analytical solution for the intercapillary flow and interstitial vo-
lume change during gravitational stress. The solution has been
divided in four regions, depending on the nature of the orthostatic
stress. The regions are indicated in Fig. 17.

Region I: Gradual increase in orthostatic stress over a period of
length ∆t .
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Region II: Full orthostatic stress during period of duration Ttilt .
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Fig. 17. Generic hydrostatic pressure profile. Figure taken from [36].
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Region III: Gradual decline in orthostatic stress over a period of
length ∆t .
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Region IV: Post-orthostatic stress recovery of unspecified
length.
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Appendix B

The 23 non-linear algebraic equations to find the initial conditions
used by Zamanian [38] are listed below. The first equation equates the
right ventricular stroke volume and the left ventricular stroke volume.
The following 21 equations describe the blood flow in the compart-
ments assuming that the capacitors are not conducting. The last
equation is based on the conservation of volume equating the differ-
ence between the total volume and the unstressed volume, and the
distending volume in each compartment.
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where:

Cld: left ventricular diastolic compliance
Cls: left ventricular systolic compliance
Crd: right ventricular diastolic compliance
Crs: right ventricular systolic compliance
Plvd: left ventricular diastolic pressure
Plvs: left ventricular systolic pressure
Prvd: right ventricular diastolic pressure
Prvs: right ventricular systolic pressure
Pth: intra-thoracic pressure
Ts

v: ventricular systolic interval
Td

v: ventricular diastolic interval
I0: inter-beat interval
Pn: pressure compartment n
Rn: resistance compartment n
Rub: upper body microvascular resistance
Rrc: renal microvascular resistance
Rsc: splanchnic microvascular resistance
Rlc: lower body microvascular resistance
Rtri: tricuspid valve resistance
Rro: right ventricular outflow resistance
Rpv: pulmonary microcirculation resistance
Rli: pulmonary venous outflow resistance
Rmit: mitral valve resistance
Pra: right atrial pressure
Ppa: pulmonary arterial pressure
Ppv: pulmonary venous pressure
Pla: left atrial pressure
Vtotal: total blood volume
Vtotal

0 : total zero-pressure filling volume
Vmax: maximal distending volume in venous compartments 11,

13, and 14
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