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Matteo Fois ® <, Ana Diaz-Artiles ® 2%, Syeda Yasmin Zaman?, Luca Ridolfi*° & Stefania Scarsoglio ® '*°

Head-down tilt (HDT) has been widely proposed as a terrestrial analog of microgravity and used also to
investigate the occurrence of spaceflight-associated neuro-ocular syndrome (SANS), which is
currently considered one of the major health risks for human spaceflight. We propose here an in vivo
validated numerical framework to simulate the acute ocular-cerebrovascular response to 6° HDT, to
explore the etiology and pathophysiology of SANS. The model links cerebral and ocular posture-
induced hemodynamics, simulating the response of the main cerebrovascular mechanisms, as well as
the relationship between intracranial and intraocular pressure to HDT. Our results from short-term
(10 min) 6° HDT show increased hemodynamic pulsatility in the proximal-to-distal/capillary-venous
cerebral direction, a marked decrease (-43%) in ocular translaminar pressure, and an increase (+31%)
in ocular perfusion pressure, suggesting a plausible explanation of the underlying mechanisms at the

onset of ocular globe deformation and edema formation over longer time scales.

The future of space travel and exploration relies on our knowledge of human
physiological adaptation to the space environment' as well as on the support
of technological advancement. Ensuring the health and survival of astro-
nauts undergoing short- and long-term permanence in space is a crucial
goal of bioastronautics™ and space medicine’. In particular, spaceflight-
associated neuro-ocular syndrome (SANS) has been acknowledged by
NASA as a major risk for human space travel’, requiring mitigation stra-
tegies in view of future crewed expeditions to Mars’. The syndrome includes
a number of ophthalmic anomalies and neuro-ocular changes observed in
astronauts returning from the International Space Station (ISS)’, and these
changes may persist permanently after re-entry”.

At present, the exact etiology and pathophysiology of SANS still
remain unknown. It is hypothesized that cephalic vascular and sub-
arachnoid volume engorgement driven by headward fluid shift, mildly
elevated intracranial pressure (ICP), and elevated cerebral blood volume
experienced by astronauts in microgravity may play a role over long time
scales”"’. For this reason, the human cardiovascular system (CVS) and its
response/adaptation to weightlessness have been extensively investigated in

association with SANS"™'®". However, the understanding of the cere-
brovascular circulation response to weightlessness and its relationship to
SANS still remains unclear.

Over recent years, ground-based analogs of spaceflight have been
adopted to reproduce the acute and long-term effects of microgravity on
cardiovascular physiology*****. Among these, 6° head-down tilt (HDT) has
gathered wide popularity to simulate the fluid shift experienced in weight-
lessness on human circulation”. Remarkable efforts have been dedicated to
investigating and identifying SANS risks, causes, and potential counter-
measures by resorting to 6° HDT as a terrestrial analog of spaceflight'>'>**~".
Some of these studies focused on the relationship between the internal
pressure of the eye globe, i.e., the intraocular pressure (IOP), the pressure in
the retrobulbar space (ICP), and blood pressure at the eye level (especially
arterial pressure) determining perfusion of the globe. However, despite
previous investigations about cerebrovascular responsiveness during
HDT***** and parabolic flight™, the link between cerebral hemodynamics
(underlying ICP and eye arterial pressure) and the ocular apparatus is still
poorly understood. The pressure difference between IOP and ICP called
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ocular translaminar pressure (TLP), is believed to play a relevant role in the
development of SANS. In particular, reduced (or reversed) TLP may
compromise the spherical shape of the eye"”">*. In addition, elevated ocular
perfusion pressure (OPP, defined as the difference between eye arterial
pressure and IOP) has also been hypothesized as a potential risk for edema
formation. Further ground and in-flight in vivo investigations are neces-
sary to confirm the exact role of TLP and OPP in the development of SANS.
A number of IOP measurements have been taken during acute and long
exposure to microgravity’ . Unfortunately, given the harmful and difficult
nature of invasive measurements for ICP*"* in vivo reference values
associated with posture variation (e.g., during 6° HDT) are rare in the
literature****, while ICP data onboard space missions are still lacking to date
(albeit some results have been reported during parabolic flight").

In this context, mathematical modeling represents a powerful tool
to investigate hidden or unclear physiological mechanisms of the CVS
under a variety of “altered-gravity” conditions. Over recent years,
mathematical modeling of the CVS has been used to study the cardio-
vascular responses to head-up tilt” ¥, to centrifugation (with and
without exercise)*, cardiovascular deconditioning following long-term
spaceflight”, the impact of orthostatic stress and acute weightlessness on
the cerebrovascular dynamicsso, or the arterial-ocular interaction (IOP,
OPP) during head-up and head-down tilt’**". We aim to provide an in
silico-in vivo framework to link the gravity-driven cerebrovascular and
ocular mechanisms. This can lead to better elucidation of the ICP and
IOP responses to altered-gravity, contributing to the understanding of
the pathophysiology of SANS.

Therefore, in the present work, we present a multiscale model of the
human circulation integrating our previous 1D-0D CVS framework'”** with
a lumped model of the ocular compartments™' and with a lumped-
parameter model of the cerebrovascular circulation™. The lumped ocular
model encompasses multiple compartments and depends on both arterial
and venous pressures at the level of the eye, as well as on ICP. The lumped
cerebrovascular model accounts for the mechanisms of cerebral auto-
regulation and CO2 reactivity, and it has been validated and previously used
to investigate the effects of cardiac arrhythmias on cerebral
hemodynamics™ . More recently, the lumped cerebrovascular model has
also been used to explore the gravity-induced cerebrovascular dynamics
during simulated parabolic flight™.

To validate the integration of the ocular model with the existing
CVS model, we performed human experiments in the laboratory
environment to measure cardiovascular (arterial pressure, heart rate,
stroke volume, and cardiac output) and ocular (IOP) parameters during
short-term (10 min) 6° HDT from 80° head-up tilt (HUT). Once vali-
dated, the multiscale model is used to investigate the acute cere-
brovascular and ocular response to 6° HDT and to understand their
interaction and potential effects on ocular changes. Specifically, we
investigate the cerebrovascular dynamics elicited by posture change
from 80° HUT to 6° HDT, observing the blood pressure and flow rate
response at different levels of the brain (from proximal arterial to distal,
capillary, and venous cerebral sites). Our analysis informs the
mechanisms determining ICP and cephalic blood volume responses,
thus contributing to the understanding of the relationship between
cerebral hemodynamics and ocular responses (IOP, ocular globe
volume) under altered-gravity. We present the model results concerning
TLP and OPP during HDT and we discuss their role as potential risk
factors for SANS. Our modeling framework is a promising tool to
investigate cerebrovascular dynamics in altered-gravity, and results for
our modeling efforts inform the pathophysiology of SANS and the
development of future countermeasures.

Results

In the following paragraphs, we first compare the model outcomes with our
experimental ocular and cardiovascular measures. Then, we further explore
detailed model predictions for the ocular-cerebrovascular response to
acute 6° HDT.

Model validation: experimental vs. modeled cardiovascular and
ocular parameters

Experimental data and corresponding model outcomes of the cardiovas-
cular and ocular parameters obtained during the tilt maneuvers are dis-
played in Fig. 1. p-values (see Supplementary material) are computed via the
Wilcoxon test for paired samples (n=6 healthy, male subjects) on the
experimental data between different postures. Subjects recruiting was
conducted by selecting volunteers with anthropometric features as homo-
geneous and comparable as possible to those on which the model is cali-
brated (see Table 1).

The tilt maneuver from 80° HUT to 6° HDT causes an important
headward fluid shift from the lower to the upper body’"*’. The augmented
cardiac filling leads to the rise in CO (Fig. 1¢) and SV (panel d), accompanied
by a drop in HR (panel b) and a slight decrease in MAP (panel a), modulated
by the short-term regulation mechanisms. The model predictions for the
post-tilt 80° HUT position are similar to the corresponding pre-tilt values
for all parameters. IOP (panel e, both in vivo and modeled) follows the same
trend as CO and SV, showing an acute rise of about +4.2 mmHg when
tilting from 80° HUT to 6° HDT.

For all parameters, pre- and post-tilt 80° HUT positions are non-
significantly different from each other (p > 0.05). Conversely, most para-
meters show statistically significant differences between pre- and post-tilt
80° HUT and 6° HDT positions (p < 0.05; with only MAP p < 0.10 between
pre-tilt 80° HUT and 6° HDT). Exact p-values reported in Supplementary
Table 8 in the Supplementary Material.

Results reported in Fig. 1 show that the model is able to accurately
reproduce the in vivo ocular and cardiovascular response to the tilt man-
euvers between 80° HUT and 6° HDT: (i) at 6° HDT the value predicted by
the model falls inside the corresponding boxplot (CO, SV e IOP) or just
outside it (MAP), with the only exception being HR, which experiences a
reduced variation but in the same direction as experimentally observed; (ii)
considering that pre- and post-tilt 80° HUT positions are non-significantly
different for any of the parameters, also at 80° HUT the model prediction
falls within or very close to the boxplot for all the analyzed CVS parameters.
At fixed posture, relative errors of the value predicted by the model with
respect to the mean value of the experimental data are within 15% for all the
parameters (MAP: 80° HUT + 4.02%, 6° HDT + 3.92%; HR: 80° HUT
-5.76%, 6° +15.87%; CO: 80° HUT + 13.04%, 6° HDT -4.31%; IOP: 80°
HUT -11.66%, 6° HDT -5.56%), with the only exception of SV (80°
HUT + 19.41%, 6° -19.20%).

Blomgqpist et al.”* reported HR =68 + 2 bpm, CO=7.4+0.51min"',
SV =108 + 7 ml, systolic arterial pressure SAP = 104 + 3 mmHg, and dia-
stolic arterial pressure DAP = 59 + 6 mmHg (diastolic) after a 30-min tilt to
5° HDT (n = 10 male individuals, baseline supine data: HR =75 + 4 bpm,
CO=77+041lmin"", SV=102+7ml, SAP=106+3 mmHg and
DAP = 65 + 2 mmHg). Shiraishi et al.”' performed a 6° HDT and compared
the observed findings with baseline seated measures (# =10 male indivi-
duals). They found that MAP decreased by 9 mmHg, HR decreased by 11
bpm, and CO increased by 0.7l min~". Linder et al.”’ reported an IOP
increase of approximately 3.5 mmHg on 10 individuals when tilting from
the upright 90° position to 6° HDT. Laurie et al.”” reported a smaller IOP
increase of 0.7 mmHg when 8 male subjects were tilted to 6° HDT, this time
compared to a seated position.

Ocular-cerebrovascular model results
In the following paragraphs, we first explore the blood pressure and flow rate
model response to 6° HDT from 80° HUT throughout the cerebrovascular
and ocular compartments. Then, we focus on and discuss the ocular-
cephalic pressure and volume response during the tilt maneuver.
Adopting a proximal-to-distal approach, Fig. 2 shows flow rate and
pressure signals at the left (subscript 1) internal carotid artery (ICA, panel f),
the left middle cerebral artery (MCA, d), the left distal middle cerebral artery
(dm, b), the cerebral capillary (ccap, c), cerebral venous (cv, c), and dural
venous sinus (dvs, a) sites. In all instances, blood pressure rises at the
beginning of the 6° HDT due to the change in the hydrostatic pressure.
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Fig. 1 | Experimental data and computational results. Cardiovascular and ocular
experimental data (reported as boxplots, where the 2nd-3rd quartile range delimits
the box, red lines mark distribution medians, and outliers are depicted as red crosses)
compared to the corresponding model outcomes (yellow stars) at each phase of the
HDT experiment. S denotes the baseline (BL) seated posture. MAP a indicates finger

mean arterial pressure corrected at heart/brachial level, HR b indicates the heart rate,
CO c indicates the cardiac output, SV d indicates the stroke volume, and IOP

e indicates the intraocular pressure. Time t starts when subjects are first positioned
upright (80° HUT) on the tilt table. Asterisks denote significant (*: p <0.10, **:

P <0.05) parameter differences in the experimental data between tilt conditions.

The arterial and venous pressures at the level of the eye (Fig. 2e)
show similar behavior to the cerebral arterial and distal-capillary-venous
compartments in response to 6° HDT. The mean eye arterial pressure
(pa,eye) rises by 19.6 mmHg (4-30%) when tilting from 80° HUT to 6°
HDT; that is less than the mean pressure increase detected at cerebral
arterial level (+21.4 mmHg, +33%, at left ICA). This different change is
due to the position of the eyes with respect to the body’s mid-coronal
plane. As a result, we find a lower eye arterial pressure while the body is
close to the horizontal position, given the more elevated position of the
eye with respect to the rest of the cerebral circulation. Upon tilting from

Table 1 | Subject characteristics

ID age [years] weight [kg] height [cm] BSA [m?]
MO1 20 77 179 1.954

Mo2 21 82 177 1.990

Mo03 28 79 170 1.905

Mo04 26 78 179 1.967

MO05 33 85 172 1.962

MO06 31 65 180 1.828

Total 26.5+5.2 77.6+6.8 176.2+4.2 1.934 +0.059
Model 25 75 175 1.900

Demographic and anthropometric characteristics of subjects enrolled in the experimental study
(n =6 males, mean + SD) and the generic subject simulated by the CVS model. BSA is body surface
area computed according to Du Bois method®.

80° HUT to 6° HDT, the mean eye venous pressure rises by about
5.5 mmHg (+260%).

Blood flow rates in all cerebrovascular compartments (Fig. 2f, d, b,
and ¢, respectively) present a much more homogeneous response to the
tilt maneuver from 80° HUT to 6° HDT compared to the pressure
response. The first initial increase in flow rates detected at all levels at the
beginning of the tilt maneuver—due to the sudden fluid shift from the
lower to the upper body—is rapidly settled down to almost the same pre-
tilt flow rate level shortly after approaching the 6° HDT position. This is
due to the cerebral autoregulation acting at the distal level, rising cerebral
distal resistances (+13%), and reducing the corresponding compliances
(-17%) such that a nearly constant cerebral blood flow (CBF) is
maintained”. Indeed, panel a of Fig. 2 displays CBF, which—after a wide
positive overshoot during the HDT maneuver with a beat-averaged flow
rate peak at 15.7mls — 1 (+ 35% compared to 80° HUT pre-tilt)—
reaches again steady state at 12.4 ml —1's (46.6% with respect to 80°
HUT pre-tilt) due to the cerebral autoregulation mechanism. Additional
information on pressure and flow rate peak values are reported in
Supplementary Table 9 in the Supplementary Material.

In Fig. 3 we summarize the steady-state mean and pulse (max-min)
pressures and flow rates before and after the HDT maneuver at each cere-
brovascular site (left ICA, MCA, dm, ccap, cv, and dvs), including the
changes (in %) between 80° HUT and 6° HDT.

The head-down position causes blood pressure to increase at all levels
of the cerebral vasculature™, reaching values comparable to the analogous
vascular districts (e.g., arterial, capillary, venous) of the body in the same
posture. For instance, mean pre-tilt (80° HUT) ICA,l pressure is about
65.8 mmHg (aortic MAP about 92.8 mmHg), whereas post-tilt (6° HDT)
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venous pressures and cerebral venous flow rate, respectively. pMCA,l and QMCA,l
d indicate left middle cerebral artery blood pressure and flow rate. pa,eye and pv,eye
e indicate arterial and venous pressure at the level of the eye, while pICA,l and
QICA,! f indicate left internal carotid artery blood pressure and flow rate, respec-
tively. Thick lines represent the beat-averaged signals of the corresponding time
series, which are depicted with thin lines.

mean ICA,l pressure is about 87.2 mmHg, much closer to the post-tilt aortic
MAP of about 86.1 mmHg.

Interestingly, the (mean) pressure variation following the HDT man-
euver is not homogeneous throughout the observed cerebrovascular sites.
Mean pressure increments after the HDT maneuver from 80° HUT to 6°
HDT in the different cerebrovascular regions (from proximal to distal and
capillary-venous regions) are as follows: +21.4 mmHg (4-32.5%) at ICA,],
+21.1 mmHg (+33.3%) at MCA,], +16.2mmHg (+44.4%) at dm),
+12 mmHg (+83.3%) at ccap), and +11.3 mmHg (+271.4%) at cv. Thus,
going from proximal to distal/capillary-venous cerebral compartments,
while the absolute pressure differences between 80° HUT and 6° HDT
decrease, the corresponding relative (i.e., percentage) pressure differences
increase. This could be explained by the reduction of the distal (pial)
arteriolar compliances promoted by cerebral autoregulation to counteract
the sudden CBF increase caused by head-down tilt, together with the non-
linear behavior of the cerebral venous compliance (inversely related to the
cerebral venous pressure).

The mean dvs pressure at the outflow of the cerebrovascular com-
partment changes from -10.8 mmHg at 80° HUT to 9 mmHg at 6° HDT
(+ 19.8 mmHg, similarly to left ICA pressure), that is a 183.2% increase. This
mean pressure increase differs from the previous trend of increase registered
from ICA to cv compartments likely because of the influence of downstream
superior vena cava (svc) pressure (mean values -0.5 mmHg at 80° HUT,
7.9 mmHg at 6° HDT) and central venous pressure CVP (2.1 mmHg at 80°
HUT, 7.6 mmHg at 6° HDT). Indeed, it can be observed that the mean 80°
HUT dvs pressure is given by subtracting the hydrostatic pressure related to
the svc-head distance (about 10 mmHg at 80° HUT for a fluid column
assumed to be 13.5 cm high) from the corresponding 80° HUT svc pressure.

Pulse pressure (Fig. 3a) tends to increase at all sites when tilting from
80°HUT to 6° HDT, reflecting the global pulse pressure increase registered
at the central (aortic) level”. Furthermore, the change observed in pulse
pressure is lower in relative (percentage) terms for the proximal arterial sites
(ICAl: +11.7 mmHg, +21.9%; MCA,l: +11.2 mmHg, +22.8%), whereas it
is progressively higher for the downstream distal and capillary-venous sites
(from +4.1 mmHg, +70.6% at dm,] to +1.8 mmHg, +399.5% at cv). The
response of pulse pressure to HDT should be considered in light of the
cerebral autoregulation contribution, which decreases the cerebral (arter-
iolar) blood compliance (together with the diminished cerebral venous
compliance, inversely related to cv pressure), and thus further augments
pulse pressure amplitude. Pulse pressure at dvs site is not very affected by
head-down tilt (+0.2 mmHg, +8.1%), which is similar to the pulse pressure
response of svc (+-0.2 mmHg, 4+8.1%) and CVP ( + 0.2 mmHg, +12.5%).

Flow rate mean values (Fig. 3b) across the different cerebral com-
partments share similar responses to 6° HDT. Upon tilting, cerebral auto-
regulation acts such that the mean blood flow rate is maintained at nearly
constant levels”**". This especially happens at distal sites (dm,))—directly
controlled by autoregulation—showing very limited (+0.3 ml, —1 + 8.8%)
mean flow rate variations following 6° HDT. The adjacent sites show a
similar response, limiting the amount of mean flow rate variation at 6> HDT
(mean flow rate at ICAl: +0.5mls — 1, +12.1%; MCA,l: +0.3mls — 1,
+9.8%; cv: +0.8 mls — 1, +6.8%). As a result, CBF is well maintained
during posture change from 80° HUT to 6° HDT”, with +0.8 mls — 1
(+ 6.7%) mean flow rate variation. On the other hand, flow rate pulse values
(Fig. 3b) increase along the proximal to distal/capillary-venous direction
(ICAL: +12.7%, MCA,l: +13.2%, dm,l: +35.5% and CBF: 4+59.7%), simi-
larly to corresponding pulse pressures.
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Fig. 3 | Cerebrovascular mean and pulse pressure and flow rate steady-state
responses to head-down tilt. Pressure (a) and flow rate (b) mean and pulse
responses throughout the cerebrovascular compartment during an HDT maneuver.
For simplicity, only the left (1) side of the brain is included. ICA, MCA, dm, ccap, cv,
and dvs indicate internal carotid artery, middle cerebral artery, distal middle artery,
cerebral capillary, cerebral veins, and dural venous sinus compartments,

respectively. CBF indicates cerebral blood flow rate. Mean (dark-colored bars) and
pulse (max-min, light-colored bars) pressure and flow rate values are reported for all
compartments during steady-state pre-tilt 80° HUT (80°HUT, yellow bars) and
steady-state post-tilt 6° HDT (6° HDT, green bars). Percentage variation between
pre- and post-tilt values is referred to as the 80° HUT values.

To elucidate the role of posture changes on the ocular apparatus, in Fig.
4 we focus on the corresponding ocular model compartment, highlighting
its interplay with the cerebrovascular circulation. The relationship between
IOP and ICP (i.e., the translaminar pressure TLP = IOP — ICP), as well as
between IOP and the arterial pressure at eye level (ocular perfusion pressure
OPP = pa,eye — IOP) might play a crucial role in the development of SANS.
Thus, here we investigate their responses during the acute phase of
HDT13715,25,27'

Figure 4a shows IOP and ICP response to 6° HDT. When tilting from
80° HUT to 6° HDT, ICP increases from a few negative (-0.1) mmHg to
about 10.9 mmHg, whereas IOP changes from 15.8 mmHg to 19.9 mmHg
(in line also with most IOP measurements in actual microgravity **”***).
Lawley et al.” reported ICP to increase from 4 + 1 mmHg to 14 + 2 mmHg
when tilting subjects from 90° HUT (seated) to 0° supine. ICP increased
even further (an additional +1.8 + 0.5 mmHg) when tilting from 0° supine
to 6° HDT. Holmlund et al.” found ICP to increase from -0.9 + 3.5 mmHg
at 69° HUT to 10.4 + 1.5 mmHg at 0° supine. In all cases, ICP seems to
increase by approximately 10/12 mmHg when changing posture from
upright to supine/head-down. In addition, we find that pulse ICP rises from
0.01 mmHg (80° HUT) to 1.7 mmHg (6° HDT), while pulse IOP increases
from 6.9 mmHg (80° HUT) to 8.7 mmHg (6° HDT).

Thus, both mean IOP and ICP increase after the head-down tilt
maneuver, as a consequence of the fluid shift to the upward-cephalic
compartments together with the increase in blood pressure at the eye and
cerebral level. Our modeling efforts show that ICP increases more than IOP
following HDT, causing mean TLP to decrease from the pre-tilt value of
15.9 mmHg to the post-tilt value of 9 mmHg. This decrease of about -43%

in TLP—albeit our analysis only takes into account the acute response to
HDT—is deemed to represent one potential contributor to SANS devel-
opment in astronauts'*'". Despite the observed beat-averaged decrease in
TLP following 6° HDT, pulse (max-min) TLP (TLPP) widens by
+1.5 mmHg (from 6.9 mmHg to 8.4 mmHg, +22%) after 6° HDT as a
result of the augmented pulse IOP and ICP.

Figure 4b reports the OPP response during a head-down tilt maneuver
from 80° HUT to 6° HDT. Differently from TLP, beat-averaged OPP goes
up from 49.6 mmHg to 65.1 mmHg (+31%) as a consequence of the aug-
mented arterial pressure at eye level (+19.6 mmHg, Fig. 2e) overcoming the
more limited increase of IOP (+ 4.1 mmHg, Fig. 4a). The higher OPP
found at the head-down position reveals an increasing perfusion pressure
along the outside-inside globe direction"’, potentially leading to optic disk
edema’’. As already underlined for TLPP, also pulse (max-min) OPP
(OPPP) increases upon reaching 6° HDT by +9.7mmHg (from
47.8 mmHg at 80° HUT to 57.5 mmHg at 6° HDT, 4-20%).

Due to SANS association with cephalic volume congestion deriving
from headward fluid shift’"*", we used the model to predict the ocular-
cerebrovascular volume variations in response to 6° HDT. In Fig. 4c we
report the absolute volume differences with respect to the pre-tilt 80° HUT
state for the eye globe (Vg), the cerebral veins (Vcv), and the extra-cerebral
head veins (VH,v) during HDT. Figure 4c shows that, despite almost no
volume change occurring to the ocular globe, both cerebral and extra-
cerebral venous volumes are highly affected by the headward fluid shift,
increasing from the upright values due to the HDT. Thus, although IOP
increases due to HDT, the volume of the eye globe stays nearly unchanged,
appearing to be insensible to posture variations (AVg = +0.005 ml after
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Fig. 4 | The ocular-cephalic compartment time responses during a head-down tilt
maneuver from 80° HUT to 6° HDT. Panel a: intraocular (IOP), intracranial (ICP),

and translaminar (TLP) pressures. Panel b: ocular perfusion pressure (OPP). Panel c:
ocular globe (AVg), cerebral veins (AVcv), and extra-cerebral head veins (AVH,v)
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changes in blood volume. In the insets of panels a, b, TLP and OPP mean and pulse
(TLPP, OPPP) pressure values before and after the tilt maneuver are also reported.
pa,eye indicates eye arterial pressure, t denotes time, and AV indicates the absolute
volume variation with respect to the initial 80° HUT value.

HDT). Conversely, the marked cephalic congestion highlighted by the
cerebral and extra-cerebral blood volume increases underlines how the
retrobulbar space can exert higher compression forces on the ocular globe
and, over prolonged time, may induce structural remodeling’.

Discussion

Given the importance of understanding the mechanisms leading to SANS
development in astronauts during long-term space missions’, in the present
work, we investigate the ocular-cerebrovascular interaction elicited by acute
6° HDT as an analog of microgravity. To this end, we used our in silico-in
vivo validated framework described in this study. The understanding of the
posture-induced systemic, cerebral, and ocular responses to 6° HDT con-
tributes to identifying the main potential risk factors leading to visual dis-
orders observed in the literature’.

As the body is tilted head-down, the headward fluid shift from the
lower extremities causes an increasing accumulation of blood volume in the
cephalic compartments (Fig. 4c). Upon reaching 6° HDT, blood pressure in
the cerebral (and extra-cerebral) compartments increases, with mean
pressure at left ICA increasing by +32.5%, at left distal level by +44.4%, and
at cerebral veins by 4-271.4%, with respect to pre-tilt 80° HUT values (Figs.
2b-d, fand 3a). The mean pressure increase following tilt down to 6° HDT is
related to the hydrostatic pressure of the blood column extending from the
head to the central level, which is about 27 mmHg at the right and left ICA
level, at 80° HUT (please, refer to 1D arterial geometry data reported in
Supplementary Table 1 in the Supplementary Material). The proximal-to-

distal/capillary-venous trend of increase shown for the mean pressure
relative difference between pre- and post-tilt to 6° HDT can be explained by
the decreased cerebral arteriolar compliance dictated by cerebral auto-
regulation and by the decreased cerebral venous compliance (inversely
related to cerebral venous pressure). Therefore, distal and capillary/venous
cerebral vessels become stiffer and less compliant when approaching the
head-down position. Pulse pressure in the cerebral circulation shows a
similar behavior (Figs. 2b—d, fand 3a), with an overall increase reflecting the
global augmented pulse pressure found at the central (aortic) level, although
to a larger extent (aortic pulse pressure rises by +17% going from 80° HUT
to 6° HDT), combined with a trend towards increase from proximal to
distal/capillary-venous levels elicited by the reduced distal and venous
cerebral compliance.

Blood flow rates are affected only to a limited extent by 6° HDT (Figs.
2a-d, f and 3b), with almost unchanged mean flow rate levels at all cerebral
compartments, due to the presence of cerebral autoregulation acting to
preserve adequate cerebral perfusion. At the same time, pulse flow rate is
overall enlarged, and shows a trend to increase along the proximal-to-distal/
capillary-venous direction. This outcome results as a magnification of the
increased flow rate pulsatility detected at the aortic level (+8% from 80°
HUT to 6° HDT) and the reduced distal/venous cerebral compliance.

With our modeling approach, we provide insights into the pulsatility of
pressure and flow rate signals, which are difficult to measure in vivo and thus
generally unexplored in the literature, especially concerning cerebral cir-
culation. Yet, the higher pressure and flow rate signals pulsatility detected at

npj Microgravity | (2024)10:22



https://doi.org/10.1038/s41526-024-00366-8

Article

s Zc Arterioles Capillaries Venules Veins Venae Cavae
s H,
ECAI g = I s e
to right atrium...
VAr Vil .. from arms 4
Circle of |
Willis L B | dvs
de e
—t@ dm,l
Q s N
pL ag,in L S B N SN A
Large Distal Capillary-venous
§ 10P @ Cerebral Arteries Cerebral Arteries Circulation
A +
@ + ICP
,_{ ’» Ocular
Deye Compartment -
Q.o

Fig. 5 | CVS model architecture: focus on the cerebrovascular and ocular com-
partments. The 1D arterial network (red vessels, the upper aortic-vertebral, and
carotid branches are reported here as a magnification of the entire arterial network,
on the left) is connected to the 0D lumped-parameter head, cerebral, and ocular
compartments (Zc denotes lumped characteristic impedances). ECA,l, and ECA,r
represent the left and right external carotid arteries, connected to the extra-cerebral
head circulation, where H,v denotes (extra-cerebral) head veins. Left and right
internal carotid arteries are denoted as ICA,l and ICA,r while VA,l and VA,r
represent the left and right vertebral arteries, respectively (BA indicates the basal
artery). For theleft (1) cerebrovascular circulation, ACA, MCA, and PCA indicate the

anterior, middle, and posterior large (proximal) cerebral arteries, while da, dm, and
dp denote distal anterior, middle, and posterior arteries, respectively. The right (r)
cerebral circulation is symmetric to the left side and not represented here for sim-
plicity. Compartments ccap, cv, and dvs refer to the cerebral capillaries, cerebral
veins, and dural venous sinus, respectively. Qf and Qo are the cerebrospinal fluid
formation and outflow rates, respectively, while CBF represents the cerebral blood
flow rate and ICP denotes the intracranial pressure. In the ocular compartment, [OP
denotes the intraocular pressure, whereas pa,eye, pv,eye, Qaq,in, and Qag,out
indicate the arterial and venous pressures at the level of the eye and the aqueous
humor inflow and outflow rates, respectively.

6° HDT implies that short-term HDT causes the cerebral circulation
(particularly in the distal districts) to be subject to higher and lower pres-
sure/flow rate values compared to the beat-averaged levels, leading to an
overall increased risk of mechanical stress and cerebrovascular damage™*.

The computational model is also useful to explore the role of different
hemodynamic terms shaping ICP and IOP response to 6° HDT. The ICP
behavior during 6° HDT (Fig. 4a) results from the combined effect of all
pressure changes detected within the cerebrovascular compartment (Fig.
3a), albeit the major contributor to this change comes from the hydrostatic
pressure of the cerebrospinal fluid. Considering the +11 mmHg change in
ICP when tilting from 80° HUT to 6° HDT, the majority of this change (90%,
about 10 mmHg) comes from the hydrostatic column of cerebrospinal fluid.
Thus, the hydrostatic pressure linked to fluid weight and body posture is the
main contributor to determining ICP response to HDT. In addition, pulse
ICP shows a modest absolute variation (4-1.7 mmHg) approaching 6° HDT
as a consequence of the overall increased pulse pressure of the commu-
nicating cerebral compartments and due to the nature of the intracranial
compliance (inversely related to ICP). IOP depends instead on the arterial
and venous blood pressure at the level of the eye, as well as on ICP, aqueous
humor dynamics, globe volume, and ocular compliances. Nevertheless, our
model confirms that, among all contributions, arterial and venous pressure
at eye level (Fig. 2e) are those exerting the highest influence on IOP through
posture-induced hydrostatic pressure variation'>*’, at least in the acute HDT
phase. Also, pulse IOP reflects the pulse pressure increase of its determining
factors, that is blood pressure at eye level in particular.

TLP decreases as a consequence of the posture-driven increases in
mean IOP and ICP revealed at 6° HDT. However, the limited increase in
IOP compared to the much larger increase in ICP leads to an evident
alteration (i.e., decrease) of the differential pressure between the eye and the

retrobulbar space (TLP)**". In addition, the difference between the arterial
pressure at eye level and IOP (OPP) is also altered (i.e., increased)’’. The
model predicts a -43% decrease for TLP and a + 31% increase for OPP
following tilt down to 6° HDT (Fig. 4). Therefore, as hypothesized by several
authors'™'"*****%, we show that the normal equilibrium between the eye
globe and the retrobulbar space (TLP), as well as the perfusion state (OPP) of
the eye may be transiently impaired when adopting a strict 6° HDT
position'*”'. Moreover, depending on the pre-tilt subjects’ ICP (which can
vary between different individuals), TLP may even become negative', with a
pressure outside the eye globe higher than inside the globe. These conditions
could set the base for ocular anatomical remodeling, structural changes,
edema formation, and other visual disorders, especially in the case of
chronic exposure'’ and over longer time scales'.

IOP and ICP have also been shown to be susceptible to other factors
such as ambient CO2 levels”***” or body and tissue weight*"**, which are
not simulated by our model. Given the role of CO2 as a cerebrovascular
vasodilator promoting ICP and IOP increase”*'*?, this parameter should
be accounted for in future HDT numerical investigations and represents
thus a limitation of our current model. Additionally, body and tissue weight
—completely removed in actual 0 g conditions®* though not accounted for
in our modeling layout—should be included in the modeling framework as
an additional posture-dependent parameter influencing vascular and ocular
variables during HDT***”°. Moreover, while HDT is a reasonable micro-
gravity model for many applications, it is important to acknowledge the
physiological differences between HDT and true microgravity. One key
difference is related to CVP, which is found to increase in HDT, as shown in
our simulations, although it decreases in true microgravity”. However, the
main limitation of our model at present relates to its applicability to acute 6°
HDT exposure. In particular, long-term regulation mechanisms for renal
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and hormonal activity, autoregulation of blood and aqueous humor
dynamics, and loss of circulating blood volume enhanced by capillary fil-
tration (from intravascular volume to interstitial space) are not included in
our computational framework. Therefore, the implementation of such long-
term mechanisms represents a future improvement of our modeling fra-
mework to investigate long-duration microgravity-driven effects on IOP
and ICP'*""”, Last, the reduced sample size (1 = 6 males) is a limiting aspect
of the present work, and including more subjects (also females) would
provide a more accurate CVS modeling validation in different postures.

In conclusion, our numerical framework can accurately mimic the
ocular and cardiovascular response to acute 6° HDT. Despite the limitations
discussed above, our model is a promising tool to investigate the complex
physiological mechanisms contributing to the development of SANS, also
by accounting for patient- and gender-specific differences in human
spaceflight crews. Modeling approaches can support the identification of
key mechanisms leading to the development of SANS, informing the
development of new countermeasures. These include, but are not limited to
lower-body negative pressure’”’*, thigh cuffs to reduce cephalic fluid
shift'*”*”, and mechanically induced increased IOP (e.g., through swim-
ming goggles'®”’), to mitigate cerebrovascular and ocular alterations related
to long-term space missions.

Methods

Mathematical model

The adopted numerical framework is a closed-loop, multiscale model of the
human cardiovascular system (CVS), combining a 1D representation of the
arterial tree with multiple OD descriptions of the systemic peripheral,
venous, cardio-pulmonary, coronary, and cerebrovascular circulations. The
CVS model integrates our previously validated and published
architectures”’**”, and is calibrated on a healthy male individual with age 25
yo, weight 75 kg, and height 175 cm. Gravity is introduced in the CVS model
equations to account for posture-induced effects, by considering the angle
between the longitudinal body axis and the horizontal reference in a
simulated tilt-table framework”. The model architecture is shown in Fig. 5.
In the following paragraphs we provide a brief overview highlighting the
most important functional aspects of the model. Additional model details,
including the model equations, the parameter settings, and the adopted
numerical method, are included in the Supplementary Material.

The 1D representation of the arterial tree includes 63 main large
arteries schematized as a network of tapered vessels and bifurcations (top-
left side of Fig. 5). Blood motion throughout 1D vessels is described by the
axisymmetric form of Navier-Stokes equations for mass and momentum
balance. The non-linear constitutive law adopted to mimic the mechanical
behavior of the arterial wall relates blood pressure and the local cross-section
area accounting for the visco-elastic properties of the vessel”.

Each 1D terminal branch (orange circles in Fig. 5) is connected to 0D
electric analogs of the downstream circulation via a set of lumped char-
acteristic impedances, Zc. Figure 5 illustrates in detail only the upper portion
of the body (lower body not included for brevity), where the external carotid
arteries blood flow goes into the extra-cerebral head circulation, further
subdivided into an arterial, capillary, venular, and venous compartment.
The blood flow coming from the internal carotids and vertebral arteries is
now connected to the ocular-cerebrovascular circulation (this is the main
modification with respect to the previous version of the model’). The
cerebrovascular circulation combines the lumped-parameter model of the
human eye proposed by Nelson et al.” and Petersen et al.” with the lumped-
parameter model of the cerebral circulation developed by Ursino and
Giannessi 2010™.

The lumped-parameter model of the eye is composed of six com-
partments governing the intraocular pressure (IOP) and the ocular globe
volume (Vg), using the arterial and venous pressure at the level of the eye
(pa,eye and pv,eye, respectively) as well as the intracranial pressure (ICP)
coming from the cerebrovascular model, as inputs. The ocular arterial,
venous, and globe compliances employed in the ocular model are non-linear
and they are dependent on both IOP and Vg (the model is calibrated

according to physiological values reported in refs. 80,81). The variables
pa.eye and pv,eye, which are taken at the internal carotid and dural venous
sinus level, respectively, include the effects of gravity changes during tilt by
considering the vertical hydrostatic column between the globe and the mid-
coronal plane (details in ref. 31).

The model of the cerebrovascular circulation is a lumped representa-
tion of the main large cerebral arteries of the circle of Willis, branching into
the right and left pial circulation and intracerebral arterioles (subdivided
into anterior, middle, and posterior distal compartments, communicating
one another through cortical collateral vessels). The vessel compliances and
hydraulic resistances of the pial circulation are controlled by the action of
cerebral autoregulation (aimed at maintaining a nearly constant level of
cerebral blood flow) and CO2 reactivity. A unique capillary-venous branch
closes the cerebrovascular network. The formation and outflow dynamics of
the cerebrospinal fluid and the hydrostatic contribution due to gravity
regulate ICP via non-linear intracranial compliance (details in ref. 53 and in
the Supplementary Material).

The outflow of the cerebrovascular model connects directly to the
superior vena cava compartments, jointly with the arms region blood flow,
the extra-cerebral head circulation, and the ocular model outflow (Fig. 5).

The remaining CVS model is organized by grouping the 1D terminal
branches into four distinct body regions (head, arms, upper and lower
abdomen, and legs), adopting the same lumped structure as for the 0D head
extra-cerebral circulation (Supplementary Fig. 1 in the Supplementary
Material), that is subdividing into arterioles, capillaries, venules, veins, and
venae cavae). Venous valves are enclosed within arm and leg veins to pre-
vent reverse blood flow. A specific representation of the coronary micro-
vascular bed is attached to the 1D large coronary arteries”, whereas
additional lumped parameterizations are adopted to model the four cardiac
chambers, cardiac valves, and pulmonary circulation. The cardio-
pulmonary compartments are subject to the action of the extra-vascular
and extra-chamber intrathoracic pressure (ITP). Changes in the relative
orientation between the body and the gravity vector (as during tilt) cause
changes in ITP—simulating the motion of the diaphragm—contributing to
the overall response to acute posture variations’".

The autonomic control systems include the baroreflex and cardio-
pulmonary reflex mechanisms to regulate short-term pressure variations
elicited by acute posture changes. They are modeled as detailed in refs. 49
and 47.

Human experiments

Six healthy male volunteers were recruited to participate in the experi-
ment. Subjects’ demographic and anthropometric characteristics are
reported in Table 1, which also includes the CVS model characteristics
used to calibrate the numerical framework. None of the subjects enrolled
in this study had a history of previous, recent, or ongoing use of medi-
cations at the time of the study. All subjects were instructed to avoid
intense exercise and caffeine within 12 h prior to the study. Subjects were
appositely screened by completing a questionnaire in order to report a
history of previous or ongoing cardiovascular or ocular conditions or
any other exclusion criteria. All performed procedures involving human
participants were approved by the Human Research Protection Program
of Texas A&M University (Institutional Review Board number
IRB2022-1070), and in accordance with the Declaration of Helsinki
(1964) and its later amendments. Written informed consent was
obtained from all participants included in the study.

The experiment consisted of one baseline session and one experimental
session. During the baseline session, the subjects were in a seated position,
and after 5 min of rest, a first set of cardiovascular measures (described
below) was collected. During the experimental session, the subjects were
positioned in a tilt table at 80° HUT. After 5 min of rest, another set of
cardiovascular measures was collected. the subjects were then tilted to 6°
HDT, and after 5 min of rest, a third set of cardiovascular measures was
collected. The subjects spent a total of 10 min in a head-down position. They
were then tilted back to 80° HUT, and one last set of cardiovascular
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measures was collected after 5 min. For safety reasons, the subjects were
strapped to the tilt table for the entire duration of the session.

The cardiovascular measures included the following: (i) brachial
arterial pressure (sphygmomanometer, Omron cuff) used for calibra-
tion, (ii) heart rate, cardiac output, and stroke volume (Innocor inert gas
rebreathing integrated with a finger pulse oximeter, Cosmed), and (iii)
intraocular pressure (eye tonometer, iCare). In addition, during both
experimental sessions, subjects’ finger arterial pressure was recorded
continuously using a Finometer NOVA (plethysmography, Finapres
Medical Systems), corrected at brachial-heart level with the height
correction unit, and periodically calibrated with the brachial pressure
acquired through the sphygmomanometer (i). For each set of measures,
the corresponding MAP value is computed by averaging the continuous
pressure signal acquired by the Finometer NOVA over 1min of
recording, starting from immediately after the Innocor gas rebreathing
(ii). Other measures—such as oxygen consumption and autonomic
indices, blood flow velocity, and cross-section areas in the common
carotid artery and internal jugular vein—were monitored and collected.
Although not directly exploitable for modeling validation and therefore
not shown here, all the performed recordings make each measurement
session quite complex and rich. Additional information regarding the
employed instrumentation, usage of devices, and environmental cali-
bration procedure can be found in refs. 12,30.

Boxplots of all variables at all measurement time points were calcu-
lated. Data were non-normally distributed (p~ le-15, two-tailed
Kolmogorov-Smirnov test for normality, n = 6). Statistical significance of
parameter differences between time points has therefore been assessed via a
non-parametric Wilcoxon test for paired samples (two-tailed, n =6).

Data availability
The datasets corresponding to the experimental data are available here:
https://github.com/BHP-Lab/acute-midterm-hdbr.

Code availability
The underlying code for the mathematical model will be made available by
the corresponding author on reasonable request.
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