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Human spaceflight started 58 years ago with the launch of the Russian
cosmonaut, Yuri Gagarin, who completed one orbit around Earth on 12
April 1961. Eight years later, 50 years ago, NASA landed the first humans,
Neil Armstrong and Edwin (Buzz) Aldrin, on the lunar surface with
Apollo 11. Since then, the longest human mission in space is 438 days
on board the Russian Space Station, Mir, by Valery Polyakov in 1995.
As of today, 574 humans have visited space. The return journey to
Mars from Earth will take 1,000 days, and there are several physiological
challenges to overcome in bringing humans safely back to Earth.

One is managing the shift of blood and fluid
into the heart and head that occurs during
weightlessness and ensuring that no harm
will occur to central nervous function and the
cardiovascular system. Another is maintaining
adequate muscle and bone strength

by efficient exercise prescriptions with
specialised equipment, designed to fit into
small vehicles and habitats. Another concern
is maintaining an efficient immune system
and supplying the crews with sufficiently
nutritious and palatable food. Finally, it is

a challenge to protect astronauts against

the long-term effects of space radiation,
particularly the effect on brain function and
the cardiovascular system.

Pumping blood in a weightless
environment

My space research career started in August
of 1978. Before that, | had been fascinated
by the Apollo program and as a high school
student during the Moon landings, | knew
all the details of the missions. This fostered
an interest in combining my medical studies
with spaceflight health issues, and in 1978

| became a student fellow in a Danish space
physiological research group using a national

grant to support scientists, who participated
in the human spaceflight programs of

the European Space Agency (ESA). We
specialised in how the cardiovascular system
and the associated regulation of fluid and
electrolyte balance adapts to weightlessness
in space.

A prominent problem was — and still is — the
magnitude of the headward blood and fluid
shift that occurs because of weightlessness
(0 G), where no gravitationally induced
hydrostatic pressure gradients exist. In 1993,
we aimed to estimate the change in central
venous pressure (CVP) in one astronaut
before, during and a couple of hours after
launch into space in the Space Shuttle to
estimate the increase in cardiac preload
caused by the fluid shift. In two previous
Space Shuttle missions, a US team had
observed — much to their and our surprise

— that CVP in three astronauts decreased

in space compared to in the supine body
position on the ground (Buckey et al,, 1996).
We observed the same decrease (Foldager
et al, 1996). This was surprising, because
the expectation had been that the fluid shift
in weightlessness would induce an increase
in CVP to somewhat above that of being 1



G supine. In both cases, CVP was measured
through invasive catheters fed into the
superior vena cava through a cubital vein
either with a fluid-filled system connected to
a transducer outside the body (Buckey et al,,
1996) or with a transducer at the catheter
tip (Foldager et al,, 1996).

Shortly thereafter, we (Videbaek and Norsk,
1997) repeated the measurements in eight
subjects during 20 seconds of O G during
parabolic flights (Fig. 1). Buckey et al. (1996)
had also observed in their three astronauts
that even though CVP decreased in space,
left ventricular end diastolic volume as
estimated by echocardiography increased;

a paradoxical result. However, our parabolic
flight data revealed the same, but we also
measured oesophageal pressure through a
balloon-tipped air-filled tube positioned via
the nasal cavity, down the oesophagus to
lodge behind the heart. Simultaneously with
the decrease in CVP, we observed an even
greater decrease in oesophageal pressure
indicating that O G expands the thoracic
cage compared to being 1 G supine. This
mechanical expansion dilates the heart and
increases transmural CVP. Cardiac preload
therefore increases in weightlessness as a
combination of an expansion of the thorax
and the head-ward fluid shift (Videbaek and
Norsk, 1997).

According to Starling’s law of the heart
(Patterson and Starling, 1914) an increase
in cardiac preload induces an increase in
stroke volume and thus cardiac output, a
phenomenon that also occurs in space. We
observed in an investigation on the Space
Shuttle in 2003 an increase in stroke volume
and cardiac output of 22% (Norsk et al,
2006) a week into the flight. Later on the
International Space Station, we found even
more pronounced increases of 35 — 41%

Figure 1. Parabolic flight in a Caravel in France in 1991, during which we measured central
venous pressure invasively in eight subjects during short periods (20 s) of weightlessness
(Videbaek and Norsk, 1997). The aircraft followed a Keplerian trajectory, whereby a free-
fall condition (O G) was created symmetrically around the top. The O G phase was preceded
by 20 seconds of pulling up to 2 G and then again followed by an up to 2 G descending
phase of similar duration.

(Norsk et al., 2015) between three and six
months of flight. Thus, stroke volume and
cardiac output increase more during long-
duration flights than short. The same foreign
gas rebreathing technique for both space
missions for estimating cardiac output was
used (Clemensen et al, 1994; Gabrielsen et al,
2002). The reason for the more pronounced
increase in stroke volume and cardiac output
during longer missions versus shorter is not
clear at present but could be because of the
efficient cardiovascular effects of the physical
exercise on the International Space Station
(Hughson et al,, 2012).

At the same time as cardiac output is
increased by O G in space, systolic, diastolic
and mean arterial pressures decrease by
some 10 mm Hg (Shykoff et al,, 1996;
Baevsky et al, 2007; Norsk et al, 2015).

Thus, systemic vascular resistance decreases
(calculated as mean arterial pressure divided
by cardiac output) (Shykoff et al,, 1996;
Norsk et al,, 2015). The mechanism for the
decrease in systemic vascular resistance,
which is indicative of peripheral arterial
vasodilation, is currently unknown, because
sympathetic nervous activity is maintained
in space at the same level as being seated
upright on the ground (Norsk et al., 2015;
Fig. 2). A suppression of the efferent
sympathetic nervous activity is therefore not
the mechanism for the decrease in systemic
vascular resistance.

To identify the mechanisms of the
blood pressure reduction and peripheral
vasodilatation in space is one of the
challenges for the future.
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“Physiologists are
most concerned about
the combined effects
of weightlessness

and space radiation on
the central nervous,
ocular, cardiovascular,
sensorimotor and
Immune systems”
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Figure 2. The numbers at the top indicate plasma concentration of noradrenaline (ng/L,
mean + SEM) in cubital venous blood sampled in seated (n = 8) astronauts before (Pre),
three to six months during (Flight) and two months after (Post) spaceflight on the
International Space Station. The columns represent ambulatory mean arterial pressures as
averages (+ SEM) over 24-h periods around the same time as noradrenaline was sampled
(Norsk et al, 2015). As can be seen, venous plasma noradrenaline was unchanged in space
in comparison to the seated posture in 1 G, whereas blood pressure decreased significantly
(*, p=0.006). Thus, the efferent sympathetic nervous system does not seem to be a
mediator of the decrease in blood pressure in space.
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Spaceflight-associated neuro-ocular
syndrome (SANS)

More than 10 years ago, astronauts started
to report occurrences of vision changes

in space. They were mostly of refractory
character and corrected for by adjustable
glasses (Stenger et al, 2017). NASA

flight surgeons started to monitor other
ocular variables such as retinal changes by
fundoscopy, which in some cases indicated
disc oedema. By using optical coherence
tomography (OCT) and ultrasound imaging,
more details have later been obtained, and
choroidal folds, cotton wool spots, increases
in optic nerve sheath diameter and globe
flattening have also been detected (Mader et
al, 2011; Stenger et al, 2017). Collectively,
one or more of these manifestations
constitute what is called SANS. Recent data
have revealed that disc oedema is preceded
by gradual increases in retinal thickness.
Laurie et al. (2019) were able to induce some
of these changes during strict, 30 days of six
degrees head-down tilted bed rest, which
indicates that the shift of blood and fluid to
the head is a pivotal mechanism. It appears
that some astronauts are more sensitive

to SANS than others, indicating that there
maybe a genetic disposition to this syndrome
(Smith and Zwart, 2018).

SANS is one of the highest prioritised health
risks of long-duration spaceflight, and much
research is initiated by the space agencies

to understand the details of the mechanisms of
the syndrome and how to counteract it during,
for example, a three-year mission to Mars.

In addition to SANS, concerns also exist
regarding possible impacts of spaceflight
on not only the ocular but also the central
nervous system. Structural changes by
magnetic resonance imaging of the brain
in the days following landing from the
International Space Station have been
detected (Roberts et al, 2018). Whether
they have any clinical health or functional
impacts are unknown at present.

Cardiovascular remodelling in
spaceflight

Results of ground-based rodent studies
have indicated that changing the pressure
distribution by shifting blood and fluid to or
away from the head by body tilts induces
changes in the structure of the arterial walls
(Zhang, 2013). Thickening of arterial walls

is also evident in hypertension, for example
(Mulvany, 2012). Data from two studies

on the International Space Station indicate
that the carotid artery increases in stiffness
during and immediately following spaceflight
(Hughson et al, 2016; Arbeille et al., 2017).
In one astronaut with almost one year in
space on the International Space Station
(340 days), carotid wall thickness increased
as well as biomarkers indicating increased
inflammation and oxidative stress in the
cardiovascular system (Garrett-Bakelman FE
et al, 2019). Thus, there are some indications
that the carotid arterial wall structure may
change during long-duration spaceflight. The
clinical implications of these observations
are, however, currently unknown.



Other physiological effects

In 2011, | joined NASA as a contractor to
lead the physiological research in the Human
Research Program. At that time, | had been
mostly involved in cardiovascular and fluid
volume regulation research concerning
spaceflight. Thus, | had to understand

the status of other physiological areas
concerning effects of long-duration flights.

Apart from the cardiovascular system,

the main areas of concern are the ocular,
central nervous, sensorimotor, immune and
musculoskeletal systems and to determine the
most efficient nutritional composition of the
food systems to maintain astronaut health and
performance during long-duration missions.
Regarding the musculoskeletal system,
maintaining muscle strength for performance
of the required mission tasks is important,

as is maintaining sufficient bone strength to
avoid an increased risk of fracture due to bone
demineralisation. The key countermeasure
against these effects is regular resistance
exercise. The future challenge is to develop an
exercise device that can be accommodated
in a small space vehicle or a habitat and still
be able to fulfill the musculoskeletal and
aerobic requirements (Ploutz-Snyder et

al, 2014). SANS is of particular concern, as
well as whether brain function is affected
(Mader et al., 2011; Stenger et al., 2017).
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