Acta Astronautica 211 (2023) 344-352

Contents lists available at ScienceDirect

Acta Astronautica

journal homepage: www.elsevier.com/locate/actaastro

FI. SEVIER

Check for

Increased hemodynamic pulsatility in the cerebral microcirculation during [%&s
parabolic flight-induced microgravity: A computational investigation

Stefania Scarsoglio ™, Matteo Fois*, Luca Ridolfi"

@ Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Corso Duca degli Abruzzi 24, Turin, 10129, Italy
b Department of Environmental, Land and Infrastructure Engineering, Politecnico di Torino, Corso Duca degli Abruzzi 24, Turin, 10129, Ttaly

ARTICLE INFO ABSTRACT

Keywords:

Computational hemodynamics
Parabolic flight

Cerebral blood flow
Intracranial pressure
Cerebrospinal fluid
Microgravity

Ground-based spaceflight analogs play a crucial role to understand and predict cardiovascular alterations during
microgravity in a controlled and affordable way. Despite their extensive use in recent years, cerebral hemody-
namics in microgravity remains poorly understood, multifaceted, and definitive data are still missing, due to the
limited number and different duration of experiments, the individual variability, and the intrinsic difficulty in
obtaining direct clinical measures. However, there is growing evidence that hemodynamic changes are among
the underlying causes of neurological dysfunctions, such as the Spaceflight Associated Neuro-ocular Syndrome
(SANS). We proposed to investigate the cerebral hemodynamics during supine posture parabolic flight by means
of a validated computational approach, combining a 0D-1D central-systemic cardiovascular model together with
a 0D cerebrovascular model. Present findings showed that, although with over- and under-shoots in the transition
from one gravitational environment to the other, beat-averaged pressure and flow rate steady state values did not
greatly vary between 0g and 1g due to the cerebral autoregulation. On the contrary, in microgravity there was an
augmented hemodynamic pulsatility which increased towards the deep cerebral microcirculation. The greater
pulsatility, inducing a higher variability of maximum and minimum values reached within each beat, was here
observed for the first time also for important cerebral markers, such as the intracranial pressure, the cerebro-
spinal fluid circulation, and the cerebral blood flow. The proposed approach offers novel insights on how he-
modynamic alterations, such as cerebral hypoperfusions and intracranial pressure fluctuations, can contribute to
explain neurovestibular dysfunctions emerging during short-term exposure to 0g, including the onset of nausea,
SANS and cognitive fatigue.

1. Introduction Syndrome (SANS), classified today as one of the major risks for the

human space exploration [6-8].

Long-term human spaceflight induces a number of cardiovascular
alterations - such as fluid shift from lower to upper body, reduced ex-
ercise capacity, blood volume reduction, and cardiac atrophy - leading
to cardiovascular deconditioning, that is the adaptation of the cardio-
vascular system to a less demanding environment [1-4]. Beside well
known cardiovascular changes, cerebral circulation during microgravity
is poorly understood. In fact, discrepancies and incongruent results from
previous studies have not led to a firm understanding of cerebral he-
modynamics in microgravity [5]. However, most reported neurological
symptoms occurring after exposure to microgravity could be due to al-
terations in cerebral hemodynamics. Moreover, there is growing evi-
dence that cerebral hemodynamic changes are among the main drivers
and underlying causes of the Spaceflight Associated Neuro-ocular
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In this context, the use of ground-based analogs - such as bed-rest
studies, dry immersions, and parabolic flights - is fundamental to un-
derstand in a controlled, cheap and affordable way, the underlying
physiological mechanisms that are altered in cerebral hemodynamics
during microgravity [5]. While bed-rest studies and dry immersions
allow gravity unloading - the first by directing the gravity vector to the
chest-back body axis and the second by substituting the gravity vector
with the water hydrostatic gradient - parabolic flight is the only
ground-based analog reproducing actual microgravity, although for few
tens of seconds, by means of a free fall condition similar to that occurring
on the International Space Station [9]. In fact, parabolic flight consists of
a parabolic trajectory, performed 20-30 times for each experimental
campaign, at the apex of which the condition of almost complete 0g is
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reached. This Og phase is preceded and followed by hypergravity con-
ditions (1.8g), with each phase, including the transients from one
gravitational state to another, lasting about 20 s.

Literature investigating cerebral hemodynamics and autoregulation
has made extensive use of ground-based analogs in recent years. Some
studies focused on how middle cerebral artery flow velocity changes
during parabolic flight, discovering an important role of vascular
resistance [10,11] and a link between cerebral hypoperfusion and
orthostatic intolerance [12]. Marshall et al. [13], exploiting for the first
time a magnetic resonance imaging technique, found a decrease in total
arterial blood flow from baseline for different angles of bed-rest head
down tilt. Following the seminal works by Ogoh et al. [14] and Lawley
et al. [15], focus has been mainly devoted to provide estimates and
surrogate measures of beat-averaged intracranial pressure and cerebral
blood flow through different spaceflight analogs [5]. Furthermore,
oxygenation studies [16,17] and neuropsychological tests [18] revealed
that simulated Og can enhance executive functioning and differently
affect automatic and voluntary orienting of visuospatial attention.

The emerging picture is that microgravity-induced alterations of
hemodynamics at the brain level are multifaceted and definitive data are
missing. This gap is partially owing to the limited sample size of ex-
periments, the individual variability, the different duration and func-
tioning of the analogs [5]. Moreover, there is an intrinsic difficulty in
obtaining direct and local clinical measures: currently adopted tech-
niques usually fail in capturing the cerebral microvasculature hemody-
namics. Even in 1g at resting conditions, transcranial Doppler
ultrasonography [19] and 4D flow magnetic resonance imaging [20] can
hardly be used beyond the circle of Willis and cannot give insights into
the deep cerebral circulation. Most of the literature is in fact limited to
beat-averaged measurements or estimates of intracranial pressure [5,
15], middle cerebral artery flow velocity [10,11], cerebral blood flow
[14], and oxygenation [16,17]. To the best of our knowledge, infor-
mation on the distal and venous-capillary circulation in terms of pres-
sures and flow rates is lacking, and therefore understanding how
proximal-to-distal hemodynamic patterns change in 0g is missing.
Moreover, since all existing measures are beat-averaged, to date it is not
possible to measure how the hemodynamic pulsatility and intrabeat
variability change in 0g with respect to 1g, and whether they differently
vary from the proximal to the distal circulation.

In this work, we aim to shed light on these gaps by studying the
cerebral hemodynamics during parabolic flight-induced microgravity
through a computational approach. This latter combines a 0D-1D model
of the central-systemic circulation - recently validated [21,22] and used
to investigate the cardiovascular response during parabolic [23] and
long-term space flights [24] - together with a 0D model of the cere-
brovascular circulation, already exploited to inquire into cardiac ar-
rhythmias and heart rate variability effects on the cerebral
hemodynamics [25-28]. With respect to our previous studies, which
focused on the central hemodynamics and cardiac performance during
parabolic flight [23] and on the cerebral hemodynamics in different
pathological conditions [25-27], we here combine for the first time the
two aspects by investigating the cerebral microcirculation response to
parabolic flight-induced microgravity. The cerebrovascular model de-
scribes, in terms of pressures and flow rates, the cerebral circulation
starting from the proximal inlet at the internal carotid artery level,
passing through the large arteries of the circle of Willis, up to the distal
circulation to reach the capillary-venous circulation. We considered the
supine posture and focused on the left internal carotid artery - middle
cerebral artery (ICA-MCA) pattern, which is representative of the
proximal-to-distal pathway. The model allowed us to obtain continuous
time-series, beat-averaged and pulsatile values of the whole cerebral
circulation, in particular the distal-capillary pressures and flow rates
which today are difficult to be measured in 0g. The present approach
was able to shed light on the changes of the physiological
proximal-to-distal cerebral circulation induced by microgravity, thus
offering novel insights on how hemodynamic alterations, such as
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cerebral hypoperfusions, intracranial pressure and cerebrospinal fluid
(CSF) fluctuations, can contribute to explain neurovestibular dysfunc-
tions - such as onset of nausea, visual impairment and cognitive fatigue -
emerging during short-term exposure to 0g.

2. Methods

The main features of the central-systemic cardiovascular and cere-
brovascular models are sketched in Fig. 1 and briefly described in the
following. Governing equations, parameter setting, and numerical as-
pects are provided in the Supplementary Material, while further details,
including modeling validation and applications, can be found in Refs.
[23,25].

2.1. 0D-1D central-systemic cardiovascular model

The central-systemic cardiovascular model is multiscale (OD-1D) and
closed-loop, with a 1D description of the arterial tree and a 0D lumped
parameterization of the peripheral microcirculation, the venous return,
and the cardiopulmonary circulation. A schematic representation of the
central-systemic cardiovascular model is reported in Fig. la. Blood
motion through 1D systemic arteries is governed by the axisymmetric
form of the Navier-Stokes equations for mass and momentum balance,
expressed in terms of flow rate and vessel cross-sectional area, where the
gravity contribution is directly included through the Stevino’s law,
considering the orientation of the vessel with respect to the body axis
and the horizontal reference. A constitutive non-linear equation, linking
pressure and vessel area and accounting for viscoelastic properties,
completes the differential system. The OD side of the model includes
lumped arteriolar, capillary, venular and venous RLC compartments
organized into five body regions, i.e., head, arms, upper and lower
abdomen, and legs, together with two inferior and one superior venae
cavae compartments. The electrical components of the RLC analog are
able to suitably reproduce the diffusive (resistance, R), inertial (iner-
tance, L), and distensibility/contractility (compliance, C, or elastance,
E) features of each cardiovascular region. The cardiopulmonary circu-
lation includes OD time-varying elastances for the four cardiac cham-
bers, non-ideal diodes models of the heart valves, along with an arterial
and a venous RC pulmonary compartment. The model also accounts for
the action of specific extravascular pressures, such as the intra-
myocardial and intrathoracic pressures, and is equipped with short-term
regulation mechanisms, that is baroreflex, cardiopulmonary reflex, and
cerebral autoregulation models.

Full details of the governing equations and model parameters, as well
as modeling validation, are offered elsewhere [23] and synthesized in
the Supplementary Material. By solving the OD-1D cardiovascular
model, the resulting central aortic pressure, P,, and the central venous
pressure, CVP (that is, the right atrial pressure), were then used as
forcing inputs for the forthcoming cerebrovascular model.

2.2. 0D cerebrovascular model

The open-loop 0D cerebral model, schematically sketched in Fig. 1b,
required two time-series inputs: the central aortic pressure, P,, and the
dural sinus pressure, Pys. The first was directly obtained from the OD-1D
central-systemic cardiovascular model. For the dural sinus pressure, in
the supine posture the jugular veins are widely open and Pys can be
approximated through CVP [15,29], thus we here assumed Py = CVP,
with CVP as taken from the OD-1D central-systemic model. The 0D ce-
rebrovascular model describes the arterial and venous cerebral circu-
lation, by including the circle of Willis and six regional districts perfused
by the six main cerebral arteries, which are independently controlled by
autoregulation and COs reactivity. The microcirculation vascular beds
communicate via distal inter-regional anastomoses. The cerebral venous
circulation is defined by two-element Windkessel modeling, while the
cerebrospinal fluid (CSF) circulation, originated at the level of cerebral
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Fig. 1. Scheme of the combined computational models (R: resistance, C: compliance, L: inertance, Q: flow rate, P: pressure, V: volume, A: vessel area). (a) 0D-1D
central-systemic cardiovascular model. The red network on the right represents 1D arteries, while left panels summarize the matching with the 0D compartments:
short-term regulation models; coronary microvascular compartments (IMP: intramyocardial pressure); peripheral microcirculation and venous return (h: head, a:
arms, ua: upper abdomen, la: lower abdomen, 1: legs), with a sketch of the j-th compartment electric RLC analog; cardiopulmonary circulation (where ra, rv, la and v
are right atrium and ventricle, left atrium and ventricle, respectively, p, and py are pulmonary arteries and veins, ITP is the intrathoracic pressure). (b) OD cere-
brovascular model. The left ICA-MCA pathway is highlighted in red and composed by: central aortic pressure, P, (forcing inlet, together with the dural sinus pressure,
Py, of the cerebrovascular model), left internal carotid artery flow rate, Qica, 1efi, left middle cerebral artery pressure Pyica, efi, left middle cerebral artery flow rate,
Qwica, lef, left middle distal pressure, Pam, lefi, left middle distal flow rate, Qgm,left, capillary pressure, P., proximal venous flow rate, Qpy, intracranial pressure, P, total
cerebral blood flow, Qcgr. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

capillaries and absorbed at the dural venous sinus level, is modeled
through resistive components. The intracranial pressure is computed by
applying the mass preservation and assuming a monoexponential
pressure-volume relationship for the craniospinal system. A network of
time-varying RC circuits describes the cerebral circulation from the
large arteries level up to the peripheral and capillary regions. The ce-
rebral circulation is expressed in terms of pressure, volume, and flow
rate, and can be divided into three principal regions: large arteries, distal
arterial circulation, and capillary-venous circulation. The model was
validated in physiological and pathological conditions up to the middle
cerebral circulation [25,28], since definitive clinical data in the micro-
vasculature are still missing. Being able to reproduce several different
pathological conditions characterized by heterogeneity in cerebrovas-
cular hemodynamics, the OD cerebral model was exploited to investigate
the effects of cardiac arrhythmias [25-27] and heart rate variability
[28] on the deep cerebral circulation.

The left internal carotid artery - middle cerebral artery (ICA-MCA)
vascular pathway was focused upon (see the red path in Fig. 1b), in
terms of pressure (P) and blood flow rate (Q), as representative of the
hemodynamics from large arteries to the capillary-venous circulation: P,
and Qica, lefr (proximal signals at the inlet), Puca, tefr and Qwmica, left
(representative of the large cerebral arteries), Pymiett and Qdm,left
(representative of the distal cerebral circulation), P. and Qpy (repre-
sentative of the capillary-venous cerebral circulation), P;. and Qcgr
(intracranial pressure and total cerebral blood flow). CSF circulation, in
terms of formation and absorption flow rates (Qf and Q,, respectively),
was as well investigated.

Details of the differential equations, model parameters, autor-
egulation mechanisms, and validation can be found elsewhere [25], and
are recalled in the Supplementary Material.
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2.3. Parabolic flight simulation

A standard parabolic flight profile was simulated, as adopted in
Ref. [23]. After the initial 1g phase, an hypergravity phase (1.8g) lasting
about 20 s followed. Then, at the apex of the parabola, the microgravity
(0g) condition was reached and maintained for approximately 20 s,
before a subsequent hypergravity phase (1.8g) again of about 20 s was
faced. The session ended with restoration of the 1g condition. Fast
transitions between each phase lasted few seconds (1g-1.8g: about 2 s;
1.8g-0g: 5-7 s). The time-varying gravity load was expressed as a
cosinusoidal function, whose details are offered in Ref. [23].

3. Results

The 0D-1D central-systemic cardiovascular model here used to force
the 0D cerebrovascular model was already validated and exploited to
study the central hemodynamic and cardiac performance during para-
bolic flight [23]. For the supine posture, it was found that stroke volume
(SV) increased in 0g and decreased in 1.8g, while heart rate (HR)
decreased in Og and increased in 1.8g. Moreover, no evident variation of
the oxygen demand-supply balance and mean central aortic pressure
emerged [23].

We first show in Fig. 2 an overview of the cerebral hemodynamics
during parabolic flight, by reporting pairs of analyzed pressure (P) and
flow rate (Q) signals along the left ICA-MCA pattern (P, and Qica, lefi;
Pumca, left and Quica, lef Pdmleft and Qdmlef; Pc and Qpy; Pic and Qcpp),
each representative of a cerebral vascular region. Fig. 2 also displays
beat-averaged timeseries (thick curves) of P and Q signals, as well as
their steady state values for each flight phase computed averaging the
last 10 s of each phase [23]. Over- and under-shoots for all the P and Q
signals were present at the beginning of each phase, as a result of the
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Fig. 2. Overview of the pressure, P (left), and flow rate, Q (right), signals during parabolic flight. From top to bottom (proximal to distal circulation): P,, Qica, Iefts
Puica, lefo QMca, lefr Pdm,lefy Qdm,lefs Pe> Qpvs Pic, and Qcgg. Thick curves show beat-averaged time-series, while their steady state values for each flight phase (dis-
played as colored numbers) were computed averaging the last 10 s of each phase. Asterisks and black lines indicate significant (p-value<0.05) parameter differences

for 1g-1.8g and 1g-0g comparisons.

abrupt transition from one gravitational environment to the other.
Overall, pressure steady state values experienced slight (within 3%) but
in general significant variations during the different phases of flight with
respect to 1g (Paired-Sample t-Test for steady state pressure values:
p-value<0.001 for 1g-1.8g and 1g-0g comparisons), while negligible
and in general less significant variations were found for flow rate steady
state values (Paired-Sample t-Test for steady state flow rate values:
p-value<0.03 for 1g-0g; not significant for 1g-1.8g). Fig. 2 reveals that
over- and under-shoots of the beat-averaged series, as well as maximum
and minimum values reached by the continuous signals, were not of the
same magnitude in the different vascular districts.

To better quantify the observed proximal-to-distal differences, in
Fig. 3 we compared beat-averaged values of P (panel a) and Q (panel b)
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signals (normalized with respect to the corresponding 1g beat-averaged
values), and pulsatile values per beat of pressure (AP = Ppax — Pmin,
panel c) and flow rate (AQ = Qmuax — Qmin, panel d) (normalized with
respect to the corresponding 1g pulsatile values), along the left ICA-MCA
pattern during parabolic flight. Starting with beat-averaged P values
(Fig. 3a), a protective behavior was observed for the distal-capillary
regions: here, over- and under-shoots always extinguished earlier in
time than in the proximal districts. Overall, this implies that the highest
variations were within +4% in the distal-capillary area, against +£6% in
the proximal area, therefore in the deep circulation the cerebral autor-
egulation damped out sudden changes induced at proximal level.
Moreover, in 0g, up to the distal level P/P;, > 1 was found, while in the

capillary-venous regions P/P;, < 1. The contrary held in hypergravity
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Fig. 3. Beat-averaged and pulsatile values for pressure and flow rate signals along the ICA-MCA pathway (P, and Qca, 1efc (blue curves) almost overlap with Pyica, teft

and Quica, 1ert (green curves), respectively). Ratio between: (a) mean pressure per beat and mean pressure per beat at 1g, P/P;g; (b) mean flow rate per beat and mean
flow rate per beat at 1g, Q/Qy,; (c) pulsatile pressure per beat and pulsatile pressure per beat at 1g, AP/AP;; (d) pulsatile flow rate per beat and pulsatile flow rate
per beat at 1g, AQ/AQ. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

phases. Beat-averaged Q values (Fig. 3b) instead did not present any
time lag, within each phase Q/ng proximal-to-distal variations were
always either all <1 or all >1, and all variations (including over- and
under-shoots) were within +8% (the most stressed was on average the
distal district).

As already stated, steady state variations (in 1.8g and Og, with
respect to 1g) were quite limited for P and negligible for Q, for all the
vascular regions analyzed. In particular, the intracranial pressure, Pj,
showed a very slight decrease during short-term microgravity (1g: 10.4
mmHg; 0g: 10.2 mmHg), which is in agreement with [5,15], who found
that Pj. in short-term exposure to microgravity remained basically un-
changed. Our findings confirm that in supine posture P;. remained at
mildly-elevated levels not only in 0g but in all the phases of parabolic
flight, even with a slight increase (+2%) in the hypergravity phase. In
supine condition, differently to the upright posture, not only the Og
phase prevented the normal lowering of P;. [5], but this happened also
during the 1.8g phase, and therefore Pj. was constant and high
throughout the parabolic flight. The slight variation between 1g and 0g
of the mean Pj. at steady state was comparable to the ones observed in
the upstream cerebral compartments (<3%) and was mainly due to the
mechanisms of cerebral autoregulation. The latter acted by directly
regulating the flow rates (in terms of time-varying distal compliances
and resistances), guaranteeing a constant average perfusion and there-
fore negligible average flow rate variations between 1g and 0g. Pres-
sures were not directly ruled by the cerebral autoregulation, but
maintaining a constant mean perfusion in turn implied that the mean
pressure variations between 1g and 0g were slight.

To investigate the difference between maximum and minimum
values reached within each beat for the P and Q signals, pulsatile values
AP and AQ were reported (normalized with respect to the corresponding
1g pulsatile values) in Fig. 3c and d, respectively. Differently to beat-
averaged values, pulsatile values of all P and Q variables largely var-
ied during the 1.8g and Og phases and did not usually reach steady state

values at the end of each phase. In particular, during 0g, pulsatile values
increased by up to 20-30% in the distal-capillary circulation, while they
did not exceed 5-10% in the large arteries region: in this regard, the
protective (P signals) or maintenance (Q signals) effects, which were
seen for the beat-averaged values, were here lost. Pulsatile values vari-
ations (positive in 0g, negative in 1.8g) increased in the proximal-to-
distal direction with respect to the 1g phase. There was, therefore, a
strongly amplifying effect of the pulsatile values in the deep cerebral
circulation due to the complex interplay between the different me-
chanical and structural features of the cerebral circulation, expressed by
a combination of resistance and compliance components of different
magnitude [26]. Similarly to a system of in series and parallel springs -
where the damping of an imposed oscillation is lengthened by the
combination of the stiffness of the springs -, here when proximal pul-
satile signals propagated into the cerebral vessel network, the distal and
capillary regions remained altered for longer. As a consequence, the
temporal inertia of the system increases towards the microvasculature
and this in turn enhanced (in module) the variation of the pulsatile
values introduced at the proximal level.

Moreover, for both P and Q signals, a contraction of the pulsatile
values (negative variations) was observed during 1.8g, while an
amplification (positive variations) was found during 0g, with respect to
the 1g phase. This behavior was induced by the central hemodynamics,
since pulse pressure at the central aortic level, namely AP,, is approxi-
mately proportional to the stroke volume, SV [30]: as previously
mentioned, in 1.8g, HR increased and SV decreased, thus reducing the
pulsatility of P, and consequently Qica, lefr. On the contrary, in 0g, HR
decreased and SV increased, thus the pulsatility of P, and Qica, iefr
increased [23]. Then, in the deep cerebral circulation, the reduced
proximal pulsatility was further damped in 1.8g, while the increased
proximal pulsatility was further amplified in 0g, due to the above
mentioned enhancement (in absolute terms) of the variations of pulsa-
tile values towards the distal regions.
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Fig. 4 shows the behavior of the CSF circulation, in terms of forma-
tion and absorption flow rates, Qf and Q,, respectively. Being Qs driven
by the pressure drop (P, — Pjic), while Q, by the pressure drop (Pjc — Pys),
CSF circulation is intrinsically related to the P;. behavior. Recent mea-
sures found an increase of brain ventricular volume and subarachnoid
space - that is where the CSF is formed - and a widespread spatial
redistribution of CSF after long-term spaceflight [31-34]. The larger
volumes observed in astronauts developing SANS suggest that altered
CSF and fluid accumulation in brain ventricles may play a role in the
onset of SANS [31,32]. Our beat-averaged Qs results (Fig. 4a, blue curve)
highlighted in early Og a CSF formation flow rate peak, which was
rapidly damped thanks to the cerebral autoregulation. CSF absorption
rate (beat-averaged Q,, red curve in Fig. 4a) showed that: (i) the
matching between formation and absorption rates present in 1g was
instead impaired during parabolic flight, also at the steady states of 1.8g
and Og phases; (ii) at least for short-term 0g, CSF accumulation was
prevented by a higher CSF absorption rate. Similarly to what previously
observed for the distal variables, also for the CSF circulation, the he-
modynamic pulsatility (Fig. 4b) was higher in 0g, with a more evident
increase (4+20%) for the formation flow rate, Q.

In the end, we focused on the comparison between the cerebral
perfusion pressure, CPP, defined as P, — Pj, and the cerebral blood flow,
Qcar; Fig. 5. CPP is the driver of the blood flow into the brain, providing
oxygen and nutrients, and the primary determinant and estimate of Qcgr
[14]. By comparing beat-averaged values of CPP and QcpF in Fig. 5a,
transient over- and under-shoots were in general more marked for CPP
than Qcpp, thus resulting in higher (in absolute terms) variations at
steady state for CPP than Qcgr. In fact, in Og at steady state CPP slightly
and significantly increased (Paired-Sample t-Test for steady state values:
p-value<0.001 for 1g-1.8g and 1g-0g), in agreement with [14], while
barely significant variations (Paired-Sample t-Test for steady state
values: p-value = 0.4 for 1g-1.8g; p-value = 0.03 for 1g-0g) emerged for
Qcpr- By considering pulsatile values of CPP and Qcpr (Fig. 5b), the
higher Qcpr pusatility during Og was underestimated by CPP, and the
reduced Qcpr pulsatility during 1.8g was underestimated (in module) by
CPP.

Therefore, CPP remained a good proxy of Qcpr during parabolic
flight, however it did not take into account the effects of vasodilatation/
constriction due to cerebral autoregulation mechanisms, particularly
important in the distal circulation. These mechanisms caused the distal
vascular resistance to vary especially in transients between one gravi-
tational environment and another, such as to guarantee a constant Qcpg
mean value at steady state in all the phases, which was not true for CPP.

4. Discussion and conclusions

By combining a 0D-1D model of the central-systemic circulation
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together with a 0D model of the cerebrovascular circulation, in this work
we focused on the cerebral hemodynamics during a typical parabola of a
supine posture parabolic flight session. In fact, roughly 20 s of 1g hor-
izontal flight were sufficient to fully recover the hemodynamic reference
baseline condition (that is, steady state 1g supine), at least within the
processes described by our model. Therefore, if the parabolas of a
parabolic flight session are separated by at least 20 s, all the parabolas
share the same hemodynamic alterations. If, on the other hand, the
parabolas are spaced out by less than 20 s, we expect that the first phase
of each parabola (that is, the 1.8g phase) may show more marked over-
and under-shoots than presented above. However, the duration of about
20 s of the 1.8g phase should allow the full resorption of these peak
values and the achievement of steady state 1.8g values equal in all pa-
rabolas. Therefore, if the duration and succession of the parabola does
not change (about 20 s 1.8g, 20 s 0g, 20 s 1.8g) we do not expect any
significant accumulation effect leading to an increasing/decreasing he-
modynamic trend even if the parabolas are closer together, since each
phase (1.8g or 0g) lasts a sufficient time (about 20 s) to restore the
corresponding hemodynamic steady state. Finally, an interval of less
than 20 s between one parabola and another can be hardly achieved in
terms of flight maneuvers, thus the results shown are representative,
from a hemodynamic point of view, of a generic parabola within a
parabolic flight session.

We found that beat-averaged hemodynamic values showed limited
variations throughout the different flight phases. In fact, beat-averaged
variations at steady state (with respect to 1g) were all significant and
within 3% for pressures, while were negligible and less significant for
flow rates. Present findings regarding mean Qcgr values are in line with
Ogoh et al. [14], who found that dynamic cerebral autoregulation
counteracts acute variations in the cerebral blood perfusion and volume
during parabolic flight. Our results, in addition to being in line with
those of Ogoh et al. [14] in terms of mean Qcpr values, are also
consistent with those of [10,11] in showing that the mean Quca, 1efc at
steady state does not vary significantly between 1g and 0g. Klein et al.
first [10] observed that middle cerebral artery velocity remained un-
changed during 0g compared to 1g. Then, they measured that middle
cerebral artery velocity first decreased and subsequently increased
during 0g, explaining this behavior through the activation of cerebro-
vascular resistance in order to avoid hyperperfusion of the brain [11].
Our findings also showed that constant steady state values of
beat-averaged flow rates seem to be ruled by the interplay between
cerebrovascular vasodilatation and vasoconstriction, which guarantees
an adequate average cerebral perfusion in all the steady state flight
phases. Transient over- and under-shoots of beat-averaged values be-
tween one phase and another were as well modest (in absolute terms):
for pressure signals, a reduction (from 6% to 4%) was observed from
proximal to distal circulation, while a moderate increase (from 4% to

t[s]

Fig. 4. Cerebrospinal fluid (CSF) circulation: formation (Q, blue curves) and absorption (Q,, red curves) flow rates. (a) Mean flow rates per beat, Q [ml/min]. (b)
Ratio between pulsatile flow rate per beat and pulsatile flow rate per beat at 1g, AQ/AQ,. (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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Fig. 5. Beat-averaged and pulsatile values for the cerebral perfusion pressure, CPP, and the total cerebral blood flow, Qcgr. Ratio between: (a) mean CPP per beat and
mean CPP per beat at 1g, }_’/ﬁlg; mean Qcpr per beat and mean Qcpr per beat at 1g, 6/Q13; (b) pulsatile CPP per beat and pulsatile CPP per beat at 1g, AP/APg;

pulsatile Qcpr per beat and pulsatile Qcpr per beat at 1g, AQ/AQy.

8%) was found in the same proximal-to-distal direction for flow rates.

To corroborate the fundamental role of the cerebral autoregulation
in maintaining physiological perfusion and pressure levels during
parabolic flight, we increased the latency time, 7, = 20 s at baseline -
which regulates the response time of the distal compliances and re-
sistances - by a factor of 2, 5, and 10, see Eq. (S35) in the Supplementary
Material. We briefly recall that by increasing Ty, the autoregulation
system was slower in its response, that is autoregulation effects within
the parabolic flight were reduced. We focused on beat-averaged values
of microcirculation variables (normalized with respect to beat-averaged
values at 1g), by choosing Pc, Qdmleft» and Qy, as representative of the
distal-capillary circulation behavior, see Fig. 6. We observed that for all
the variables considered, over- and under-shoots occurring in between
two gravitational environments were much more pronounced in
amplitude and delayed in time, as T, increased. Furthermore, at oy =
200 s, which represents a response latency approximately twice the
duration of the parabolic flight, during the steady state of all flight
phases full recovery of the 1g average perfusion was no longer restored
(see Qgm,lefr and Qf, panels 6b and 6c, red curves). The behavior high-
lighted in Fig. 6 confirms that the control of the over- and under-shoots
and then the steady state recovery were at large the result of the action
of the cerebral autoregulation system.

Differently from the beat-averaged behavior, pulsatile values AP and
AQ, which are markers of hemodynamic variability, experienced instead
large variations even with perfectly functioning cerebral autoregulation.
To the best of our knowledge, pulsatile values have never been reported
in literature and represent a piece of novelty of the present study. In
particular, there was an increased variability during 0g (with respect to
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1g) in the distal-capillary regions: up to +20% for the CSF circulation,
distal-capillary and intracranial pressures, up to +30% for the venous
flow rate and cerebral blood flow. The higher variability implies that
short-term microgravity makes the deep cerebral circulation more
exposed to very high or low values compared to the beat-averaged
values, leading to an overall higher risk of mechanical stress and po-
tential cerebrovascular injury. In fact, in resting 1g condition, increased
intracranial and MCA pulsatility have been associated to cerebral small
vessel disease [35] and cognitive impairment [36].

Finally, the comparison between CPP and Qcpr showed that CPP
remained a good proxy of Qcpr. However, CPP, not directly taking into
account the cerebral autoregulation, overestimated the beat-averaged
steady state variations while underestimated the pulsatility of Qcpr in
0g. In this regard, we recall that low Qcgr values can be predictive of the
onset of nausea [14]. It is worth mentioning that a reduction of Qcpr was
also correlated to chronic fatigue syndrome [37,38], thus the transiently
impaired Qcpr activation and regulation, as evidenced by the occurrence
of overshoots and undershoots as well as the increased pulsatility, may
be here linked to cognitive fatigue symptoms. Qcgr monitoring (in terms
of average values and pulsatility) is therefore particularly important also
for neurovestibular implications during parabolic and space flights [14].

The present work had some limiting aspects. First, there was a one-
way coupling from the OD-1D central-systemic cardiovascular model
to the OD cerebral model, since no cerebral circulation feedbacks
returned to the OD-1D cardiovascular model. Second, the cerebrovas-
cular model assumed a perfectly functioning cerebral autoregulation
throughout the parabolic flight, even if autonomic dysfunction, in terms
of increased response latency, was discussed. In the end, the central-

T t=40 s —Taut=100 s —Tam=200 s

— = 1.2 — i S =
Q © Q
dm, left A\ f
1.1
‘\ J “ l
\ (=2} U\ .
s— | O 1 — x’/; / v / ,’\—4 ——
|a \\»// /j‘\,‘ J,:
09/ V
19 1g 1.8g Og 189 1g
" __a . 08 - s _— =
60 80 100 20 40 60 80 100
t[s] t[s]

Fig. 6. Role of the cerebral autoregulation. Effects of the latency time, Ty, on the microcirculation: (a) capillary pressure, P; (b) left middle distal flow rate, Qgm iefi;
(c) CSF formation flow rate, Qf. T,y = 20 s (baseline, blue curves), T, = 40 s (green curves), T,y = 100 s (black curves), T,y = 200 s (red curves). (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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systemic 0D-1D model lacked of muscular intervention mechanisms and
metabolic regulation of blood pressure and flow, which can play a role
especially in the 1.8g stressing condition.

In conclusion, the model is a powerful and predictive tool in high-
lighting novel insights into the cerebral hemodynamics during parabolic
flight as well as in different spaceflight scenarios to be explored in future
works, such as the sudden hypergravity condition (up to 3g) during
orbital re-entry after prolonged exposure to 0g. In the present study, the
patterns of Qcpr and Pj. were among the most important, being Qcpr the
index of global cerebral perfusion and P;j. one of the main determinant of
intraocular pressure (IOP) and thus possibly one of the main hemody-
namic driver of the SANS [6-8]. Although steady state beat-averaged
values of both Qcpr and P;j. did not vary between 1g and 0g, these two
variables showed instead important increases in their pulsatile values
(the highest among all those analyzed) during 0g. These results mean
that the 0g phase on average does not alter Qcpr and Pj. values compared
to 1g, but exposes to a higher variability of maximum and minimum
values reached within a beat. A high Qcpr variability, which during
anesthesia and surgery has been linked to post operative delirium and
cognitive disorders [39,40], can have implications also for human
health in space flight, holding the potential to promote cerebral hypo-
perfusions and cerebral microcirculation damage, especially during the
prolonged exposure to 0g of long-term spaceflights. Analyzing pressure
and flow rate pulsatile values, apart from beat-averaged values, can be a
new precious key of reading to explain possible Qcpr transient hypo-
perfusions - and the consequent onset of nausea and cognitive fatigue -
as well as anomalous Pj. (and therefore IOP) fluctuations and transient
CSF production/absorption flow rates mismatch - such as to induce vi-
sual impairment and consequently contribute to the SANS - emerging
during short-term exposure to 0g.
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