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Most reported neurological symptoms that happen after exposure to microgravity could be originated from al-
terations in cerebral hemodynamics. The complicated mechanisms involved in the process of hemodynamics
and the disparate experimental protocols designed to study the process may have contributed to the discrep-
ancies in results between studies and the lack of consensus among researchers. This literature review exam-
ines spaceflight and ground-based studies of cerebral hemodynamics and aims to summarize the underlying
physiological mechanisms that are altered in cerebral hemodynamics during microgravity. We reviewed stud-
ies that were published before July 2020 and sought to provide a comprehensive summary of the physiologi-
cal or pathological theories of hemodynamics and to arrive at firm conclusions from incongruous results that
were reported in those related articles.

We give plausible explanations of inconsistent results on factors including intracranial pressure, cerebral blood
flow, and cerebrovascular autoregulation. Although there are no definitive data to confirm how cerebral he-
modynamics changes during microgravity, every discrepancy in results was interpreted by existing theories,
which were derived from physiological and pathological processes. We conclude that microgravity-induced al-
terations of hemodynamics at the brain level are multifaceted. Factors including duration, partial pressures of
carbon dioxide, and individual adaptability contribute to this process and are unpredictable. With a growing
understanding of this hemodynamics model, additional factors will likely be considered. Aiming for a full un-
derstanding of the physiological and/or pathological changes of hemodynamics will enable researchers to in-
vestigate its cellular and molecular mechanisms in future studies, which are desperately needed.
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Background

It is an increasingly accepted concept that spaceflight nega-
tively impacts human physiology with adverse effects on ev-
ery organ or system, which are mainly due to the effects of
microgravity, space radiation, lack of movement, and circadian
rhythm disturbance [1]. In particular, microgravity might lead
to the disruption of hydrostatic pressure gradients which nor-
mally exist on Earth due to the effects of gravity, and conse-
quently, head-ward fluid shift is deemed as a primary contrib-
utor to altered hemodynamics [2]. These phenomena might
formally represent the prime initiating factors that account for
observed neurologic symptoms including post-flight headache,
dizziness, syncope, impaired ability to execute cognitive func-
tions, and the appearance of visual impairment and intracrani-
al pressure (VIIP) syndrome [3-6]. With the booming develop-
ment of manned spaceflight projects, the resolution of these
problems in the has rapidly become an urgent priority. In this
article, we review studies that were published before July 2020
to provide a comprehensive summary of the physiological or
pathological theories of hemodynamics and to arrive at firm
conclusions from the incongruous results that were reported
in those related articles.

Ground-based Analogues for Microgravity

Research on humans in space is expensive and complicated.
It is also restricted by the fact that only a few participants
can be involved in such studies, which consequently leads to
reduced study power. In addition, the limited generalizabili-
ty of study results must be taken into consideration. Ground-
based analogues have the potential of providing greater un-
derstanding of the mechanisms of physiological changes or
adaptations during spaceflight. The development of effective
ground-based analogues is urgently needed.

Head-down bed rest

The head-down bed rest (HDBR) position has been used as a
ground-based spaceflight analogue for decades to simulate the
effects of microgravity on various physiological systems [7].
During HDBR, a participant lies in a bed that is inclined with
the head down at various tilt angles including —6°, -12°, and
-18°% an angle of —6° has been applied in most cases. This
analogue can reproduce changes seen in spaceflight, such as
a cephalic fluid shift, confinement, and feelings of isolation.
However, since gravitational and vestibular input remains, it
cannot reproduce actual microgravity. In addition, the differ-
ent tilt angles might have different physiological effects; for
example, in a study with long-duration HDBR, bed rest at an
angle of -6° failed to reproduce ophthalmic findings similar to
those seen in VIIP syndrome [8].
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Dry immersion

Dry immersion is an experimental method in which a partici-
pant equipped with a waterproof fabric is immersed in ther-
moneutral water, while making no direct contact with the wa-
ter. This is an adequate spaceflight alternative since it mimics
several spaceflight features, including confinement and body
fluid shift. Dry immersion also removes afferent signals from
the support zones and triggers a drop in the activity of the
postural muscle system. As an adequate analogue for micro-
gravity, this model has been well described [9].

Parabolic flight

During a parabolic flight, a specific flight trajectory is carried
out in an airplane, in which the normo-, hyper-, and micrograv-
ity phases are experienced. In this manually operated process,
the acceleration speed can be adjusted accordingly. The dura-
tion of microgravity in each parabola is controlled for around
20 s, and the aircraft usually flies 15 to 30 parabolas during
a single mission, which makes it the only ground-based ana-
logue for actual microgravity. However, during each parabo-
la, there is only approximately 20 s of microgravity, and prior
to experiencing microgravity, there is always a period of hy-
pergravity that must be met, which might disrupt the quality
and integrity of the data. Further information about parabol-
ic flight has been previously described [10].

Because each analogue has its own advantages, the fidelity of
the simulated effect on specific organs or physiological pro-
cesses varies from one analogue to the next [11]. It is neces-
sary to choose an appropriate analogue to simulate micrograv-
ity based on the specific objectives an experiment is trying to
achieve. However, although a well-founded ground-based sim-
ulation is a key factor worthy of investigation, we admit that
we cannot fully simulate spaceflight with ground-based sim-
ulation, particularly when the laws of physics and principles
of sociology are taken into consideration.

Cerebral Hemodynamics

Intracranial pressure

It is widely known that cephalic fluid redistribution causes blood
pooling within the brain during microgravity, which most likely
causes an increase in intracranial pressure (ICP). Theoretically,
the shift of fluid to the upper part of the body leads to increased
intracellular and interstitial fluid volume. The subsequent lack
of hydrostatic gradients associated with gravity might increase
the permeability of the blood-brain barrier [12], combining in-
creased blood flow in the cerebral arteries, disturbance in ce-
rebrospinal fluid circulation, and missing drainage from the
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Figure 1. Physiological mechanisms involved in
increased intracranial pressure during
microgravity.

blood (Figure 1). Although microgravity induces a mild decre-
ment in plasma volume [13], which could counteract the fac-
tors increasing ICP, one study showed that mildly decreased
plasma volume caused by the administration of 0.2 mg/kg of
furosemide did not change ICP [14]. Collectively, these factors
will eventually lead to an increased ICP. An elevated ICP after
exposure to microgravity has been proposed as a mechanism
for the initiation of VIIP syndrome [15]. Moreover, perineural
transmission of increased ICP pulsatility might be important
in the pathogenesis of orbital abnormalities [16]. Considering
ICP as a pertinent element, it is important for us to understand
the homeostatic and post-flight physiology associated with ICP.

ICP has both pulsatile and static components. Pulsatile ICP is
created by oscillation of the cerebral blood flow (CBF) and is
modulated by passive downstream venous and cerebrospinal
fluid volume outflow. Meanwhile, static ICP represents a low-
pass-filtered pressure, which is actively modulated by the ce-
rebrospinal fluid formation rate. Together, the passive and ac-
tive modulation of ICP are components of the compensatory
reserve system. With progressive reduction of the compensa-
tory reserve capacity, craniospinal compliance, which is de-
fined as the ratio of volume change to pressure change, could
become insufficient, resulting in exponential increases in ICP
with additional volume.

Kermorgant et al. used dry immersion as an approach to mimic
microgravity and showed that it could significantly induce op-
tic nerve sheath diameter enlargement during an experiment
in days 1 and 3 and in recovery period day 1 [17], which indi-
cated that a short-term exposure to microgravity could lead

to increased ICP. Mader et al. found 4 astronauts who pre-
sented with optic disc edema after a 6-month spaceflight with
higher ICP [3]. Another study was performed on the Russian
Kosmos-2229 biosatellite with a Macaque monkey on a 9-day
spaceflight [18], which showed a circadian pattern with ob-
served changes in ICP or the ICP wave. In addition, ICP may
achieve physiological homeostasis during a flight. According
to Marshall-Goebel et al. [19], this result could also be spe-
cifically interpreted as follows: reduced system compliance in
the first days of spaceflight appeared to magnify the effect of
the fluid shift, which resulted in elevated ICP; however, start-
ing on day 5, system compliance normalized, which resulted
in a reduced ICP that approximated baseline values (although
still slightly elevated).

Lawley et al. directly measured ICP in human participants dur-
ing parabolic flights that simulated microgravity for the first
time [20]. Their findings revealed that the complete removal
of gravity does not pathologically elevate ICP, but it does pre-
vent the normal lowering of ICP. From this they proposed that
the human brain is protected by daily circadian cycles in re-
gional ICPs, without which, pathology may occur.

In most studies (Table 1), regardless of the model that was
used to create microgravity or the measurement that was
taken, we conclude that ICP in short-term exposure to micro-
gravity remained unchanged, partially owing to limited sam-
ple size and individual variability. However, ICP in long-term
exposure to microgravity conditions tends to be somewhat
elevated. One of the elementary factors that might account
for elevated ICP could be the predominant influence of the
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Table 1. Impact of simulated or actual microgravity on intracranial pressure.

Authors n Experimental protocol
Kermorgant et al. [16] 12 3 days of DI
Mader et al. [21] 1 6 months of spaceflight
Avan et al. [22] 40 Parabolic flight
Lawley et al. [19] 8 Parabolic flight and 24 h
—6° HDBR
Arbeille et al. [23] 10 2 h of DI

Conclusion

3 days of DI, induced an enlarged ONSD, a surrogate value
for estimated ICP

After returned to earth, ICP elevated to 22 mmHg and
remained high for a period of time

HDBR does not progressively increase ICP, but microgravity
does prevent the normal lowering of ICP when upright

Due to large individual variability, no substantial changes in
ICP have been observed

ICP — intracranial pressure; ONSD — optic nerve sheath diameter; DI — dry immersion; ISS — international space station; HDBR — head-

down bed rest.
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Figure 2. Several selected regulatory
mechanisms for mean blood pressure
during microgravity.

cephalic fluid shift. We noticed that another pivotal role for
regulating ICP could be in the context of the circadian rhythm,
which remains a missing part in all simulated microgravity an-
alogues. Circadian rhythm is always taken into account when
considering elevated intraocular pressure (IOP), and it is our
current understanding that IOP might provoke some impair-
ment in distant or near visual acuity [3,21]. However, an in-
crease in ICP during microgravity could occur through several
mechanisms, including differences in arterial blood flow, ve-
nous drainage, vasculature, and cerebrovascular autoregula-
tion. Next, we will introduce some recent researches to delve
into these phenomena.

Cerebral circulation and vasculature

Numerous factors are involved in the regulation of CBF or per-
fusion [22], such as arterial blood pressure, cerebrovascular
autoregulation, endothelial function, and regional metabolic
status. And many of these factors might be altered in a mi-
crogravity environment. While this is also related to fluid flow,
Ohm'’s law can be used to estimate the effects of microgravity

on brain blood flow by the following equation: CBF=(P_ —P )/CVR,
in which CBF is proportional to the difference between arterial
pressure (P) and venous pressure (P ) across the brain, and CBF
is inversely related to the cerebral vascular resistance (CVR),
which is also referred to as the reciprocal of cerebral vascular
conductance (CVC). The loss of gravity vector induces a cephal-
ic fluid shift that influences hydrostatic pressure at the level
of the head, which is believed to increase from 70 mmHg to
100 mmHg [23]. It is thought that the P_ would theoretically
increase by approximately 30 mmHg; however, since there are
multiple physiological mechanisms involved in blood pressure
(Figure 2) [24], which, as a whole, impose a bidirectional in-
fluence, it is still unknown whether P, would increase or de-
crease [25]. Well-rounded reviews of cardiovascular physiolo-
gy during microgravity have been previously described [23,25].

Next, we focused on alterations in CBF and cerebral vascula-
ture that were found in recent studies, hoping to elucidate the
interpretation of outcomes of cerebral hemodynamics.
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Cerebral blood flow

As one of the most elementary factors, CBF has been frequently
tested and used as a representation of cerebral circulation dur-
ing or after microgravity. In addition, CBF accounts for the me-
tabolism in the brain since it contains and traffics most of the
oxygen and nutrition the brain needs. To some extent, an al-
tered CBF might explain the cognitive impairment or orthostatic
intolerance that is known to occur after spaceflight. However,
study results from spaceflight or ground-based analogues of
spaceflight have revealed increased [26], decreased [27,28],
or unaltered [29] CBF velocity (CBFV). In addition, some stud-
ies showed that CBFV is a dynamic value during microgravity,
which would increase initially, and then return to baseline as
the mission was prolonged [30]. These data are mostly mea-
sured by transcranial Doppler ultrasonography on a single side
(usually the right side) of the middle cerebral artery (MCA),
thereby leaving out the entire posterior circulation and repre-
senting only partial anterior cerebral circulation. Furthermore,
considering each cerebral hemisphere preferentially controls
specific physiological function, it is conceivable that there is
a different status of cerebral circulation between the right
and left hemispheres. Moreover, CBFV could only partially in-
terpret CBF, owing to the differential vessel diameters in the
vasculature. Therefore, we should be cautious when explain-
ing these results.

A study using parabolic flight to simulate microgravity found
that MCA velocity remained unchanged throughout the exper-
iment; however, the CVC index (the quotient of MCA velocity
and mean arterial pressure) was increased. This observation
could be explained by an increased cardiac output and a de-
creased mean arterial pressure, which were recorded during
the experiment [31]. Because of the structural and function-
al differences in each cerebral artery, researchers recently be-
gan focusing on CBF in the different cerebral arterial branch-
es, such as the common carotid artery, internal carotid artery
(ICA), external carotid artery (ECA), and vertebral artery (VA).
A study by Ogoh et al. using dry immersion showed that af-
ter short-term weightlessness exposure, the CBF in each ce-
rebral artery (ICA, ECA, and VA) was unchanged during the dry
immersion [32]. To prevent ICP or excessive cerebral perfu-
sion pressure, self-protection reserves successfully controlled
the CBF by decreasing cerebral conductance, perhaps by way
of cerebrovascular autoregulation. Another intriguing find-
ing is the decreased cardiac output associated with changes
in ICA and VA blood flow but not with changes in ECA blood
flow [32], indicating that the contributions of those mecha-
nisms involved in CBF regulation vary with different cerebral
vascularity. However, a study conducted by Marshall-Goebel
et al. using magnetic resonance imaging with the HDT mod-
el found that arterial blood flow velocity decreased in ICA but
remained unchanged in VA. Changes in cross-sectional area

REVIEW ARTICLES

revealed that arterial vasodilation occurred in the ICAs but not
in the VAs [33]. Furthermore, a 2-month HDBR study demon-
strated that the posterior arterial blood flow was well main-
tained; although that of the anterior cerebral circulation was re-
duced on day 30, and then recovered to the baseline level [34].

These findings (Table 2) indicated that irrespective of a short-
or long-term exposure to microgravity, the major arteries of
the brain would have a heterogeneous response. This might
be attributable to different physiological roles between dif-
ferent areas of the brain, further suggesting that results from
the anterior circulation do not reflect the entire cerebral cir-
culation. Considering that both known and unknown factors
could easily change CBF, an unpredictable result for CBF is ac-
ceptable. Thus, only by taking full control of all known factors,
can we derive a more plausible result.

Cerebral vasculature

Prolonged exposure to microgravity removes the head-to-foot
gravitational vector, causing cephalic fluid shift, and cerebro-
vascular resistance must increase to compensate for the acute
elevation of perfusion pressure in microgravity. These factors
make it easy to speculate that the property of the vasculature
above the heart would be changed [23]. As an important myo-
genic mechanism involved in cerebrovascular autoregulation,
alterations in cerebral vasculature would affect cerebral circu-
lation, leading to neurological symptoms. However, because
there are a myriad of determinants taking part in the regula-
tion of cerebral vasculature, confirmed, like endothelial nitric
oxide mechanism [35], and unconfirmed, we will next look at
those mechanisms involved in the adaptation or maladapta-
tion of cerebral vasculature.

Elevated cerebral arterial pressure results in the increased in-
trinsic vasoconstrictor responsiveness of the cerebral arter-
ies [36] and the remodelling of the cerebral arterial vascula-
ture, which is characterized by the thickening of the medial
smooth muscle cell layer, and, in some cerebral arteries, re-
sults in a decreased maximal intraluminal diameter [35,37].
It is noteworthy that it has not yet been determined whether
stiffness, myogenic tone, and vasoconstriction of the cerebral
artery increases or decreases, or whether its structural proper-
ty changes. Hindlimb unweighting (HU) in a rat model result-
ed in an increase in the myogenic tone of the cerebral mid-
dle artery, and its cerebral arteries were less distensible due
to the nitric oxide-dependent and -independent mechanisms
modulating the myogenic reactivity of the cerebral arteries in
the HU-induced animals. In addition, maximum passive diam-
eters were unchanged [38]. Another study showed completely
different results with a reduction in both myogenic vasocon-
striction and stiffness and an increase in the maximal diame-
ter of cerebral arteries after 13 days of spaceflight [39]. These
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Table 2. Impact of simulated or actual microgravity on cerebral blood flow and cerebral blood flow velocity.

Authors n Experimental protocol
Kawai et al. [28] 8 24h, -6° HDBR, TCD, rMCA
Sun et al. [29] 12 21 days, —-6° HDBR, TCD, rMCA
Arbeille et al. [30] 24 60 days, —6° HDBR, TCD, rMCA
Iwasaki et al. [31] 6 16 days, space mission, TCD, MCA
Klein et al. [33] 17 15 bouts of 22s intervals Parabolic

flight, TCD, rMCA

Ogoh et al. [34] 10 3 days, DI, TCD, rICA, rECA, rVA
Marshall-Goebel 9 3 h, -6° -12°, -18° HDBR, MRI,
et al. [35] bilateral ICA and VA
Ogoh et al. [36] 10 60 days, —6° HDBR, TCD

Conclusion

CBFv increased at 0.5h of HDBR, during upright seated
recovery, CBFv decreased when compared with baseline, and
CBFv positively correlated with IAP

CBFv decreased since day 1 and dropped further on day 3
until reaching a minimum value on day 21

Resting CBFv did not change significantly from preflight
values during or after spaceflight

With decreased MAP and increased CO, CBFv remained
unchanged in the microgravity condition

CBFv in ICA, ECA and VA did not change. A decreased cardiac
output associated with CBFv in ICA and VA but not ECA

CBFv in ICA decreased at each tilt degree, CBFv in VA did not
changed

CBFv in ICA decreased on day 30, returned to baseline on
day 57; CBFv in VA remained unaltered throughout HDBR;
CBFv in ECA increased on day 30 and 57, indicating long-
term microgravity may induce heterogeneous responses in
cerebral circulation

CBF — cerebral blood flow; CBFv — cerebral blood flow velocity; HDBR — head-down bed rest; rMCA — right middle cerebral artery;
rICA —right internal carotid artery; rECA — right external carotid artery; rVA — right vertebral artery; IAP — intracranial arterial pressure;

DI = dry immersion.

studies used different animals (rats vs. mice), different condi-
tions (HU vs. spaceflight) and different cerebral arteries (ce-
rebral middle artery vs. basilar and posterior communicating
arteries), which may explain the discrepancy.

To delve further into the above scenarios, a previous study
showed that the myogenic stretch-sensing mechanism and
non-receptor voltage-gated Ca*-channel mechanism impaired
cerebral arterial smooth muscle contraction, both functioning
in part via the RhoA/Rho-kinase signalling pathway [40]. Many
cardiovascular functions exhibit circadian rhythm, and Li et al.
found that 28 days of HU disrupted intrinsic diurnal oscillation
in rat cerebrovascular contractility by altering circadian regu-
lation of the BMAL1/miR-103/CaV1.2 signalling pathway [41].
To gain a better understanding of these cerebrovascular prop-
erties, it is imperative to clarify these complex mechanisms.

Cerebrovascular Autoregulation

Cerebrovascular autoregulation, with the assistance of a va-
riety of intrinsic mechanisms and neural reflexes, is a regu-
lative process in which vascular resistance is controlled with
the aim of maintaining CBF to stabilize fluctuating cerebral
perfusion pressure [42,43]. This indicates that the brain is ca-
pable of sustaining an appropriate blood flow to maintain a

homeostatic environment [44,45]. Moreover, cerebrovascular
autoregulation is a combination of 2 different situations: stat-
ic cerebrovascular autoregulation and dynamic cerebrovascu-
lar autoregulation, where static cerebrovascular autoregula-
tion is the quantification of the steady-state change in CBF
in relation to steady-state changes in arterial blood pressure,
and dynamic cerebrovascular autoregulation characterizes the
CBF response to abrupt changes in arterial blood pressure or
the interplay between spontaneous arterial blood pressure
oscillations and CBF velocity oscillations [42]. The static one
reflects the global efficiency of the cerebrovascular autoreg-
ulation but does not take into account the latency, while the
dynamic one reflects the latency and efficiency of cerebro-
vascular autoregulation [46]. With the development of tran-
scranial Doppler ultrasonography recording instant changes
in CBF, more experiments tend to focus on dynamic cerebro-
vascular autoregulation.

Similar to CBF, there are also many factors that might affect
cerebrovascular autoregulation (Figure 3), for example, dura-
tion of exposure to microgravity, intracranial pressure [17,47],
autonomic nervous system [48], plasma volume [49,50], cere-
bral vascular tone and property [29], partial pressure of CO,
[51], and even sex differences [52]; although, there is no con-
clusive evidence showing that the duration of exposure to
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Figure 3. Several confirmed factors exerting influence on
cerebrovascular autoregulation

microgravity would affect cerebrovascular autoregulation.
However, people tend to suffer orthostatic intolerance dur-
ing long-term microgravity, and an association between or-
thostatic intolerance and impaired cerebrovascular autoregu-
lation has been found [53,54].

Currently, no concurring results of cerebrovascular autoregula-
tion have been reached (Table 3). Dynamic cerebrovascular au-
toregulation was improved after 21 days of HDBR by reducing
plasma volume [55], which was observed during a short-term

REVIEW ARTICLES

study [49]. A study of optic nerve sheath diameter and cere-
bral autoregulation revealed a strong negative correlation be-
tween these factors, suggesting that a persistently elevated
ICP can be attributed to poor cerebral autoregulation recov-
ery [17]. Therefore, to achieve a convincing result, the above
factors should be closely monitored in future studies.

Current Difficulties

Because exposure to microgravity is a prolonged experience, a
subsequent altered vasculature, due to either cerebrovascular
autoregulation or physiological adaptation, gradually develops
to an irreversible and deep-rooted state, which would eventual-
ly reach a state of space-type equilibrium. Physiological altera-
tions due to microgravity are more complicated than is apparent
from this discussion and include cerebral metabolic demands,
partial pressures of O, and CO,, and the interplay of the auto-
nomic nervous system; all of which were not fully discussed
in this review [56]. In addition, although previous studies that
were based on simulated or actual microgravity focused par-
tially on the relationship between cells and blood flow in the
brain, we have recognized another major part of the nervous
system, which is the extracellular space and glymphatic path-
way. The importance of extracellular space and the glymphatic
pathway has been gradually acknowledged in recent years [57],
and they could play pivotal roles in the pathways that regulate
hydrodynamics, hemodynamics, and metabolic homeostasis.

Table 3. Impact of simulated or actual microgravity on cerebrovascular autoregulation.

Authors n Experimental protocol
Blaber et al. [3] 27 8-16 days of spaceflight
Pavy-Le et al. [55] 8 7-day of -6° HDBR
Jeong et al. [51] 21 18-day of -6° HDBR
Iwasaki et al. [31] 6 1-2 week of spaceflight

Kurazumi et al. [53] 15 4 bouts 10-min of —10° HDBR/

supine combined with placebo/CO,

Conclusion

A mismatch of cerebral blood flow with blood pressure
has been noticed and it may be the cause of presyncope

No major changes found in cerebral autoregulation
responses. Nevertheless, the association between
cerebral autoregulatory responses and orthostatic
intolerance has been noticed

CA was preserved or improved after HDBR. Furthermore,
changes in plasma volume may play an important role in
CBF regulation

CA was preserved, even improved by short-duration
spaceflight. This could be attributed to raising
responsiveness of cerebral vascular smooth muslce to
changes of transmural pressure

CA was improved, however, a persistent elevation ICP
favours poor CA recovery after 3 days of DI

The combination of mild hypercapnia and HDBR
attenuated dynamic cerebral autoregulation

CA — cerebrovascular autoregulation; DI — dry immersion; ICP — intracranial pressure; HDBR — head-down bed rest.

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€928108-7

Indexed in:
[ISI Journals Master List] [Index Medicus/MEDLINE]
[Chemical Abstracts/CAS]

[EMBASE/Excerpta Medica]

[Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]



REVIEW ARTICLES

Conclusions

To conclude, microgravity-induced alterations of hemodynam-
ics at the brain level are multifaceted. In addition, other factors
including duration, partial pressures of carbon dioxide, and in-
dividual adaptability contribute to this process, which could be
metaphorically described as an unpredictable see-saw model.
With a growing understanding of this model, additional factors
will likely be considered and added to this equation. Aiming
for a full understanding of the physiological and/or patholog-
ical changes of hemodynamics will enable researchers to in-
vestigate its related cellular and molecular mechanisms in fu-
ture studies, which are desperately needed.
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