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ARTICLE INFO ABSTRACT

Keywords: Exposure to micro- and hyper-gravity characterizes the spaceflight environment, leading to several short- to
Space medicine long-term physiological alterations. However, both acute and long-term cerebrovascular and ocular responses
Spaceflight associated neuro-ocular syndrome are still being investigated and far from being understood, with experimental data being fragmented and
Cardiovascular modeling incongruent

bro-ocular h d i . . . . .
Cerebro-ocular hemodynamics In this study, we aim to shed light on cerebro-ocular hemodynamics during short-term exposure to altered

gravitational acceleration (from Og to 3g), by employing a multiscale 0D-1D model of the cardiovascular
system. The modeling approach consists of a 1D representation of the arterial and coronary circulations, along
with a OD parametrization of the arteriolar, capillary, venous, cardiopulmonary, coronary, and cerebro-ocular
circulations. The model is equipped with short-term regulation mechanisms (i.e., cerebral autoregulation,
baroreceptors, and cardiopulmonary reflex) and includes the collapse of the neck veins.

After validating the model against experimental measurements of cerebral and ocular hemodynamic
parameters, our findings indicate that micro-gravity leads to increased cerebral and ocular perfusion pressure
(CPP and OPP, respectively), whereas beat-averaged values of cerebral blood flow (CBF) are near-constant
due to cerebral autoregulation. However, pulsatile values of pressure and flow rate are increased, especially
in the distal cerebral circulation. Additionally, the equilibrium between intracranial and intraocular pressure
(ICP and IOP, respectively), which is thought to play an important role in the onset of Spaceflight Associated
Neuro-Ocular Syndrome, is disrupted, resulting in reduced translaminar pressure (7 LP). Conversely, hyper-
gravity induces significant orthostatic stress that results in a reduction of CPP and OPP. Consequently, CBF
abruptly drops at higher g values, together with hemodynamic pulsatility. In these conditions, /CP decreases
more than 7OP, leading to an increase in TLP.

Present results further underline the usefulness of numerical methods in the comprehension of the
pathophysiological mechanisms that occur during exposure to altered gravity conditions, where clinical
measurements are rare and difficult to obtain.

Micro-gravity
Hyper-gravity

1. Introduction and cranial regions [3-6], whereas the upright posture and hyper-
gravity condition (higher than 1g) induce a fluid redistribution towards
the lower limbs [1,7,8].

While on Earth, cyclic postural transitions (which are comparable to
gravity transitions within the hypo-gravity range) result in normal and
physiological diurnal blood pressure fluctuations, human spaceflight
involves prolonged exposure to a gravitational environment that differs
significantly from the terrestrial one. In particular, the combination of
extended periods of micro-gravity and brief intervals of hyper-gravity
(typically encountered during launch or re-entry phases) places the
cardiovascular system in an altered and extreme environment. As a

Changes from supine to standing posture or gravitational accel-
eration transitions from micro- to hyper-gravity alter the hydrostatic
gradient of blood pressure along the longitudinal axis (z-axis) of the
body [1,2], resulting in a different blood volume distribution across
the cardiovascular system. Specifically, the gradual removal of the
hydrostatic pressure gradient in the hypo-gravity range [0g-1g] up
to its complete absence along the z-axis in the supine posture and
weightlessness condition (0g) elicits a fluid shift towards the thoracic
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consequence, exposure to these conditions leads to several short- and
long-term physiological alterations [9-14].

In micro-gravity, apart from the well-known cardiovascular adap-
tations — fluid shift-induced increase in heart size, stroke volume, and
cardiac output in the short-term, cardiac atrophy, total blood volume
reduction, and reduced exercise tolerance in the long-term [6,15-18]
-, both acute and long-term cerebrovascular and ocular responses
are still being investigated and far from being understood [19,20].
Furthermore, the difficulties in acquiring clinical data in the cerebral
and ocular regions, combined with the absence of a standardized
experimental protocol and the limited number of studies, result in
fragmented and incongruent data [19]. Nevertheless, recent studies
revealed an association between micro-gravity-induced cerebrovascular
alterations and the so-called Spaceflight Associated Neuro-Ocular Syn-
drome (SANS) [21-28]. This important syndrome, classified by NASA
as one of the major risks for human spaceflight [29], consists of specific
neuro-ocular anomalies, including optic disk edema, globe flattening,
choroidal and retinal folds, and other ocular structural changes [21,30].
To date, although the pathogenesis of SANS remains unclear, elevated
intracranial pressure (/CP) due to micro-gravity-induced headward
fluid shift is thought to be the main driver of the syndrome [6,25,31—
33]. In addition, other studies hypothesized that the interplay between
intraocular pressure (IOP) and ICP could play a major role in the
onset of SANS [22,32,34,35].

In hyper-gravity, the overall picture is even more problematic. The
primary challenge lies in accurately replicating these conditions. In
fact, while certain aspects of micro-gravity can be simulated through
ground-based analogs, such as head-down bed rest (HDBR) or dry
immersion [36,37], hyper-gravity can only be reproduced by means
of human centrifuges and parabolic flights [38-40]. In these condi-
tions, due to the very short duration and intrinsic complexity of these
experiments, accurately measuring cerebral and ocular hemodynamic
parameters can be even more challenging than acquiring them in
micro-gravity. As a result, clinical measurements of /CP and IOP in
hyper-gravity conditions are currently lacking, and only limited data
on cerebral blood flow [41,42] and oxygenation are reported in the
literature [43]. Furthermore, in the context of space travel, although
some studies have reported a reduction in cerebral blood flow during
human centrifuge experiments [44,45], it has been hypothesized that
intermittent exposure to mild levels of hyper-gravity could mitigate
physiological deconditioning [46-48].

Given the above difficulties in characterizing the cerebral hemo-
dynamics, cardiovascular numerical modeling represents a promising
method for investigating complex physiological mechanisms, such as
those governing cerebral and ocular circulations during exposure to
micro- and hyper-gravity environments. Previous studies have already
demonstrated that the numerical approach can be an effective tool for
investigating the cardiovascular system under different postures and
gravity conditions [49-54]. Following this computational approach,
in the present study, we aim to shed light on the cerebrovascular
and ocular hemodynamics during altered gravitational acceleration by
employing a multiscale OD-1D model of the cardiovascular system.
Specifically, we investigate the steady-state short-term response of the
cerebral and ocular circulations to gravity transitions from Og to 3g
in the upright posture. To the best of our knowledge, no studies in
the literature have systematically investigated cerebral hemodynamics
across such a broad spectrum of gravitational acceleration.

Our 0D-1D multiscale cardiovascular model was recently validated
against experimental data of the most significant central cardiac pa-
rameters in the gravity range [0g-3g] [55]. Here, we further validate
the model by comparing our results with measured data reported in
the literature by focusing on cerebral blood flow velocity, cerebral
perfusion pressure, intracranial pressure, and intraocular pressure.

Our study investigates the cerebral and ocular responses to gravity
changes by describing both the proximal and distal cerebral circulation
in terms of pressures and flow rates, paying attention to the distribution
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of the blood across the anterior and posterior cerebral circulations
as gravitational acceleration varies, and highlighting the interaction
between ICP, IOP, and the arterial pressure at the eye level, in an
effort to better comprehend their role in neuro-vestibular dysfunctions.

2. Methods

In this section, we first outline the key elements of the multiscale
0D-1D model of the cardiovascular system. Subsequently, details about
numerical simulations and how gravity and posture changes were
simulated are presented.

2.1. Mathematical model

The multiscale model is closed-loop and its architecture consists
of a 1D representation of the arterial and coronary circulations, to-
gether with a 0D parametrization of the arteriolar, capillary, venous,
cardiopulmonary, coronary, and cerebro-ocular circulations [54]. To
reproduce the acute response, the model is equipped with short-term
regulation mechanisms - i.e., cerebral autoregulation, baroreceptors,
and cardiopulmonary reflex — and includes the collapse of the neck
veins and the resulting decoupling between intracranial and systemic
venous regions [55-57]. The model was recently validated against ex-
perimental data measured during parabolic flight and human centrifuge
studies focusing on the main central hemodynamic parameters: heart
rate, arterial blood pressure, stroke volume, and cardiac output [55].
In the an overview of the central hemodynamics validation is recalled
and summarized in Fig. A.6. Validation of the OD cerebro-ocular model
is instead presented and discussed in Section 3.1. A fully detailed
description of the model equations and parameter settings is provided
in the Supplementary Material together with a scheme of the entire
model, while Fig. 1 shows details of the 1D arterial tree upper region
(left side of Fig. 1) coupled with the lumped-parameter model of the
cerebrovascular and ocular circulations (right side of Fig. 1).

2.1.1. Central-systemic circulation

The 1D arterial tree includes a network of 63 arteries (48 main
large arteries and 15 coronary arteries) modeled as straight and tapered
vessels. To describe blood motion, we exploit the 1D axisymmetric
form of the Navier-Stokes equations for mass and momentum balance,
by assuming a circular cross-section, a flat-parabolic flow profile, and
blood as a Newtonian fluid with constant density and viscosity (p =
1050 kg/m> and u = 4 - 1073 Pa - 5). The gravitational acceleration is
directly included as an external forcing field within the momentum
balance equation, paying attention to the arteries’ orientation with
respect to both the frontal axis and the horizontal plane. Mechanical
and viscoelastic properties of the arterial walls are modeled through a
non-linear constitutive equation linking the arterial blood pressure with
the cross-sectional area [54].

The inlet of the 1D model of the arterial tree (the ascending aorta)
is coupled with the 0D model of the aortic valve, whereas the outlets
of the main arteries (with the exception of the 1D coronary, internal
carotid and vertebral arteries) are linked with several three-element
RLC Windkessel models of the 0D arteriolar compartment via a char-
acteristic impedance Z, [54]. Each element of the Windkessel model
describes a specific property of a vascular compartment, with R, L,
and C indicating the hydraulic resistance, the blood inertia, and the
vessel compliance, respectively. The arteriolar compartments are then
merged into five body regions, describing the peripheral circulation
in the arms, upper abdomen, lower abdomen, legs, and extracranial
district (depicted on the top of Fig. 1 and perfused by the left and
right external carotid arteries, ECA). Each of these regions includes
an RLC model of the capillary, venular, and venous compartments.
Three additional RLC compartments, describing the superior, inferior,
and abdominal tracts of the vena cava, are enclosed to link the venous
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Fig. 1. Schematic representation of the 0D-1D model with a focus on the cerebral and ocular lumped-parameters model. The 1D arterial tree (sketched on the left
in red, with black numbers referring to 1D main arterial vessels) is linked to the 0D model of the extra-cranial, cerebral, and ocular circulations via characteristic
impedances Z,. ECA,r and ECA,l denote the right and left external carotid arteries, whereas art, cap, ven, and v indicate the 0D compartments (arteriolar, capillary,
venular, and venous, respectively) of the extra-cranial circulation. ICA,r, ICA)], VA,r, and VA, represent the right and left internal carotid arteries and the left
and right vertebral arteries (which converge into the basilar artery, BA). ACA,l, MCA,], and PCA,l indicate the left anterior, middle, posterior cerebral arteries,
whereas da, dm, and d! represent the distal anterior, middle, and posterior arteries, respectively. Cerebral capillaries, cerebral veins, and dural venous sinus are
denoted by ccap, cv, and dus, respectively. O, and Q, are the cerebrospinal fluid formation and outflow rates, respectively. ICP and TOP denote the intracranial
and ocular pressures, whereas P,,,, P, ,;.> Q> and Q,,,, indicate the arterial and venous pressure at the level of the eye and the aqueous humor inflow and
outflow rates, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

compartments with the right atrium. Furthermore, two different non- during ventricular contraction, each myocardial layer is subjected to
linear pressure-volume relationships are implemented to model the the intramyocardial pressure (I M P), which is assumed to act as an
non-linear effects of distending leg veins volume [54] and venous extravascular pressure [58].
collapse of neck veins (additional details are reported in the Supple- Short-term regulation mechanisms governed by the autonomic ner-
mentary material), whereas venous valves are added within the arm vous system (i.e., the baroreceptors and cardiopulmonary reflex) are
and leg venous compartments to prevent reverse blood flow. Finally, to implemented to maintain the system’s homeostasis. The sympathetic
account for the gravitational force, a pressure generator modeling the and parasympathetic activities are computed employing a sigmoid
hydrostatic component of the pressure is inserted within each venous function, which depends on the variations of a sensing variable with
compartment (including the three vena cava compartments) according respect to its target value. For the baroreflex mechanism, the sensing
to Stevino’s law [54], considering both the blood specific weight pg and variable is the average between the pressures in the aortic arch and
the anatomical extension of each compartment. the left/right carotid sinus over a cardiac cycle, whereas the aver-
The OD model of the cardiopulmonary circulation includes the aged right atrial pressure is selected for the cardiopulmonary reflex.
description of the four cardiac chambers, together with a lumped- The baroreflex controls the heart rate (chronotropic effect) and the
parameter model of the pulmonary circulation. Cardiac valves are strength of contraction in both ventricles (inotropic effect), together
modeled as non-ideal diodes, whereas the cardiac contractility is de- with the vascular tone of the systemic vasculature (arteriolar and
scribed employing time-varying elastances. To model the pulmonary capillary resistances, venous and venular unstressed volumes, and ve-
circulation, a two-element RC model is adopted to represent the arterial nous and venular compliances). Conversely, the cardiopulmonary reflex
and venous pulmonary compartments. All the compartments of the regulates only peripheral resistances and venous tone.
cardiopulmonary circulation are subjected to intrathoracic pressure
(ITP), which varies with both the body position and gravitational 2.1.2. Cerebrovascular and ocular circulations
force [58]. The right side of Fig. 1 focuses on the architecture of the 0D model
The 1D extremities of the coronary arteries are connected to sev- of the cerebral and ocular circulations. Specifically, the 1D internal
eral 0D models of the microvascular coronary circulation. Each of carotid and vertebral arteries are coupled with the lumped parameter
these models is subdivided into three branches corresponding to a model of the cerebrovascular and ocular circulations, whereas the
specific layer of the myocardium (subepicardium, midwall, and suben- 1D outlets of the external carotid arteries are connected to the 0D
docardium). To represent the external compression exerted by the heart extracranial circulation.
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A network of interconnected resistances and compliances describing
the key features of cerebral physiology is employed to model the
cerebrovascular circulation [54]. In particular, the Circle of Willis is
modeled as a closed ring composed of several resistances mimicking
the pre-communicating portions of the anterior and posterior cerebral
arteries (ACAs and PCAs), as well as the anterior and posterior com-
municating arteries (ACoA and PCoA). From the Circle of Willis, the
six main cerebral arteries — i.e., the middle cerebral arteries (MCAs),
the post-communicating portion of the ACAs and PCAs — branch out,
distally arranging in six distinct vascular beds, which model the pial
arterial and cerebral arteriolar circulations. To maintain adequate cere-
bral blood flow (CBF), the compliances and hydraulic resistances
of each vascular bed are governed by the cerebral autoregulation
mechanism. Downstream of the cerebral arteriolar circulation, CBF
converges into the post-capillary circulation, which is modeled as a
unique pathway from cerebral capillaries to dural venous sinuses.
Additionally, the processes of cerebrospinal fluid formation and absorp-
tion are modeled through resistive components, while the intracranial
pressure (ICP) is computed by applying the mass preservation and as-
suming a non-linear pressure-volume relationship for the craniospinal
system (additional details are provided in the Supplementary Material).
Finally, the outflow of the cerebrovascular model is directly connected
to the superior vena cava compartment.

The lumped-parameter model of the ocular circulation is described
by means of six different compartments, which govern the dynamics of
both the intraocular pressure (10 P) and ocular globe volume (Vg) [54].
Specifically, the aqueous humor compartment regulates the JOP via
the inflow and outflow of the aqueous humor fluid within the eye globe.
The retrobulbar subarachnoid space (rSAS) accounts for the external
influence of ICP on IOP by means of the compliance C,,. Subse-
quently, three compartments are used to model the arterial, capillary,
and venous circulation of the eye. Finally, a passive and isovolumic
compartment is added to model the lens and the vitreous humor.

2.2. Numerical simulations

Our mathematical model was employed to investigate the acute
steady-state response of the cerebrovascular and ocular circulations to
gravity changes in the range [0g-3¢] in a standing posture. Therefore,
a head-up tilt test at 1g (which is our baseline reference) was first
simulated in order to obtain the steady-state response in the upright po-
sition, by applying the following function to model the time-dependent
variation of the tilt angle a:

; I
0, , ifr<t,,,
[T =1 e e T I
a(t) =4 — - |l—cos| ———— -7 i, <t <ty +Tuy Q)
2 Tiin
; I
@it if >0, + T

where a,;,, t1, ., and Ty, indicates the final angle reached after the
tilt (90° for the upright posture), the tilting starting time, and the
tilting period in which the posture change occurred (T}, = 22.5s),
respectively. After obtaining the standing 1g steady-state condition,
gravity transitions from 1g up to the desired level of gravity were

imposed by the cosinusoidal function:

1 ifr <l

start
L&
2
7
| — cos [ o tsar
Tg
80/ r
where (g/g) e I, and T, denoted the final level of gravitational
acceleration reached after the transition, the transition starting time,
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if 1 start
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start
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and the transition duration, respectively. Both r/,  and #!! were cho-
sen to ensure that any initial transients from model initialization were
fully extinguished. Furthermore, a fixed gravity rate of +0.01g/s was
applied across all simulations to avoid numerical instabilities. Although
this gravity rate may not be representative of that typically encoun-
tered in real-life applications, our study was focused on the short-term
steady-state condition, which a previous study [58] demonstrated to be
independent of both the gravity rate and tilting rate.

Finally, the 1D governing equations were discretized and solved
numerically by a Discontinuous Galerkin Finite Elements method. Time
integration of both 0D and 1D equations was performed employing a
2-step Runge—Kutta explicit scheme with a constant time step. In total,
31 simulations were carried out, covering a gravity range from micro-
(0g) to hyper-gravity (3g).

3. Results

The following section is divided into three subsections: in the first
one, the comparison between the 0D-1D cerebral-cardiovascular model
outcomes and experimental data reported in the literature is discussed,
in order to validate the 0D cerebro-ocular model. In the second and
third subsections, the short-term response of cerebrovascular and ocu-
lar hemodynamics to gravity changes are investigated, respectively.

3.1. Validation of the cerebrovascular and ocular models

Our multiscale mathematical model was previously validated in a
recent study [55] that investigated the cardiac function under micro-
and hyper-gravity conditions by comparing the behavior of six central
hemodynamic variables — heart rate, cardiac output, stroke volume,
mean arterial pressure, systolic arterial pressure, and diastolic arterial
pressure — with experimental data extracted from parabolic flight and
centrifuge studies (for further details, please refer to ).

Here, to further validate our mathematical framework focusing on
the cerebro-ocular OD model, we evaluated the model outcomes against
experimental measurements of cerebral blood flow velocity (CBFV),
cerebral perfusion pressure (CPP), intracranial pressure (I/CP), and
intraocular pressure (/OP). Due to the difficulty in obtaining relevant
measured data from the literature under hyper- and micro-gravity
spaceflight conditions, we considered experimental data from parabolic
flight [34,41,59], human centrifuge [44,45], and tilt test studies [23,
34,44,54,57,59,60]. It is important to note that, due to the limitations
of the acquisition methodologies [61,62], ICP and 10 P measurements
are currently unavailable in the hyper-gravity environment. Therefore,
in the experimental studies considered to construct the validation
dataset, ICP and 1OP were only detected at 1g and during terrestrial
analogs of the micro-gravity environment (supine and head down tilt
postures at 1g and micro-gravity phase of parabolic flights). Conversely,
the considered experimental studies provided measurements of CBFV
and CPP in both micro- and hyper-gravity conditions. Specifically,
CBFV and CPP (typically defined as the difference between the mean
arterial pressure at the cerebral level and 1CP) were experimentally
estimated as the cerebral blood flow velocity and the mean arterial
pressure at the middle cerebral artery level, respectively.

In order to minimize inter-study variability — arising primarily from
the lack of a standardized experimental protocol and differences in
the characteristics of the subject groups (i.e., sample size, age range,
fitness levels, and number of female/male subjects) — each cerebro-
ocular parameter was referred to the 1g condition (denoted as g).
Specifically, CPP and C BFV measurements were divided by their re-
spective 1g values, while IC P and 10 P were normalized by subtracting
the corresponding 1g values. Subsequently, the experimental data were
pooled for each variable across each gravity level according to the
following relationships [63]:

k
Zi=1 nikxij

3
Z{;] n;

P _
Hy;
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Fig. 2. Pooled mean and standard deviation values (;4‘)’(] and u§(j) are depicted with red (centrifuges and tilt tests data) and blue (parabolic flight data) points
and lines, whereas model outcomes are depicted with black solid curves. Panels (a-d) show the normalized values of CPP, CBFV, ICP, and IOP, respectively.
(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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k
i =1
where n;, puy; ;, and oy, ; indicate the number of subjects recruited in

the ith literature study, and the mean and standard deviation for the
Xth cerebro-ocular variable at the jth gravity level, respectively.

C))

In Fig. 2, the pooled mean (/45'”) and standard deviation (ag(j) values
from the centrifuge and tilt test studies (red lines), as well as those from
parabolic flights (blue lines), are shown along with the model outcomes
(black curves) in the gravity range [0g-3g]. Experimental data from
centrifuge and tilt test studies were pooled together, as centrifuges were
specifically employed to investigate the cerebral response in hyper-
gravity, whereas tilt tests were conducted to evaluate the micro-gravity
environment.
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As depicted in Fig. 2a, changes in gravity significantly affect the hy-
drostatic term of the cerebral arterial pressure, leading to a monotonic
decrease in cerebral perfusion pressure as gravity increases. Specifi-
cally, tilt test and centrifuge measures show a reduction of —47.5%
in ;42 pp at 2g with respect to Og, whereas /‘pc pp decreases by —31.3%
as gravity grows from Og to 1.8g during parabolic flight. Conversely,
cerebral blood flow velocity (see Fig. 2b) is regulated by cerebral
autoregulation, which maintains a near-constant cerebral blood flow
when CPP is between 50 mmHg and 150 mmHg [64,65]. As evidence
of this mechanism, tilt test and centrifuge data reveal a slight increase
in y’é pry (+8.3% from 1lg to Og) when entering the hypo-gravity
range, whereas at 2g, due to the decreased CPP, a -15% decline is
detected. Parabolic flight measures [41] show a slight decrease as
gravitational acceleration varies from 1g to Og. However, it should be
noted that in parabolic flights, the micro-gravity phase lasts only a few
seconds (approximately 20 s) and occurs after the first hyper-gravity



F. Tripoli et al.

phase, during which a —8.2% decline is observed with respect to the
normo-gravity condition.

Focusing on the ICP (Fig. 2c) response to gravity changes, both tilt
test measurements and parabolic flight data [23,34,57] exhibit close
agreement, with /CP increasing by approximately 10 mmHg in both
conditions (yz ;cp Tises by +9.7 mmHg and +8.9 mmHg at Og during
tilt tests and parabolic flight, respectively). Finally, experimental data
indicate that micro-gravity elicits an increase in /OP. However, this
increase is lower than that observed in IC P. Specifically, according to
tilt test data, M’A’ rop Tises by +2.3 mmHg at Og, whereas parabolic flight
measurements report an elevation of +4.8 mmHg.

The results of our cardiovascular model (black curves in Fig. 2)
are in good agreement with the experimental data, with all the model
outcomes being within the range u’)’( + a’)’( . Notably, the model is able
to reproduce the impact of the gravjity-deiaendent hydrostatic term on
the cerebral perfusion pressure, as well as the cerebral autoregulation
mechanism. In fact, CBFV (Fig. 2b) — which was computed as the flow
rate in the middle cerebral artery divided by its lumen area — is near-
constant within the hypo-gravity range, whereas beyond this range it
starts to decrease in line with the centrifuge and parabolic flight data.
Additionally, our model effectively replicates the micro-gravity-induced
increase in ICP and IOP, also detecting the non-linear trend of ICP,
which was already observed in a previous study of head-up tilt test
and associated with the collapse of the jugular veins [57]. Further
comments on the behavior of these variables will be provided in the fol-
lowing sections, considering their potential physiological implications
in the context of cerebral (see Section 3.2) and ocular (see Section 3.3)
responses to gravity changes.

3.2. Cerebrovascular response to gravity changes

In order to describe the cerebrovascular response to gravitational
force variations, Fig. 3 shows an overview of cerebral pressures and
flow rates in relation to gravitational acceleration along a proximal-to-
distal pathway including the internal carotid artery (ICA), the proximal
and distal middle cerebral artery (MCA and dm, respectively), the
cerebral capillary region (ccap), the cerebral venous compartment (cv),
and the dural venous sinuses (dvs). Pressure and flow rate means (P
and Q) and pulsatile values (AP = P, — P,;, and 40 = Q,,,. — Qi)
are reported for each vascular district. In addition, intracranial pressure
(ICP) and cerebral blood flow (CBF) are shown.

The ICA (Fig. 3a) and the MCA (Fig. 3b) hemodynamics exhibits
a similar behavior. Both mean arterial pressures decrease significantly
- by 71.1 mmHg and 70.7 mmHg (-87.9% and —88.3%), respec-
tively — as gravity rises from Og to 3g. This decline follows an almost
linear trend due to the gravity-dependent hydrostatic component of
the pressure. Specifically, since at the heart level the mean arterial
pressure (M AP) slightly increases within the hypo-gravity range due
to the baroreceptor reflex [55], both P;., and P, exhibit a modest
downward concavity in the range [0g-1g]. Beyond this range, M AP
remains nearly constant, and the hydrostatic term, which is linearly
dependent on g, becomes the only factor responsible for the pressure
drop. It is worth noting that, at higher g values, the considerable
increase in the hydrostatic contribution results in a significant re-
duction of CPP, which drops below the functioning range of the
cerebral autoregulation, compromising C BF and suggesting that these
extreme conditions are incompatible with continued consciousness.
Additionally, pulsatile pressure AP (shaded area in Fig. 3a and b)
also diminishes in the ICA and MCA as gravity varies from Og to 3g,
with reductions of 27.5 mmHg (—69.2%) and 27.4 mmHg (-70.7%),
respectively. This reduction is due to the different responses between
systolic and diastolic arterial pressure when gravity increases. During
the hyper-gravity range, a contraction in the amplitude of the pressure
waveform (with a decrease in the systolic pressure and an increase
in the diastolic one) is observed at the central level, resulting from
a reduced stroke volume and increased heart rate [55]. Due to the

164

Acta Astronautica 237 (2025) 159-173

cerebral autoregulation mechanisms, the reduction in flow rate within
the /CA and the M CA is limited to less than 10% up to 1.6g and 1.8g,
respectively. After these values, the cerebral autoregulation loses the
capability of counteracting pressure drop, leading to a greater decrease
in the mean flow rate, equal to —52.0% in the /CA and —51.4% in the
MCA at 3g (variations are referred to the Og condition). Interestingly,
the behavior of pulsatility AQ differs from that of AP, AQ remaining
nearly constant throughout the gravity range with variations limited
to +10% with respect to g, (-=10% and +10% towards hyper- and
micro-gravity conditions, respectively).

Moving towards the distal circulation (Fig. 3c), the pressure behav-
ior does not vary: both P,, and 4P,, decrease as gravity increases.
Similar to the flow rate in the MCA, the cerebral autoregulation main-
tains a near-constant adm up to 1.8g (—8.91% from Og to 1.8g), whereas
a reduction of —50.9% is detected at 3g. Instead, differently to proximal
circulation, 4Q,, largely varies with gravity changes. In particular,
pulsatile values of Q,,, decrease by up to —88.7% at 3g with respect
to the Og condition. A comparable pattern was observed in a previous
work [66], where an increase in pulsatile values variations in the
proximal-to-distal direction was found during Og (positive variations)
and 1.8g (negative variations) parabolic flight phases, both relative to
the 1g phase. This amplifying behavior of the pulsatile values in the
distal cerebral circulation is attributable to the complex combination
of resistances and compliances that characterize the deep cerebral
circulation [67]. In fact, the intricate interplay between the mechan-
ical properties (compliances and resistances) of the different cerebral
hemodynamic compartments (in series or in parallel with each other)
results in heightened temporal inertia of the deep cerebral circulation.
Therefore, the increased (in micro-gravity) and reduced (in hyper-
gravity) pulsatility at the central level [55] is further amplified and
damped within the distal cerebral circulation, respectively.

In the capillary and venous compartments (Fig. 3d), Fmp and P,,
exhibit a clear non-linear behavior as gravity increases, and both curves
show a distinct slope variation in the proximity of 0.5g. This variation
is closely related to ICP (Fig. 3e), which in turn is affected by changes
in the hydrostatic pressure term. According to the hypothesis that the
hydrostatic gradients in the venous system mainly control /C P and the
collapse of the neck veins hydrostatically disconnects intracranial and
venous system regions [57], only the distance between the most cranial
region of the collapsed vein and the dural venous sinuses contributes to
the hydrostatic pressure term. This collapse-induced decoupling mecha-
nism explains the slope variation observed in ﬁcw[, and P,,, suggesting
that the collapse of the neck veins occurs in the proximity of 0.5g.
With regard to 4P, and AP,,, they both decrease as gravitational
acceleration changes from Og to 3g (—78.0% and —59.5% at 3g with
respect to the Og condition, respectively), thus confirming the reduced
cerebral pulsatility at higher g values.

As shown in Fig. 3e, the pressure in the dural venous sinuses (ﬁ[m)
varies similarly to ICP, yet AP, decreases abruptly after venous
collapse. In addition, by focusing on the mean flow rate in the cerebral
venous district (Ew, see Fig. 3d) and CBF (Fig. 3e), variations within
—10% are observed when g reaches values up to 2.1g. Beyond this
value, both parameters decrease by —39.3% at 3g (with respect to 0g).
It should be noted that this variation is smaller than the one observed in
the MCA and dm districts (—51.4% and —50.9%, respectively). Finally,
consistent with the observations made at the distal circulation level
(dm), both AQ., and ACBF are greatly affected by gravity changes,
diminishing by —87.0% and by —95.4% from Og to 3g, respectively.

To explain the different behavior between CBF and Q¢ 4, Fig. 4
displays the fractions of cerebral blood flow (f;) in various cerebral
vascular districts. Starting from the arteries entering the brain (ICA
and basilar artery, BA), up to the distal cerebral regions downstream
the Circle of Willis — i.e., the distal anterior, the distal middle, and the
distal posterior cerebral regions (da, dm, and dp) —, we studied how the
distribution of blood flow across these regions changes with gravity. In
particular, the fraction of cerebral blood flow in the ith regions f; is
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defined as f; = Q,/CBF, where Q; denotes the mean flow rate within
the ith cerebral vascular district of interest and C BF indicates the mean
cerebral blood flow. We focused on the left side of the cerebral circula-
tion due to the symmetry of the cerebral lumped parameters model. The
only marginal difference between the two cerebral hemispheres lies in
the inlet conditions of the left and right internal carotid arteries: both
IC As originate from the common carotid arteries (CC As), but the left
CCA arises from the aortic arch, while the right CCA stems from the
brachiocephalic trunk.

Fig. 4a shows that f;c4 and f4 exhibit opposite responses to grav-
ity changes. In fact, as gravity varies from Og to 3g, f;4 decreases from
37.8% to 29.9%, while fg, rises from 23.8% to 40.4%. Additionally,
beyond 2.5g, fp, becomes larger than f;.,, indicating that during
hyper-gravity conditions, the anterior cerebral circulation experiences
a greater cerebral blood flow decrease with respect to the posterior
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Fig. 3. Mean values (solid lines) and amplitudes (shaded area) of pressure and flow rate responses to gravity changes along the left ICA-MCA pathway: (a)
pressure and flow rate in the internal carotid artery (ICA); (b) pressure and flow rate in the middle cerebral artery (MCA); (c) pressure and flow rate in the distal
middle arterial district (dm); (d) pressure and flow rate in the cerebral capillaries and cerebral veins (ccap and cv); (e) pressure in the dural venous sinuses (dvs),
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circulation. This behavior is primarily due to the reduced pressure drop
within the BA (-79.9% from Og to 3g) compared to that within the
ICA (-87.9%).

Recalling that the distal anterior and middle regions of the brain are
primarily perfused by the ICA (which branches into the anterior and
middle cerebral arteries) and that the distal posterior cerebral region
is mainly supplied by the BA (which branches into the left and right
posterior cerebral arteries), similar findings to the ICA-BA partition can
also be observed for the distal cerebral circulation. In particular, Fig. 4b
depicts the fraction of C BF within each district of the distal circulation
(da, dm and dp, respectively). Similarly to f;c4, at higher g values f,,,
decreases from 29.7% at 1g to 24.2% at 3g, while f,, is almost constant
around 8% throughout the investigated gravity range. Conversely, a
non-linear increase in fap (from 12.2% to 16.9%) is detected as g varies
from 1g to 3g. Therefore, the different responses observed between the
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Fig. 4. Gravity-dependent blood flow distribution in the cerebral districts. Curves indicate the fraction of cerebral blood flow f,, which is defined as f, = Q,/CBF

(where i = ICA, BA, da, dm, and dp), as the gravitational acceleration varies.

anterior and posterior cerebral circulations could explain the greater
decrease previously detected in Q,,;-4 with respect to CBF (see Fig.
3b and e). In fact, the posterior circulation compensates for the larger
decrease in Q;c4 and Q ¢4, thus limiting the total C BF reduction at
higher g values.

3.3. Ocular response to gravity changes

To describe the response of the ocular system to gravity changes,
Fig. 5 shows the main parameters depicting the ocular hemodynamics:
the mean and pulsatile values of the intraocular pressure (/OP), the
translaminar pressure (7 L P), the ocular perfusion pressure (OP P), and
the arterial and venous pressure at the eye level (P,,,, and P,,,,).

Fig. 5a highlights that the eye arterial pressure (P,,,) exhibits
an equivalent behavior to P;-,. In fact, F,,'eye and 4P,,, decrease
by 84.0% and 35.4% as g grows from Og to 3g. The same figure
shows that, from micro- to hyper-gravity, the mean eye venous pressure
(ﬁv,eye) drops from 6.7 mmHg at Og to —1 mmHg at 3g (-114.9%),
thus reaching negative values, whereas 4P, ,,, decreases by —41.2% as
gravity increases from Og to 3g.

Fig. 5b and c focus on the translaminar pressure (defined as the
difference between IOP and ICP), intraocular pressure, and ocular
perfusion pressure (computed as the difference between P,,, and
IOP). In recent years, astronautical interest and research in the g-
dependence of these pressures has grown significantly as it has been
associated with the onset of SANS [25,32,34]. Figs. 3e and 5b show
that, due to the headward fluid shift (driven by the gradual removal
of the hydrostatic pressure gradient), both mean intracranial pressure,
TCP, and mean intraocular pressure, IOP, increase during exposure
to micro-gravity with respect to the 1g condition. In particular, ICP
rises from 0.9 mmHg (at 1g) to 10.1 mmHg (at Og), while TOP
increases from 13.6 mmHg (at 1g) to 18.5 mmHg (at Og). These results
align with the ICP values observed in head-down tilt test studies and
TOP measurements conducted in the micro-gravity environment (as
highlighted in Fig. 2 of the validation Section 3.1 [23,34,54,57,59,60]).
As a consequence, mean TLP (T LP) decreases from 12.7 mmHg to
8.4 mmHg as the gravity varies from 1g to Og (—33.7%). In particular,
notice that TL P abruptly decreases when the gravitational acceleration

eye
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is less than 0.5g, due to the non-linear behavior of ICP (see Fig.
3e). Due to the increased pulsatility detected in the distal cerebral
circulation, AICP increases by +27.2% (from 1.37 mmHg at 1g to
1.74 mmHg at Og) during exposure to micro-gravity, whereas 4710 P
rises from 3.80 mmHg to 5.24 mmHg (+37.9% from 1g to 0g). As a
consequence of the heightened pulsatility of both /CP and I0P, ATLP
also increases, varying from 3.76 mmHg at 1g to 5.20 mmHg at Og
(+38.1%).

Conversely, ICP decreases up to —8.9 mmHg at 3g, whereas TOP
appears to converge towards a plateau value around 10.5 mmHg, with
TOP showing a non-linear relationship as function of g (Fig. 5b).
In particular, the rate of decrease in IOP diminishes as g increases,
exhibiting a convex shape. This non-linear trend is associated with the
response of P, ,,,, which, as depicted in Fig. 5a, exhibits a similar non-
linear evolution to that of IOP. In fact, following the same approach
as Nelson et al. [68], where the episcleral venous pressure (EV P) is
equal to P,,,, in the steady state TOP depends only on EV P, the
aqueous humor formation rate and the uveoscleral outflow rate (see Eq.
51 of the Supplementary Material). As a consequence, the translaminar
pressure (recall that TLP = IOP — IC P) increases non-linearly within
the hyper-gravity range, as the rate of decrease in IOP differs from
that of ICP, with TLP varying from 12.7 mmHg to 19.4 mmHg at 3g
(+53.3% with respect to the 1g value). Thus, as gravity acceleration
grows, the increase in 7L P becomes more dependent on the changes
in ICP. Additionally, as a result of the general drop in the amplitude
values across the cerebral circulation at higher g values, both AICP
and ATOP decrease by —32.6% and —57.9% as gravity increases from
1g to 3g, respectively. Consequently, AT LP also decreases, varying by
—47.3% in the range [1g-3g].

As a consequence of the increased mean and pulsatile arterial blood
pressure in the eye (Pa,eye) at Og, mean OPP (OPP) rises from 55.8
mmHg at 1g to 72.8 mmHg at Og (+30.6%), while AOP P increases from
50.7 mmHg at 1g to 59.7 mmHg at Og (+17.5%). Conversely, OPP and
AOPP decrease up to 4.1 mmHg (-92.7%) and 41.0 mmHg (-19.3%)
at 3g, respectively. This drop is primarily due to the reduced Fa,eye and
4P, .. In fact, Fa,eye decreases by —78.9% from 1g to 3g, while TOP
varies only by —22.3%.
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4. Discussion

Over the years, micro-gravity has been extensively studied, due to
the effects of long-term space missions on the cardiovascular system [6,
10,14,69], while hyper-gravity has received less attention due to the
difficulties in reproducing this condition and its occurrence only during
certain phases of spaceflight, such as launch or landing maneuvers. To
the best of our knowledge, no systematic studies have been carried out
on the short-term response of cerebrovascular and ocular hemodynam-
ics in a standing posture to hypo- and hyper-gravity conditions within
such a wide range of g. The mathematical framework described in this
study allowed us to investigate this response, highlighting different
non-linear behaviors that could be crucial in the comprehension of
human adaptation to the hostile spaceflight environment.

Within the hypo-gravity range (i.e., [0g-1g] range), the reduction
of the hydrostatic pressure contribution causes an increase in cerebral
blood pressure. The mean arterial pressure grows by +36.1% at the left
ICA as gravitational acceleration varies from 1g to Og. Additionally,
moving along the proximal-to-distal circulation, this increase becomes
even more accentuated, rising by +42.0% in the middle distal district,
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by +59.1% in the cerebral capillaries, and by +173.1% in the cerebral
veins. Besides the cerebral mean arterial pressure, the pulse pressure
is also affected by the transition to a micro-gravity environment. In
particular, the increased pulse pressure at the heart level during micro-
gravity leads to an elevation of the pulsatile values of the pressure
across the whole cerebral circulation. Notably, the mean arterial pres-
sure in the cerebral capillaries and veins shows the same non-linear
behavior exhibited by the intracranial pressure and the dural venous
pressure (see Fig. 3e). The underlying mechanism behind this response
is the collapse of the internal jugular veins (IJVs), which occurs when
the transmural pressure approaches zero. Homlund et al. [57] suggested
that the collapse triggers the generation of a section with constant
pressure, where the most cranial point of this segment becomes the
new reference point for intracranial venous pressure. Since the external
pressure exerted by the surrounding tissues on the IJVs is almost
zero [70], the intraluminal pressure within these vessels and, con-
sequently, the pressure at the reference point becomes close to zero
during the collapse. Thus, the hydrostatic component of P,,; and ICP
depends solely on the corresponding blood column situated above the
collapsed region. Our model is able to capture this collapse-induced
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non-linear behavior, which plays a crucial role in the regulation of both
P, and ICP during gravity changes.

The influence of micro-gravity on blood flow rates is primarily
detectable in the pulsatile values, while beat-averaged values exhibit no
significant variations due to cerebral autoregulation. This mechanism
ensures adequate perfusion in all cerebral districts throughout the en-
tire range of hypo-gravity. Furthermore, the fractions of cerebral blood
flow in the cerebral districts downstream of the Circle of Willis remain
substantially unchanged. Conversely, the flow rate pulsatile values rise
— especially in the distal districts — due to the mechanical inertia
(i.e., compliance) of the deep cerebral circulation, which amplifies
the heightened pulsatility at the central aortic level [67]. Our model
highlights a simultaneous increase of AP and AQ, particularly in the
distal and deep cerebral districts. The heightened pulsatility is an index
of increased variability. Hence, during acute exposure to micro-gravity,
the cerebral circulation experiences strong pressure and flow fluctua-
tions compared to the beat-averaged values, potentially leading to an
increased risk of mechanical stress and vascular remodeling [71], and
possible cognitive impairment and cerebral small vessel diseases [72].

Exposure to hyper-gravity triggers an elevation of the hydrostatic
pressure term, resulting in a pressure drop in the vascular districts
above the heart level. Our model predicts an 83.6% decrease in the
mean arterial pressure in the ICA and a 74.1% decrease in the BA at
3g with respect to the 1g condition. As shown in Fig. 4, the different
pressure drop between the ICA and BA propagates distally, causing
a different blood flow repartition between the anterior and posterior
cerebral circulation. This different response between the anterior and
posterior cerebral circulation has already been documented in the
literature. In fact, Bailey et al. [73] observed a modest increase in
the posterior cerebral perfusion during the micro- to hyper-gravity
transition elicited by parabolic flights. Moreover, Ogoh et al. [74]
found a correlation between the reduction in ICA blood flow and
the level of orthostatic stress induced by graded lower body nega-
tive pressure (LBNP), whereas blood flow in the vertebral arteries
(VA) was not affected by the level of the LBNP. In line with these
results, Sato et al. [75] observed the same differential response in
the ICA and VA to orthostatic stress induced by head-up tilt (HUT)
tests. These findings suggest a greater adaptability of the posterior
cerebral circulation to tolerate high gravitational stress, which is crucial
since the vertebro-basilar system supplies blood to important cerebral
regions — such as the medulla oblongata, cerebellum, brain stem,
thalamus and hypothalamus [76] - that play a crucial role in maintain-
ing homeostasis, and where important cardiac and respiratory control
centers are located. Additionally, it has been hypothesized that hy-
poperfusion in the vertebro-basilar system is associated with common
presyncope symptoms, such as dizziness, vertigo, and nausea [75]. In
the context of aviation and aerospace medicine, these findings can have
significant implications and highlight the importance of the cerebral
posterior circulation in relation to orthostatic tolerance. However, other
studies [77-79] did not reveal any heterogeneity in regional blood
flow during hypovolemic-induced orthostatic stress. These conflicting
results in the literature may arise from differences in experimental
protocols and signal acquisition. Moreover, many physiological mech-
anisms are involved in the regulation of cerebral blood flow, including
changes in ICA and VA due to sympathetic activation, reactivity to CO,,
and changes in cerebral perfusion pressure. Since the effects of these
mechanisms are not yet fully understood, additional experimental and
numerical studies are essential to clarify the responses of the anterior
and posterior cerebral circulations to orthostatic stress.

In addition to reducing the mean values of the pressure, hyper-
gravity elicits a decrease of AP in all cerebral vascular districts. Con-
versely, AQ diminishes only in the distal districts, remaining unchanged
in the ICA and MCA throughout the entire range of g. Moreover, as soon
as CPP falls below 50 mmHg at approximately 1.5g, cerebral blood
flow becomes compromised, decreasing by —38.2% at 3g compared
to normogravity conditions. In fact, the CBF reduction is below 5%

168

Acta Astronautica 237 (2025) 159-173

at 1.8g, beyond this value, the rate of decrease grows, suggesting an
inability of cerebral autoregulation to maintain an adequate CBF at
higher g values. Typically, a reduction in CBF of 50%-60% leads to
the onset of presyncope [65]. Furthermore, previous studies [65,80,81]
have speculated an impairment of dynamic cerebral autoregulation
during orthostatic stress, which may contribute to cerebral hypop-
erfusion and, thus, orthostatic intolerance. Hence, our model could
slightly underestimate the reduction in C BF, which could be even more
pronounced during real exposure to hyper-gravity environments.

Finally, our study focused on the neuro-ocular system response to
gravity changes, and, in particular, the interaction between ICP and
TOP was investigated. In fact, several studies hypothesized that micro-
gravity-induced /CP and IOP alterations are among the main factors
contributing to the pathogenesis of SANS [6,25,31-33]. Therefore,
understanding the influence of gravitational acceleration on /CP and
TOP is indispensable for gathering a clearer picture of gravity-induced
neurovestibular disorders. Our study suggests that as gravity varies
from 1g to Og, ICP increases more than IOP, thus altering their
interaction. In particular, TLP shows a highly non-linear response to
gravity changes due to the non-linear behavior of /CP and IOP. In
fact, within the range [0.6g-1g], T LP remains almost constant, while
the equilibrium between the ocular and intracranial compartments is
mainly disrupted for gravitational values below 0.5g (due to the slope
variation of IC P). This point is of crucial importance, since the lamina
cribrosa is very sensitive to alterations in 7L P and a chronic reduction
of this pressure can lead to optic disk and refractive changes and
optical nerve diseases, such as papilledema [22,24,31]. Additionally,
a reduction of the gravitational acceleration increases both TOP and
Fa,eye, yet the elevation in TOP is negligible compared with the rise in
Fa,eye. Hence, OP P monotonically increases, modifying the perfusion
of the eye and potentially leading to edema and choroidal blood flow
changes [31,82].

Within the hyper-gravity range, ICP reaches largely negative val-
ues. Recalling that CPP is defined as the difference between M AP at
the brain level and ICP, negative values in ICP effectively limit the
CPP decrease. Ogoh et al. [83] suggested that these changes in ICP
may counteract the gravity-induced changes in mean arterial pressure
during mild orthostatic stress. However, the internal jugular venous col-
lapse reduces the decline in ICP by lowering the hydrostatic gradient,
limiting the compensatory role played by ICP during high orthostatic
stress. The behavior of ICP within the hype-gravity range is fascinating
but should be interpreted with caution. The absence of measurements
in hyper-gravity prevents us from validating our results in a definitive
manner. Our model predicts a monotonic decline in ICP as gravity in-
creases, primarily due to the increased hydrostatic contribution, leading
to significantly negative values of ICP. It is noteworthy that negative
ICP has already been reported in the literature in patients with hydro-
cephalus who suffered CSF fluid overdrainage [84]. IOP also decreases
as gravity increases, varying from 13.6 mmHg at 1g to 10.6 mmHg at
3g (—22.3%). In particular, the rate of decrease in IOP is not constant
and decreases as g rises, gradually becoming smaller compared to that
of ICP. Thus, hyper-gravity elicits an opposite response of 7L P with
respect to micro-gravity. This aspect is of great interest in the context
of spaceflight countermeasures against cardiovascular deconditioning
and SANS, as short-term exposure to hyper-gravity may counteract the
ocular response observed in the micro-gravity environment. However,
several studies observed that excessively low ICP could alter the
configuration of the lamina cribrosa, leading to decreased retrograde
axonal transport and glaucoma [22,85-88]. Moreover, the high ortho-
static stress exerted by hyper-gravity leads to a decline in OPP due to
reduced mean arterial pressure at the eye level, which is a well-known
risk factor for glaucoma and choroidal thinning [82,89,90]. Despite
this, hyper-gravity is typically experienced for only brief time intervals
and is not consistently applied to the human body as with micro-
gravity. Therefore, future studies are required to better comprehend
whether suitable doses of hyper-gravity could mitigate the effects of
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micro-gravity without inducing the negative effects elicited by exposure
to hyper-gravity.

The present mathematical framework has some limiting aspects:
(i) cerebral reactivity to different levels of CO, is not included in
our model. Arterial CO, pressure (P,co,) affects cerebrovascular re-
sistances, altering cerebral autoregulation [91]. In particular, an in-
crease in P, o, elicits vasodilation, while a reduction in P,¢o, in-
duces vasoconstriction [91]. It is well-known that orthostatic stress
causes hypocapnia with hyperventilation, inducing a vasoconstrictive
response [92]. Moreover, it has been observed that both IOP and
ICP are influenced by CO, levels [23,34]. (ii) The functioning of
the cerebral autoregulation is assumed to be optimal throughout the
gravitational range, despite some authors observing impairment of
the cerebral autoregulation during high orthostatic stress [65,80,81].
(iii) Our model does not account for long-term regulation mechanisms
related to renal, hormonal activity, and transcapillary blood flow. In
addition, muscular activation, which plays an important role in venous
return to the heart, is not described.

5. Conclusion

The present study demonstrated that numerical modeling can be a
powerful and effective tool for investigating cerebral and ocular hemo-
dynamics in extreme environments, such as those represented by micro-
and hyper-gravity. Our model was able to reproduce the response of the
most common measured cerebral and ocular parameters (CBFV, CPP,
ICP, and 10P) and provided insightful details that current acquisition
methods are not able to detect. In particular, micro-gravity elicited an
increase in the cerebral perfusion pressure due to the removal of the
hydrostatic gradient. Despite this increase, the cerebral autoregulation
mechanism ensured a near-constant C BF across the entire hypo-gravity
range. However, pulsatile values of pressure and flow rate were in-
creased due to heightened pulsatility at the central level. Additionally,
our model revealed several non-linear gravity-dependent trends, among
which those of TOP and ICP were the most significant. Specifically,
our study showed that their equilibrium was mainly disrupted within
the range [0g-0.5g], with the translaminar pressure being greatly
reduced during acute exposure to micro-gravity, thus suggesting that
it is sufficient to replicate gravity conditions similar to that between
0.6g and 1g to restore a physiological balance between ICP and IOP.
Conversely, hyper-gravity induced a significant decline in cerebral
blood pressure, which was responsible for both the reduction in CBF
and OPP at higher g values, whereas T L P was found to increase. Thus,
hyper-gravity induced an opposite response to that of micro-gravity,
confirming the hypothesis that intermittent exposure to mild levels of
hyper-gravity could mitigate physiological deconditioning [46-48].

In the context of space travel, these findings confirm the usefulness
of numerical methods in the comprehension of the pathophysiological
mechanisms that occur during exposure to altered gravity conditions,
such as those inducing SANS and cardiovascular deconditioning. Addi-
tionally, in future studies, our model can be used in order to identify
an optimal countermeasure strategy against spaceflight decondition-
ing by replicating the typical conditions encountered during exposure
to lower body negative pressure — which, to date, shows conflicting
and incongruent data about its effectiveness [93-95] — and artificial
gravity [48].
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Appendix A. Model validation of the central cardiovascular re-
sponse

In this section, we briefly recall the validation of the cardiovascular
model in the context of the central cardiac response to gravitational
changes and, please, refer to our previous study [55] for further de-
tails. The cardiovascular model was validated against experimental
data reported in centrifuge and parabolic flight studies (assessing both
standing and seated posture). Specifically, in order to validate the
model, the following variables were considered: heart rate (H R), stroke
volume (SV), cardiac output (CO), mean arterial pressure (M AP),
systolic arterial pressure (SAP), and diastolic arterial pressure (DAP).

After normalizing all variables with respect to the normo-gravity
condition (1g), experimental data were pooled following the same
approach described in Section 3.1. Additionally, for each investigated
cardiac parameter, a linear regression was performed on measured
data by means of the weighted least-squares fitting method, taking
into account both pooled mean (/4&/.) and standard deviation (05’(.)
values. Furthermore, for each regression line, statistical significance
was verified by a two-sided t-test for the slope coefficient.

In Fig. A.6, the model results (solid black curves), the regression
lines (dashed black lines), and the centrifuge (magenta lines) and
parabolic flight (blue and green lines) data in terms of 4} and o
are shown. The linear regression analysis revealed that the trends in
SV, HR, MAP, SAP, and DAP were statistically significant, whereas
CO exhibited a p-value higher than the significance level of 0.05. Our
cardiovascular model returned values that were in good agreement
with the experimental data, with all model outcomes falling within
the range ;4’)’(1. + af(j, indicating that the model was able to capture the
cardiovascular response to gravity changes in both micro- and hyper-
gravity conditions. Specifically, SV exhibited a decreasing trend as a
function of g, due to the fluid shift from the upper to the lower region
(experimental data revealed a decrease between —29.8% and —39.5%
from Og to 2g, whereas the model predicted a reduction of —60.8% at
3g). HR increased due to the short-term regulation mechanisms (+57%
from Og to 2.5g in centrifuge studies, +33% and +12.8% from 0g to
1.8g in parabolic flights), resulting in a slightly decreasing CO (recall
CO = SV - HR). Due to baroreceptors, the model predicted a near-
constant M AP throughout the investigated gravity range (whereas
experimental data showed a mild increase). Finally, the model was
able to capture the increase in diastolic pressure as a function of
g, whereas some discrepancies were observed with the experimental
data for SAP, with the model detecting a non-monotonic decrease as
gravity increases from Og to 3g. However, experimental data presented
some incongruence and a decline in SAP was also detected during the
hyper-gravity phase of parabolic flight in a standing posture.
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Fig. A.6. Pooled mean uij and standard deviation o4 values are depicted with vertical magenta (centrifuges data), blue (parabolic flights data in sitting posture),
and green (parabolic flights data in standing posture) points and lines. Model outcomes and regression lines are depicted with black solid and dashed curves,
respectively. Trends in SV (p-value < 0.001), HR (p-value < 0.001), MAP (p-value < 0.001), SAP (p-value = 0.0161), and DAP (p-value < 0.001) were
statistically significant, whereas CO failed to pass the t-test with a p-value equal to 0.130. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.actaastro.2025.08.028.
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