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Cardiovascular Physiology and Fluid

Shifts in Space

Aya Hesham Sayed and Alan R. Hargens

The Cardiovascular System on Earth
and in Space

General Concepts of the Circulatory System
on Earth and in Space

Supplying whole cells with essential nutrients such as oxy-
gen to maintain the different cells and tissue compartments is
an important role of the cardiovascular system (CVS).
Oxygen diffuses from the lungs via the CVS to the brain and
all tissues of the body. Hormones are also distributed in the
body by blood flow. During rest, approximately 5 1/min of
blood is pumped through the vascular system. Blood is
pumped from the left ventricle into the arteries which feed
the whole body. On average a person spends 70% of his or
her day in an upright position. The pressure difference from
the level of the heart to the feet is 100 mmHg during standing
(Fig. 2.1). Consequently, the blood tissue fluid distributions
are affected by gravity [1]. The body needs the heart’s
“pump” to push enough arterial blood upward to the head to
overcome gravity. It also needs other mechanisms in the
veins and arteries of the lower body to prevent pooling or
retrograde flow of blood in the direction of the gravitational
force. Moreover, any changes in the body position will affect
the hydrostatic pressure gradient induced by gravity. For
instance, if one changes position from a supine to an upright
posture, temporal dizziness or pre-syncope may be produced.
This is because of a sudden, temporal decrease in blood pres-
sure in the head and upper parts which is rapidly compen-
sated by the baroreceptor reflex and myogenic mechanisms.
The baroreceptor reflex is an effective way to regulate heart
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activity and vascular peripheral resistance, keeping the arte-
rial blood pressure within a normal range all the time [2].

The goal of this chapter is to understand CVS mecha-
nisms of adaptation to space and the importance of these
adaptations to the central nervous system. During human
spaceflight, the force of gravity is lost [2] so the blood redis-
tributes from the lower extremes to the thorax and brain, thus
producing a pufty face and swollen jugular veins, unweight-
ing of skin and internal organs [3], and increasing intracra-
nial and vestibular pressures generated by the headward shift
of body fluids [2]. Moreover, the heart is affected during
spaceflight and may be prone to arrhythmias or alterations in
the normal sequence of the electrical impulses responsible
for atrial and ventricular contraction [4]. Common arrhyth-
mias involve atrial or ventricular fibrillation (disorganized
regional depolarization), bradycardia (slower than normal
heart rate), tachycardia (faster than normal heart rate), pre-
mature contraction, and other conduction problems [5].
Arrhythmias make the heart pump less efficiently, increasing
the risk of sudden cardiac arrest, stroke, cardiovascular dis-
eases, and dementia [6].

Seventy-five arrhythmias and 23 conduction disorders
were recorded by the Russian Federation to NASA, includ-
ing a 14-beat episodes of ventricular tachycardia with a max-
imum frequency of 215 bpm [7]. Electrolyte disruptions,
abnormalities in the autonomic nervous system, and altera-
tions in the mass of the cardiac chambers may be causative
factors for these cases, but the exact mechanism remains
unknown. Moreover, these risks increase during long-term
spaceflight [6].

Basic Concepts of Blood-Brain Barrier

The CNS is vascularized by capillaries which are highly
impermeable, called the blood—brain barrier (BBB). These
capillaries are essential for providing oxygen and nutrients
and for the elimination of carbon dioxide and waste products
from neural tissues. The BBB allows the CNS to manage the
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Fig. 2.1 Fluid shift; preflight
(left) the lower extremities are
easily supplied by blood due
to the work of gravity. Early
in-flight the blood begins to

Pre-flight (1G)

shift from the lower 70
extremities to the upper body
causing “puffy face”
[Reproduced with permission
from Hargens et al., 2009] [8]
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movement of different ions, molecules, and cells between
the blood and neural tissues. This barrier is essential to pre-
serve brain homeostasis for normal neural activity in the
CNS and also saves the tissue from diseases related to BBB
dysfunction which may occur during space missions [9, 10].

The BBB exists in all brain regions except at circumven-
tricular organs [10]. A physical paracellular barrier is formed
by tight junctions (TJs) between brain endothelial cells
(BECs) [11]. TJs consist of claudins, occludin, and zona
occludens and seal the paracellular path between BECs
creating a high trans-endothelial cell electrical resistance
(TEER) barrier impeding the harmful substances from cross-
ing the BBB [12, 13]. Those tight junctions are polarized into
luminal (blood-facing) and abluminal (brain-facing) plasma
membrane domains. The TJs are linked with adherens junc-
tions (AJs), which sit abluminal to tight junctions and consist
of VE-cadherin dimers that facilitate cell to cell membrane
adhesion and bind to the actin cytoskeleton through catenins
[14]. In addition, TJs induce a high TEER and reduce para-
cellular diffusion to a greater extent than AJs. Additionally,
there are astrocytes which are highly branched cells with
small bodies found in white matter (fibrous astrocytes) and
gray matter (protoplasmic astrocytes), their podocytes not
only encircle nerve fibers and neuronal somas (respectively)

Microgravity
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but also surround the abluminal surface of the capillaries.
Then, the processes are called perivascular end-feet [10].
BECs lack fenestra and express low levels of transcytosis
producing a transcellular barrier to the dissolved hydrophilic
molecules [13]. These paracellular and transcellular barriers
help to transfer molecules between the blood and the brain
by special transporters. Commonly, these transporters fall
into two groups. First, efflux transporters, such as Pgp and
BCREP, are represented on the luminal membrane and use the
energy (from ATP hydrolysis) to efflux small hydrophobic
molecules toward their blood concentration gradients, thus
providing a barrier to many small non-polar molecules that
could passively diffuse via the cell membrane [15]. Second,
BECs have nutrient transporter which pass substrates (such
as Glut-1/glucose, Lat-1/amino acids) down their concentra-
tion gradients into the brain, supporting the neural tissue
with important nutrients [9, 15]. BECs also represent low
rates of leucocyte adhesion molecules (LAMs), thus reduc-
ing CNS immune surveillance by blocking the binding of
immune cells to BECs and their movement to the CNS
(Fig. 2.2) [16]. BECs also have unique metabolic properties
such as “metabolizing molecules” that change their capacity
to diffuse or be transported [17]. A high concentration of
mitochondria is found in BECs relative to peripheral endo-
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Fig. 2.2 The neurovascular unit (NVU). (a) The NVU defines all the
components that communicate at the interface between the blood and
the CNS. ECs (blue) create the blood vessel walls and interact with
pericytes (green) in the vascular abluminal surface, together are en-
sheathed by astrocyte processes (orange). Neurons (light red) and
microglia (purple) interact with the vasculature to form the NVU. (b)
The TJs consist of transmembrane proteins such as claudins [5, 12],

thelial cells (PECs) in order to satisfy the energetic demand
for BBB.

There is a similar membrane barrier that serves as an
interface between blood and cerebrospinal fluid, called the
blood—cerebrospinal fluid barrier. It is similar to the blood—

occludin, and junction adhesion molecules (JAMs). Adherens junctions
and TJs are attached to the actin cytoskeleton by ZO-1, -2, and -3. (¢)
Low rates of vesicular transport limit transcellular movement of non-
specific molecules from the blood to the brain. ECs express a variety of
transporters, both to efflux potential toxins (Pgp, BCRP, MRPs) and to
deliver specific nutrients to the brain (glut-1/glucose; lat-1/amino acids;
Mct-1/lactate) [Reproduced with permission from Elsevier] [9]

brain barrier in the following: endothelial cells in the capil-
lary beds, circumferential basement membrane across the
abluminal domain, and astrocytes on the abluminal surface
(perivascular end-feet) in the capillaries [18]. But, unlike the
BBB, it has fenestrated endothelial cells(ECs) which is
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relatively leaky and more permeable to water, gases, and
lipophilic substances from the blood to the CSF [19]. In
addition, there are choroidal epithelial cells which produce
cerebrospinal fluid. So if the brain is dehydrated, the CSF
becomes a source of fluid to rehydrate it [20].

Adaptations to Microgravity

The differentiation between the fluid transition itself and the
response to this shift provides two timeframes for physiolog-
ical alteration. First, the immediate changes produced by the
absence of the gravitational force are indicated as acute
adaptations in the following section. Second, the consequent
adaptations to these changes will be defined as long-term
adaptations below [1].

Acute Adaptations and Microgravity-Induced

Fluid Shift

The impact of spaceflight begins several hours before the
liftoff when the astronauts are in their position in the shuttle,
lying on their backs with a 90-degree hip and knee flexion
(see Fig. 2.3). This supine position stopped the blood from

pooling into the legs during the ascent, which may lead to
syncope in serious situations, and also indicate what will
happen in microgravity of moving the blood from the lower
parts to the head and upper parts of the body. About two-
thirds of space crew members report headache, malaise, leth-
argy, anorexia, nausea, vomiting, and gastric pain within the
first few hours or days of spaceflight [21]. In addition, loss of
hydrostatic pressures increases intraocular pressure (IOP)
and induces facial edema “puffy face” and distension of tem-
poral, forehead, and neck veins, resulting in cephalad fluid
shift [8].

After entering weightlessness, astronauts suddenly feel
the fluid pooling within seconds without depending on visual
or physiological indicators. All the symptoms are noticed
visually without physical measurements and are complete
within the first 6-10 h of flight [1, 22]. The higher concentra-
tions of fluid in the upper body are experienced through a
feeling of fullness in the head and discomfort in the sinuses
and eyeballs, the same as felt in nasal congestion during a
cold. Smell and taste diminished as they used to during flu,
and non-verbal contact between subjects may happen as
facial expression is impaired [1]. The change in the thickness
of superficial tissues can be assessed to determine the appar-

Fig. 2.3 The supine legs up posture is very common for launches (courtesy of NASA)
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ent fluid change [23]. Consequently, the thickness in the
forehead increased by 7%, reflecting an increase in fluid vol-
ume of around 2 L in the upper body [11]. In the first 4 days
in space, the leg circumference falls by up to 30% to the
degree that remains quite low for the rest of the mission and
may include “chicken-leg syndrome” 1.5 years later [10, 12].

Interestingly, heat transmission is also affected by fluid
shifts. As convective and evaporative heat loss reduces in
weightlessness, radiative heat loss in space becomes much
more significant than on earth. In space, more than 30% of
the heat exchange between the body and the atmosphere
happens at the head and neck because of increasing the blood
volume in this part of the body [24].

Long-Term Adaptations

Upon the sudden decrease of gravity in space [2], the cardio-
vascular system develops primary reactions to deal with the
short-term rise in thoracic length or spinal curvature. This
rapid response involves a reduction in the heart rate, as well
as a dilation of the lower limb arterioles to reduce peripheral
resistance, hence decreasing mean blood pressure [1].

After that, arranging a new set-point is a way for the car-
diovascular system to adapt to the long-term stimuli. Due to
the high blood filling of the thorax, the body become over-
loaded with fluid, inducing a reduction in the blood volume.
This is an acceptable way to adapt to microgravity, but results
in a fluid volume that is considered hypovolemic condition
on Earth [25]. It is indicated by the reduction in stroke vol-
ume and plasma-atrial natriuretic peptide (ANP) levels [26].
The mechanism of volume reduction involves stretch recep-
tors in the intrathoracic vessels and heart [27]. Higher

amounts of fluid in the thorax cause greater filling of blood
vessels, which activates the stretch receptors that activates
baroreflexes, resulting in suppression of the renin—angioten-
sin—aldosterone pathway, and produces ANP [28]. Together,
these processes decrease the blood plasma volume of approx-
imately 10%—15% [29]. In addition, the reduction in plasma
volume does not arise from elevated diuresis or natriuresis,
but rather likely from decreased interstitial pressure in lower
body and increased vascular pressure in the upper body, both
which facilitate transcapillary fluid flow through the intersti-
tial upper body [30] (Fig. 2.4). In addition, reduced plasma
volume increases the concentration of circulating red blood
cells (RBCs), which in turn allows the body to destroy newly
released RBCs to preserve the homeostatic equilibrium [31].
Moreover, long-duration spaceflight probably decreases both
systolic and mean arterial pressures, giving rise to a 10% rise
in carotid diameter and cardiac output [6].

Long-term adaptations include the challenges facing the
body upon return to Earth [32]. The effects of sustained
exposure to microgravity and adaptation of the cardiovas-
cular system to loss of gravitational stimulus are starting to
appear [33]. The issues include dizziness, sweating, pre-
syncope, decreasing blood flow to central nervous system,
and, above all, orthostatic intolerance. This condition is
characterized by elevated heart rate and decreased systolic
pressure and may lead to faint due to hypovolemia [34].
Hypovolemia of the cardiovascular system significantly
decreases exercise capacity experienced by returning astro-
nauts and decreases VO2max (maximum amount of oxygen
that can be used—the standard indicator for exercise capac-
ity) which is a consequence of decreased intravascular

Lymphatic
vessel

Lymphatic
vessel

1-G Conditions

Fig.2.4 Changed capillary transmural pressure (blood to tissue) due to
weightlessness. The arterial pressure (Pa), venous pressure (Pv), trans-
mural pressure (Pt), and interstitial fluid to lymph pressure gradient
(Pil) are shown, with larger arrows indicating greater pressure gradi-
ents. 1-G conditions represent relative values on Earth. In microgravity,
the loss of tissue weight reduces tissue hydrostatic pressure, therefore

Microgravity

inducing higher transmural pressure which can cause edema. Lymph
flow depends mainly on tissue deformation and local hydrostatic gradi-
ents but may be reduced in space. Arterial flow depends on the input
arterial pressure Pa. Capillary hydrostatic pressures are regulated by
pre-capillary sphincter activity and myogenic responses [Reproduced
with permission from Hargens et al., 2009] [8]
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blood volume and reduced stroke volume and cardiac out-
put [35]. Of note, long-term spaceflight has led to cardiac
remodeling, in other words, atrophy. Moreover, decreasing
mass and size of the left ventricle have also been confirmed
post-flight [36].

Circulation and the Central Nervous System
Endothelial Dysfunction

Endothelial cells are a major factor maintaining vascular
integrity, angiogenesis, and many homeostatic functions in
the body. Moreover, ECs improve secretive, synthetic, meta-
bolic, and immunological activity. The endothelium of the
CNS vasculature plays a vital role in the maintenance of nor-
mal CNS function. In the brain, spinal cord, and peripheral
nerves, the blood vessels are distinguished by endothelial
tight junctions that maintain a restrictive blood—brain barrier.
This advanced adaptation ensures the adequate ion and water
balance required for normal neuronal transmission inside the
CNS [37]. In addition, the endothelium releases antithrom-
botic and fibrinolytic factors to prevent the blood from the
formation of thrombi and emboli. ECs also help form new
blood vessels (angiogenesis) as protagonists molecules,
leading to functional capillaries. Finally, ECs efficiently reg-
ulate vasomotor reactions through the synthesis and metabo-
lism of vasoactive molecules acting on smooth muscle cells
such as endothelin-1 (ET-1), nitric oxide (NO), and angio-
tensin II (Angll). They also regulate the proliferation of
smooth muscle cells [38—40].

Arterial vessels differ from venous vessels in terms of the
structure and function of their ECs in micro- and macro-
blood vessels. Moreover, the endothelium of the cerebral cir-
culation, the major component of the BBB to protect the
brain from harmful substances, deserves special emphasis.
The BBB has uniformly tight junctions and differs from both
fenestrated endothelium as cells have pores and discontinu-
ous endothelium where cells have intracellular and transcel-
lular discontinuities [38].

Endothelial dysfunction is sometimes caused by altered
activity of the endothelium by decreased vasodilation, pro-
inflammatory state, and prothrombic processes. It is associ-
ated with many causes of cardiovascular diseases, such as
hypertension, coronary artery disease, chronic heart failure,
peripheral vascular disease, diabetes, and chronic kidney
failure. Mechanisms that engage in decreased vasodilatory
responses involve reduced production of nitric oxide, oxida-
tive overload, and reduced development of hyperpolarizing
agents [41].

Endothelial dysfunction sometimes occurs from distur-
bances in the balance of pro-oxidant and anti-oxidant

amounts due to lack of physical activity such as with space-
flight [42]. Reduced daily exercise in space is also associated
with the incidence of insulin resistance, which is closely
associated with endothelial dysfunction in individuals with
diabetes [43]. Endothelial dysfunction is evident in animals
exposed to high-energy ionizing radiation. Dysfunction of
ECs is sustained for 2 weeks to 6 months after radiation
exposure [44]. Whether endothelial dysfunction associates
with radiation exposure in spaceflight is not well understood,
but there appears some evidence that radiation and micro-
gravity exposures may elicit more damage to ECs [45].

As mentioned above, proper brain activity relies on an
intact BBB. For example, despite its small mass, the brain
consumes about 20% of the oxygen intake through the body
[46]. There is evidence that the brain vasculature is destroyed
by high-dose low-LET radiation during space missions [47]:
vascular lesions are common in areas of radiation necrosis in
irradiated humans and non-human primates [48, 49]. Rodent
studies also demonstrate strong consequences of low LET
radiation. For example, a cranial X-ray dose of 9 Gy contrib-
uted to a decrease in hippocampal micro-vessel volumes at
2 days, which lasted to 1 month after exposure to 8-month-
old male mice. Similar results were also recorded in rats
1 month after 10 Gy of cranial irradiation [50-52].

Previous ground-based research has shown that simulated
microgravity and ionizing radiation triggered chronic endo-
thelial dysfunction and BBB disturbance leading to mal-
adaptive tissue remodeling [9]. Ionizing radiation is an
important endogenous factor in inducing neuroinflamma-
tion, by causing a cellular damage in the brain [53]. This
figure illustrates the role of inflammatory and immune reac-
tions in the presence of radiation-induced cognitive deficits
(see Fig. 2.5). In vitro models also showed that changes in
BBB integrity were observed after much lower doses (4 Gy).
These changes were long-lasting and followed by increased
permeability for low- and high-molecular-weight proteins
[53]. Morphologically, an endothelial layer rarefaction was
seen, which could open the endothelial tight junctions,
despite the reality that no gross changes were detected in the
immuno-labeling of the tight junction protein panel (ZO-1,
claudin-5, and occludin) [54]. Thus, all these processes
induce endothelial dysfunction and BBB disturbances.

Despite these data, there is a relative lack of research on
low-dose or high-LET radiation on brain vascular effects
[49]. Interestingly, using a 3D human brain microvascular
endothelial cell culture model, 1 Gy Fe and protons (both at
1000 MeV/n) affect vascular synthesis and proliferation,
suggesting that regeneration of injured vessels may be
impeded after radiation exposure [55].

Total peripheral vascular resistance decreased during
spaceflight [26], although there is evidence of increased
sympathetic nervous activity by increased catecholamine
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Fig. 2.5 In the healthy brain (left part), neurons secrete CD47, CD55,
CD20, and CX3CL1, which maintain adjacent microglial cells. In the
irradiated brain (right part), neurons secrete pro-inflammatory cyto-
kines, which activate microglia (a). In microglia, radiation-induced
DNA damage through the NFKB pathway activates microglia (MHC,
CD68 upregulation) and secretes pro-inflammatory cytokines (a).
Damaged neurons secrete high-mobility group protein 1 (HMGBI)
extracellular, which is a ligand for TLR4. Damaged neurons also
express calreticulin, sensed by activated microglia and induces phago-

levels, which could trigger arterial stiffness [56]. As noted
above, amounts of the renin—angiotensin—aldosterone hor-
mones increase during spaceflight [43]. Angiotensin II and
aldosterone are strongly involved in mechanisms that
increase arterial stiffness by endothelial dysfunction, activa-
tion of collagen production, remodeling and hypertrophy of
matrixes, and proliferation of smooth muscle vascular endo-
thelial cells [57]. In addition, higher insulin resistance may
increase glycation end products, including cross-bridge for-
mation in the extracellular vascular matrix, adversely affect-
ing arterial structure and function [58].

Importantly, endothelial gap junctions are kept locked by
the combined pressure of the interstitial fluid in the brain and
intracranial capillary pressure. A study has suggested that
during 1-G the hydrostatic pressure is transferred from the
brain to the capillaries, leading to raise the pressure required
to close endothelial cell junctions. Thus the brain cannot
contribute its weight to keep the balance of the pressure dur-
ing spaceflight, causing capillary filtration into the interstitial
fluid [59]. The brain is surrounded by a cranial vault, so its
compliance is very low. As a result of the inability of these
tissues to quickly extend their interstitial volume, compara-
tively minor increases of transcapillary fluid filtration cause
large increases in interstitial fluid pressure. This, in particu-

cytosis of damaged and healthy neurons (b). Irradiation increases the
secretion of CCL2 that is a chemoattractant for CCR2-expressing
peripheral macrophages, which penetrate the BBB (c¢). Radiation
increases intercellular adhesion molecule 1 (ICAM-1) and P-selectin on
brain microvascular ECs. Peripheral lymphocytes and monocytes
adhere to these ECs and transmigrate through the micro-vessel wall (d).
Pro-inflammatory signals and HMGB1 activate brain-residing dendritic
cells, which migrate to regional lymph nodes and induce immune reac-
tions (e) [licensed under CC BY 4.0] [54]

lar, decreases the gradient of transmural vascular pressure
and physically compresses capillaries, therefore limiting the
perfusion of nutrient tissue due to cerebral edema [60].

CSF Hydrodynamics and Brain and Neck
Venous Congestion

CSF Hydrodynamics Circulation on Earth
and in Space
Cerebrospinal fluid (CSF) is secreted from choroid plexuses
of ventricles (90% by lateral ventricle), a little amount is
formed around cerebral vessels and from ependyma cells lin-
ing the ventricles [61]. The CSF circulates around the brain
and spinal cord [62]. Its main role is to protect the brain
against trauma acting as “water jacket” around it; it also
keeps the volume of fluid inside skull constant and therefore
maintains a constant intracranial pressure [63] (Fig. 2.6).
During long-term spaceflight, the volume of CSF spaces
increase, including the subarachnoid space, causing visual
impairment and eye-structural changes [64]. Van Ombergen
et al. indicated in an MRI study that there is loss of brain
white and gray matter volumes and changed volumes of CSF
spaces. Cosmonauts’ MRI data was collected preflight, post-
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Fig.2.6 The traditional circulation of CSF begins from lateral ventricles
and flows toward third ventricle >> fourth ventricle >> subarachnoid
space. From here it flows around brain or around spinal cord. Then it
drains into the arachnoid projections, especially into the superior sagitta
sinus [63] [licensed under CC BY 4.0]

flight, and at follow-up for 7 months after returning to Earth.
The results showed a significant difference between preflight
and postflight values for all supratentorial ventricular spaces,
ventricular CSF volume was increased after spaceflight in
supratentorial ventricular structures (i.e., lateral and the third
ventricles), while the infratentorial fourth ventricle was not
significantly enlarged. The superior sagittal sinus and
Pachioni’s granulations (responsible for the most of CSF
resorption) were compressed due to the upward fluid shifting
[11], leading to a generally reduced CSF resorption [65].
Interestingly, these changes are sustained as long as 7 months
after spaceflight [65].

Another study proved that changes in thoracic and
abdominal cavity pressures are dominant regulators of CSF
dynamics [66]. During Forced inspiration, the CSF is shifted
toward head and brain ventricles against the hydrostatic pres-
sure, while the venous outflow is shifted from the brain and
cranial cavity toward the heart and therefore counterbalance
the CSF upward. Both the fluid systems are in balance to
keep the intracranial volume constant [67]. In contrast, dur-
ing deep expiration CSF moves toward the spinal lumbar
region, facilitated by hydrostatic forces [66]. Microgravity
and hydrostatic pressures are affecting these downward sys-
tems, so the net result is shifting the CSF upward and widen-
ing the intracerebral CSF spaces. Forced deep expiration can
be a way to mitigate the changes made by microgravity [68].

Increased ICP and ventricular volumes leads to a compres-
sion of cerebral blood vessels and enhances vascular resistance,
causing a reduction of cerebral blood flow [69]. The fluid shift
may cause a clinical syndrome called visual impairment intra-
cranial pressure (VIIP) syndrome or spaceflight-associated
neuro-ocular syndrome (SANS) [70]. It was indicated that
VIIP or SANS is associated with choroidal folds, optic disk
edema, hyperopic visual shift, and a risk of permanent visual
acuity changes (discussed in section “CSF Hydrodynamics and
Brain and Neck Venous Congestion”) [21].

Brain and Neck Venous Congestion

There are many factors that contribute to the elevation of
intracranial pressure, including microgravity and changes in
intrathoracic and abdominal cavity pressures (as mentioned
in Section “Adaptations to Microgravity”). Inhibiting venous
drainage from the skull is also a leading cause for ICP eleva-
tion. This may be a result of cephalad fluid shift in micro-
gravity or increasing central venous pressure (CVP) [71],
which may reduce the CSF and lymphatic drainage from the
cranial cavity [72].

IJV cross-sectional area and flow are influenced by both
cardiac and respiratory cycles and are affected by posture, ana-
tomical differences, jugular valve incompetence, and changes
in central venous pressure. On Earth, during standing position,
venous pressure is affected by venous hydrostatic pressure and
the IJVs act as a protective system that stops extreme negative
ICP during collapsing (Starling resistors). Previous study
showed that normal IJV blood flow changes during space-
flight. Pressure in the IJV increased during brief periods of
weightlessness in parabolic flight [72]. It was observed that
the IJV pressure remained elevated in the ISS during long-
term spaceflight. This finding was supported by previously
measured increases in ICP and central venous pressure during
exposure to microgravity and cephalic fluid shifts [73].

During microgravity, astronauts are exposed to constant
cerebral venous congestion with the ability to develop stag-
nant venous blood flow. Virchow triad identifies three main
factors that lead to thrombosis: flow stasis, hypercoagulabil-
ity, and endothelial injury or dysfunction. Blood flow stasis
induces many thrombotic factors such as local hemostasis-
activation factors and blood cell-endothelium interaction
and creates local hypoxia-induced endothelial activation
[74]. So the constant stagnation of blood flow in the IJV
increases risk for thrombosis during weightlessness.
Although during astronaut selection process, extensive
medical screenings are performed to ensure they are healthy
individuals. Notably, oral contraceptives are considered a
risk for thrombosis during space missions. Estrogen-
containing contraceptives are commonly used in human
spaceflight for menstrual suppression [75]. The combina-
tion of oral contraceptives and weightlessness-induced
blood flow stasis in the IJV during spaceflight leads to
increased risk thrombosis formation [76].

Space Adaptation Syndrome (SMS)

Space motion sickness (SMS) occurs in 67% of the astro-
nauts. Two hypotheses can explain SMS: the sensory conflict
hypothesis and the most potential, fluid shift hypothesis [77].
The symptoms of SMS include headache, pallor, malaise,
loss of appetite, nausea, vomiting, and loss of peripheral
vision. The fluid shifting also causes cerebral and visible
facial edema due to the filtration of fluid into tissues [71, 78]
and may increase the ICP, the cerebrospinal fluid pressure, or
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the inner ear fluid pressures, affecting the functional proper-
ties of the vestibular receptors [77]. SMS leads to reduced
astronaut performance, reduces situational awareness, and
threatens the safety of the crew members [79].

Visual Impairment Intracranial Pressure

Syndrome

Spaceflight affects the visual acuity negatively especially
during long-term missions. It has been reported by Mader
et al. [80] that the crew members after 6 months on the
ISS had anatomical ophthalmic alterations such as optic
disk edema, posterior globe flattening, choroidal folds,
cotton wool spots, thickening of retinal nerve fiber layer
(RNFL), and reduced near vision and hyperopic shifts.
Unfortunately, some vision alterations persist for years
after the space flights, although the relation between
severity and duration mission remains unclear [21]. To
date, 15 long-term male astronauts have been diagnosed
with inflight and postflight visual acuity alterations and
vision anatomical disorders [81].

Many hypotheses explain the VIIP pathogenesis. For
instance, if subarachnoid pressure moves from the intracra-
nial to the intraocular compartment through the peri optic
subarachnoid space, it can lead to optic nerve sheath disten-
sion and disk edema [80, 81]. The chronic and mild increase
in ICP leads to elevated pressure gradient across the lamina
cribrosa, that may cause posterior-globe flattening, disk
edema, choroid folds, and a hyperopic shift [80, 82]. In
addition, elevated cabin CO,, high-salt diet, and resistive
exercise are considered potential secondary contributing
factors [83]. But the exact reason and pathogenesis for VIIP
is still unclear. Kramer et al. [84] observed that the upward
fluid shifting in microgravity which led to intracranial and
intra-orbital hypertension is similar to idiopathic intracra-
nial hypertension (IIH) (also called pseudotumor cerebri).
However, some authors suggest that elevated ICP is not the
only cause of VIIP, because the astronauts had not experi-
enced many clinical symptoms of IIH such as chronic
hypertension [84].

Integrated Physiologic Countermeasures
Artificial Gravity

Artificial gravity (AG) is an effective countermeasure for the
effects associated with weightlessness, either by using cen-
trifugation with a rotating spacecraft, a short-arm centrifuge
within the spacecraft, or exercise via lower body negative
pressure [21]. A study indicated that orthostatic intolerance
caused by bed rest can be mitigated by AG [85]. However,
centrifuge-induced artificial gravity of the space stations is
still a theory due to the excessive amount of energy needed

to keep the station spinning, and it is very expensive as well
[1]. So, in order to maintain the same effective results of cen-
trifugation, we should use an early, low power, low-cost
countermeasure such as exercise within LBNP. It is an inte-
grated, non-expensive and well-tested countermeasure for
long-term spaceflights [86]. It was indicated that combining
AG with aerobic exercise has been noted effective on muscle
sympathetic nerve activity and fluid shifts, it also restores
cardiac and muscular functions as noted with centrifugation
alone [87].

Lower Body Negative Pressure
With and Without Exercise

Lower body negative pressure (LBNP) is a potential counter-
measure to reverse the cranial fluid shift associated with
weightlessness [88]. A previous study showed that during
spaceflight LBNP was associated with reducing IJV area, but
the reduction did not reach seated baseline IJV values. In
addition, the left IJV blood flow improved in 59% of LBNP
sessions during spaceflight [89]. Furthermore, a possibility
of syncope during application is a risk; thus, medical moni-
toring is warranted [90]. Notably, LBNP was associated with
improved blood flow patterns in most LBNP sessions during
spaceflight and thus may be a promising countermeasure to
blood flow stasis and thrombosis associated with spaceflight
[89]. Recently, Marshall-Goebel et al. established a head-
down-tilt (HDT) bed rest study on nine healthy males, indi-
cating that the LBNP-induced reactions such as improving
cerebral drainage and reducing CVP, CBF, and IOP make
LBNP a candidate for the study of mechanisms for the devel-
opment of VIIP [91]. LBNP alone is an effective method to
prevent some of the head-ward fluid shifts in microgravity
[92]. During exposure to LBNP, interstitial fluid pressure
decreases in parallel with LBNP chamber pressure leads to
increase in leg circumference significantly by shifting plasma
to interstitial fluids, thus reducing cerebral and facial edema
[93]. These changes affect the area around the optic nerve,
where chronic increase in intracranial, intraocular, venous,
and retinal pressures may cause visual impairment. Early
development of a simple LBNP chamber with mild negative
pressures in about 30 mmHg moves the fluids to the lower
extremes for 68 h/day on ISS [86]. Such a system is useful
while crew members are busy at work stations so that crew
operations are not interrupted [86].

Since LBNP alone offers little protection against cardio-
vascular deconditioning, combinations with treadmill
exercise have been suggested to be more efficient. This com-
bined technique mitigate the microgravity-induced effects on
human body [8]. Many studies were developed using a tread-
mill exercise protocol within LBNP during prolonged (30-
and 60-day) bed rest [94-96], they had significant effects on
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different muscles and bones such as the endurance of knee
extensor, in the non-exercise control group, decreased sig-
nificantly but was maintained in the LBNP exercise group. A
bone resorption detector was increased in the control group
(urinary n-telopeptide excretion), but was not changed in the
countermeasure group [97, 98]. Notably, cardiac mass
increased significantly in the countermeasure group, but
decreased in the control one [99]. Therefore, the treadmill
exercise within LBNP maintained plasma volume, ortho-
static tolerance within a degree (orthostatic tolerance time
decreased in women-exercise group), upright exercise capac-
ity, muscle strength, and sprint speed [100]. Applying lower
body negative pressure during HDT position provide effec-
tive results on baroreflex sensitivity and distensibility of
lower limb vessels [96]. These significant mitigations of
body fluid shifting (blood, lymph, and CSF) protect against
brain congestion and visual impairment during spaceflight.

Coagulation and LBNP

A study was conducted on 3 astronauts using LBNP, showed
that their venous blood flow changed from stagnant or reverse
(grade 3 or 4) to nominal flow (grade 1 or 2), indicating that
LBNP can acutely improve IJV flow and potentially reduce
thrombosis risk [89]. However, from another prospective, using
LBNP may activate the coagulation process and increases risk
for thrombosis. The pressure gradient produced by LBNP
moves intravascular fluid to the lower body’s extravascular
compartments and hence increases hemoconcentration level.
This increases blood viscosity and plasma protein concentra-
tions and enhances interactions between procoagulant factors
and coagulation factors, thus activating procoagulant pathway
[101]. Zaar et al. observed that exposure of healthy subjects to
10 min of 30 mmHg LBNP activates thrombin-generating part
of the coagulation system such as thrombin anti-thrombin
(TAT) complex levels. They reported that increases in TAT
level associated with LBNP is also seen in the deep venous
thrombosis patients and that the fluid shifts toward the legs is
similar to those associated with prolonged sitting during bus or
aircraft travels [102]. It was suggested that the increased sym-
pathetic activity seen in both LBNP and bleeding may induce
coagulation by activating endothelial beta-2 adrenergic recep-
tors [103]. Cvirn et al. noted that the presyncope state (associ-
ated with LBNP) can also activate coagulation. At presyncope,
plasma volume decreases and the hemoconcentration increases
leading to increased blood viscosity. Presyncope also activates
thrombin generation parameters (e.g., prothrombin fragments
1 and 2 and thrombin-antithrombin complexes) and increases
endothelial activation markers such as tissue plasminogen acti-
vator and tissue factor, as well as thrombin generation param-
eters (e.g., prothrombin 1 and 2 and thrombin-antithrombin
complexes) [104]. And all these factors generated by LBNP
can lead to thrombosis.

Sodium Intake

It is important to mention the role of sodium in diet in alter-
ing visual acuity in some degree. Astronauts eat a low-
sodium diet in attempt to avoid long-term visual damage.
The daily sodium amount in diet of astronauts is about less
than 3 g/day, because high sodium levels result in an osmotic
shift of body fluid from the interstitial to the intravascular
spaces leading to increased venous volume, congestion, and
jugular venous outflow obstruction [105].
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