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spatially, and temporally regulated. Genetic adaptations occur and persist over many generations
which confer both a survival and reproductive advantage in the context of a particular environment,
a condition of evolution known as Darwinism. Acclimatization involves a constellation of
integrative adaptive responses which confer functional compensation. This biological and
physiological phenomenon may extend over a period of hours to months to years, even trans
generationally, in response to a complex set of environmental factors. Within the bounds of
the principle of parsimony, acclimation may be referred to as the functional compensation
in response to a single environmental factor. Studies of acclimation are ordinarily performed
in the laboratory where only one variable is manipulated at a time (Fregly, 1996). As our
understanding of biological systems advance, and the contribution of growing disciplines such
as epigenetics, the integrative research studies, technological platforms, modeling systems, and
experimental approaches have become pivotal to elucidating functional physiological adaptations
at the molecular and cellular level.

Gravity, a constant environmental condition that exists over a continuum, plays an
indispensable role in maintaining normal and healthy physiological function, regulating tissue,
and organ homeostasis, including that of the skeletal, muscle, neuro-vestibular, and importantly,
cardiovascular system. Moreover, it plays a crucial role in the regulation of metabolism.
Astonishingly, a reduction in gravitational stimuli will rapidly induce physiological and systemic
de-conditioning. Over the course of the past 50 years, studies have demonstrated that the space
environment and microgravity (.G) in particular, will cause physiological changes that may
affect the performance and wellbeing of astronauts. These physiological changes are now better
understood; prolonged exposure to a weightlessness environment (0G) can lead to significant
loss of bone, muscle mass, strength, cardiovascular and sensory-motor de-conditioning, immune,
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hormonal, and metabolic changes. The same paradigm holds
true for other equally important environmental and physiological
conditions such as physical inactivity, confinement, hyperbaric,
and hypoxic stimuli.

The aim of this Research Topic, in cooperation with
ISGP (International Society for Gravitational Physiology—
www.isgp-space.org) was to collectively gather research, studies,
novel thinking, and findings from the cornucopia of work being
undertaken in this field of medicine.

GROUND MODELS OF WEIGHTLESSNESS

Dry immersion (DI), wet immersion, unilateral lower limb
suspension, head down bed rest, and supine bed rest are
ground based human models of microgravity. They induce
and replicate, to various degrees, physical inactivity, and fluid
transfer. As explored in their mini review (Pandianrajan and
Hargens), these analogs to microgravity are complementary
but should be employed cautiously and the experimental
findings interrogated and interpreted objectively. Amirova et al.
compared head down bed rest to dry immersion to induce
cardiovascular deconditioning. Dry immersion reproduces most
of the physiological effects of microgravity, importantly those
such as centralization of body fluids, enhanced muscular
inactivity, and support unloading. This modality of microgravity
is well-understood as it was developed by Russian scientists
in the early 1970s and has since been extensively employed
in many studies (Navasiolava et al., 2011; Tomilovskaya et al.,
2019). Support unloading is very specific to this model and
induces important physiological adaptions and impairments,
most notably for neuro-muscular function. Comparative studies
of 21 days of head down bed rest with 3 days of dry
immersion have demonstrated holistically comparable changes
for the cardiovascular system. These adaptations however
are more rapid and pronounced for the dry immersion
model. Dry Immersion, originally developed as a model of
microgravity, may also have potential therapeutic applications.
For example, patients with Parkinson disease, may demonstrate
and experience a beneficial effect with dry immersion. DI may
not only beneficially impact and reduce muscular hypertonicity,
but also potentially improves autonomic dysfunction (Megal
et al.). This phenomenon is an exciting, novel, and important
finding. Further translational studies utilizing and investigating
the dry immersion model for therapeutic use should be
actively encouraged!

CARDIOVASCULAR DECONDITIONING TO
MICROGRAVITY

Actual and simulated weightlessness have well-described
deleterious effects on the cardiovascular system. These multiple
physiological adaptations and changes are termed cardiovascular
de-conditioning. In their comprehensive review, Navasiolava
et al. summarize the structural and functional (micro-)
vascular changes induced by space flight and the various
models of microgravity. Moreover, they also review the effects

of prophylactic strategies and countermeasures to prevent
cardiovascular de-conditioning. The endothelium, far from
being an inert conduit for blood flow, is a dynamic adaptive
mechanosensory tissue whose function is rapidly impaired
by sedentariness and thus by weightlessness. Endothelial
dysfunction may be an important arbiter of cardiovascular risk
after long term exposure to microgravity.

Orthostatic intolerance is the principle acute symptom of
cardiovascular deconditioning induced by weightlessness. Daily
rise is a challenge for the cardiovascular system and this daily
stimulation is necessary to keep the cardiovascular system
reactive to gravity. Thoraco-cephalic fluid shift is a widely
acknowledged consequence of weightlessness and may play a role
in spaceflight associated neuro-ocular syndrome. However, our
understanding of the mechanisms and physiological effects of
this fluid shift is far from complete. Kirsch et al. (1984) followed
and supported by Buckey et al. (1993) measured central venous
pressure in astronauts and observed a decrease of central venous
pressure as soon as the astronaut is exposed to 0G. Changes
in the morphology of the thoracic cage, with its expansion in
space environment, are very important considerations in our
understanding of central venous pressure changes. Lee et al.
employed a parabolic flight model to study fluid shift using
ultrasound (internal jugular vein cross sectional area, inferior
vena cava diameter and common carotid artery flow). Their data
suggested that Gz levels >0.5 Gz are necessary to counteract,
mitigate, and reduce the weightlessness induced fluid shift.

Impaired cerebral autoregulation is one of the postulated
mechanisms underpinning orthostatic intolerance. However,
the effects of microgravity on cerebral auto-regulation remain
unclear. In their review, Kermorgant et al. considered different
experimental approaches to evaluate cerebral autoregulation
changes induced by spaceflight and ground-based analogs.
Paradoxically, short terms studies have demonstrated a preserved
or even an improved cerebral autoregulation, in contrast
to long term studies, which have depicted impairment in
cerebral autoregulation.

Autonomic nervous system dysfunction occurs after
weightlessness  exposure with an impairment of the
sympathetic/para-sympathetic balance and a decrease in
the cardiac baroreflex efficiency (Coupé et al, 2009). Heart
rate and blood pressure variability analysis, ascertained by
beat-to-beat recordings have been extensively performed both
in the space environment and ground models to quantify and
to explain this autonomic dysfunction. Heart rate and blood
pressure changes are induced by closed loop regulation; thus,
analysis of their spontaneous oscillations is particularly relevant.
Borovik et al. used a phase synchronization index of beat-to-beat
mean arterial pressure and heart rate to measure the baroreflex
activity. The observed lack of increase of this index during
head up tilt test post dry immersion corroborates a baroreflex
disorder induced by weightlessness. Rusanov et al. observed
changes in heart rate variability indicators after 5 days of dry
immersion, indicating a shift in the autonomic balance toward a
sympathetic activation. Jia et al. studied the relationship between
blood perfusion in the lower extremities and hear rate variability
at different positions and thus in relation with the gravity force.
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COUNTERMEASURES TO FIGHT
DECONDITIONING TO GRAVITY

As physical inactivity and weightlessness induced fluid shift is
the main trigger of cardiovascular deconditioning, the more
obvious countermeasures are based on physical exercise and
interventions to limits this phenomenon. Countermeasures
based on physical exercise are acknowledged to be the
most effective strategy against deconditioning, considering its
pleiotropic beneficial effect on human physiology. However,
since physical exercise countermeasures are not sufficient,
per se, to fully address cardiovascular deconditioning, it
is evident complementary and adjuvant strategies should
be explored.

Venoconstrictive thigh cuffs are currently employed by
cosmonauts to limit symptoms associated with cephalic fluid
shifts. This countermeasure was tested during a 5-day dry
immersion study (Robin et al.). Although wearing thigh cuffs
(10h per day) in this ground model study slowed down and
mitigated loss of body water and plasma loss induced by DI,
their utilization unfortunately did not prevent or counteract
orthostatic intolerance.

The “Cocktail Bedrest” investigation tested the effects of
an antioxidant/anti-inflammatory cocktail (polyphenol, vitamin-
E, selenium, and omega-3) over a 2-month head down bed
rest study. Unfortunately, this supplementation was shown
to be ineffective in preventing skeletal muscle deconditioning
and moreover could impair the recovery process of the
muscular function and rehabilitation. This study highlights
the complexity of the redox balance in the body as well as
the hormesis effect and functionality of pro-oxidant molecules
during long term inactivity, playing a potentially important
biological role in maintaining muscle health and function
(Arc-Chagnaud et al.).

However, plant extracts and antioxidant factors still
need to be considered and further investigated as adjuvant
countermeasures. Hesperidin, a flavonoid antioxidant
component, as well as its more soluble derivative, a-Glucosyl
Hesperidin, limits ankle swelling caused by a prolonged sitting
position (Nishimura et al.).

It is becoming evident that the optimal countermeasure
strategy will employ a stratified and multi-combinatorial
approach. The MNX (Medium duration Nutrition and
Resistance-Vibration Exercise) 21-day bed rest tested the
combination of a nutritional supplementation using Whey
proteins together with vibration and resistive
Unfortunately, those countermeasures even combined failed
to prevent cardiovascular deconditioning. They did however
mitigate the decrease of VO, max (Guinet et al.).

The “Cocktail Bedrest” and the “MNX” studies illustrate
the difficulty and challenges in developing countermeasures to
address the deconditioning induced by the suppression of gravity.
This is due in no large part, to the fact that gravity is fundamental
to health, wellbeing and normal physiological functionality of our
integrated organ and tissue systems. Thus, the absence of gravity
presents and remains a challenging environment to counteract
and address. Extensive international studies are ongoing to

exercise.

test additional countermeasures (such as artificial gravity) and
permutations and combinations thereof, to address the (patho-)
physiological consequences to spaceflight deconditioning.
Proposed long duration space flight, such as future Mars
missions, will require the development of synergistic and optimal
countermeasure protocols, failing which we will have no other
choice but to replicate gravitational force itself using long arm
rotating spaceships.

In addition to “prophylactic” strategies, “therapeutic”
interventions have also been employed, since the first space
flight, in the management of astronauts, cosmonauts, and
taikonauts upon return to earth. Gradient compression garments
(with a continuous gradient of compression from the feet until
the abdomen) in the hours after long-duration spaceflight
together with an end of mission fluid loading are efficient to
prevent orthostatic intolerance after a 6-month space flight (Lee
etal.).

DIVING EFFECTS ON THE
CARDIOVASCULAR REGULATION

The cardiovascular system is challenged also by diving in
several aspects. The first parameter is blood centralization
and reduced interstitial extravasation of fluids due to both
immersion and submersion. Several factors can explain this
centralization, such as buoyancy, pressure gradient of hydrostatic
pressure and pressure gradient between the lungs and the
rest of the body. The authors (Weenink and Wingelaar) of
a mini review paper argued that the compression effects on
the body under immersion are not so important and could
be compared to the pressure of a mild compression stocking.
Although still debated (Regnard et al.—see commentary to
Weenink’s paper) this analysis could be of importance also
for the model of dry immersion where the buoyancy effect
directly counteracts gravity. Nevertheless, a direct consequence
of this blood centralization is an increase in thoracic blood
pressure which, in turn, leads to stimulation of the autonomous
nervous system with a predominant parasympathetic activation
(Schipke and Pelzer, 2001; Chouchou et al., 2009). As reported
by Lundell et al. in this topic, cold exposure further
increases parasympathetic activation. As highlighted by the
authors, whether this potent parasympathetic activity due
to the combined action of diving and cold could exert
adverse effects in the case of long and cold dives merits
turther investigation.

A second concern, common to both diving and spaceflight,
is the risk of decompression sickness (DCS) associated,
respectively, to the ascent to the water surface and extravehicular
activities. Currently, there is a body of literature showing that
the risk of DCS after diving is decreased by nitric oxide
administration whereas it is increased when NO synthesis is
blocked (Wisloft et al., 2004; Duji¢ et al., 2006; Mazur et al., 2014).
These data strongly suggest that the vascular endothelium plays
a pivotal role in the development of DCS after diving, although
this has never been scientifically demonstrated. The results of
two studies published in this topic support this hypothesis by
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showing, on the one hand, that bubble formation correlates with
vascular compliance and NO bioavailability (Boussuges et al.)
and, on the other hand, that experimentally induced DCS in
rabbits can be treated by the administration of Ulinastatin, a drug
which inhibits the release of inflammatory factors and alleviates
endothelial injury/dysfunction (Meng et al.).

NECESSITY FOR ANIMAL AND CELLS
MODELS

The use of animal as well as cell models is essential for studies
into environmental physiology and physiopathology.

Pressure chambers to mimic hypo- and hyperbaric conditions
in rats to simulate mountain ascent or deep-sea diving were
used in three articles of this Research Topic. Flores et al.
investigated cardioprotective effect of caloric restriction against
right ventricular hypertrophy (RVH) induced by chronic
hypoxia. After chronic (30 days) of hypobaric hypoxia at
428 Tor, equivalent to that at 4,600 m above sea level, a
lower degree of RVH, higher AMPK activation, and no
activation of mTOR were observed in a group of rats with
restricted diet compared to ad Ilibitum study group. This
implicates body weight as a contributing factor to RVH at
high altitudes.

Gaustad et al. continuously monitored hemodynamic
parameters in an intact, spontaneously breathing rat during
simulated diving tests in an air-filled hyperbaric chamber during
all phases of a 600-kPa dry air dive: the diving conditions were
well-tolerated by a healthy heart, whereas in a failing heart, acute
cardiac decompensation was recorded. The dry diving model was
also employed by Ardestani et al. to study endothelium function
in different vessels of the cardiovascular compartment. A single
simulated dive was specifically found to induce pulmonary
artery endothelial dysfunction in ApoE knockout rats, and
this was more profound in male than female rats. The authors
concluded that the biological mechanisms contributing to these
changes were different for males and females. Translation of
these findings to humans may suggest caution for divers who are
elderly or have reduced endothelial function.

Hindlimb unloading (HU) in rodents is a widely used
model simulating the effects of exposure to microgravity.
Tarasova et al. used this model to investigate the regional
and tissue specific differences in the response of skeletal
muscle and cutaneous arteries to gravitational unloading. HU
induced contrasting structural and functional adaptations in
forelimb and hindlimb skeletal muscle arteries. Additionally,
HU had diverse effects in two hindlimb vascular regions.
Importantly, HU impaired sympathetically induced arterial
vasoconstriction was consistent with that observed, in humans
following spaceflight.

Limitations of animal models in predicting human
(patho-)physiological responses and in providing clinically
relevant data, is a challenge in the translation of studies. The
development and use of human dynamic cellular models
or “organotypic systems,” based on advanced technological

platforms addresses this gap and deficit. The use of dynamic
human primary cell systems coupled with emerging molecular,
cellular, and (epi-)genetic technologies that allow precise
control of the culture environment and analysis of meaningful
endpoints paves the way for human organotypic systems as a
major initiative in studying the effects of various environmental
exposomes on physiological systems. Such a model was used by
Liu et al. to investigate the contribution of ACE2 to mechano-
transduction induced vascular remodeling under mechanical
stretch and to investigate the possible underlying molecular
mechanisms. Human aortic vascular smooth muscle cells
(HaVSMCs) were stretched by special device in vitro. It was
shown that mechanical stretch modulated the expression of
the ACE2/Ang-(1-7) and ACE/AnglI axis. ACE2 is mechano-
sensitive and involved in stretch-induced dysfunction of
HaVSMCs. Thus, ACE2 may contribute to the development of
vascular remodeling under conditions of mechanical stretch.
This observation may provide clinicians with opportunities to
develop new therapeutic approaches for hypertension.

INTEGRATIVE PERSPECTIVES

Cross Acclimation Between Ambient
Oxygen and Gravity

Counter-responses adjusting for hypoxia may conflict with
orthostatic responses and induce an increase of orthostatic
intolerance risk. The authors (Nourdine et al.) have shown
that during hypoxic orthostatic challenge, a mobilization
of the heart rate reserve and a delayed systemic vascular
resistance index activation are key regulatory responses to
preserve orthostatic tolerance. (Boussuges et al.) studied the
potential interactions between hyperoxia and exercise. If
hyperoxia decreased adenosine plasma levels and increased
systemic vascular resistance at rest in healthy volunteers as
expected, hyperoxia did not eliminate the increase in adenosine
plasma levels and in systemic vascular resistance during low
intensity exercise.

Perspectives With Proteomic Approach

As environmental conditions, especially gravity, have
intrinsically complex interactions with our physiology, the
use of integrative “omics” approaches in combination with
data analysis is of particularly important relevance. Proteomic
analysis performed on different body fluids refers to a systematic
large-scale identification and quantification of proteins.
Comparative analysis of different environmental exposomes
can identify changes in differential protein expression and
may identify novel mechanistic physiological pathways.
The team of Prof. Larina, Moscow, successfully applied
this method to understand mechanisms of cardiovascular
changes induced by weightlessness in urine and blood
samples (Pastushkova et al; Rusanov et al; Kashirina et al;
Kashirina et al.).
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This mini-review provides an updated summary of various analogs for adaptations of
humans to the microgravity of space. Microgravity analogs discussed in this paper
include dry immersion, wet immersion, unilateral lower-extremity limb suspension, head
down tilt (HDT), and supine bed rest. All Earth-based analogs are imperfect simulations
of microgravity with their own advantages and disadvantages. This paper compares
these five frequently used microgravity analogs to offer insights into their usefulness
for various physiological systems. New developments for each human microgravity
analog are explored and advantages of one analog are evaluated against other analogs.
Furthermore, the newly observed risk of Spaceflight Associated Neuro-Ocular Syndrome
(SANS) is included in this mini review with a discussion of the advantages and
disadvantages of each method of simulation for the relatively new risk of SANS. Overall,
the best and most integrated analog for Earth-based studies of the microgravity of space
flight appears to be head-down tilt bed rest.

Keywords: bed rest, head down tilt, dry immersion, wet immersion, unilateral lower limb suspension

INTRODUCTION

This mini-review serves as an updated look upon the various analogs to microgravity. All
established microgravity analogs discussed in this paper (dry immersion, wet immersion, unilateral
lower-extremity limb suspension, head down tilt (HDT), and supine bed rest) are imperfect
simulations of microgravity with their own merits and disadvantages. This paper serves to discuss
new developments for each human microgravity analog as well as to compare these simulation
methods to actual microgravity conditions of spaceflight. Furthermore, the newly observed risk
of Spaceflight Associated Neuro-Ocular Syndrome (SANS) is included in this mini review with a
discussion of the advantages/disadvantages of each method of simulation for space flight for the
SANS risk. Due to format limitations, some aspects, such as metabolism and countermeasures,
cannot be considered in this mini-review.

MICROGRAVITY ANALOGS

Five analogs are commonly used on Earth for simulating the microgravity of space (Figure 1).
The well-established microgravity analogs discussed in this paper, dry immersion, wet immersion,
unilateral lower-extremity limb suspension, HDT, and supine bed rest, have their own unique
advantages and disadvantages in terms of applications to various physiological systems.
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there is no weight bearing or vascular hydrostatic pressures.

FIGURE 1 | lllustrates the positions and conditions of the various microgravity analogs in Earth’s gravity as compared to actual microgravity (upper right) in which

Microgravity

Unilateral
Lower Limb
Suspension

DRY IMMERSION

Dry immersion is a microgravity simulation analog method
developed in Russia in which the subject is encapsulated in
a waterproof covering and submerged, from the neck down,
in water. The water is held at a standard temperature of 32-
34.5°C, which is thermoneutral, and the subjects are submerged
just past their clavicles (Navasiolava et al., 2010). Subjects float,
simulating the effects of microgravity. This method eliminates the
risks associated with extensive and prolonged exposure in water
(Watenpaugh, 2016). The near complete submersion in water
allows for the simulation of cardiovascular and musculoskeletal
effects of microgravity (Navasiolava et al., 2010). However, as
this submersion is limited to the body below the neck, it is
not a perfect analog for microgravity. The fluid shift in the
head and neck occurs to lesser degree than strict HDT. It
also requires that subjects leave the apparatus for hygienic
purposes, impacting the study, and simulated effects (Abreu et al.,
2017). Because the subject is not focused upon or supported

by any structure, dry immersion allows for the observation
of the effects of “supportlessness.” Whereas methods such as
HDT and supine bed rest redistribute stress to the posterior
of the body, a lack of a support device means no loading
effects are experienced the body. The effects of microgravity
are demonstrated by dry immersion on a faster timeline than
methods like HDT, presenting similar results to a 21-day HDT
study in just 3 days (Tomilovskaya et al., 2019). 17% loss in
plasma volume, comparable to loss experienced after spaceflight,
is seen after 2 days of dry immersion (Treffel et al, 2017).
Dry immersion also generates atrophy and loss of strength in
the musculoskeletal system, with deteriorations in force and
structure similar to those occurring in spaceflight during a
comparable amount of time.

Dry immersion induces a head-ward fluid shift due to the
hydrostatic compression of the subject. With increasing pressure
with depth, lower limbs experience a higher level of head-ward
fluid shift, (directing fluid to the upper body) similar to the shift
seen in spaceflight. This fluid shift also decreases cardiovascular
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stress and heart rate decreases within hours of dry immersion.
Heart rate drops by 5 bpm and blood pressure decreases by
5 mmHg in the first 4 h (Navasiolava et al., 2010). However,
unlike spaceflight, subjects experience an increase in central
venous pressure though there are similar changes in heart size
and stroke volume. Dry immersion also shows rapid muscle
and bone loss, mainly attributed to the lack of gravitational
stress placed on the body (Treffel et al., 2017). Within 7 days,
bone density in the lower limbs drops 2% (Navasiolava et al.,
2010). When upright on Earth without dry immersion, the
postural muscles of the body need to support the weight of
the body and counter the effects of gravity. However, when
this stress is removed, through dry immersion, muscle loss
occurs, especially for stabilizing muscles of the leg and spine.
It is also noted that stabilizing muscles of the lower limbs have
decreased strength and force production of 20% after 7 days of
dry immersion (Navasiolava et al., 2010). The rate of muscular
change is rapid with dry immersion, with maximum muscle
stiffness achieved within 6 h of dry immersion as opposed to
several days or weeks in HDT.

Because of the near-seated position of the subject, the
gravitational forces upon the body vary. This is noted in the
case of where torso movement is significantly more impaired
than wrist movement, suggesting a difference in the reduction of
gravitational forces across the body (Wang et al., 2015).

WET IMMERSION

Water immersion requires submersion in water from the neck
down. However, extensive water immersion can induce subacute
dermatitis in as little as 72 h, making this method unusable
for long duration studies (Willis, 1973). The benefits of a water
immersion study are similar to those of dry immersion but lack
the longevity required for substantial human data and wide-
spread implementation (Watenpaugh, 2016). Water Immersion
utilizes the hydrostatic pressure of the water environment
to counteract the intravascular hydrostatic pressure gradients.
However, this pressure also causes an undue influence on
breathing by exerting pressure on the chest, creating a negative
pressure breathing effect (Norsk, 2014).

UNILATERAL LOWER LIMB
SUSPENSION

Unilateral lower limb suspension is one of the most cost-effective
methods to study the effects of microgravity and spaceflight
on the human body (Hackney and Ploutz-Snyder, 2011). The
method relies on the elevation of one leg, accomplished using a
singular platform shoe and crutches. This unilateral suspension
allows for the continued mobility of the subject as well as an
inherent control limb in the study. Increased mobility is a crucial
factor in determining cost effectivity and subject compliance as
semi-normal mobility allows subjects to travel, work, and remain
at home. This reduces costs incurred by methods that require
hospital stays or constant monitoring. While reduced monitoring

means that compliance is not completely verifiable, the decreased
imposition on the subject’s daily life allows for more volunteers
and willing participants (Tesch et al., 2016).

This method has effects within 2-3 days of implementation,
showing signs of muscle atrophy and deterioration. While this
method cannot demonstrate global or cardiovascular changes
from loss of hydrostatic pressures within the body, it is
effective in demonstrating changes in the muscular and skeletal
systems. The effects are localized to the lower leg, specifically
affecting the postural muscles of the lower limb (Tesch et al.,
2016). The use of lower limb suspension provides a unique
benefit of coming with a built-in control. As only one leg
is suspended, and thus unloaded, the other weight bearing
leg and muscles can be used to evaluate the effects of the
suspension. The core effect of this method, muscle atrophy,
occurs at a relatively constant rate across time but does not
occur uniformly across muscle fibers or individuals’ muscles.
These muscular changes are consistent with the changes that
occur during spaceflight, happening in similar locations and rates
(Adams et al,, 2003). Changes in bone density are comparable
to HDT, with a 0.70% loss in bone density being observed
after 21 days, similar to a 0.73% loss observed in 28-day HDT
(Rittweger et al., 2006).

There is little risk to the subject aside from increased risk of
venous thromboembolism relative to bed rest and spaceflight,
which can be mitigated with the use of compression socks
(Bleeker et al., 2004). It is recommended that individuals with
risk factors, such as women on contraceptives and those with
an inherited risk of deep vein thrombosis, are excluded from
ULLS studies (Bleeker et al., 2004). Head-ward fluid shifts and
larger possible changes to the cardiovascular or musculoskeletal
system are prevented in this method by localizing the unloading
to one limb, thereby preventing long lasting effects and risk to the
volunteer’s health (Tesch et al., 2016). However, this localization
prevents ULLS from being a valid method of study for global
effects of spaceflight.

HEAD DOWN TILT

The focus of HDT bed rest is to induce head-ward fluid shifts.
In microgravity, the body undergoes head-ward fluid shifts
because hydrostatic pressures disappear, and arterial pressure is
equalized throughout the body. Due to the presence of gravity
on Earth, blood pressures are significantly higher in the lower
limbs and feet than at the head. In order to reproduce this
condition on Earth, subjects are placed in the supine position
on a bed that is tilted 6 degrees to place the head closer to
the ground and to elevate the feet (Hargens and Vico, 2016).
Six-degrees HDT is the international standard for simulating
weightlessness (Smith et al., 2011). As opposed to supine bed
rest, HDT increases head-ward fluid shifts toward the head but
alters the gravity vector over the entire body from anterior
to posterior. This method requires sustained bed rest and a
prolonged hospital stay, causing this analog to be expensive. For
strict HDT, it is important that subjects do not leave this posture
for short periods of time or use a pillow to prop up their heads.
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The use of a pillow decreases ICP (supine 14 £ 2 mmHg vs.
pillow, 10 & 2 mmHg, P = 0.05), which may counteract visual
symptoms that might occur (Lawley et al., 2017). Removing
the visual impact is not conducive to studying SANS. Eating,
showering, use of urinals and bed pans must be performed in
HDT posture. However, unlike lower limb suspension, HDT
allows for the observation of cardiovascular effects and head-
ward fluid shifts for better studies of SANS and its mechanisms
and responses (Hargens and Vico, 2016; Watenpaugh, 2016;
Laurie et al., 2019).

Head down tilt redistributes pressure across the posterior of
the body, rather than being focused in a head to feet direction.
This posture does not completely remove the application of
gravity and thus, does not completely simulate the effects of a
microgravity environment. By inducing HDT, the cardiovascular
system no longer has to work against the force of gravity, as when
standing up, mimicking a lack of gravity (Watenpaugh, 2016).
Head-ward fluid shifts and cardiovascular adaptations are akin to
those found in spaceflight and microgravity (Hargens and Vico,
2016). Unlike microgravity, HDT does not create a loss in tissue
weight but it does induce a greater amount of fluid toward the
head. The skeletal system shows a decrease in bone density, when
subjected to HDT without any countermeasures, especially in
the lumbar spine, pelvis, and legs. Over HDT of 2-3 months,
a decrease in bone density of 3.8% was seen in the hip and a
10% decrease at the heel (Hargens and Vico, 2016). As a result
of HDT, these bones no longer bear weight, thus resulting in loss
of bone quality density. This analog helps identify bone regions
where subjects in a microgravity environment would experience
the greatest loss of bone. Furthermore, loss in bone density in
the lower, now non-weight bearing limbs, can be compared to
that of the upper limbs, which are not weight bearing in any
position, to isolate the changes due to HDT (Hargens and Vico,
2016). Proper experimental procedure for this method requires
a separate control group to attempt to accurately gauge which
effects can be attributed to the microgravity simulation method.

Spaceflight Associated Neuro-Ocular Syndrome is an outcome
of long-term spaceflight. The exact cause of SANS and the factors
that lead to it are still under extensive research (Mandsager
et al., 2016; Laurie et al., 2019). One of the widely observed
results of SANS is increased choroidal thickness and increased
optic disk edema. Replicating these effects on Earth has yet to
be done with any analog. However, similar results to SANS in

space are achieved with HDT. An extended trial may be of value,
as 70-day HDT was found to show greater retinal thickening
(+18 pm [+5.3%] during 70-day vs. none in 14-day) and IOP
increase (4+1.79 mm Hg vs. +1.42 mm Hg) than 14-day HDT
(Taibbi et al., 2016; Klassen et al., 2018). In addition, hypercapnia
alongside HDT has shown an increase in IOP of 0.8 mmHg (95%
CIL, P =0.05) when compared to normal HDT (Laurie et al., 2017).
However, HDT also produces a higher level of retinal thickness
than that experienced in spaceflight, with a mean difference of
37 um (95% CI, 13-61 pum; P = 0.005) between grounded subjects
and astronauts (Laurie et al., 2019).

SUPINE BED REST

Supine bed rest creates a uniform fluid distribution throughout
the body (except for anterior to posterior fluid shifts and
small hydrostatic pressure gradients) by having subjects lie in
the supine position (Hargens and Vico, 2016). This method
also results in the compression of posterior tissues unlike that
of microgravity. In supine bed rest, the contact between the
patient and the bed compresses tissues while microgravity has
no such compression of tissues, e.g., during sleep. There has
been little expansion in the use of this early analog for calcium
balance studies. This method sometimes provides a control
for HDT studies.

COMPARING METHODS

All current analogs to microgravity are imperfect analogs and
need to be compared to evaluate their utility for a given project
or space maladaptation (Table 1). Immersion generates an even
distribution of gravitational forces (Norsk, 2014). While dry and
wet immersions provide similar physiological reactions to HDT,
responses to immersions are more rapid than HDT. Back pain
with dry immersions seems more severe than that with wet
immersion and HDT. It is important to recognize that immersion
relies on the neutralization of internal pressures through the
pressure of water and HDT provides a head-ward fluid shift due
to jugular vein congestion and slightly higher venous and arterial
pressures in the head and neck. Jugular vein flow is reduced
in HDT in a manner similar to space flight. While unilateral

TABLE 1 | This table summarizes the observable effects.

Dry immersion

Wet immersion

Unilateral lower Head down tilt

limb suspension

Supine bed rest

Hok

Mimics cardiovascular effects of space flight

wok

Mimics musculoskeletal loss of space flight

Feasibility of maintaining position *
Median duration 3-7 days

Maximum duration 56 days'3-14

12 h13.14

* ek wo
Hokk Hekk Hokk

* *hx Hokk

30 days
42 days'36

30 days
370 days'314

30 days

* is used to indicate weak comparability, ** is used to indicate moderate comparability, and *** indicates strong comparability. Feasibility of Maintaining Position includes
the physical stress placed upon the subject as well as the costs and logistics involved. 1885 g reference to Hackney and Ploutz-Snyder (2011), 13-"js a reference to

Navasiolava et al. (2010).
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lower limb suspension is a cost-effective model for unloading
of leg muscles and bones, it fails to account for the lack of
gravitational stress and the head-ward fluid shifts seen in space
(Tesch et al., 2016).

As it stands, no studies utilizing any method other than HDT
and supine bed rest to study SANS have been published. One
of the possible causes of SANS may be the increased differential
between intercranial pressure and intraocular pressure that
occurs in a microgravity environment (Laurie et al, 2017;
Zhang and Hargens, 2018; Huang et al., 2019). Moreover, dry
immersion, which may increase intracranial pressure mildly
and chronically, may also be a viable method to study
SANS (Arbeille et al, 2017) but the head and neck are
still exposed to vascular hydrostatic pressure gradients due to
gravity. Dry immersion has also been observed to increase
optic nerve sheath diameter, which is linked to increased
ICP (Kermorgant et al., 2017). While further studies need
to be done, the best and most integrated analog for Earth-
based studies of the microgravity of space flight appears to
be HDT bed rest.
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Weightlessness and physical inactivity have deleterious cardiovascular effects. The
space environment and its ground-based models offer conditions to study the
cardiovascular effects of physical inactivity in the absence of other vascular risk
factors, particularly at the macro- and microcirculatory levels. However, the mechanisms
involved in vascular dysfunction and remodeling are not sufficiently studied in the context
of weightlessness and its analogs including models of physical inactivity. Here, we
summarize vascular and microvascular changes induced by space flight and observed
in models of microgravity and physical inactivity and review the effects of prophylactic
strategies (i.e., countermeasures) on vascular and microvascular function. We discuss
physical (e.g., exercise, vibration, lower body negative pressure, and artificial gravity)
and nutritional/pharmacological (e.g., caloric restriction, resveratrol, and other vegetal
extracts) countermeasures. Currently, exercise countermeasure appears to be the most
effective to protect vascular function. Although pharmacological countermeasures are
not currently considered to fight vascular changes due to microgravity, nutritional
countermeasures are very promising. Dietary supplements/natural health products,
especially plant extracts, should be extensively studied. The best prophylactic strategy
is likely a combination of countermeasures that are effective not only at the
cardiovascular level but also for the organism as a whole, but this strategy remains
to be determined.
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Microgravity-Induced Vascular and Microvascular Dysfunction

INTRODUCTION

A host of physiological alterations occur in actual or simulated
microgravity, including fluid changes, hormonal changes, muscle
atrophy and force reduction, bone loss, autonomic dysregulation,
cardiac atrophy, vascular impairment, and microcirculatory
dysfunction (Coupé et al.,, 2009; Evans et al., 2018; Hughson
etal., 2018). Surprisingly, the cardiovascular system of astronauts
adapts well to microgravity. However, the price of this adaptation
is rapid cardiovascular deconditioning — a syndrome combining
orthostatic intolerance, increased heart rate, and decreased
exercise capacity, accompanied by vascular disorders. Similar
cardiovascular deconditioning is also observed on Earth and
was first described in bedridden patients in 1945 (Keys, 1945).
Physical inactivity is one of the key factors contributing to this
cardiovascular deconditioning.

Sedentariness is among the most important behavioral
risk factors for cardiovascular diseases (CVD). In terms of
the cardiovascular system, the risk of being unfit exceeds
the risks associated with smoking, elevated blood pressure,
hypercholesterolemia, or obesity, whereas regular exercise is
associated with a reduction in vascular events (Thijssen et al.,
2010). Studying physical inactivity in healthy individuals in
the absence of other vascular risk factors provides valuable
information concerning vascular diseases. Because fighting
gravity requires daily physical exercise, exposure to microgravity
is associated with enhanced inactivity (Hughson, 2009; Hughson
et al., 2018). Microgravity and its analogs - bed rest, head-down
bed rest (HDBR) (Fortney et al., 1996; Pavy-Le Traon et al., 2007),
and dry immersion (Navasiolava et al., 2011; Watenpaugh, 2016;
Tomilovskaya et al., 2019) - offer unique models for studying
the effects of global physical inactivity in healthy individuals
(Widlansky, 2010). However, other models of pure physical
inactivity are also valuable, such as remaining in a sitting position
for a few hours (Restaino et al., 2015; Thosar et al., 2015;
Morishima et al., 2016) or reducing walking to below 5,000
steps/day, which is easy to implement and is shown to impair
vascular and metabolic functions (Boyle et al., 2013; Teixeira
et al., 2017). Segmental inactivity models are also used, with
unilateral lower limb suspension (Bleeker et al., 2005a,c) and
limb casting (Green et al., 1997; Sugawara et al., 2004) being less
extreme models. Although confinement has also been considered
a model of spaceflight (Arbeille et al., 2014; Yuan et al., 2019), its
associated inactivity is difficult to attest.

Several countermeasures to prevent microgravity- and
inactivity-induced cardiovascular changes, including exercise,
whole body vibration (WBV), lower body negative pressure
(LBNP), centrifugation, caloric restriction, nutritional
supplements, natural health products, and medications,
have been evaluated. The protection of astronaut health is a
critical issue in space medicine. However, knowledge acquired in
this area could be extended to the general sedentary population.

Here, we will summarize the effects of microgravity and its
analogs on macro- and microcirculation in humans. We will
also review the effects of different countermeasures proposed
in the context of microgravity and its analogs on vascular and
microvascular functions.

VASCULAR AND MICROVASCULAR
CHANGES INDUCED BY PHYSICAL
INACTIVITY AND MICROGRAVITY

Conduit Artery Changes
Data on lower limb, brachial, and carotid arterial changes in
modeled and actual microgravity are summarized in Tables 1-4.

Physical Inactivity Induces Structural Changes in
Conduit Arteries

Physical inactivity has a marked effect on the structure of conduit
arteries. For lower limb arteries, particularly unloaded in our
models, physical inactivity is associated with inward remodeling
and decreased lumen diameter to differing degrees (Sugawara
et al., 2004; Bleeker et al., 2005a,b; de Groot et al., 2006; van
Duijnhoven et al., 2010a; Palombo et al., 2015; Yuan et al,, 2015)
depending on intensity and duration of inactivity (Thijssen et al.,
2010). Intima media thickness (IMT) at the femoral artery level
remains unchanged after short-term inactivity, such as 7-day leg
casting (Sugawara et al., 2004) and after 35-day HDBR (Palombo
et al., 2015), but increases with longer inactivity, such as 60-
day HDBR (van Duijnhoven et al., 2010a). At the carotid artery
level, diameter remains unchanged (Arbeille et al., 1999; Bleeker
et al., 2005b; van Duijnhoven et al., 2010a,b; Palombo et al., 2015;
Yuan et al., 2015). For brachial artery, which is generally not
unloaded in our models, diameter remains stable (Bonnin et al.,
2001; de Groot et al., 2004; Hughson et al., 2007) or is very slightly
decreased (Boyle et al., 2013; Bleeker et al., 2005b; Hamburg
et al.,, 2007). IMT at the carotid level is unmodified (Palombo
et al., 2015; Yuan et al., 2015) or increased (van Duijnhoven
etal,, 2010a) after long-term HDBR. Long-term confinement also
increases carotid IMT as evidenced from Mars-520d (Arbeille
et al,, 2014) and CELSS-180d (Yuan et al., 2019) experiments.
Concerning macrovascular elasticity at the femoral level, 35-day
HDBR does not affect compliance (Palombo et al., 2015), whereas
7-day leg casting tends to decrease (Sugawara et al., 2004) and
60-day HDBR decreases compliance (Yuan et al., 2015). Carotid
compliance is not modified by HDBR (Palombo et al., 2015; Yuan
etal., 2015) or confinement (Yuan et al., 2019).

Regarding flight findings, a 6-month mission did not modify
femoral or carotid diameter but rapidly and steadily increased
carotid IMT up to 10-12% (Arbeille et al., 2016). Similarly, in
the National Aeronautics and Space Administration twin study
with one astronaut and one ground control, a 1-year mission
increased carotid IMT by ~20% (Garrett-Bakelman et al., 2019).
However, Lee et al. (2020) did not observe changes in carotid
IMT and stiffness at d15, d60, and d160 of long-term flight, while
carotid diameter was increased (45% during diastole). Lee et al.
consider possibility that increase in IMT might be hidden by
carotid distention. Findings from several inflight studies suggest
that most astronauts represent increase in IMT. Presently no
environmental (physical activity, nutrition, stress...) or genetic
factor has been identified as a major factor related to this
increase. Femoral IMT increases up to 10-15% (Arbeille et al.,
2016; Hughson et al., 2018). Carotid (Hughson et al., 2016;
Arbeille et al., 2017; Hughson et al., 2018) and femoral (Arbeille
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TABLE 1 | Lower limb conduit arteries: effects of experimental models and countermeasures.

Variable Inactivity Duration Subjects Vascular level Estimated CM tested Estimated CM  References
model Ctrl/CM inactivity effects
effect
(without CM)
Diameter Sitting 3h ™ + 4F Popliteal No effect Unilateral No effect Morishima et al.
fidgeting bouts (2016)
< 5,000 5d 1M Popliteal No effect _ _ Boyle et al.
steps/d (2013)
< 5,000 5d 13M Popliteal 12% (NS) Unilateral foot Partly Teixeira et al.
steps/d heating bouts prevented (2017)
(11% (NS))
Unilateral leg 7d 8M Femoral 15% Contralateral Completely Sugawara et al.
cast leg prevented (2004)
Unilateral leg 28d 3M + 4F Femoral 112% Contralateral Completely Bleeker et al.
suspension leg prevented (2005a)
Horizontal BR 25d 8M/8M Femoral 113% RVE Partially Bleeker et al.
prevented (2005b)
(15%)
HDBR 35d 10M Femoral 110% _ _ Palombo et al.
(2015)
Horizontal BR 52d 8M/8M Femoral W17% RVE Partially Bleeker et al.
prevented (2005b)
(16%)
HDBR 56 d 7F/8F Femoral No effect LBNP No effect Zuj et al.
+ aerobic + RE (2012Db)
HDBR 60d TM/TM Femoral 133% CHM No effect Yuan et al.
(2015)
HDBR 60d 9M/9M Femoral 124% RE No effect van Duijnhoven
et al. (2010a)
HDBR 60d 9M/9M Femoral 124% RVE Partially van Duijnhoven
prevented et al. (2010a)
IMT Unilateral leg 7d 8M Femoral No effect Contralateral No effect Sugawara et al.
cast leg (2004)
HDBR 35d 10M Femoral No effect _ _ Palombo et al.
(2015)
HDBR 60d 9M/9M Femoral +12% RE Prevented van Duijnhoven
et al. (2010a)
HDBR 60 d 9M/9M femoral 2% RVE Prevented van Duijnhoven
et al. (2010a)
Stiffness Unilateral leg 7d 8M Femoral 1 (NS) Contralateral Completely Sugawara et al.
cast leg prevented (2004)
HDBR 35d 10M Femoral no effect _ _ Palombo et al.
(2015)
HDBR 60d TM/TM Femoral 1 CHM No effect Yuan et al.
(2015)
Flow-mediated  Sitting 3h 12M crossover  Femoral 12-3% Three bouts of Completely Thosar et al.
dilation 5-min walking prevented (2015)
Sitting 3h TM+4F popliteal 13% Unilateral 13% Morishima et al.
fidgeting bouts (2016)
Sitting 6h 11M Popliteal 14% 10-min walk Restored Restaino et al.
post-sitting (2015)
<5,000 steps/d  5d 11M Popliteal 13% _ _ Boyle et al.
(2013)
< 5,000 5d 13M Popliteal 14% Unilateral foot Completely Teixeira et al.
steps/d heating bouts prevented (2017)
Unilateral leg 28d 3M + 4F Femoral 13-4% _ _ Bleeker et al.
suspension (2005a)
Horizontal BR 25d 8M/8M Femoral 1+4% RVE Completely Bleeker et al.
prevented (2005b)
(Continued)
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TABLE 1 | Continued

Variable Inactivity Duration Subjects Vascular level Estimated CM tested Estimated CM  References
model Ctrl/CM inactivity effects
effect
(without CM)
HDBR 49d 8M-+5F Tibial 15% _ _ Platts et al.
(2009)
Horizontal BR 52d 8M/8M Femoral 1+4% RVE No effect Bleeker et al.
(2005b)
HDBR 60d 9OM/9M Femoral 7% RE Partially van Duijnhoven
prevented (NS) et al. (2010b)
HDBR 60 d 9M/9M Femoral 7% RVE Completely van Duijnhoven
prevented et al. (2010b)
Nitroglycerin- Unilateral leg 28d 3M+4F Femoral 1+4-5% _ _ Bleeker et al.
mediated suspension (2005a)
dilation
Horizontal BR 25d 8M/8M Femoral No effect RVE No effect Bleeker et al.
(2005b)
HDBR 49 d 8M + 5F Tibial 16-7% (NS) _ Platts et al.
(2009)
Horizontal BR 52d 8M/8M Femoral 1+4% RVE No effect Bleeker et al.
(2005b)
HDBR 56d 7F/8F Femoral No effect LBNP + No effect Zuj et al.
aerobic + RE (2012Db)

BR, bed rest; CHM, Chinese herbal medicine; CM, countermeasure; RE, resistive exercise; RVE, resistive vibration exercise; F, female; M, male; NS, not significant.

TABLE 2 | Common carotid artery: effects of experimental models and countermeasures.

Variable Inactivity model Duration Subjects Ctrl/CM Estimated inactivity CM tested Estimated CM References
effect (without CM) effects
Diameter HDBR 7d 8M crossover 15% (NS) Thigh cuffs ~ No effect Arbeille et al. (1999)
HDBR 35d 10M No effect _ _ Palombo et al. (2015)
Horizontal BR 52d 8M/8M No effect RVE No effect Bleeker et al. (2005b)
HDBR 60d TM/TM No effect CHM No effect Yuan et al. (2015)
HDBR 60d 9M/9M No effect RE No effect van Duijnhoven et al. (2010a; 2010b)
HDBR 60 d 9IM/9M No effect RVE No effect van Duijnhoven et al. (2010a; 2010b)
IMT Confinement 180d 3M+1F +0-15% _ _ Yuan et al. (2019)
Confinement 520d 6M 4-28% _ _ Arbeille et al. (2014)
HDBR 35d 10M No effect _ _ Palombo et al. (2015)
HDBR 60d TM/TM No effect CHM No effect Yuan et al. (2015)
HDBR 60d 9M/9M M7% RE Completely van Duijnhoven et al. (2010a)
prevented
HDBR 60d 9M/9M M7% RVE Completely van Duijnhoven et al. (2010a)
prevented
Stiffness  Confinement 180 d 3M+1F No effect _ _ Yuan et al. (2019)
HDBR 35d 10M No effect _ _ Palombo et al. (2015)
HDBR 60d TM/TM No effect CHM No effect Yuan et al. (2015)

BR, bed rest; CHM, Chinese herbal medicine; CM, countermeasure; RE, resistive exercise; RVE, resistive vibration exercise; F, female; M, male; NS, not significant.

et al., 2017; Hughson et al., 2018) stiffness are also increased.
Moreover, a 6-month flight reduced pulse transit time, suggesting
stiffer central and peripheral arteries (Hughson et al.,, 2018).
Limb conduit artery tone, as estimated by rheography, increased
in a 6-month flight at the forearm but not at the calf level
(Turchaninova et al., 2001).

Physical Inactivity and the Reactivity of Conduit
Arteries

At the leg level, brief inactivity, such as that induced by a few
hours of sitting, decreases endothelium-dependent vasodilation
capacity as estimated by flow mediated dilation (FMD) (Restaino

etal., 2015; Thosar et al., 2015; Morishima et al., 2016). Similarly,
reducing daily physical activity by taking <5,000 steps/day
decreases FMD response at the popliteal level, whereas basal
popliteal diameter is unchanged (Boyle et al., 2013; Teixeira
etal,, 2017). In both cases, intermittent application of maneuvers
increasing blood flow, such as fidgeting (Morishima et al., 2016)
or foot heating to 42°C (Teixeira et al., 2017), preserves popliteal
FMD. However, prolonged advanced inactivity does not change
(de Groot et al., 2004) or even increases (Bleeker et al., 2005a,b; de
Groot et al., 2006; Platts et al., 2009; van Duijnhoven et al., 2010b)
FMD of leg arteries, which may be explained by inward
remodeling of arterial vessels at the lower limb level. Smooth
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TABLE 3 | Brachial artery: effects of experimental models and countermeasures.

Variable Inactivity model Duration Subjects Ctrl/CM Estimated inactivity CM tested Estimated CM References
effect (without CM) effects
Diameter <5,000 steps/d  5d 1M 15% _ _ Boyle et al. (2013)
Horizontal BR 5d 14M+6F 12-3% _ _ Hamburg et al. (2007)
HDBR 7d 8M/8M No effect Usual daily activity No effect Bonnin et al. (2001)
Horizontal BR 52d 8M/8M 16% RVE No effect Bleeker et al. (2005b)
HDBR 56 d 16F/8F No effect LBNP + aerobic + RE  No effect Hughson et al. (2007)
IMT HDBR 49d 8M+5F No effect _ _ Platts et al. (2009)
Flow-mediated  Sitting 6h 11M No effect 10-min walk post-sitting  No effect Restaino et al. (2015)
dilation
<5,000 steps/d 5d 11M no effect _ _ Boyle et al. (2013)
Horizontal BR 5d 14M + 6F No effect _ _ Hamburg et al. (2007)
HDBR 7d 8M/8M 15% Usual daily activity Completely Bonnin et al. (2001)
prevented
Nitroglycerin- Horizontal BR 5d 14M+6F No effect _ _ Hamburg et al. (2007)
mediated
dilation
HDBR 7d 8M/8M No effect Usual daily activity No effect Bonnin et al. (2001)
HDBR 49d 8M+5F No effect Platts et al. (2009)

BR, bed rest; CM, countermeasure; RE, resistive exercise; RVE, resistive vibration exercise; F, female; M, male.

muscle vasodilator functions of large arteries are not impaired
and may be enhanced after physical inactivity. At the brachial
level, no significant changes in sensitivity to nitric oxide (NO)
are observed after 5, 7, 49, or 56 days of bed rest (Bonnin et al.,
2001; Hamburg et al., 2007; Platts et al., 2009). Changes at the
lower limb level are less homogenous. Vasodilation in response
to nitroglycerin is unmodified after 25 days of horizontal bed
rest (Bleeker et al., 2005b) or 56 days of HDBR (Zuj et al,
2012b), tends to increase after 49 days of HDBR (Platts et al,,
2009), and increases after 28 days of unilateral lower limb
suspension (Bleeker et al., 2005a) or 52 days of horizontal bed
rest (Bleeker et al., 2005b).

As for inflight reactivity of large arteries, endothelium-
dependent and -independent vasodilation at brachial artery level
is not substantially modified with long-term flight, while brachial
diameter is unchanged (n = 13, measurements at d15, d60, d160;
Lee et al., 2020).

Resistance Vessels and Microcirculation
Systemic Vascular Resistance

Total peripheral resistance characterizes in a integrative way
the global resistance of all the systemic vasculature. In most
HDBR and dry immersion studies, systemic vascular resistance
is increased (Pavy-Le Traon et al, 2007; Navasiolava et al,
2011). By contrast, in inflight studies, systemic vascular resistance
seems to be decreased as indirectly deduced from a measured
decrease in blood pressure and increase in cardiac output, despite
preserved or even increased sympathetic nervous activity (Norsk,
2019). Mechanisms for this unexpected systemic vasodilation
remain to be identified. Proposed contributors are a headward
fluid shift-induced decrease in lower body vessel stretch (with
reduced myogenic tone), cardiac distention (with release of
cardiac vasodilatory natriuretic peptides), and increased core
body temperature (Norsk, 2019).

Regional and Organ Circulations
Data on changes at arteriolar and microcirculatory level in actual
and modeled microgravity are summarized in Tables 4, 5.

Lower- and upper limb vascular resistance

Limb vascular resistance can be measured directly at rest by
Doppler ultrasound and estimated indirectly during inflation-
deflation dynamic test by plethysmography. The assessment
method for each result is indicated in Tables 4, 5. At the
lower limb level, most plethysmographic studies demonstrate
a decrease in resting blood flow (Louisy et al., 1997; Christ
et al., 2001; Bleeker et al., 2005a; Navasiolava et al., 2010) and
increase in vascular resistance after inactivity (Kamiya et al,
20005 Pawelczyk et al., 2001), although some do not detect
changes (Bonde-Petersen et al., 1994; Bleeker et al., 2005b).
At the upper limb level, resting blood flow and resistance
remain mostly unmodified by inactivity (Bonde-Petersen et al.,
1994; Green et al., 1997; Pawelczyk et al., 2001; Bleeker et al.,
2005b), although some studies report a decrease in resting
flow (Crandall et al., 2003; Hesse et al., 2005). Furthermore, a
lack of increase in lower limb vascular resistance (insufficient
vasoconstriction) in response to LBNP was observed following
60-day HDBR in women, together with unmodified total
sympathetic nerve activity as assessed by microneurography,
suggesting that deconditioning concerned rather the distal
vascular tree targets (vasomotor response) than autonomic
regulation (Arbeille et al., 2008).

Regarding flight findings, calf resting flow decreased and
vascular resistance increased early inflight (days 4-12), as
estimated by plethysmography (Watenpaugh et al., 2001). On
the other hand, direct measurement from femoral arterial flow
revealed significant decrease of lower limb vascular resistance in
14-day and 6-month flight (Arbeille et al., 1995, 2001). A lack of
increase in lower limb vascular resistance (vasoconstriction) in
response to LBNP at 1st and 5th month of flight was documented,
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TABLE 4 | Vascular changes induced by spaceflight.

Vascular level Variable Measurement timepoints n Flight effect References
Central and Heart-finger pulse transit time 6 mo 8 156-6% Hughson et al. (2016)
peripheral vessels
Heart-ankle pulse transit time 6 mo 8 12-3% Hughson et al. (2016)
Carotid IMT di5 10 110% Arbeille et al. (2016)
IMT d115-165 10 M2% Arbeille et al. (2016)
IMT di15, d60, and d160 13 No effect Lee et al. (2020)
IMT m1, m2, m6, m8, and m10 1 +~20% Garrett-Bakelman et al. (2019)
Diameter d15and d115-165 10 No effect Arbeille et al. (2016)
Diameter m1, m2, m6, m8, and m10 1 P~7% Garrett-Bakelman et al. (2019)
Diameter d15, d60, and d160 13 +~5% Lee et al. (2020)
Stiffness pre/post 6-mo flight 8 +17-30% Hughson et al. (2016)
Stiffness Inflight 6-mo flight 10 Arbeille et al. (2017)
Stiffness d15, d60, and d160 13 No effect Lee et al. (2020)
Upper limb Brachial diameter di15, dé0, and d160 13 No effect Lee et al. (2020)
Brachial FMD d15, d60, and d160 13 No effect Lee et al. (2020)
Brachial nitroglycerin-mediated d15, d60, and d160 13 No effect Lee et al. (2020)
dilation
Pulse blood filling 6 mo 11 112% Turchaninova et al. (2001)
Conduit arteries vascular tone 6 mo 1 123% Turchaninova et al. (2001)
(rheography)
Pre-capillary vascular tone 6 mo 11 160% Turchaninova et al. (2001)
(rheography)
Lower limb Femoral IMT dis 10 0% Arbeille et al. (2016)
Femoral IMT d115-165 10 +15% Arbeille et al. (2016)
Femoral diameter di15, d115-165 10 No effect Arbeille et al. (2016)
Femoral stiffness d15, d115-165 10 1+20-30% (NS) Arbeille et al. (2017)
Resting vasular resistance 1-6 mo 7 110% Arbeille et al. (2001, 1995)
(ultrasound)
Vasular resistance response to 6 mo 7 1 (+40% pre vs +15% Herault et al. (2000)
LBNP (ultrasound) inflight)
Resting blood flow (ultrasound) 1-6mo No effect Arbeille et al. (2001)
Resting blood flow d4-12 141% Watenpaugh et al. (2001)
(plethysmography)
Vascular resistance d4-12 7 193% Watenpaugh et al. (2001)
(plethysmography)
Pulse blood filling 6 mo 1 119% Turchaninova et al. (2001)
Conduit arteries vascular tone 6 mo 11 No effect Turchaninova et al. (2001)
(rheography)
Pre-capillary vascular tone 6 mo 11 No effect Turchaninova et al. (2001)

(rheography)

as measured by Doppler ultrasound (Herault et al., 2000), similar
to what observed in HDBR.

Rheography in a 6-month mission revealed pulse blood filling
decrease at the forearm (—12%) and shin (—19%) levels. Also,
pre-capillary vascular tone decreased at the forearm but not at
the calf level (Turchaninova et al., 2001).

Cerebral circulation and question of spaceflight associated
neuro-ocular syndrome (SANS)

Data concerning microgravity effect on cerebral autoregulation
are controversial. Indeed, bed rest has been reported to
impair (Zhang et al., 1997; Sun et al, 2005), or to maintain
(Pavy-Le Traon et al., 2002), or to improve (Jeong et al., 2014;

Kermorgant et al., 2019) cerebral autoregulation. Similarly, in
astronauts cerebral autoregulation might be impaired (Zuj et al,,
2012a), preserved (Herault et al., 2000; Arbeille et al., 2001;
Iwasaki et al., 2007), or improved (Iwasaki et al., 2007). However,
cerebral vascular resistance in flight remains globally stable
(Arbeille et al., 1995, 2001).

Spaceflight associated neuro-ocular syndrome represents
an issue for future long-term manned missions. SANS
manifestations include fundus anomalies like optic disk edema,
globe flattening, choroidal and retinal folds, nerve fiber layer
infarcts (cotton wool spots), and hyperopic refractive error shifts
(Lee et al., 2018). SANS can’t be purely attributed to vascular
problems. Current paradigm relates SANS rather to cephalad and
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TABLE 5 | Regional limb circulation: effects of experimental models and countermeasures.

Vascular Variable Inactivity Duration Subjects Estimated CM tested Estimated CM References
level model Ctrl/CM inactivity effects
effect
(without CM)
Lower Resting blood flow Unilateral leg 28d 3M + 4F 124% Contralateral Completely Bleeker et al.
limb (plethysmography) suspension leg prevented (2005a)
Resting blood flow HDBR 41d ™ 149% _ _ Louisy et al.
(plethysmography) (1997)
Resting blood flow Horizontal BR 52d 8M No effect RVE no effect Bleeker et al.
(ultrasound) (2005b)
Resting blood flow HDBR 4,7,and42d 8M No effect _ Arbeille et al.
(ultrasound) (2001)
Resting blood flow HDBR 118d 6M 143% _ _ Christ et al.
(plethysmography) (2001)
Vascular resistance HDBR 14d 20M 1+50% _ _ Kamiya et al.
(plethysmography) (2000)
Vascular resistance HDBR 18d 11M + 1F 135% _ _ Pawelczyk
(plethysmography) et al. (2001)
Vascular resistance HDBR 7and 42 d 8M 110-20% _ _ Arbeille et al.
(ultrasound) (2001)
Vascular resistance Horizontal BR 20d 6M+3F No effect _ Bonde-
(plethysmography) Petersen et al.
(1994)
Constriction to incremental  Unilateral leg 28d 3M+4F No effect _ _ Bleeker et al.
L-NMMA (NO synthase suspension (2005¢)
inhibitor) (plethysmography)
Dilation post-occlusion Sitting 6h 11M 143% 10-min walk restored Restaino et al.
(ultrasound) post-sitting (2015)
Dilation post-occlusion Horizontal BR 5d 10/9 122% usual activity completely Hamburg et al.
(plethysmography) prevented (2007)
Dilation to incremental SNP  Unilateral leg 28d 3M + 4F No effect _ _ Bleeker et al.
(plethysmography) suspension (2005c¢)
Vasoconstriction to LBNP HDBR 28d 6M/6M Impaired Exercise + Completely Arbeille et al.
(ultrasound) vasoconstrictive LBNP prevented (1995)
response
Vasoconstriction to LBNP HDBR 55d 8F/8F Impaired LBNP + Completely Arbeille et al.
(ultrasound) vasoconstrictive aerobic + RE prevented (2008)
response
Calf skin  Resting blood flow (laser Dry immersion 7 d 8M 130-40% _ _ Navasiolava
Doppler) etal. (2010)
Resting blood flow (laser HDBR 56 d 8F/8F 120% (NS) LBNP + Completely Demiot et al.
Doppler) aerobic + RE prevented (2007)
Resting blood flow (laser HDBR 60 d T™/TM 130% (NS) CHM No effect Yuan et al.
Doppler) (2015)
Max dilation to heating Dry immersion 7 d 8M No effect _ _ Navasiolava
(laser Doppler) et al. (2010)
Max dilation to heating HDBR 56d 8F/8F No effect LBNP + No effect Demiot et al.
(laser Doppler) aerobic + RE (2007)
Max dilation to heating HDBR 60 d 7™M/TM No effect CHM No effect Yuan et al.
(laser Doppler) (2015)
Dilation to ACh (laser Dry immersion 7d 8M 117% _ _ Navasiolava
Doppler) etal. (2010)
Dilation to ACh (laser HDBR 56d 8F/8F 111% LBNP + Completely Demiot et al.
Doppler) aerobic + RE prevented (2007)
Dilation to ACh (laser HDBR 60d TM/TM 115% CHM Completely Yuan et al.
Doppler) prevented (2015)
Dilation to SNP (laser Dry immersion  7d 8Mm No effect _ _ Navasiolava
Doppler) et al. (2010)
Dilation to SNP (laser HDBR 56 d 8F/8F No effect LBNP + No effect Demiot et al.
Doppler) aerobic + RE (2007)
(Continued)
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TABLE 5 | Continued

Vascular Variable Inactivity Duration Subjects Estimated CM tested Estimated CM References
level model Ctrl/CM inactivity effects
effect
(without CM)
Dilation to SNP (laser HDBR 60 d ™M/TM No effect CHM No effect Yuan et al.
Doppler) (2015)
Upper Resting blood flow HDBR 13d 10M 119% (NS) Low fat No effect Hesse et al.
limb (plethysmography) hypoenergetic (2005)
diet (crossover)
Resting blood flow HDBR 14d 8/12 115% Cycle No effect Crandall et al.
(plethysmography) ergometry (2003)
Resting blood flow Forearm cast 42d 6M/6M No effect Non-casted No effect Green et al.
(plethysmography) controls (1997)
Resting blood flow Horizontal BR 52d 8M/8M No effect RVE No effect Bleeker et al.
(ultrasound) (2005b)
Resting resistance HDBR 18d 1IM + 1F No effect _ _ Pawelczyk
(plethysmography) et al. (2001)
Resting resistance Horizontal BR 20d 6M + 3F No effect _ _ Bonde-
(plethysmography) Petersen et al.
(1994)
Dilation to incremental ACh  HDBR 13d 10M 1 Low fat Completely Hesse et al.
(plethysmography) hypoenergetic ~ prevented (2005)
diet (crossover)
Constriction to L-NMMA Forearm cast 42d 6M/6M no effect Non-casted No effect Green et al.
(NO synthase inhibitor) controls (1997)
(plethysmography)
Dilation post-occlusion Sitting 6h 11M 131% 10-min walk No effect Restaino et al.
(ultrasound) post-sitting (2015)
Dilation post-occlusion Horizontal BR 5d 14M+-6F/9 116% Usual activity Hamburg et al.
(ultrasound) (2007)
Dilation post-occlusion HDBR 14d 20M 130% _ _ Shoemaker
(plethysmography) et al. (1998)
Dilation to incremental SNP  HDBR 13d 10M No effect Low fat No effect Hesse et al.
(plethysmography) hypoenergetic (2005)
diet (crossover)
Dilation to heating HDBR 14d 8/12 113% Cycle Completely Crandall et al.
(plethysmography) ergometry prevented (2003)
Forearm Dilation to ACh (laser Confinement 180 d SM+1F 117% _ _ Yuan et al.
skin Doppler) (2019)

BR, bed rest; CHM, Chinese herbal medicine; CM, countermeasure; RE, resistive exercise; RVE, resistive vibration exercise; F, female; M, male; NS, not significant.

orbital fluid transfer and chronic changes in intracranial pressure
(Lee et al., 2018). The possible role of lymphatics and the venous
system in SANS is under study. Indeed, microgravity-induced
upward fluid redistribution induces jugular vein congestion
(Herault et al., 2000; Arbeille et al., 2001).

Renal circulation

Similarly to brain, renal hemodynamics is characterized by high
flow rate, is highly auto-regulated and not much affected by
physical inactivity. Renal blood flow consists ~20% of cardiac
output at rest for kidneys mass of ~0.4% body weight, to
enable sufficient glomerular filtration rate of ~180 L/day for
precise regulation of fluid-volume homeostasis. In spaceflight
renal plasma flow is stable, glomerular filtration rate is stable or
increased, and filtration fraction tends to increase (Kramer et al.,
2001). Thus we don’t expect substantial microgravity-induced
renal vascular dysfunction.

Endothelium-Dependent Vasodilation

Many physical inactivity studies show impaired endothelium-
dependent vasodilation of microvessels, contrary to that observed
for conduit arteries. Reduced reactive post-occlusion hyperemic
responses are observed at the leg level after 6-h sitting (Restaino
etal., 2015), at the forearm level after 14-day HDBR (Shoemaker
et al, 1998), and at both leg and forearm levels after 5-
day horizontal bed rest (Hamburg et al., 2007). Fourteen-day
HDBR diminishes forearm skin vasodilation in response to
heating (Crandall et al., 2003). Attenuation of endothelium-
dependent vasodilation, measured using laser Doppler coupled
with acetylcholine (ACh) iontophoresis, was observed in the
calf skin after 2-month HDBR in men (Yuan et al., 2015) and
women (Demiot et al., 2007) and after 7-day dry immersion
(Navasiolava et al., 2010), as well as in forearm skin after
6-month confinement (Yuan et al, 2019). Similarly, Hesse
et al. (2005) found reduced dilation in response to ACh
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Endothelial testing in space
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FIGURE 1 | ACh testing with iontophoresis at the forearm skin level in two
astronauts during the Tiangong -2 3-week space flight (W1, W2, W3). Basal,
skin blood flow before ACh stimulation; Plateau, plateau phase of
endothelium-dependent vasodilation after ACh stimulation. Data are mean
values.

assessed by plethysmography at the forearm level after 2-
week HDBR.

Regarding flight findings, during the Tiangong-2 Chinese
3-week space mission, we assessed basal skin blood flow
and endothelium-dependent vasodilation at the forearm level
using laser Doppler flowmetry coupled with ACh iontophoresis
(integrated in the Cardiospace system, CNES/ACC; for technical
details, see Li et al., 2019). During and after flight, we observed a
slight decrease in basal skin blood flow and an almost complete
absence of ACh-induced vasodilation at the plateau phase,
indicating endothelial impairment (Figure 1).

Endothelium-Independent Vasodilation

Microcirculatory smooth muscle vasodilator function appears
to be preserved after physical inactivity. Endothelium-
independent vasodilation in response to the NO donor
sodium nitroprusside (SNP) remains unchanged at the
arm resistance vessel level after 13 days of HDBR (Hesse
et al, 2005) and at the skin microcirculatory level after
2 months of HDBR (Demiot et al., 2007) or 7 days of dry
immersion (Navasiolava et al, 2010). Dilation in response
to incremental SNP infusion at the leg resistance vessel
level is not altered by 4-week leg suspension (Blecker et al.,
2005c). Also, NO contribution to baseline vascular tone as
estimated by NO synthase blockage is not altered by 6-week
forearm cast (Green et al, 1997) or 4-week leg suspension
(Bleeker et al., 2005c).

These studies suggest that the global increase in vascular
resistance induced by physical inactivity is not necessarily
explained by an impairment of NO dilator pathways. Unlike
conduit arteries, for which endothelium-dependent vasodilation
predominantly occurs via the NO pathway, three vasodilative
pathways (i.e., NO, prostaglandin, and EDHF) are important for
resistive vessels. Thus, at the microcirculatory level prostaglandin
or EDHF pathways should be taken into account also, as well as
neurovascular interactions.

Circulating Markers of Endothelial State

Endothelial state markers are also impaired by physical inactivity.
Data are summarized in Table 6. The number of circulating
endothelial cells is increased after 2-month HDBR (Demiot et al.,
2007). Circulating endothelial microparticles of an apoptotic
phenotype increase after 5-day step limitation (Boyle et al,
2013), 7-day dry immersion (Navasiolava et al., 2010), and 60-
day HDBR (Yuan et al, 2015). Some circulating angiogenic
cell populations are reduced after 10-day limitation of high-
intensity exercise in athletic individuals (Guhanarayan et al,
2014). Of note, endothelial glycocalyx, as assessed by blood
levels of its components, is not altered after 5-day HDBR
(Feuerecker et al., 2013). After 7-day dry immersion, the plasma
level of VEGF decreases, whereas that of soluble E-selectin is
unchanged, suggesting a decrease in antiapoptotic tone rather
than inflammatory activation (Navasiolava et al., 2010). Soluble
CD146, an endothelial molecule that appears to be involved in
permeability and angiogenesis, is slightly decreased under 6-
month confinement, 7-day dry immersion, and 4-day HDBR
(Yuan et al,, 2019) (Figure 2). These markers are likely mainly
derived from the microvasculatory endothelium, considering that
it is more extensive and more sensitive to physical inactivity than
endothelium from large vessels.

Venous Circulation

Venous compartment has a capacitance reservoir function
contributing to cardiac output control. Venous functions
characteristics are complex, and include filling/emptying
properties, muscular pump efficiency, microvascular filtration.
Microgravity-induced venous alterations represent an important
issue worth an extensive review paper. Here we discuss venous
changes only briefly.

Jugular Veins

In 2019 the first episode of blood clotting in space has
been reported (Marshall-Goebel et al, 2019). Venous
thromboembolism in space is life threatening and potentially a
mission critical risk. In a cohort of 11 ISS astronauts, a half had
stagnant or retrograde flow in the internal jugular vein at d50,
and 1 crew member developed an occlusive internal jugular vein
thrombus. Thus, weightlessness is associated with abnormal and
stagnant cerebral venous outflow, which may lead to thrombosis
in otherwise healthy astronauts (Marshall-Goebel et al., 2019).

Lower Limb Veins

Venous diseases of the lower extremities are very common,
affecting about 25% of adults in westernized societies, with
the spectrum ranging from simple telangiectasias to venous
ulcerations. In microgravity context, leg venous function
is important, as increased venous compliance and altered
filling/emptying contribute to post-flight orthostatic intolerance.
Venous occlusion air plethysmography is the main functional
tool to assess limb venous functions. Studies with this method
have shown that filling function of veins is altered during
simulated weightlessness and spaceflight (Louisy et al., 1997;
Fortrat et al., 2017). Several factors may be involved: muscular
atrophy, changes in body fluids, decrease in venous tone, increase
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TABLE 6 | Circulating markers of endothelial state: effects of experimental models and countermeasures.

Variable Inactivity model Duration Subjects Estimated inactivity CM tested Estimated CM  References
Ctrl/CM effect (without CM) effects
Circulating endothelial HDBR 56d 8F/8F 4 (From 3.6/ml to LBNP + Completely Demiot et al.
cells 10.6/ml) aerobic + RE prevented (2007)
EMPs CD31+/CD42b- <5,000 steps/d 5d 11M 4 (From 18/pL to _ _ Boyle et al.
(“apoptotic”) 104/uL) (2013)
EMPs CD31 + Dry immersion 7d 8M 4 (From 42/uL to _ _ Navasiolava
CD41-(“apoptotic”) 65/ul) et al. (2010)
EMPs CD31+/CD42b- HDBR 60d TM/TM 4 (From 46/uL to CHM Completely Yuan et al.
(“apoptotic”) 97/ul) prevented (2015)
EMPs <5,000 steps/d 5d 11M No effect _ _ Boyle et al.
CD62E+(“activated”) (2013)
Colony-forming Restraint from 10d 8M 136% _ _ Guhanarayan
unit-circulating high-intensity exercise et al. (2014)
angiogenic cells (athletes)
CD34+ hemopoietic Restraint from 10d 8M No effect _ _ Guhanarayan
circulating angiogenic high-intensity exercise etal. (2014)
cells (athletes)
Components of HDBR 5d 12Mcrossover  No effect Centrifugation no effect Feuerecker
endothelial glycocalyx etal. (2013)
Soluble VEGF Dry immersion 7d 8M 127% _ _ Navasiolava
et al. (2010)
Soluble CD62E Dry immersion 7d 8M No effect _ _ Navasiolava
et al. (2010)

CHM, Chinese herbal medicine; CM, countermeasure; RE, resistive exercise; EMPs, endothelial microparticles; F, female; M, male

A 7-day dry immersion B 5-day HDBR ¢ 6-mo confinement
700 n=8 350 n=10 ¢ n=4
600 6
300 | T % L
500 250 T 5
* 4
g 2 200 2
F) £ g,
< 300 £ 150
200 100 &
100 50 =
0 0 0
B2 DI3 DI7 R+ B D4 R+4 B M1 M2 M3 M4 M5 M6 R
FIGURE 2 | Plasma level of sCD146 during (A) 7-day dry immersion and (B) 5-day HDBR. (C) Serum level of SCD146 during 6-month confinement. Data are
mean + SEM; *p < 0.05 vs B.

in venous compliance and changes at the microcirculatory level.
Ultrasound measurement of venous cross-sectional area is a
direct method to study main veins. Cross-sectional area increase
in standing position after 90-day HDBR is greater in intolerant
subjects (Belin de Chantemele et al., 2004).

Splanchnic Level

Following 2-mo HDBR, baseline portal flow (proxy measured
by portal vein cross-sectional area) diminishes by 19 £ 13%,
related to decrease in blood volume. Splanchnic vasoconstrictive
response to orthostatic stimulus (LBNP —45 mmHg), measured
at portal vein level, is also decreased; moreover, insufficient
flow reduction in splanchnic area is associated with orthostatic
intolerance (Arbeille et al., 2008). These findings are in line with

data of Behnke et al. (2013), showing impaired vasoconstriction
of mesenteric veins in mice following 13-15-day flight.

MECHANISMS OF VASCULAR AND
MICROVASCULAR CHANGES

Mechanical Factors as Mechanisms of
Vascular and Microvascular Changes
(Figure 3)

Shear Stress

Physical inactivity decreases tissue demands and is associated
with a general decrease in blood flow and, hence, shear stress.

Frontiers in Physiology | www.frontiersin.org

27

August 2020 | Volume 11 | Article 952


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Navasiolava et al.

Microgravity-Induced Vascular and Microvascular Dysfunction

Effect of
physical
inactivity

Shear stress
reduced

Metabolic
impairment
(glucose intolerance,
dyslipidemia...)

FIGURE 3 | Vessels and mechanical forces in microgravity.
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This is particularly the case for lower limbs, which are extremely
unloaded in our models compared with normal daily activity.
Langille and O’Donnell (1986) were the first to show, using
a rabbit model of unilateral external carotid artery ligation,
that a decrease in blood flow for 2 weeks causes inward
remodeling. This response is abolished when the endothelium
is removed, indicating that chronic changes in shear stress
mediate endothelium-dependent vascular remodeling. Despite
comparatively low magnitude of shear stress (0.5-5 Pa vs. more
than 1,000 Pa for circumferential stretch of vessel wall during
cardiac cycle), this force governs vascular remodeling. Sensitivity
of vessel to shear stress seemingly depends on abundance of
VEGFR3 (Baeyens and Schwartz, 2016).

Inward remodeling of large vessels is believed to
homeostatically regulate wall shear (Thijssen et al, 2010).
A chronic shear stress diminution related to inactivity
is vparticularly damaging to microcirculation (Boisseau,
2005). Differences in adaptation to an initial decrease in
shear stress might underpin the differences in level of
dysfunction for and microcirculation. Whereas
large vessel function is finally preserved, small vessels keep
functional impairment.

macro-

Transmural Pressure

Vascular morphology and function, especially for smooth muscle
cells, are sensitive to transmural pressure, which itself depends
on blood and hydrostatic pressure. Systemic blood pressure is
preserved or slightly decreased inflight (Norsk, 2019) and is

not significantly modified by long-term bed rest (Fortney et al.,
1996; van Duijnhoven et al., 2010a,b). However, hydrostatic
pressure should be taken into account for vascular remodeling
related to actual or simulated microgravity. Daily orthostatic
stimulation induces large variations in hydrostatic pressure in
the upper (up to —40 mmHg) and lower (up to +100 mmHg)
parts of the body (Hargens and Watenpaugh, 1996). Hargens
and Watenpaugh (1996) suggested that adaptation of vascular
structure to microgravity is related to removal of the hydrostatic
component (Zhang, 2001).

Metabolic Factors as Mechanisms of
Vascular and Microvascular Changes

Several studies demonstrate that even short periods of physical
inactivity (e.g., bed rest for 3-7 days, dry immersion for
5-7 days) increase fasting blood insulin (Blanc et al., 2000;
Hamburg et al, 2007; Navasiolava et al., 2011; Coupe et al,
2013; De Abreu et al, 2017), impair glucose tolerance
(Blanc et al, 2000; Smorawinski et al., 2000; Hamburg
et al, 2007; De Abreu et al, 2017), and alter lipid profile
(Hamburg et al., 2007; Navasiolava et al., 2011; Coupe et al,
2013; De Abreu et al, 2017). Similarly, a 6-month flight
increased insulin resistance index and glycated albumin level,
did not alter significantly lipid profile, and inconsistently
affected markers of inflammatory and oxidative stress
(Hughson et al., 2016).

These metabolic abnormalities are associated with endothelial
dysfunction at the microvascular level, as shown after 5-day
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bed rest (Hamburg et al., 2007), possibly by triggering several
oxidative and pro-inflammatory pathways (e.g., increased
reactive oxygen species production, activation of protein
kinase C- and advanced glycation end product-induced
pro-inflammatory signaling), leading to an unbalanced
release of endothelial mediators. Of these mechanisms,
increased oxidative stress seems to be the pivotal alteration
(Potenza et al., 2009).

Inflammatory Factors and Oxidative
Stress as Mechanisms of Vascular and
Microvascular Changes

The question of whether physical inactivity itself induces
inflammation and increases oxidative state remains unanswered.
Although acute exercise can induce oxidative stress, it also
appears necessary for upregulating endogenous antioxidant
defenses (Bloomer, 2008). Physical inactivity might promote
an inflammatory state indirectly via metabolic changes. For
example, lipid modifications are associated with altered levels
of circulating cytokines and adipocytokines (Petersen and
Pedersen, 2005). However, in the context of acute physical
inactivity, there is generally no change in circulating
inflammatory markers, arguing against the presence of
systemic inflammation in these models. Hamburg et al
(2007) noticed that after 5-day non-strict bed rest, metabolic
changes (i.e., insulin resistance and dyslipidemia) are not
accompanied by changes in systemic inflammatory markers
(i.e., C-reactive protein, interleukin (IL)-6, and tumor necrosis
factor receptor-II). Similarly, 5-day strict HDBR does not
alter inflammatory parameters (i.e., white blood cell number
and counts, proinflammatory cytokine IL-6 and IL-8 levels,
innate and adaptive immune responses) (Feuerecker et al,
2013). Dry immersion for 5-7 days does not modify C-reactive
protein level (Coupe et al, 2013; De Abreu et al, 2017) or
white blood cell number (Kozinets et al., 1983; Navasiolava
et al., 2010). However, long-duration spaceflight (>140 days)
triggers a hyper-inflammatory and aging immune phenotype
(i.e., “inflammaging”) that appears to be related to inflight
chronic stress, which may expose astronauts to risks for
hypersensitivity diseases, such as allergies or autoimmune
diseases (Buchheim et al, 2019). In 126-340-day spaceflight
(n = 13) biomarkers of oxidative stress and inflammation
increase inflight, but mostly restore within 1 week post-flight
(Lee et al., 2020).

COUNTERMEASURES AND THEIR
EFFECTS ON MACRO- AND
MICROCIRCULATION

we've chosen to  discuss  only
with  potential  cardiovascular effect,
already  tested using microgravity analogs (details
on these  countermeasures  are  summarized  in
Supplementary Data 1), or hypothetically applicable in

microgravity context.

In this review
countermeasures

Physical Countermeasures

Exercise

Aerobic exercise

Several studies show that daily physical activity and arterial
stiffness are inversely correlated (O’Donovan et al, 2014)
and that aerobic exercise decreases arterial stiffness (Tanaka
et al, 1998; Hayashi et al., 2005). Regular aerobic exercise
improves endothelial vasodilatory capacity, which is impaired
by aging, metabolic problems, and hypertension. For example,
DeSouza et al. (2000) demonstrated that endurance-trained
men show no age-related decline in endothelium-dependent
vasodilation. Moreover, in middle-aged individuals, aerobic
exercise (i.e., walking) for 3 months restores the vasodilatory
function loss observed in sedentary counterparts (DeSouza
et al., 2000). Similarly, daily 40-min aerobic exercise for
3 months via a home-based aerobic exercise-training program
appears to improve endothelium-dependent vasodilation in
overweight adults independently of changes in body mass
or composition (Mestek et al, 2010). A regular aerobic
exercise program for 3 months (5-7 times a week) is also
effective in improving endothelium-dependent vasodilation
in both normotensive and hypertensive individuals (Higashi
et al, 1999). Cutaneous vasodilation during exercise, as
measured by laser Doppler, is impaired after 13-day HDBR
(Lee et al,, 2002) or 115-day flight (Fortney et al, 1998).
Cutaneous vasodilation in response to forearm heating
as estimated by plethysmography is also impaired after
13 days of HDBR (Crandall et al., 2003), whereas aerobic
exercise (daily supine cycling for 90 min) prevents this
skin microcirculatory impairment (Crandall et al, 2003;
Shibasaki et al., 2003).

Resistive exercise

Resistive exercise is another type of physical exercise that may
be beneficial for patients with CVD (Braith and Beck, 2008).
Compared with aerobic exercise, however, the effects of resistive
exercise on vascular function are more controversial. Resistive
training was initially contraindicated for patients with coronary
artery disease but now appears to be safe for clinically stable
patients. Resistive training prevents age-associated declines in
skeletal muscle mass and function (Hurley and Roth, 2000),
but the effect of resistive training on exercise capacity is
more disputed. Some studies show an increase in VO, max
after resistive training in patients with chronic heart failure,
whereas others report no improvement. A study of patients
with type 2 diabetes (Kadoglou et al., 2012) shows that resistive
training does not affect VO, max, lipid profile, or body fat
but improves glycemic control and basal insulin level. A meta-
analysis of randomized controlled trials between 1980 and 2011
determined that high-intensity resistance training is associated
with increased arterial stiffness in young individuals with low
baseline stiffness, whereas no such association is observed for
moderate-intensity resistance training (Miyachi, 2013). In 60-
day HDBR, resistive exercise completely prevents increases
in carotid and femoral IMT and partially preserves femoral
FMD but does not prevent a decrease in femoral diameter
(van Duijnhoven et al., 2010a,b).
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High-intensity interval training

High-intensity interval training (HIIT) comprises short bouts
of maximal-intensity exercise alternated with less intense
recovery intervals. HIIT is now considered a potential inflight
countermeasure (Hurst et al., 2019). A 2014 meta-analysis of
randomized trials determined that HIIT is more effective in
improving brachial artery vascular function than moderate-
intensity continuous training, perhaps due to its tendency to
positively influence cardiorespiratory fitness, traditional CVD
risk factors, oxidative stress, inflammation, and insulin sensitivity
(Ramos et al., 2015). Similarly, a recent study of healthy
inactive adults shows that 12-week HIIT is more efficient
in improving FMD and decreasing arterial stiffness than 12-
week moderate continuous training (Ramirez-Vélez et al,
2019). In 60-day HDBR, high-intensity resistance training
involving reactive jumps mitigates cardiovascular deconditioning
(although arterial and microcirculatory state were not specifically
assessed) (Maggioni et al, 2018). Resistive training impairs
endothelial function as evidenced by decreased FMD, presumably
due to a sustained elevation in blood pressure; however,
high-intensity resistance exercise with low repetitions, which
minimizes barostress on vasculature, maintains endothelial
function (Morishima et al., 2018).

Combined resistive and aerobic exercise and endothelium
Combined resistive and aerobic exercise improves endothelium-
dependent vasodilation (Maiorana et al., 2000). Demiot et al.
(2007) showed that during 60-day HDBR, endothelium-
dependent vasodilation and the number of circulating endothelial
cells are preserved in individuals who engage in resistive exercise
(i.e., flywheel) and aerobic exercise (i.e., treadmill) coupled with
LBNP, indicating the protection of endothelial function.

Whole Body Vibration

Whole body vibration has been proposed as a therapeutic tool for
many years. Numerous studies show WBYV beneficial effects for
bone mass (Gomez-Cabello et al., 2012), neuromuscular function
(Bosco et al., 1999; Torvinen et al., 2002; Fontana et al., 2005),
and the endocrine system (Di Loreto et al., 2004). Some studies
suggest that WBYV acutely decreases arterial stiffness. Specifically,
Otsuki et al. (2008) showed that 10 sets of vibration (26 Hz)
for 60 s in a static squat position decreases brachial-ankle pulse
wave velocity, an index of arterial stiffness, immediately after the
WBYV trials, with a return to baseline within 60 min. In inactivity
models, a combination of vibration and exercise has a beneficial
vascular effect. In an experiment with 60-day HDBR (i.e., the
second Berlin Bed Rest study), van Duijnhoven et al. (2010a;
2010b) compared resistive exercise alone and resistive exercise
combined with WBV and found that combined countermeasures
completely preserve superficial femoral artery FMD and partially
preserve its diameter, whereas resistive exercise alone is not
sufficient to counteract vascular changes. These results are in
accordance with those of the first Berlin Bed Rest study, in which
combined resistive exercise and WBV attenuated the decrease
in femoral diameter induced by 52 days of horizontal bed rest
and preserved femoral FMD after 24 days but not 52 days of
bed rest (Bleeker et al.,, 2005b). The mechanisms involved in

vascular protection by WBV remain unknown but could include
immediate increases in femoral and popliteal artery blood flow
and shear rate (Kerschan-Schindl et al., 2001).

LBNP

In HDBR studies, the effects of LBNP as a countermeasure
were tested alone (Giiell et al., 1991) and in association with
exercise (Arbeille et al., 1995, 2008). LBNP countermeasure alone,
with several sessions per day, mitigated orthostatic hypotension
in response to tilt-test at the end of 30-day HDBR (Giiell
et al, 1991). A combination of LBNP with exercise preserved
leg vasoconstrictive response to orthostatic stimulus following
1-month HDBR in men and 2-month HDBR in women, as
measured by Doppler ultrasound, while in control subjects this
vasoconstrictive response was decreased (Arbeille et al., 1995,
2008). Besides, this combined LBNP + exercise countermeasure
prevented endothelial impairment induced by 2-month HDBR
in women (Demiot et al., 2007). Today, LBNP can be used
in combination with many countermeasures such as fluid
loading (i.e., salt and water), nutrition supplementation, and
exercise. With recent occurrence of thrombotic episode in flight,
utility of LBNP countermeasure to counteract headward fluid
shift and improve jugular blood flow patterns is discussed
(Marshall-Goebel et al., 2019).

Artificial Gravity

Artificial gravity is a promising countermeasure that reproduces
terrestrial conditions (Evans et al., 2018) and could be combined
with exercise or vibration (Clement and Pavy-Le Traon, 2004).
Even short intermittent 1-G exposure may suffice to prevent
adverse effects of microgravity (Zhang, 2001). The effect of
centrifugation on vascular function would also be interesting to
study. We speculate that gravity reproduction could be beneficial
for the cardiovascular system. However, gravity at the lower
limb level is much greater in a short arm centrifuge, with
potential negative effects to microcirculation. Studies specifically
examining the vascular and microcirculatory consequences of
artificial gravity are still lacking. However in a murine model,
apoptosis of retinal vascular endothelial cells induced by 35-
day spaceflight was mitigated by continuous 1-g artificial gravity
(Mao et al., 2018).

Nutritional and Pharmacological

Countermeasures

Caloric Restriction

Caloric restriction is a dietary intervention that maintains proper
nutrition but reduces caloric intake. Caloric restriction might be
beneficial for the cardiovascular system, even in healthy non-
obese individuals. Lefevre et al. (2009) showed that 25% caloric
restriction for 6 months (i.e., the CALERIE trial) decreased
estimated 10-year CVD risk by 29%, although there was no effect
on endothelial function as assessed by FMD at the brachial artery
level. However, Hesse et al. (2005) demonstrated that 25% caloric
restriction for 13 days, mainly achieved by reducing fat intake to a
minimum recommended level of 60 g/day, improves the response
of forearm resistance vessels to ACh.
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Polyphenols and Other Natural Extracts

Polyphenols are organic, mainly natural substances characterized
by the presence of several phenol structural units. They include
simple phenols, flavonoids, and non-flavonoids such as stilbenes
(e.g., resveratrol), saponin, curcumin, and tannins. Potential
use of different polyphenols in prevention and treatment
of CVD is reviewed in a recent paper of Giglio et al
(2018). Epidemiological studies show an inverse relationship
between dietary polyphenol consumption and mortality from
CVD (Middleton et al., 2000). Polyphenols exert numerous
biological effects that might protect the cardiovascular system,
including vasodilatory, antioxidant (Andriantsitohaina et al.,
2012), anti-aggregatory, and cholesterol-lowering (Ngamukote
et al, 2011) effects. Polyphenols may improve endothelial
function. Polyphenol-rich products at relatively low doses,
corresponding to two glasses of red wine or daily consumption
of 46 g dark chocolate for 2 weeks, increase FMD in
healthy individuals. Similarly, polyphenol-rich products as
black tea, green tea, and red grape extracts improve FMD
in individuals with coronary artery disease (Andriantsitohaina
et al, 2012). Nutritional supplements rich in polyphenols
such as chocolate (Garcia et al., 2018) and walnut extract
(Papoutsi et al, 2008) could also have potential effects
on blood vessels.

Resveratrol is a natural polyphenol synthesized by some
plants. In particular it is contained in red wine. In human studies,
acute resveratrol prescription improves FMD in overweight
and mildly hypertensive individuals as soon as 1 h after
consumption (Wong et al, 2011). Prescription of modified
resveratrol for 3 months improves endothelial function in
adults with metabolic syndrome (Fujitaka et al., 2011). In 60-
day HDBR antioxidant/anti-inflammatory cocktail containing
resveratrol and other polyphenols, vitamin E, selenium, and
omega-3, was not efficient to prevent muscle mass and strength
loss (Arc-Chagnaud et al., 2020). However, due to its pleiotropic
effects, resveratrol may be a good candidate for correcting
cardiovascular alterations.

Chinese herbal medicine is one of the most important
modalities of traditional Chinese medical care. Chinese herbal
medicine countermeasures against vascular deconditioning
are attractive due to their pleiotropic effects that are not
limited to a single mechanism or a single application point
(Lu et al, 2004). In 60-day HDBR, TaikongYangxin (“outer
space heart-nourishing”), a herbal formula created by the
Chinese space agency to boost the physical conditions of
astronauts and improve their adaptability in an extreme
environment, contributes to the prevention of post-bedrest loss
of vasoconstriction in leg and splanchnic areas (Yuan et al.,
2012), improves microvascular endothelial function (decrease
in plateau vasodilative response to ACh from 46 to 31% of
maximal vasodilation to heating, induced by 60-day HDBR,
was completely prevented) and preserves endothelial integrity
(increase in “apoptotic” EMPs induced by 60-day HDBR was
prevented) (Yuan et al., 2015). This herbal extract is composed
of over 10 ingredients including Panax ginseng, Astragalus
membranaceus, Ligusticum wallichii, Schisandra chinensis,
Ophiopogon japonicas, Rehmania glutinosa, Drynaria fortunei,

and Poria cocos. Several active components of this formula may
be capable of ameliorating endothelium-dependent vasodilation
with potential synergic interactions.

Medications

Unexpectedly, medications are almost not applied to protect
vascular functions. Although midodrine (Platts et al., 2004)
has been proposed to promote vasoconstriction after spaceflight
and avoid orthostatic hypotension, its interactions with anti-
emetics used in this context have interrupted the studies
with this compound.

CONCLUSION AND PERSPECTIVES

Actual and simulated weightlessness causes both structural and
functional vascular changes. Although a chronic decrease
in shear stress due to physical inactivity appears to be
the main contributing factor, metabolic and circulating
factors should also be taken in account. Fluid shift-related
changes in hydrostatic pressure seem to be less important on
the arterial side.

Studies of vascular properties, although well developed
(diameter, IMT, compliance and flow rate measurements for
large vessels; vasodilation capacity assessment using ischemic
stimulus, heating, ACh and NO-donors; some biological
assays), explore the vessels only partially. There are many
unresolved questions about vascular changes induced by
physical inactivity. Vasodilation by prostaglandin pathways,
microcirculatory neurovascular interactions, and endothelial
changes at the organ level (e.g., muscles, bones, and brain) and
their potential links to local oxidative stress are some areas that
should be explored.

To date, countermeasures based on physical exercise remain
most effective against vascular dysfunction induced by physical
inactivity and space environment. Exercise modalities were
recently extensively discussed in the Frontiers research topic
“Optimization of exercise countermeasures for human space
flight - lessons from terrestrial physiology and operational
considerations” (Scott et al., 2020). Resistive exercise and
vibration could provide additional benefits. Specialized diets and
nutritional supplements are also very promising, particularly
plant extracts and hypocaloric or lipid-depleted diets that could
preserve endothelial function.

Furthermore, with deep space missions beyond Earths
protective magnetosphere, irradiation factors become other
major contributors to cardiovascular (i.e., endothelial)
impairment (Delp et al, 2016; Hughson et al, 2018), which
implies the importance of antioxidants, nutraceuticals, and
radiation shielding in a countermeasure program in addition to
physical fitness.
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in spite of numerous studies having been performed in each of the models separately.

Objectives: We compared changes in central hemodynamics, autonomic regulation,
plasma volume, and water balance induced by —6° HDBR and DI.

Methods: Eleven subjects participated in a 21-day HDBR and 12 subjects in a 3-day DI.
During exposure, measurements of the water balance, blood pressure, and heart rate
were performed daily. Plasma volume evolution was assessed by the Dill-Costill method.
In order to assess orthostatic tolerance time (OTT), central hemodynamic responses to
orthostatic stimuli, and autonomous regulation, the 80° lower body negative pressure—tilt
test was conducted before and right after both exposures.

Results: For most of the studied parameters, the changes were co-directional, although
they differed in their extent. The changes in systolic blood pressure and total peripheral
resistance after HDBR were more pronounced than those after DI. The OTT was
decreased in both groups: to 14.2 + 3.1 min (vs. 27.9 + 2.5 min before exposure)
in the group of 21-day HDBR and to 8.7 £ 2.1 min (vs. 27.7 £ 1.2 min before exposure)
in the group of 3-day DI.

Conclusions: In general, cardiovascular changes during the 21-day HDBR and 3-
day DI were co-directional. In some cases, changes in the parameters after 3-day DI
exceeded changes after the 21-day HDBR, while in other cases the opposite was true.
Significantly stronger effects of DI on cardiovascular function may be due to hypovolemia
and support unloading (supportlessness).

Keywords: support unloading, lower body negative pressure, water balance, orthostatic tolerance, autonomous
regulation, microgravity models
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INTRODUCTION

Piloted space flights have been carried out for more than 50 years,
yet the problem of cardiovascular deconditioning following
microgravity exposure still exists and the problem of orthostatic
stability disorders remains relevant. On the other hand, the study
of the orthostatic instability mechanisms in astronauts may be
complicated due to the small “n” and biased due to the obligatory
use of onboard countermeasures. An alternative approach is the
application of ground models to reproduce the major effects
of microgravity in the human body, with the possibility of
applying complex techniques at any time of exposure. The most
applicable human models are head-down bed rest (HDBR) and
dry immersion (DI; Shulzhenko and Vill-Villiams, 1976; Atkov
and Bednenko, 1987; Grigor’ev et al., 2004; Pavy-Le Traon et al,,
2007; Navasiolava et al., 2011a; Tomilovskaya et al., 2019). Being
similar in their effects on the human body, these models, however,
differ in their specifics and acting factors. The HDBR, as the
name implies, implicates a long (from several weeks to a year)
stay in the supine position. In our study, the position was anti-
orthostatic (the head was tilted down by —6° to the horizontal).
Thus, body liquids and the supporting surface are redistributed.
The immersion is called “dry” because a waterproof film separates
the subject from the water (unlike “wet” immersion, where the
skin of a human or animal is in direct contact with the water).
Due to the almost absolutely uniform weight distribution, the
subject is affected by full support unloading. However, there are
very few works comparing these models and their effects on
the human body (Navasiolava et al., 2011a; Watenpaugh, 2016;
Tomilovskaya et al., 2019). At the same time, a large number of
original articles are devoted to the study of various systems in
HDBR and DI. Thus, it makes sense to compare the effects of —6°
HDBR and DI on human physiological systems, in particular the
cardiovascular system.

In space, weightlessness immediately induces an upward fluid
shift with the pufty face/chicken leg syndrome (Thornton and
Hoftler, 1977). The onboard infrared photographs of the Skylab
4 crew members showed relatively empty lower limb veins,
while the head veins were always fully filled and expanded
(Gibson, 1977). The fluid shift leads to an increased venous
return to the right heart. Receptors located in this zone give
the signals about hypervolemia and initiate a decrease in the
circulating plasma volume, mainly due to a decrease in fluid
intake. As a consequence, the body fluid balance may be negative
on the first day of exposure, after which a new equilibrium is
established. Moreover, an increase in transcapillary filtration to
the interstitial space contributes to a reduction in plasma volume
(Watenpaugh et al., 2001).

In microgravity, the upward fluid shift initiates all subsequent
changes in the cardiovascular system, including changes in the
arterial and venous hemodynamics as well as in the vascular

Abbreviations: ANOVA, analysis of variance; B-, days before exposure; DBP,
diastolic blood pressure; DI, dry immersion; ECG, electrocardiogram; HDBR,
head down bed rest; HR, heart rate; LBNP, lower body negative pressure; OTT,
orthostatic tolerance time; PV, plasma volume; R0, end-exposure day; R+, days of
recovery period; SBP, systolic blood pressure; SEM, standard error of the mean; SV,
stroke volume; TPR, total peripheral resistance.

tone (Pestov and Gerathewohl, 1975; Gazenko, 1984; Kotovskaya
and Fomina, 2013; Norsk et al., 2015). First of all, there is an
increase in the stroke volume (SV; Buckey et al., 1996; Videbaek
and Norsk, 1997), which leads to an increase in cardiac output
by 18-26% because the heart rate is unchanged or decreased
(Prisk et al., 1993; Fritsch-Yelle et al., 1996; Shykoft et al., 1996;
Norsk et al., 2006, 2015).

While the central blood volume increases in weightlessness,
the blood pressure either does not change or slightly decreases
(Fritsch-Yelle et al., 1996; Shykoft et al., 1996; Norsk et al., 2006).
During short-term space missions, a decrease in diastolic arterial
pressure by 5 mmHg within the initial 2 weeks of spaceflight was
reported, although there were no changes in systolic or mean
arterial pressure. Therefore, because the cardiac output increased,
the mean arterial pressure remained unchanged by the dilation
of the arterial resistance vessels, inducing a decrease in systemic
vascular resistance (Fritsch-Yelle et al., 1996; Shykoff et al., 1996;
Norsk et al., 2006, 2015).

These changes are adaptive and normal for microgravity,
but, upon returning to Earth, cardiovascular deconditioning
can threaten the health of astronauts. Upon landing, a reverse
fluid shift to the lower body occurs. Together with a reduced
blood volume, this may compromise the adequate brain
perfusion. The loss of muscle and vascular tone contributes
to blood sequestration in the lower body. The prolonged
absence of orthostatic stimuli during the spaceflight also leads to
autonomic dysfunction and the inability to adequately respond
to gravitational stimulus. Thus, without proper countermeasures,
the astronaut may experience pre-syncope or syncope when
upright (Martin and Meck, 2004).

Cardiovascular deconditioning is also characteristic of HDBR
and DI, differing, however, in details. Head-down bed rest is the
most popular model of microgravity since it provides a fairly
accurate reproduction of most of the physiological effects of
weightlessness due to immobilization, inactivity, and limitation
of gravitational stimuli, such as posture and direction change
(Fortney et al., 1996; Hargens and Vico, 2016; Watenpaugh,
2016; Klassen et al., 2018; Mulavara et al., 2018). Various angles
of head-down tilt (usually —6°) can be used, contributing to
a headward fluid shift (Greenleaf, 1984; Atkov and Bednenko,
1987; Grigor'ev et al., 2004). This thoraco-cephalic fluid shift
and an increased venous blood flow to the right atrium together
lead to changes in the secretion of vasopressin and aldosterone
(Knight et al, 2009a,b). This results in a decrease in water
reabsorption, an increase in sodium excretion by the kidneys,
an increase in diuresis, and a decrease in plasma volume. It has
been found that even an 8-h HDBR already causes an increase
in blood supply to the head and chest by 6-9% compared with
the initial horizontal position (Osadchii et al, 1997). In an
experiment with exposure to a 7-day HDBR, the blood supply
to the upper torso on the second and the seventh day has
been shown to increase by 11 and 23%, respectively (Lobachik
et al., 1991). A longer stay in HDBR is accompanied by the
development of compensatory-adaptive reactions. Changes in
plasma volume occur rather quickly and, after 6.5 h, reach a
level of —9.2%. Despite the differences in the methods used,
in general, the authors indicate a decrease in plasma volume
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by 6-15% with an HDBR duration from several days to a
month and a half (Maillet et al., 1994; Sigaudo et al., 1996;
Johansen et al., 1997; Blanc et al., 1998; Custaud et al., 2002).
As in spaceflight, cardiovascular deconditioning characterized
by orthostatic intolerance and reduced exercise capacity is
observed at the end of bed rest (Pavy-Le Traon et al, 2007;
Barbic et al., 2019).

The advantage of DI compared to the more widely known
HDBR is support unloading (“supportlessness”), a state similar
to weightlessness, with water hydrostatic pressure distributed
equally over the body surface. The absence of support gradient
provides conditions similar to a complete lack of support
(Grigor’ev et al., 2004; Navasiolava et al., 2011a). Dry immersion
promotes rapid gravitational deconditioning, which, for some
systems (e.g., for the neuromuscular system), exceeds the
deconditioning induced by spaceflight itself (Navasiolava et al.,
2011a; Tomilovskaya et al., 2019). There is also evidence that DI
has a more powerful effect on the cardiovascular system than
does —8° HDBR (Krupina et al., 1982). Dry immersion, as well
as HDBR, is accompanied by central hypervolemia, inducing
an increase in cardiac dimension with heart stretching. For
this reason, plasma volume decreases by approximately 15%
within the first day of DI (Leach Huntoon et al, 1998) and
remains stable thereafter (Gogolev et al., 1980; Larina et al., 2008;
Nesterovskaia et al., 2008; Pakharukova et al., 2009; Navasiolava
et al., 2011b). Decreased plasma volume is associated with
diuresis and natriuresis (Epstein, 1992). The absence of changes
in the levels of renin or aldosterone on days 3 and 7 is the evidence
that the major redistribution of fluids is completed by that time
and the water—electrolyte balance is stabilized.

Changes in blood supply to the vessels are followed by changes
in central hemodynamics. The immediate effects of immersion in
the first hours are an increase in SV and cardiac output, as well
as a decrease in heart rate, blood pressure, and total peripheral
vascular resistance (Modak and Banerjee, 2004; Bart et al., 2007;
Ayme et al., 2014). An increase in cardiac output in the first hours
of immersion is assumed to be associated with the redistribution
of blood to the upper half of the body, while its decrease after 1
day is due to a decrease in the central blood volume as a result of
the initiation of Parin and Henry—Gower reflexes. The parameters
of blood pressure do not undergo significant changes. There is
only a slight decrease in systolic blood pressure by 5-10 mmHg
under immersion.

The idea of comparing the two models is not new. However,
a detailed experimental comparison of the cardiovascular
responses in both models has not yet been carried out, in
spite of numerous studies having been performed using each
of the models separately. Our analysis of the literature data
allows us to suggest that the effect of DI may be stronger than
that of HDBR. Therefore, we decided to test the hypothesis
that the effects of 21-day —6° HDBR and 3-day DI for the
cardiovascular system are comparable and to evaluate the optimal
protocol (i.e., the optimal duration), which may be important for
future studies. The aim of this work was to compare changes
in the central hemodynamics, autonomic regulation, plasma
volume, and water balance induced by the exposure to either
—6° HDBR or DI.

MATERIALS AND METHODS
Study Population

We analyzed raw data from two different experiments with
participation of healthy European male volunteers: 21-day —6°
HDBR (n = 11) and 3-day DI (n = 12). A comparison of these
experiments was not part of the original study design. However,
since the experimental protocols were identical, conducted and
processed by the same team of authors, and both exposures are
the model of microgravity physiological effects, we considered
that comparing these data is reasonable. Both studies were
performed at the MEDES Space Clinic (Toulouse, France) and
conformed to the standards set by the Declaration of Helsinki. All
subjects were informed about the experimental procedures and
gave their written consent.

The first experiment analyzed in our paper was taken from
the Medium duration Nutrition and vibration eXercise (MNX)
Bed-Rest Study conducted from November 6, 2012 to December
20, 2013. This study was organized as three 21-day HDBR
sessions (“Pure exposure,” “Exercise & vibration,” or “Exercise &
vibration plus nutrition,” in a random order) separated by a 3-
month washout. Moreover, all three sessions before HDBR did
not significantly differ by hemodynamic parameters during the
80° tilt test from each other. The same volunteers participated
in all three sessions. In this paper, we present data only from
the “Pure exposure” session, referred to in the text as “HDBR
exposure.” Twelve volunteers were recruited, but one dropped
out of the experiment; thus, the data were obtained from 11
subjects. The MNX Bed-Rest Study was approved by the local
Ethics Committee (CPP Sud-Ouest Outre-Mer I) and the French
Health Authorities (no. ID RCB: 2012-A00337-36).

The second experiment was a 3-day head-out DI study
conducted from January 13, 2015 to February 19, 2015. This
study was organized as a single session. Twelve volunteers were
recruited; all of them completed the session. The study was
approved by the local Ethics Committee (CPP Sud-Ouest Outre-
Mer 1, France) and the French Health Authorities (no. ID RCB:
2014-A 00904-43).

Different volunteers participated in the 21-day —6° HDBR or
the 3-day DI. Anthropometric data for the two groups were not
significantly different (unpaired t-test with Welch’s correction,
p < 0.05; Table 1).

Study Protocol
In this study, the standard HDBR protocol was used. According
to the experimental conditions, the subjects were lying for 21 days
on the bed with a —6° inclination in the head direction. During
the bed rest, the subjects continuously maintained a head-down
position with their back or one shoulder and buttocks in contact
with the bed. During HDBR, the subjects were not allowed to
sit or to stand up. Moreover, they were allowed to use a pillow.
All measurements and hygiene procedures were carried out in a
horizontal position. The room temperature was set at 23-25°C.
Head-out DI lasted 3 days. Throughout the exposure, the
subjects were in a bath filled with tap water and a waterproof film
separated them from the water. The large surface area of the film
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TABLE 1 | Comparative data of two groups.

Experimental groups —6° head-down bed rest

Dry immersion

Significant differences (unpaired t test with Welch’s correction)

Duration (days) 21 3
Number of subjects, n 1 12
Age (years) 34+ 2 32 +1
Height (cm) 176 £ 2 178 £ 2
Weight (kg) 70+ 2 75+2
BMI (kg/m?) 224 +05 23.6 £0.4

ns (o = 0.24, t = 1.23, df = 16.0)
ns (o = 0.55, t = 0.61, df = 21.0)
ns (o =0.17,t = 1.42, df = 19.8)
ns (o = 0.13, t = 1.58, df = 20.1)

Data are the mean + SEM.

allows the subject to easily be in the depth of the water and does
not constrain his limbs. The size of the bath is designed in such
a way that the subject does not touch its walls when immersed.
The subjects were allowed to be immersed up to the armpits. The
water temperature for DI was continuously maintained at 32.5-
33.5°C (thermoneutral). During the immersion, the subjects
remained continuously immersed, except for short out-of-bath
periods for hygiene, weighing, and some specific measurements,
when the subjects were maintained in the —6° head-down
position. The total out-of-bath supine time within the 72 h of
immersion was 4.7 &= 0.16 h (mean 4+ SEM).

During both types of exposure, the subjects were under 24-
h video monitoring. The beginning and end of both simulations
occurred at 09:00 h. The light-off period was set at 23:00-07:00 h.
Before, during, and after exposures, water intake was ad libitum.
The diet was the same for all participants; it was standardized
according to body weight in energy and nutrients based on WHO
recommendations. The experimental protocols lasted 60 days
(36 days in the facility) for the 21-day HDBR and 8 days for
the 3-day DI. Comparative data on exposure times are presented
in Figure 1.

Measurements

Diuresis, Water Intake, and Partial Water Balance
Water intake and diuresis were measured daily beginning
7 days before HDBR and ending 6 days after it, as well as
beginning 3 days before DI and ending 1 day after it. Water
balance was calculated as the difference between the consumed
water and urine volume. Water in exhaled air and sweating
were not registered.

Plasma Volume Evolution

Blood sampling for hemoglobin (Hb) and hematocrit (Hct) was
performed in the morning before breakfast at before exposure,
as well as on the 13th day of HDBR and after 3 days of DI
The percent change in plasma volume vs. before exposure was
calculated using the Dill and Costill formula (Dill and Costill,
1974): DPV(%) = 100 x [HbB (1 — 0.01 Hcti)]/[Hbi (1 — 0.01
HctB)] — 100, where HbB and HctB are the initial values and Hbi
and Hcti are those during exposure.

Daily Blood Pressure and Heart Rate Measurement
Brachial blood pressure and heart rate were measured twice a day
(at 7 a.m. and 7 p.m.) throughout the stay at the MEDES facility.

Lower Body Negative Pressure-Tilt Test

The tilt test combined with lower body negative pressure (LBNP)
was performed at before exposures and at RO immediately
following simulation (first rising after HDBR and DI). Finger
blood pressure (Nexfin, Bmeye, United States) and ECG (Biopac,
MP150, United States) were continuously recorded in the supine
position for 5 min, then in the 80° tilt position for 15 min, and
then during LBNP steps of —10 mmHg every 3 min. The test
was considered to be accomplished at —80-mmHg LBNP step
for HDBR and at —60-mmHg step for DI. Orthostatic tolerance
time (OTT) was measured as the entire verticalization period in
accordance with the standard procedure described by Protheroe
et al. (2013). The test was stopped earlier upon appearance
of pre-syncopal signs, request to stop, systolic blood pressure
<80 mmHg, and heart rate (HR) <50 bpm or >170 bpm.

To assess hemodynamic and autonomic responses to
the tilt test, we selected the last 3 min of baseline stable
supine recordings. In the tilt period, the last 3 min of
stable records (excluding pre-syncope symptoms) were
assessed. Heart rate, blood pressure (systolic, diastolic),
SV, and total peripheral resistance (TPR) were determined.
Autonomic cardiac modulation was assessed via heart
rate variability (HRV) markers—normalized low- (LF) and
high-frequency (HF) spectrum power, sympathetic index
(LE/HF), and spontaneous baroreflex sensitivity (SBRS)—as
detailed in De Abreu et al. (2017).

Statistical Analysis

The results are presented as the mean £ SEM. All statistical
analyses were performed using the GraphPad Prism program
(8.3.0). Firstly, we assessed the normal distribution of
anthropometric parameters by the Anderson-Darling test
in groups (p > 0.05; the distribution is normal). We compared
them using the unpaired t-test with Welch’s correction to
ensure the groups were not significantly different (Table 1).
Then, since the groups appeared comparable by anthropometric
parameters, we compared the groups by other parameters.
Three factors were used in the study: time (before and after
exposure), models (HDBR and DI), and tilt (supine and 80°
tilt). For comparison of the partial water balance in —6°
HDBR and DI, we used two-way repeated measures ANOVA
(time x models). Plasma volume evolution was analyzed by
ordinary two-way ANOVA (time x models). Daily blood
pressure and heart rate measurements were not compared
between models because of the different durations of exposures.
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FIGURE 1 | The protocols. (A) 21-day head-down bed rest (HDBR). (B) 3-day dry immersion (D).

When comparing within each model, one-way repeated measures
ANOVA was applied. Orthostatic tolerance time was tested by
ordinary two-way ANOVA (tilt x models). Three-way ANOVA
(time x models x tilt) was used for the hemodynamic parameters
and HRYV tilt test data. Bonferroni post hoc test was applied for
all comparisons, the values of which are given in the text when
the differences are significant. The significance level was set
ata =0.05.

RESULTS

Diuresis, Water Intake, and Partial Water

Balance

Pre-bed rest water intake was 3.0-3.6 kg/day and diuresis was
2.3-2.7 kg/day; thus, water balance was positive and consisted
of 0.6-1.3 kg/day (Figure 2A). Pre-immersion water intake
was 3.0 kg/day, diuresis was 2.3-2.4 kg/day, and water balance
consisted of 0.5-0.6 kg/day (Figure 2B).

On the first day of HDBR, there were a decrease in water
intake and an increase in diuresis, which led to a nearly zero
water balance (p < 0.001). However, on the second day of HDBR,
water balance was positive and stabilized on a new level. On the
first day of exposure to DI, a negative water balance was recorded
(p < 0.001), the values of which exceeded those in the HDBR
(Figure 2C). On the second and third days of immersion, water
balance was stabilized on a positive level by reducing the water
intake and diuresis (Figure 2B).

After the completion of either HDBR or DI, an increase in
water balance was recorded (p < 0.001), which was due to an
increase in the water intake and a decrease in diuresis. Starting
from R 4 1 day, water balance was not significantly different from

the before exposure level. During the recovery period after DI,
the water balance tended to restore; however, it did not reach the
before exposure level.

We also compared the water balance at several time points:
on the first, 13th, and 21st days for HDBR and on the first,
second, and third days for DI (Figure 2C, upper and lower scales,
respectively). As can be seen from the figure, the changes in
water balance have a practically identical shape in both models.
Although global two-way ANOVA was not significantly different
in both time (p < 0.001) and model (p = 0.003) factors, the
Bonferroni multiple comparisons post hoc test did not reveal
differences in the latter.

It is worth noting that the total body mass of subjects
progressively decreased during the experiments. The body mass
loss was —3.4 kg (p < 0.001) on the 2Ist day of the —6°
HDBR and was —1.4 kg (p < 0.001) on the third day of DI
Detailed data on the change in the body mass of subjects and
the ratio of the partial water balance to it are given in the
Supplementary Material.

Plasma Volume Evolution

Plasma volume significantly decreased during both exposures
(p < 0.001; Figure 3). At the end of the 3-day DI, the
decrease in plasma volume was significantly greater (p = 0.003)
than that on the 13th day of HDBR (14 £ 2% after DI vs.
10 & 6% during HDBR).

Daily Blood Pressure and Heart Rate

Measurements

The data on blood pressure and heart rate changes during the
experiments are presented in Tables 2 and 3. During HDBR,
blood pressure did not significantly change; the heart rate became
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FIGURE 2 | Changes in partial water balance in the 21-day head-down bed rest (HDBR) (A), 3-day dry immersion (DI) (B), and their comparison between both
groups (C). Data are the mean + SEM. *p < 0.05 vs. before exposure.

0
g -10% - 14%
(]
> .54
©
£
]
E =104 " ANOVA table F (DFn, DFd) P value
o Interaction  F (1, 42) = 5.85 P=0.020
g Time F(1,42)=171  P<0.001%
& # * Models ~ F(1,42)=585 P=0020#
<
(8]

T T
13-d of HDBR full exposure of 3-d DI

FIGURE 3 | Changes in plasma volume on the 13th day of head-down bed rest (HDBR) and at the end of the 3-day dry immersion (DI). Data are the mean + SEM.
*n < 0.05 vs. before exposure; *p < 0.05 between groups.

slightly decreased. On the first (p < 0.01), second (p < 0.01), third  decreased, and on the first (p = 0.01) and second (p < 0.01) days
(p < 0.01), sixth (p = 0.01), seventh (p < 0.01), eighth (p = 0.03), of recovery it was significantly increased compared to the before
and 13th (p = 0.01) days of HDBR, the heart rate was significantly ~ exposure level (average of 7 days before HDBR).
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TABLE 3 | Blood pressure and heart rate before, during, and after the 3-day dry immersion (DI) at 7 pm.

Average B-3 B-2 B-1 DI 1 DI 2 DI3 RO R+1

SBP (mmHg) Mean 1251 128.7 123.9 122.7 115.8* 121.5 125.9 130.5 128.7
SEM 2.6 2.5 3.7 2.4 3.5 2.9 3.0 2.9 2.4

DBP (mmHg) Mean 68.3 68.2 66.8 69.8 62.3* 65.1 69.8 74.2% 74.0
SEM 1.7 1.7 1.8 2.3 1.9 2.2 1.3 1.9 2.3

HR (bpm) Mean 56.4 56.9 58.4 53.9 59.0 53.9 58.0 69.4* 58.3
SEM 1.9 2.1 2.3 1.6 3.47 1.9 2.8 2.6 21

Values are the mean + SEM. B-, days before exposure; R +, days of recovery period.

During DI, the first day was marked by decreases in systolic
blood pressure (SBP; p = 0.027) and diastolic blood pressure
(DBP; p < 0.01), whereas heart rate did not change. On the first
day of recovery, diastolic blood pressure (p = 0.048) and heart
rate (p < 0.01) significantly increased compared to the average of
3 days before DI

Hemodynamic and Autonomic

Responses to the Tilt Test

Before either HDBR or DI exposure, SBP during the tilt test
increased in both groups vs. the supine position (p = 0.02 for DI;
Figure 4A). After the 21-day HDBR and 3-day DI, the changes in
SBP had the opposite characteristic: SBP dropped by ~17 mmHg
after HDBR (p = 0.002) and by ~10 mmHg after DI exposures.

Diastolic blood pressure during the tilt test increased
significantly vs. the supine position compared to that before
HDBR and DI (p < 0.001; Figure 4B). After either the 21-day
HDBR or 3-day DI, a DBP increase during table rotation was
less pronounced than that before exposures, especially for HDBR.
Diastolic blood pressure in the supine position was higher after
DI compared to that before exposure (p = 0.046).

Before either HDBR or DI exposure, heart rate during the
tilt test increased in both groups by ~12 bpm vs. the supine
position (p < 0.001; Figure 4C). After exposures, HR was
higher by 11-13 bpm even at rest (p = 0.047 for DI). During
the tilt test, HR significantly increased by 65-70% vs. the
supine position (p < 0.001) and by 47-50% vs. before exposure
(p < 0.001) in both groups.

Before both exposures, the TPR during the tilt test increased
(p =0.029 for HDBR; Figure 5A). After exposures, during the tilt
test, the TPR had a slight tendency to increase in the DI group
and to decrease in the HDBR group compared to those before
exposures (p < 0.001).

Before either HDBR or DI exposure, SV during the tilt test
decreased (p < 0.001; Figure 5B). After exposures, the SV
decrease during the tilt test was more pronounced. However, after
DI, these changes achieved significance compared to those before
exposure (p < 0.001).

Spontaneous baroreflex sensitivity during the tilt test
significantly dropped compared to that before exposures
(p = 0.002 for HDBR and p < 0.001 for DI; Figure 6A). After
HDBR and DI, supine SBRS was lower than the initial level
(p = 0.026 for HDBR and p = 0.004 for DI), decreasing further in
response to tilt (p = 0.047 for HDBR and p < 0.001 for DI). The
changes in both groups were similar.

"o < 0.05 vs. average for 3 days before DI are indicated in bold.

Before either HDBR or DI exposure, an increase in
sympathetic index (SI) reflecting cardiac sympathetic activation
was observed in response to orthostasis (p = 0.030 for DI).
After the 21-day HDBR and 3-day DI, SI was slightly increased
even at rest (Figure 6B) and had a tendency to increase
during the tilt test.

Orthostatic Tolerance

The OTT is an integrative measure of the success of the strategy to
provide the upright position of the body. Before both exposures,
OTT consisted of 27-28 min, corresponding to ~50 mmHg
(Figure 7, right scale) of LBNP. After exposures, the OTT
decreased in both groups (p < 0.001): to 14.2 & 3.1 min after the
21-day HDBR and to 8.7 &= 2.1 min after the 3-day DI.

DISCUSSION
Main Findings

The main finding is that cardiovascular changes induced by the
21-day —6° HDBR and 3-day DI are comparable, despite the
sevenfold difference in the duration of exposures.

Both models reproduce the absence of physical loads. Thus,
deep hypokinesia is reproduced in both models. The strict
horizontal position (without daily raise) during the protocols of
HDBR and DI has a detraining effect on the cardiovascular and
other systems. However, the degree of reproduction of such an
important factor as support unloading differs: in HDBR, support
loads are redistributed from the soles to the surface of the back,
buttocks, and the back surfaces of the legs; in DI, there is virtually
no support due to buoyancy. We believe that support unloading
is an important factor in the development of microgravitational
deconditioning and that its increase leads to stronger effects
in a short time.

Fluid Shift Influence

The parameter that differs between the —6° HDBR and DI
models is the mechanism that provides the fluid shift. In HDBR,
it is achieved by an anti-orthostatic position, which promotes
fluid transition to the upper parts of the body. A number of
authors have shown that the fluid shift processes during HDBR
occur quite quickly. Water intake, diuresis, and plasma volume
stabilized on a new level by the third to fourth day or earlier
(Greenleaf, 1983; Meck et al., 2009; Navasiolava et al., 2011a). In
our case, the water balance was established on the second day
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FIGURE 4 | Changes in systolic blood pressure (A), diastolic blood pressure (B), and heart rate (C) in response to the 80° tilt test before and after the 21-day
head-down bed rest (HDBR) and 3-day dry immersion (DI). Data are the mean + SEM. #p < 0.05 between groups; *o < 0.05, 80° vs. the supine position;
@p < 0.05, before vs. after exposure.
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FIGURE 5 | Changes in total peripheral resistance (A) and stroke volume (B) in response to the 80° tilt test before and after the 21-day head-down bed rest (HDBR)
and 3-day dry immersion (DI). Data are the mean + SEM. *p < 0.05 between groups; *p < 0.05, 80° vs. the supine position; @p < 0.05, before vs. after exposure.

of HDBR. In the immersion, in contrast to HDBR, hydrostatic
compression induces fluid centralization. According to a review
article by E. Tomilovskaya et al., fluid shift occurs in DI faster
than in HDBR (during the first day) (Tomilovskaya et al., 2019).
Interestingly, in our study, the effect of the 3-day DI on water
intake and diuresis was more pronounced (but not significantly)
than in the 21-day —6° HDBR. In both cases, the fluid shift
occurs, simulating the conditions of spaceflight.

In our study, there was a significant progressive decrease in the
subject’s body mass. However, surprisingly, fluid loss did not play
a dominant role in this. Before the exposures, all subjects lived
in a hospital (for 7 days before HDBR and 3 days before DI) and
received a standard regulated diet. We assume that the transition
to a more proper and balanced nutrition could contribute to a
weight loss in our study. Also, we suggest that body mass decrease
in the last stages of HDBR could be associated with muscle loss,
which is observed in other bed rest studies (Shenkman et al., 1997;

Stuempfle and Drury, 2007; Dirks et al., 2016; Kramer et al., 2017;
Shenkman and Kozlovskaya, 2019).

Central Hemodynamic Parameters

Despite the similarity of the cardiovascular changes, we
observed a number of differences in the effects of the two
models. After the completion of the 21-day HDBR and
3-day DI, resting tachycardia and orthostatic intolerance
were detected, accompanied by a relative decrease in
upright SBP, DBP, SV, and TPR and an increase in HR
in response to tilt. Our results are in agreement with
literature data (Buckey et al, 1996; Knight et al., 2009a)
and indicate a significant cardiovascular deconditioning
after both simulations. Interestingly, supine TPR and DBP
had a tendency to increase following DI, but not HDBR.
These parameters may suggest an increase in initial vascular
tone, the important role of which was indicated by several
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FIGURE 6 | Changes in spontaneous baroreflex (A) and sympathetic index (B) in response to the 80° tilt test before and after the 21-day head-down bed rest
(HDBR) and 3-day dry immersion (DI). Data are the mean 4 SEM. #p < 0.05 between groups; *p < 0.05, 80° vs. the supine position; ®p < 0.05, before vs. after

Supine LBNP test

vs. before exposure.

-= 21-d HDBR (n=11)
~e- 3-d DI (n=12)
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ANOVA table F (DFn, DFd) P value
Interaction F (1,42)=1.04 P=0.314
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FIGURE 7 | Orthostatic tolerance time before and after the 21-day head-down bed rest (HDBR) and 3-day dry immersion (Dl). Data are the mean + SEM. *p < 0.05

authors (Convertino et al, 1999; Vinogradova et al., 2002).
According to the Convertino hypothesis (Convertino et al.,
1999), the diminished vasoconstrictive reserve may be
the main mechanism of vasoconstrictor insufficiency in
case of orthostatic intolerance. The maximal capacity of
vasoconstriction is not altered under microgravity (Convertino
et al, 1999), but hypovolemia may induce an increase in
initial vasoconstriction and, thus, decrease the vasoconstrictive
reserve (Convertino et al., 1999).

Autonomic Regulation of Cardiovascular Functions
Autonomic regulation is extremely important in maintaining
blood pressure homeostasis during verticalization (Mano, 2005).
In our studies, baroreflex sensitivity was reduced both at rest and
during the tilt test after exposure, suggesting a reduced capacity
of the baroreflex loop to regulate blood pressure (Tank et al.,
1995). Both after the 21-day HDBR and 3-day DI, the SI failed
to increase in the upright position, which is one of the signs of
autonomic insufficiency.
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Orthostatic Intolerance

The time of orthostatic stability, an integrative parameter of the
cardiovascular state, demonstrates the efficacy of the strategy of
vertical stance maintenance. In our study, the OTT after both
exposures decreased without a significant difference between
groups. However, the signs of orthostatic insufficiency observed
after the 3-day DI tended to be more pronounced (8.7 min in DI
vs. 14.2 min in HDBR), probably due to a more pronounced post-
exposure hypovolemia and diminished vasoconstrictive reserve.

Evaluation of the Optimal Protocol

DI was seven times shorter than HDBR, yet we detected similar
changes in the studied parameters, which suggest an accelerated
cardiovascular impairment in DI compared to HDBR. However,
the cardiovascular deconditioning appears rather quickly and
then remains at a rather stable level; probably, comparing
experiments of the same duration would show the same degree
of cardiovascular deconditioning, which undoubtedly requires
verification. Seventy-five percent of the 3-day DI subjects and
55% of the 21-day HDBR subjects were not able to complete the
tilt test. This complies with literature data on HDBR of various
durations: 5 out of 11 (45%), after 4 days (p = 0.15); four out of
six (67%), after 14 days (p = 0.7); five out of nine (56%), after 28
or 30 days (p = 0.35); and four out of seven (57%), after 42 days
of HDBR (p = 0.4) (Pavy-Le Traon et al., 2007).

It is interesting to note that, when applying two- or three-way
ANOVA to analyze central hemodynamic parameters, HRV, and
plasma volume, the interaction of such factors as time and tilt
was identified, which may indicate that they are co-directional.
The interaction of the model and tilt factors was found in
DBP, TPR, and SV. However, possible interpretations should be
made with caution.

Study Limitation
The protocols of the 21-day HDBR and 3-day DI were followed
independently of each other; therefore, their durations differed
by seven times. However, despite the fact that the use of the same
research methods in both models made it possible to compare the
obtained data, it is worth reminding that it was not planned for as
the original protocols, and this may introduce certain limitations.
Still, it is of interest to make consistent experimental comparisons
of protocols of the same duration [both short (3-5 days) and
longer (several weeks)].

Increasing the sample size would also have a positive effect on
the reliability of the results. However, a sample of 10-12 subjects
is quite common in space biology studies.

CONCLUSION

In general, cardiovascular changes during the 21-day —6° HDBR
and head-out 3-day DI were co-directional. Frequently, changes
after 3-day DI were equal to or exceeded changes after 21-day
HDBR. Significantly stronger effects of DI on cardiovascular
function can be caused not only by a more pronounced
hypovolemia but also by support unloading (supportlessness).
The support deafferentation plays a trigger role in the

development of hypogravitational disorders. This was shown for
the sensorimotor system (Grigor'ev et al., 2004; Kozlovskaya
et al., 2007); however, for other systems, the role of support
afferentation is under question. A decrease in postural muscle
tone in response to a decrease in support afferentation may be
responsible for the orthostatic impairment via a decrease in the
efficiency of the muscle pump promoting venous return.
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It is well known that exposure to microgravity in astronauts leads to a plethora
physiological responses such as headward fluid shift, body unloading, and
cardiovascular deconditioning. When astronauts return to Earth, some encounter
problems related to orthostatic intolerance. An impaired cerebral autoregulation (CA),
which could be compromised by the effects of microgravity, has been proposed as
one of the mechanisms responsible for orthostatic intolerance. CA is a homeostatic
mechanism that maintains cerebral blood flow for any variations in cerebral perfusion
pressure by adapting the vascular tone and cerebral vessel diameter. The ground-
based models of microgravity are useful tools for determining the gravitational impact
of spaceflight on human body. The head-down tilt bed rest (HDTBR), where the
subject remains in supine position at —6 degrees for periods ranging from few days
to several weeks is the most commonly used ground-based model of microgravity for
cardiovascular deconditioning. head-down bed rest (HDBR) is able to replicate cephalic
fluid shift, immobilization, confinement, and inactivity. Dry immersion (DI) model is
another approach where the subject remains immersed in thermoneutral water covered
with an elastic waterproof fabric separating the subject from the water. Regarding DI,
this analog imitates absence of any supporting structure for the body, centralization of
body fluids, immobilization and hypokinesia observed during spaceflight. However, little
is known about the impact of microgravity on CA. Here, we review the fundamental
principles and the different mechanisms involved in CA. We also consider the different
approaches in order to assess CA. Finally, we focus on the effects of short- and
long-term spaceflight on CA and compare these findings with two specific analogs to
microgravity: HDBR and DI.

Keywords: cerebral autoregulation, head-down bed rest, dry immersion, spaceflight analog, microgravity

INTRODUCTION

Analogs to microgravity for cardiovascular deconditioning such as head-down bed rest (HDBR)
and dry immersion (DI) are essentials models for determining the effects of spaceflight on
astronauts’ body. Due to the cost and the limited number of space missions, these analogs are
good alternatives for gravitational research (Herranz et al., 2013; Hargens and Vico, 2016). HDBR is
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the most commonly used ground-based model of microgravity
for cardiovascular deconditioning and the subject remains in
supine position at —6 degrees head-down tilt bed rest (HDTBR)
for either short periods (from 1 week to 1 month), or sometimes
longer periods (>1 month). HDBR mimics cephalic fluid
shift, immobilization, confinement, and inactivity. It would
appear that vestibular function and gravitational stimuli are
also affected, however to a lesser extent compared to those
observed during spaceflight (Pavy-Le Traon et al., 2007). DI
model is another approach where the subject remains immersed
in thermoneutral water covered with an elastic waterproof fabric
separating the subject from the water. Thus, the subject is freely
suspended while remaining dry. One of the main features of
DI is that imitates absence of any supporting structure for
the body, centralization of body fluids, immobilization and
hypokinesia observed during spaceflight (Navasiolava et al.,
2011a). DI impacts a wide range of physiological mechanisms
such as a diminution in neuromuscular system (Grigorieva and
Kozlovskaya, 1983; Kozlovskaya et al., 1984), an alteration in
cardiovascular system associated with sympathoexcitation (Iwase
et al., 2000), a possible impact on intracranial pressure (ICP)
(Avan et al., 2013; Rukavishnikov et al., 2013; Kermorgant et al,,
2017). Tomilovskaya et al. (2019) emphasized the effectiveness
of DI and its ability to induce rapid physiological changes
more than others ground-based models of microgravity. During
human spaceflight, the absence of gravity induces headward
fluid shift and leads to cardiovascular deconditioning notably
characterized by orthostatic intolerance when astronauts come
back on Earth (Fritsch-Yelle et al., 1994, 1996a; Buckey et al.,
1996; Meck et al., 2001; Levine et al., 2002; Blaber et al.,
2011; Platts et al., 2014; Lee et al, 2015; Fu et al, 2019).
Several mechanisms for post-flight orthostatic intolerance were
suggested. Fritsch et al. (1992) proved that after 4- to 5-
day space shuttle mission, a diminution in vagal control of
the sinus node was observed in 12 astronauts. These findings
suggest that an impaired vagal response may be involved in
post-flight orthostatic intolerance. Buckey et al. (1996) showed
that after 9-14 days of spaceflight, approximately two-thirds of
the astronauts presented signs of orthostatic intolerance and
those with severe signs of post-flight orthostatic intolerance had
disturbed total peripheral resistances. Fritsch-Yelle et al. (1996b)
corroborated these previous findings. Indeed after 8-16 days
of spaceflight, approximately one-third of astronauts suffered
from orthostatic intolerance had lower standing peripheral
vascular resistance associated with smaller increases of plasma
noradrenaline and greater decreases in systolic and diastolic
pressures suggesting a hypoadrenergic responsiveness. Perhonen
etal. (2001) demonstrated the reduction in left ventricular cardiac
mass after a spaceflight of 10 days in four astronauts that
suggesting that cardiac atrophy, by altering diastolic filling, may
be involved in orthostatic intolerance. Some studies proposed
that hypovolemia induces orthostatic intolerance (Waters et al.,
2002; Shi et al., 2004). However, Shi et al. (2004) treated seven
astronauts by restoring fluid volume with fludrocortisone (a
synthetic mineralocorticoid) but this treatment failed to prevent
the onset of orthostatic intolerance. The signals from vestibular
system, and more specifically otolith organs, contributes to the

arterial pressure control at the onset of standing (Yates and
Kerman, 1998; Tanaka et al., 2009, 2012, 2014, 2017; Hallgren
etal., 2015, 2016; Morita et al., 2016). Some studies also proposed
that impairment of cerebral autoregulation (CA) may contribute
to reduced orthostatic tolerance after spaceflight or ground-based
of model microgravity (Zhang et al., 1997; Novak et al., 1998;
Iwasaki et al., 2007). CA is a specific homeostatic mechanism
that regulates and maintains CBF constant against any changes
in fluctuation in arterial blood pressure (ABP) or ICP in order
to preserve cerebral function (Lassen, 1959, 1964; Johnson, 1986;
van Beek et al., 2008; Armstead, 2016; Claassen et al., 2016).
Lassen (1959) described the autoregulation curve with three
specific phases showing a CBF plateau distinguishing the lower
limit from the upper limit of autoregulation. Above these limits,
CA may be lost and CBF can no longer remain steady. Figure 1
represents the theoretical autoregulation curve. In normal adults,
an average CBF is 50 mL/min/100 g of brain tissue (Lassen
et al., 1960; Lassen, 1985). In normotensive and healthy adults,
the CBF is well maintained with cerebral perfusion pressure
(CPP) between 50 and 150 mm Hg or mean arterial pressure
between 60 and 160 mm Hg (Rosner and Becker, 1984; Paulson
et al.,, 1990; Peterson et al., 2011; Armstead, 2016). However,
normal value for ICP is difficult to define. Indeed in healthy
conditions, this depends on age and posture (Czosnyka and
Pickard, 2004). However, a normal range was defined for ICP
values: 5-15 mm Hg (7.5-20 cm H,O) in horizontal position
(Rangel-Castillo et al., 2008) and around —10 mm Hg in vertical
position (Chapman et al., 1990). CPP depends on two-factors,
ABP and ICP and their relationship can be established as follows:
CPP = ABP—ICP. Thus, an increased ICP would lead to a
diminution in CPP which may induce a cerebral vasodilatation
eliciting a reduction in CBF (Rangel-Castillo et al., 2008). The
response of CA occurs in a few seconds after CPP changes in
order to maintain CBF in a normal range of pressure (Paulson
et al., 1990; Franco Folino, 2007; Zhang and Hargens, 2018).

In this review, we first recall the mechanisms involved in CA
and the different approaches allowing to assess this homeostatic
mechanism. Finally, we will seek to bring together information
about the impacts of spaceflight and the most commonly used
microgravity analogs on CA.

MECHANISMS INVOLVED IN CEREBRAL
BLOOD FLOW REGULATION

For decades, at least four theories are evoked to determine
the mechanisms responsible for regulation of CBF: myogenic,
neurogenic, metabolic and endothelial theories (Strandgaard
and Paulson, 1984; Paulson et al., 1990; Peterson et al., 2011;
Armstead, 2016; Rivera-Lara et al., 2017):

e The myogenic mechanism refers to the adaptation of
the vascular smooth muscle to changes in transmural
pressure with the corresponding vasoconstriction and
vasodilatation in response to increased and reduced
pressure (Ibrahim et al, 2006). Non-selective cation
channels were found in vascular smooth muscle and they
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FIGURE 1 | Theoretical cerebral autoregulation curve with the autoregulation plateau where cerebral blood flow remains constant with the upper and lower limits of
the autoregulatory range.

are strongly involved in myogenic mechanism. Indeed, a
depolarization phenomenon will induce an influx of Ca?™
leading to vasoconstriction (Davis and Hill, 1999). The
myogenic mechanism accounts for 31% of the pressure-
flow relationship (Hamner and Tan, 2014).

e The neurogenic mechanism involves the innervation of the
cerebral circulation with a broad panel of neurotransmitters
with vasodilator and vasoconstrictor properties. Evidence
shows the implication of sympathetic nervous system.
Its activation shifts the upper limit of CA curve toward
higher pressures in order to protect the brain against ABP
increase. In parallel, it is believed that parasympathetic
nervous system plays a minor role in CA. The latter,
once activated, has cerebral vasodilatory effects (Hamel,
2006). Sympathetic and parasympathetic mechanisms
account respectively for 20 and 11% of the pressure-
flow relationship (Hamner and Tan, 2014). Perivascular
nerves and astrocytes would have the ability to sense
changes in CPP and adjust accordingly the sympathetic
activity (Hamel, 2006; Marina et al., 2020). The astrocytes,
due to their intrinsic function, may be considered as
intracranial baroreceptors and play a major role in CA
(Marina et al., 2020).

e The metabolic mechanism contributes to control CBF
with the help of a plethora of vasoactive mediators
(ions, metabolite byproducts, neurotransmitters, etc.).
The vasoactive ions (K*, HF, Ca?") have mainly

vasodilatory properties and an elevated concentrations
of these ions may lead to vasodilatation (Faraci and
Sobey, 1998; Nguyen et al., 2000). The metabolic factors
(lactate, CO;, adenosine) possess potent vasodilatory
properties (Ko et al.,, 1990; Li and Iadecola, 1994; Attwell
and Tadecola, 2002). The vasoactive neurotransmitters
(dopamine, acetylcholine, gamma-amino butyric acid,
vasoactive intestinal peptide) would also contribute to
cerebral vasodilation (Girouard and Iadecola, 2006; Bor-
Seng-Shu et al., 2012; Fantini et al., 2016).

e The endothelial mechanism, involving vasodilators (nitric
oxide, carbon monoxide, prostacyclin) and vasoconstrictors
(endothelin-1, thromboxane A2, angiotensin II) secreted by
the endothelium in a paracrine fashion, may also play a key
role in CA (Golding et al., 2002; Rivera-Lara et al., 2017;
Silverman and Petersen, 2020).

DETERMINATION OF CEREBRAL
AUTOREGULATION: STATIC AND
DYNAMIC METHODS

Two methods can be applied in order to assess CA: static
and dynamic methods. The static method assesses the global
efficiency of the CA but not takes into account the latency, while
dynamic method assesses latency and then efficiency of the CA
(Tiecks et al., 1995).
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The static approach consists to determine CBF changes in
response to a steady-state change in ABP and necessitates the
administration of vasoactive drugs (Tiecks et al., 1995). An
autoregulatory index can be established as the percent change
in cerebrovascular resistance related to the percent change in
ABP (Tiecks et al., 1995) or percent change in CPP (Priesman
et al.,, 2005). An autoregulatory index of 100% corresponds to
perfect CA and 0% corresponds to absent CA. Microvascular
CBF measurement in small cerebral arterioles can provide
information about the state of CA. Continuous-wave near
infrared spectroscopy and diffuse correlation spectroscopy are
considered as robust quantitative method in the assessment of
CA (Kim et al., 2010, 2018; Caicedo et al.,, 2012; Durduran
and Yodh, 2014; Kainerstorfer et al., 2015; Armstead, 2016).
As these methods assess CA from stabilized CBF over
several minutes, these methods can be encompassed in the
static approach of CA.

The dynamic approach relies on the rapid changes in ABP,
the CBF response to these changes, and, in particular the time
to return to its baseline values (Tiecks et al., 1995; Armstead,
2016). Several methods can be applied to determine dynamic CA.
The first corresponds to the slope of cerebrovascular resistance
recovery determined by the CPP to CBF ratio. An abrupt slope
means an enhanced CA, while a gradual moderate slope indicates
an impaired CA (Tiecks et al, 1995). A rise in CPP leads to
a cerebral vasoconstriction, whereas a decline in CPP leads to
cerebral vasodilation (Silverman and Petersen, 2020). CA can also
be assessed by transfer function analysis between mean ABP and
mean CBFV signals. A cross-spectral analysis is then applied to
obtain three specific frequency-dependent parameters: transfer
function coherence, gain and phase. The coherence measures the
degree of linearity of the relationship between mean ABP and
mean CBFV. The coherence value close to 1 indicates a strong
linear relationship between mean ABP and mean CBFV with high
signal-to-noise ratio, while the coherence approximating with
value near zero may suggest a non-linear relationship, a presence
of extraneous noise or other influencing variables (Marmarelis,
1988; Giller, 1990; Liu et al., 2015). Furthermore, a threshold of
coherence over 0.5 depicts that transfer function gain and phase
are valid (Diehl et al., 1995; Zhang et al., 1998). The gain reflects
to what extent the transmission from the ABP signal variation
impacts on the CBFV signal. The phase describes the delay
between sinusoidal components of ABP signal and CBFV signal
and was considered as temporal relation between these signals
(Zhangetal., 1998; Liu et al., 2015). The mechanism of CA has the
characteristics of a high-pass filter that dampens slow fluctuations
of blood pressure (Zhang et al, 1998). The most commonly
ranges used to calculate the mean values of the transfer function
(coherence, phase and gain) are: very low frequency (VLF: 0.02-
0.07 Hz), low frequency (LF: 0.07-0.20 Hz) and high frequency
(HF: 0.20-0.35 Hz) (Zhang et al., 1998, 2009). It is now accepted
that elevated coherence and gain with a reduced phase shift
reflect an impaired CA (Giller, 1990; Immink et al., 2004; van
Beek et al., 2008; Hamner et al., 2010; Donnelly et al., 2016).
Several indices of dynamic CA have also been established and
derived from transcranial Doppler and correspond to correlation
coeflicient of blood flow velocity with CPP (Mx) or ABP (Mxa),

or slow waves in ICP with ABP (PRx). An unaltered CA is
determined for Mx < 0, Mxa < 0.3, or PRx < 0, while CA
is considered impaired for Mx > 0, Mxa > 0.3, or PRx > 0
(Czosnyka et al., 2001; Steiner et al., 2003; Sorrentino et al.,
2011).

In addition, Nasr et al. (2014) found an inverse and strong
correlation between baroreflex sensitivity and CA in healthy
controls. This suggests that baroreflex modulation of the
autonomic drive may play an important role on CA.

IMPACTS OF SPACEFLIGHT ON
CEREBRAL AUTOREGULATION

Despite the numerous studies on spaceflight cardiovascular
adaptation, the impact of microgravity on CA in astronauts
remains unclear. Table 1 summarizes methods used to assess
CA in spaceflight.

Gazenko et al. (1981) reported that after spending several
months in space, cosmonauts experienced a dramatic fall in
pulse blood filling of cerebral vessels (similar to CBF pulsatility)
corresponding to an improved cerebral vasoconstriction.
Alternatively, during 6-months MIR spaceflights, the cerebral
vascular resistance measured by resistance index was preserved
in six cosmonauts (Herault et al, 2000). However, Arbeille
et al. (2001) did not observe any significant changes in
cerebral perfusion after short or long duration spaceflight
despite a reduction in middle cerebral artery resistance
index and middle cerebral artery mean flow velocity, as

TABLE 1 | List of authors and the methods used to assess cerebral
autoregulation in spaceflight.

References Methods Subjects Time duration
Gazenko et al., CBF 6 crewmembers 185 days
1981
Bagian and MCA blood flow 4 crewmembers N/A
Hackett, 1991 velocity
Herault et al., CFR, Qca, Rca 6 cosmonauts 6 months
2000
Arbeille et al., Qca, Rea 1-9 men + 1 woman 2 days to
2001 6 months
Iwasaki et al., MCA blood flow 6 men 1-2 weeks
2007 velocity, CBFV, TFA

(VLF, LF, HF)
Kotovskaia and ~ CBF 26 cosmonauts 8-438 days
Fomina, 2010
Blaber et al., MCAv, CR, TFA 20 men + 7 women 8-16 days
2011 (VLF, LF)
Zujetal, 2012 CBFV, CR, PI 6 men + 1 woman 58-199 days
Marshall- JVBF 9 men + 2 women 210 &+ 76 days
Goebel et al.,
2019

CBFV, cerebral blood flow velocity; CFR, cerebral to femoral flow ratio; CR,
cerebrovascular resistance; HF, high frequency, JVBF, jugular venous blood flow;
LF, low frequency; MCAv, middle cerebral artery velocity; Pl, Gosling pulsatility
index; Qca, middle cerebral artery mean flow velocity;, Rca, cerebral artery
resistance index; TFA, transfer function analysis; VLF, very low frequency.
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well as a diminution in cardiac volume, lower limb arterial
resistance and an enlargement of jugular and femoral veins
in cosmonauts. Bagian and Hackett (1991) did not see any
significant modifications in CBFV directly measured by
transcranial Doppler in crewmembers after 10 h in-flight.
Iwasaki et al. (2007) also reported in six male crewmembers after
a 1 and 2-week spaceflight, a reduction in gain function in the
low frequency range (0.07-0.20 Hz) with no change in CBFV.
These findings indicate a preserved or even better dynamic CA
on landing day. Furthermore, a large hemodynamic dataset
collected over 20 years in 26 cosmonauts aboard orbital stations
Salyut 7 and Mir, show maintained cerebral circulation with a
stabilized CBF even after long duration exposure to microgravity
(Kotovskaia and Fomina, 2010). Several assumptions can
be established to explain this enhancement in CA. First of
all, Iwasaki et al. (2007) hypothesized that CA improvement
would be due to the impact of microgravity which raises the
responsiveness of cerebral vascular smooth muscle to changes
of transmural pressure. Noteworthy is the cardiovascular
autonomic nervous system which is known to be altered both
in short- and long-duration space flight (Ertl et al., 2000;
Sigaudo-Roussel et al., 2002; Eckberg et al., 2010) interacts
with CA. Moreso, the baroreflex sensitivity which plays a key
role in short-term blood pressure variations has been shown
to be inversely correlated to CA in healthy individuals and
the supposed mechanism for inverse correlation between
baroreflex sensitivity and CA is an increased sympathetic tone
associated with lower baroreflex sensitivity (Nasr et al., 2014).
This suggests that baroreflex modulation of the autonomic
drive may play a role on CA. These may indeed be one of
the underlying physiological mechanisms explaining that CA
was often preserved or even enhanced in spaceflight, and,
could be related to changes in baroreflex sensitivity. However
inter-individual variability of baroreflex sensitivity is known
to be important and due to small numbers of individuals in
space studies, this key interaction between impaired baroreflex
sensitivity and preserved or even enhanced CA to date may
have eluded identification. Pertaining to this mechanism of
interaction between autonomic nervous system and CA, prior
data have shown enhanced sympathetic nervous activity during
prolonged exposure to microgravity (Ertl et al., 2002). This could
explain preserved or better CA in most of the studies in space
flight as CA is dependent on cerebral vasomotor tone which
increases with afferent sympathetic drive.

A study performed in 27 astronauts, who took part in different
shuttle missions lasting few days, described an impairment in
CA reflected by an increase in the gain function between CBF
and blood pressure (Blaber et al.,, 2011). This study showed
that astronauts who were orthostatically tolerant presented
no signs of an impaired CA, those who were orthostatically
intolerant had a severe impairment in CA on landing day.
These results suggest that one of the reasons leading to
presyncope in astronauts is that there is a mismatch of blood
pressure and CBF. Another study demonstrated in seven
astronauts, which spent several days on the International Space
Station, a decrease in cerebrovascular dynamic autoregulation
and CO; reactivity, thus characterizing an altered CA (Zuj

et al, 2012). A recent work revealed that among 11 healthy
crewmembers who spent a mean of 210 days in spaceflight,
6 crewmembers presented stagnant or reverse flow in the
internal jugular vein (Marshall-Goebel et al., 2019), which could
jeopardize cerebral circulation (Zhou et al., 2018). They suggested
that cerebrovascular alterations could be due to chronic elevation
in cerebral blood pressure and chronic exposure to elevated
atmospheric Pco as seen in long-duration spaceflight. Studies
performed in animal models may provide an answer, though a
partial one. In contrast to the hindlimb unloading in rodent,
few of them were conducted during spaceflight. However, Taylor
et al. (2013) demonstrated in female C57BL/6 mice that a 13-
day spaceflight induced a diminished myogenic vasoconstriction
and stiffness of posterior communicating arteries and an
increased maximal diameter of basilar artery suggesting that
cerebral perfusion could be altered. Another study showed
that spaceflight induced an altered cerebral artery vasomotor
in mice. Indeed, Sofronova et al. (2015) depicted in male
C57BL/6N that a 30-day spaceflight attenuated vasoconstrictor
and vasodilator properties in basilar artery thus likely impairing
cerebral perfusion.

IMPACTS OF SPACEFLIGHT ANALOGS
ON CEREBRAL AUTOREGULATION

Data on CA are controversial during ground-based model of
microgravity. Table 2 summarizes methods used to assess CA in
analogs to spaceflight.

Guell et al. (1979) observed in four healthy subjects who
underwent 4° HDT for 7 days, a rapid decrease in loco-regional
CBF after 2 h followed by an increase after 48 h. In a similar
study, these same authors only found in six healthy subjects
an elevation in loco-regional CBF (Guell et al., 1982). These
differences may be explained by the techniques used to measure
loco-regional CBF which were different between these studies
(respectively measured by transcranial Doppler and Xenon-
133 techniques). Furthermore, another study also showed an
increase in CBFV in six volunteers who underwent exposure
to a 5-min 6° HDT (Kawai et al., 1992). These same authors
described an increase in CBFV during HDT and a significant
decrease in CBFV after 24 h of 6° HDT in eight healthy male
subjects suggesting that CBFV may have a key role in syncope
in astronauts when they come back on Earth (Kawai et al,
1993). Although Frey et al. (1993) found a diminution in blood
flow velocity in the middle cerebral artery in nine men after
2 days of 10° HDT, but was inversely correlated with percent
changes in retinal vascular diameters, suggested that CBF was
not diminished. Satake et al. (1994), with the help of image
analysis using single photon emission computer tomography,
demonstrated that a significant increase in CBF in men was
occurred in the basal ganglia and the cerebellum at 5 min after
the onset of HDT, but not in the cerebral hemisphere. Pavy-
Le Traon et al. (1995) showed in 12 healthy volunteers who
underwent 28 days of HDBR, no changes in middle cerebral
artery velocities recorded indirectly by transcranial Doppler
indicating a preserved cerebral circulation. However, subjects
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TABLE 2 | List of authors and the methods used to assess cerebral autoregulation in analogs to spaceflight.

References Methods Subjects Time duration Analogs
Guell et al., 1979 rCBF 4 men 7 days 4° HDT
Guell et al., 1982 rCBF 6 men 7 days 4° HDT
Kawai et al., 1992 CBFV 6 subjects 5min 6° HDT
Frey et al., 1993 MCA blood flow velocity 9 men 2 days 10° HDT
Kawai et al., 1993 CBFV 8 men 1 day 6° HDT
Satake et al., 1994 CBF Men N/A 6° HDT
Pavy-Le Traon et al., 1995 MCAv, CR 12 men 28 days 6° HDT
Savin et al., 1995 MCAv 10 subjects 10 min 10° HDT
Zhang et al., 1997 CBFV 11 men + 1 woman 14 days 6° HDT
Arbeille et al., 1998 MCAv, CFR 8 men 4 days 6° HDT
Heckmann et al., 1999 CBFV, PI 11 men + 2 women 1 min 80° HDT
Arbeille et al., 2001 Qca, Rea 6to 19 men 1 hto 42 days 6° HDT
Sun et al., 2001 CBF, CR 12 men 21 days 6° HDT
Yao et al., 2001 ACAv, MCAv, PCAy, P, RI 6 men 21 days 6° HDT
Pavy-Le Traon et al., 2002 MCAv, CR 8 women 7 days 6° HDT
Sun et al., 2002 MCAv 8 men 4 days 6° HDT
Yasumasa et al., 2002 CBFV 8 men 1 day 6° HDT
Sun et al., 2005 CBFV 12 men 21 days 6° HDT
Greaves et al., 2007 MCAv, CR, ARMA 24 women 60 days 6° HDT
Yang et al., 2011 CBFV, S/D, PI, RI 12 men 4 days 6° HDT
Geinas et al., 2012 MCAv, PCAv, CR, TFA (VLF, LF) 17 men + 4 women >7-8 min 90°HDT
Jeong et al., 2014 TFA (VLF, LF, HF) 18 men + 3 women 18 days 6° HDT
Yang et al., 2015 CBFV 10 men and women 15s 10°, 25°, and 55° HDT
Marshall-Goebel et al., 2016 Blood flow velocity 9 men 4.5h 6°, 12°, and 18° HDT
Kermorgant et al., 2017 TFA (VLF, LF, HF), Mxa 12 men 3 days DI
Ogoh et al., 2017 CBF 12 men 3 days DI
Kermorgant et al., 2019 MCAv, TFA (VLF, LF), Mxa 12 men 21 days 6° HDT

ACAV, anterior cerebral artery velocity; ARMA, autoregressive moving average; CBFV, cerebral blood flow velocity; CFR, cerebral to femoral flow ratio; CR, cerebrovascular
resistance; DI, dry immersion; HDT, head-down tilt; HF, high frequency; LF, low frequency; MCAv, middle cerebral artery velocity; Mxa, autoregulatory index; PCAv, posterior
cerebral artery velocity; Pl, Gosling pulsatility index; Qca, middle cerebral artery mean flow velocity; Rca, cerebral artery resistance index; rCBF, loco-regional cerebral
blood flow; Rl, Pourcelot resistance index; S/D, CBFV systolic/CBFV diastolic; TFA, transfer function analysis; VLF, very low frequency.

presenting presyncopal symptoms had a drop in middle cerebral
artery velocities indicating an impaired CA. An increase in
middle cerebral artery velocity has also been observed in 10
subjects at during 10° HDT, which was restored at the end of the
experiment (Savin et al., 1995). Heckmann et al. (1999) did not
find any significant changes in CBFV measured by transcranial
Doppler sonography but an increase pulsatility index after 1-
min 80° HDT in 13 healthy volunteers. In a 4-day of HDBR
study, no major changes were observed in dynamic CA in eight
healthy volunteers during head-up tilt (Arbeille et al., 1998). The
same authors did not find any significant changes in cerebral
perfusion in men in a 42-day HDT despite an increase in cerebral
artery resistance index and a decrease in middle cerebral artery
mean flow velocity during the early phase of HDT (4-5 days)
(Arbeille et al., 2001). Another study performed in eight healthy
women showed that cerebrovascular resistance was preserved
during and after a 7-day HDBR suggesting an unaltered CA.
In this study, five of eight women who presented orthostatic
intolerance had a time to maximum decrease in cerebrovascular
resistance larger than the three women who did not, suggesting
that some differences in CA may be related to orthostatic
intolerance (Pavy-Le Traon et al., 2002). Consistently, Yasumasa

et al. (2002) found an elevated CBFV in eight men, measured by
transcranial Doppler, during the early phase (first 6 h) of 6° HDT.
Moreover, a 60-day HDTBR study demonstrated that among 24
healthy women, those who exhibited few changes in orthostatic
tolerance presented a preserved dynamic CA, determined by
autoregressive moving average (Greaves et al., 2007). Also, Geinas
et al. (2012) did not observe any significant changes in CBFV in
21 healthy young adults, even after severe changes in posture (90°
HDT), although ABP was elevated compared to supine position.
Similarly, a 18-day HDBR study performed in 14 healthy adults
depicted a decrease in transfer function gain. These findings
stated an improved dynamic CA (Jeong et al., 2014). Yang et al.
(2015) found in 10 subjects an elevation in CBFV after acute
consecutive exposure to randomized 10°, 25°, and 55° HDT;
however, an autoregulatory correction index was applied in this
study and revealed a modified but an unimpaired cerebrovascular
autoregulation. Moreover, a recent work in 12 healthy male
subjects who underwent 21 days of HDBR showed that
autoregulatory index Mxa was reduced reflecting an enhanced
dynamic CA (Kermorgant et al., 2019). Following an extensive
literature search, we found only few studies that measured CA
after DI. Kermorgant et al. (2017) demonstrated that the effects of
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3-day DI would improve CA. Indeed, a decrease in autoregulatory
index Mxa associated with an increase in the cross-spectral
phase shift were observed in 12 healthy male subjects. Ogoh
et al. (2017) showed in the same study that DI affected
both anterior and posterior cerebral vasculature, but did not
provoke a heterogeneous CBF response in each cerebral artery
(internal carotid, external carotid, common carotid, and vertebral
arteries) measured by Doppler ultrasonography. As previously
suggested for spaceflight, one suggestion for CA improvement is
that microgravity could increase the responsiveness of cerebral
vascular smooth muscle to changes of transmural pressure
(Iwasaki et al., 2007). However, plasma volume may also play a
key role in this enhancement. Indeed, previous authors found
that a diminution in plasma volume provoked a reduction in
transfer function gain (corresponding to an enhanced CA), while
when plasma volume was restored by volume loading, transfer
function gain was increased (corresponding to an impaired CA)
(Ogawa et al,, 2007, 2009; Jeong et al, 2014). Consistently,
several studies showed a reduction in plasma volume both in
HDBR (Convertino et al., 1990; Iwasaki et al., 2000; Belin de
Chantemeéle et al., 2004) and in DI (Navasiolava et al., 2011b;
de Abreu et al., 2017).

However, although Zhang et al. (1997) did not observe any
significant modifications in CBFV in 12 subjects. The authors
documented an impaired CA reflected by a greater decline
in CBF during lower body negative pressure after 2 weeks of
HDBR. They also speculated that impairment of CA may be
involved in orthostatic intolerance after bed rest. Sun et al.
(2001) performed a 21-day HDT study with or without the
effects of lower body negative pressure in 12 healthy male
subjects in order to investigate potential changes of CBF. Six
of twelve subjects were allocated in control group (without
lower body negative pressure) and they exhibited an increase
in cerebral vascular resistance and a decrease in CBF measured
by rheoencephalogram. They further showed, a diminution
in CBFV measured by transcranial Doppler sonography, on
the last day of a 4-day HDT study conducted in eight
healthy male volunteers. The same authors further identified
a reduction in CBFV determined by transcranial Doppler
technique in 12 healthy male volunteers during a 21-day 6°
HDTBR study (Sun et al., 2005). Yao et al. (2001) confirmed
these previous reports with a 21-day HDT study performed
in six healthy male. Indeed, they described in these subjects
a reduced systolic blood velocity of both side middle cerebral
artery and mean blood velocity of right middle cerebral artery.
Moreover, Yang et al. (2011) found changes in cerebrovascular
functions in six healthy male subjects after a 4-day HDT
with reductions in CBFV, pulsatility index, resistance index,
and S/D (corresponding to CBFV systolic/CBFV diastolic). All
these parameters returned to basal values after HDBR. Similar
findings were observed with a reduction in CBFV, measured
with phase-contrast magnetic resonance imaging, in nine healthy
male subjects after short-term exposure (~4.5 h) to randomized
6°, 12°, and 18° HDT angles (Marshall-Goebel et al., 2016).
The mechanisms involved in this impairment remain unclear.
However, alterations in CA may be explained by a potential
rise in ICP. Indeed, Kermorgant et al. (2017) found that

ICP (indirectly measured by optic nerve sheath diameter) was
negatively correlated with the autoregulatory index (Mxa) and
coherence after 3-day DI in healthy volunteers. Despite an
overall improvement in CA, subjects with low values of optic
nerve sheath diameter (corresponding to low values of ICP)
presented a better CA than subjects with high values of optic
nerve sheath diameter (corresponding to high values of ICP).
Moreover, it has been shown that patients with head-injury
with the presence of an elevated ICP presented an impaired
CA (Czosnyka et al, 2001). However, many studies showed
that pronounced HDT led to a rise in ICP. Chin et al. (2015)
showed that 3 min Trendelenburg position (corresponding to
~30° HDT) were sufficient to induce an elevation in optic nerve
sheath diameter compared to supine position in anesthetized
patients. Another study performed in healthy subjects showed
an elevation in optic nerve sheath diameter after 5 h in 18°
HDT position (Marshall-Goebel et al., 2017). Petersen et al.
(2016) also demonstrated in ambulatory neurosurgical patients
that ICP (measured directly by tip-transducer) was significantly
increased with HDT (10°: 14.3 mm Hg and 20°: 19.0 mm Hg)
compared to supine position (0°: 9.4 mm Hg). Animal models
may provide further explanations. Indeed, tail-suspended rat
model is an efficiency method to reproduce major physiological
changes observed in space flight, just as long-term bed rest
(Morey-Holton and Globus, 2002; Morey-Holton et al., 2005;
Carpenter et al., 2010; Chowdury et al., 2013). Studies performed
in hindlimb suspension in rat showed that this alteration
can originate from several factors including, an elevation in
cerebrovascular resistance accompanied by a reduction in blood
flow, hypertrophy phenomenon, a rise in myogenic tone. and
vasoreactivity in cerebral arteries (Geary et al., 1998; Wilkerson
et al,, 1999; Morey-Holton and Globus, 2002; Morey-Holton
et al,, 2005; Lin et al., 2009).

CONCLUSION

Either in spaceflight or in ground-based model of microgravity,
most of short-term studies show a preserved or even an
improved CA. However, long-term studies depict an impairment
in CA. One of the main reasons for the discrepancy may
depend on baseline orthostatic tolerance. Indeed, it would
seem that subjects who are orthostatically tolerant have a
preserved or even an enhanced CA. In contrast, subjects who
are orthostatically intolerant would present an impaired CA
(Blaber et al., 2011). These differences can also be attributed
to the methods used to assess CA and the interpretation
of each measure should be made cautiously (Tzeng et al,
2012). Furthermore, as highlighted by Armstead (2016) and
Zhang and Hargens (2018), none efficient methods exist to
accurately measure CBFV. The assessment of CA should
be compared by gender. In fact, several studies showed
gender differences in CBFV (Ackerstaft et al., 1990; Marinoni
et al., 1998), cerebral vasomotor (Karnik et al., 1996) and
cerebrovascular reactivities (Kastrup et al., 1997), CA both
in young and old adults (Wang et al, 2005; Deegan et al,
2009). Moreover, regional differences were observed between
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anterior and posterior cerebral circulation and this should
have been taken into account during the assessment of CA
(Roth et al., 2017). Petersen and Ogoh (2019) also suggested
that dynamic CA could be over- or underestimated due to
the fact that gravitational stress may alter regional arterial
pressure and ICP/CPP differently. Additional studies are
needed in order to determine more accurately the impact
of microgravity on CA. Finally, although residual effects of
gravity remain, HDBR and DI could be considered as robust
ground-based analogs to spaceflight for studying CA in humans
during microgravity.
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