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Abstract

The unexplained aetiology of Spaceflight Associated Neuro-ocular Syndrome (SANS)
jeopardises all planned future missions to the Moon and Mars. Various intrinsic and
extrinsic potential risk factors have been proposed to contribute to its manifestation.
Specifically, the present thesis compared the effect of static exercise (simulating the exercise
performed by astronauts on the International Space Station; ISS) and hypercapnia
(simulating the ambient conditions on the ISS) on intraocular pressure (IOP) in younger
and astronaut-aged individuals. Additionally, the effect of hypoxia (the anticipated
ambient in future space habitats) on retinal vessels was also investigated.

These objectives were achieved in a series of four studies:

Study 1: The effect of posture and hypercapnia on IOP during handgrip exercise in
young males. To compare the effect of posture (i.e., seated, supine 6° head-down tilt (HDT),
and prone 6°HDT), exercise, and hypercapnia on IOP responses, 10 younger (age = 22.5
+ 3.1 yrs) males participated in six interventions consisting of rest and submaximal
isometric handgrip exercise while inspiring either room air or a hypercapnic (F;:CO.= 0.01)
gas mixture.

Study 2: The effect of hypercapnia on IOP during handgrip exercise in older males. To
assess the effect of age, exercise, and hypercapnia on IOP responses in an astronaut-aged
population, 10 older (age: 57.8 + 6 yrs) male participants underwent trials consisting of
bouts of rest and isometric handgrip exercise in a prone 6°HDT position while breathing
room air or a hypercapnic (FiCO,= 0.01) gas mixture.

Study 3: The effect of sex on IOP during static handgrip exercise in astronaut-aged
individuals. To investigate the effect of sex and exercise on IOP responses in an astronaut-
aged population, 12 older males (age: 57.7 £+ 5.2 yrs) and 12 older females (age: 53.4 + 5.1
yrs) performed isometric handgrip exercise in a prone 6°HDT position.

Study 4: The effect of age on hypoxia-induced changes in retinal blood vessel diameter.
To assess the effect of age and hypoxia on retinal vessel diameters, 11 adults (age: 40.1 &+
4.1 yrs) and 8 children (age: 9.3 &+ 1.3 yrs) spent one day in normobaric normoxia and one
day in normobaric hypoxia at an equivalent altitude of 3,000 m elevation.

The principal findings of these studies are that IOP was significantly higher in a prone
6°HDT position, compared to a seated or supine 6°HDT position, and that neither exercise
nor hypercapnia had any significant effect on IOP responses in younger males in either of
the three positions (Study 1). Isometric exercise significantly elevated IOP in older males
in the prone 6°HDT position, with the exercise-induced elevations being further augmented
by hypercapnia (Study 2). The prone 6°HDT exercise-induced IOP responses were similar
in males and females (Study 3). Normobaric hypoxia significantly increased the diameter
of the retinal vessels in both adults and children, with no difference between the two groups
(Study 4).

We conclude that IOP is significantly affected by posture, but not by sex. Additionally,
IOP responses observed in the prone 6°HDT position were similar to those reported for
astronauts shortly after entering microgravity. It would therefore appear that the prone,
rather than supine 6°HDT position is more suitable for the simulation of ocular changes
that occur in acute microgravity. Resistive exercise and hypercapnia have a significant
effect on IOP in older but not in younger males, indicating the potential presence of age-
related effects on SANS manifestation. Lastly, adults and children appear to be similarly
sensitive to changes in ambient partial pressure of oxygen.
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Povzetek

Vesoljski ocesni sindrom (ang. Spaceflight-Associated Neuro-ocular Syndrome; SANS)
ogroza nacrtovane prihodnje misije na Luno in Mars. Natancne etiologije sindroma Se ne
poznamo, a obstaja ve¢ dejavnikov, povezanih z vesoljskimi leti, ki bi lahko prispevali k
njegovemu nastanku. V doktorski disertaciji smo s simulacijo ambientalnih razmer na
Mednarodni vesoljski postaji (ang. International Space Station; ISS) opredelili ucinek
staticne vadbe in hiperkapnije na vrednost ocesnega tlaka (ang. intraocular pressure; IOP)
pri mlajsih moskih ter moskih in Zenskah povprecne starosti astronavtov. S simulacijo
pricakovanega okolja v prihodnjih vesoljskih habitatih smo ovrednotili tudi vpliv hipoksije
na mreznicne zile.

Delo smo izvedli v seriji stirih raziskav:

Raziskava 1: Vpliv telesnega polozaja in hiperkapnije na IOP med vadbo pri mlajsih
moskih. Za primerjavo ucinka polozaja telesa [tj. sede, leze na hrbtu z nagnjenostjo glave
6° navzdol (6°HDT); leze na trebuhu 6°HDT], vadbe in hiperkapnije na IOP smo
preiskovancem (N = 10; starost = 22,5 + 3,1 leta) izmerili IOP med submaksimalno
izometricno vadbo s stiskom pesti, medtem ko so dihali normokapni¢no ali hiperkapni¢no
(F:CO, = 0,01) plinsko mesanico.

Raziskava 2: Vpliv vadbe in hiperkapnije na IOP pri starejSih moskih. Da bi ocenili
ucinek starosti, vadbe in hiperkapnije na spremembe IOP pri osebah povprecne starosti
astronavtov, smo preiskovancem (N = 10; starost: 57,8 + 6 let) izmerili IOP med pocitkom
in med izometri¢no vadbo (stisk pesti) v polozaju leze na trebuhu 6°HDT, medtem ko so
dihali normokapni¢no in hiperkapni¢no (F;CO,= 0,01) plinsko mesanico.

Raziskava 3: Vpliv spola na IOP med vadbo pri osebah povprec¢ne starosti astronavtov.
Preiskovankam (N = 12; starost: 53,4 + 5,1 let) in preiskovancem (N = 12; starost: 57,7
+ 5,2 let) smo izmerili IOP med akutno izometri¢no vadbo (stisk pesti) v polozaju leze na
trebuhu 6°HDT.

Raziskava 4: Vpliv starosti in hipoksije na premer mreznicnih zil. Da bi ocenili uc¢inek
starosti in hipoksije na premer mrezni¢nih zil, je 11 odraslih (starost: 40,1 + 4,1 leta) in 8
otrok (starost: 9,3 + 1,3 leta) en dan prezivelo v normobari¢ni normoksiji in en dan v
normobari¢ni hipoksiji (priblizno 3000 m nadmorske visine).

7 raziskavami smo ugotovili: i) da je IOP znatno visji v polozaju leze na trebuhu 6°HDT
kot v polozaju sede ali v polozaju leze na hrbtu 6°HDT in ii) da niti vadba niti hiperkapnija
ne vplivata pomembno na IOP pri mlajsih moskih v katerem koli od preucevanih treh
polozajev (raziskava 1). Izkazalo se je, da je IOP pri starejsih moskih zaradi izometri¢ne
vadbe v polozaju leze na trebuhu 6°HDT znatno visji in da ga hiperkapnija dodatno zvisa
(raziskava 2). Vrednost IOP med vadbo v polozaju leze na trebuhu 6°HDT je bila pri
moskih in Zenskah primerljiva (raziskava 3). Normobari¢na hipoksija je znatno povecala
premer mreznic¢nih zil tako pri odraslih kot pri otrocih, a med skupinama ni bilo statisti¢no
znacilnih razlik (raziskava 4).

Na podlagi rezultatov zakljuc¢ujemo, da na IOP pomembno vpliva polozaj telesa,
medtem ko vpliva spola ne moremo potrditi. Vrednost IOP je v polozaju leze na trebuhu
6°HDT podobna vrednosti IOP, izmerjeni kmalu po vstopu v mikroteznost, kar nakazuje,
da je za simulacijo ocesnih sprememb, ki se pojavijo v akutni mikroteznosti, bolj primeren
polozaj leze na trebuhu 6°HDT kot polozaj leze na hrbtu 6°HDT. Izometriéna vadba in
hiperkapnija pomembno vplivata na IOP pri starejsih moskih, medtem ko na IOP pri
mlajsih moskih nimata vpliva. To nakazuje, da na nastanek vesoljskega oc¢esnega sindroma
morda vpliva starost. Izsledki raziskave 4 potrjujejo tudi, da so odrasli in otroci podobno
obcutljivi na spremembe delnega tlaka kisika v okolju.
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Chapter 1

Spaceflight-Associated Neuro-ocular
Syndrome (SANS): A Brief Review of
Potential Contributing Factors within

the Framework of the Present Thesis

Anecdotal evidence of vision changes during spaceflight have been reported sporadically
since the early days of the space programme. In the late 1980s, to better study eye problems
during short- and long-duration missions, the National Aeronautics and Space
Administration (NASA) introduced a questionnaire as part of their postflight eye
examination. The results of the survey revealed that of approximately 300 astronauts, near
visual acuity declined in 23% of short-duration shuttle fliers and nearly 50% of astronauts
on long-duration missions. The postflight hyperopic shifts were observed in 11% of
astronauts following short-duration missions and in 34% of astronauts upon completing
long-duration missions. These changes were more prevalent in older astronauts with
decreased accommodation (Mader et al., 2011). With technological advancements and more
detailed pre- and post-mission examinations, additional ocular changes were discovered and
identified. In 2011, Mader et al. (2011) were the first to publish the results of a complete
eye examination of seven astronauts following a six month long mission on the International
Space Station (ISS), including cycloplegic and manifest refraction, fundus photography,
optical coherence tomography (OCT), magnetic resonance imaging (MRI), and lumbar
puncture. Visual performance decrements were observed in a subset of astronauts and were
often accompanied by one or more of the following ophthalmic findings with varying
degrees of severity and permanence: hyperopic shift, optic disc oedema, cotton wool spots,
choroidal folds, and optic nerve sheath (ONS) distention.

Visual impairment associated with prolonged spaceflight was originally thought to be
a consequence of the microgravity-induced increase in intracranial pressure (ICP), thus the
problem was termed visual impairment/intracranial pressure (VIIP) syndrome (Alexander
et al., 2012). Since then, it has been demonstrated that ICP in microgravity is not elevated
pathologically (Lawley et al., 2017). Consequently, due to the, as yet, unresolved aetiology
of this syndrome, VIIP has been redefined as Spaceflight-Associated Neuro-ocular
Syndrome (SANS). The cephalad displacement of body fluids due to the absence of a
gravitational vector during exposure to microgravity has been implicated as the main
contributing factor in the aetiology of SANS. Other potential risk factors include increased
ICP, and intraocular pressure (IOP), radiation exposure retinopathy, daily resistive
exercise, high sodium diet, and elevated levels of carbon dioxide (CO,) onboard the ISS
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(Mader et al., 2013; Marshall-Bowman et al., 2013). Most likely, SANS is not caused by a
single factor, but rather by a combination of the aforementioned factors.

1.1 The Aetiology of SANS Could Be Explained by a Neural
Mechanism Regulating Intraocular Pressure

The recent study by Ficarrotta and Passaglia (2020), particularly their theory of an as yet
undetermined neural feedback loop regulating IOP, provides an exciting new perspective
towards explaining the aetiology of SANS.

Fundamental to the evolution of the human species, in particular the ability to maintain
appropriate perfusion of vital organs during rest and activity in the upright position, is the
evolution of the structure and function of the cardiovascular system. The remarkable
feature of cardiovascular regulation is that in the upright posture, 70 to 75% of the blood
volume is below the heart (i.e., pump). As remarked by Loring B. Rowell in his 1993 book
Human Cardiovascular Control:

“If an engineering analysis of the aeronautical features of the
bumblebee could lead to the conclusion that these insects cannot fly,
then a hemodynamic analysis of the human circulation could also lead

to the conclusion that human beings cannot stand up.”

The maintenance of an upright posture is possible due to the regulation of blood
pressure, which ensures adequate perfusion of all tissues, including the eye.

Withdrawal of the head-to-foot gravitational vector, either by changing body position
or exposure to microgravity, will induce changes in the perfusion of several tissues,
particularly if acute exposure is concomitant with increased physical exertion. Chronic
exposure to microgravity has been shown to cause impairment in visual function, which
was initially attributed to the increase in ICP, but recently perfusion-induced modifications
of the retinal circulation have also been implicated. The majority of astronauts
participating in long-term missions on the ISS experience visual impairment.

Ficarrotta and Passaglia (2020) demonstrate quite elegantly that ICP is the afferent
arm of a central neural feedback mechanism, which provides an efferent signal modulating
the outflow facility (aqueous humour), thus regulating IOP. As they point out, IOP has a
much greater influence on the biomechanics of the optic nerve head than ICP, and the
principal aim of IOP regulation is the maintenance of the translaminar pressure across the
lamina cribrosa.

Their experiments were performed with a rat model (prone position), and the fluid
dynamics are different to those of an upright human. Nevertheless, their theory would
suggest that factors other than ICP might elevate IOP, and may also pose a threat to
retinal cellular structure and function. Using self-tonometry, Draeger et al. (1993) were the
first to report a transient elevation of IOP in microgravity, whereas Chung et al. (2011)
reported a persistent elevation of IOP measured by the first Korean astronaut during her
sojourn on the ISS. In female participants confined to bed rest for 10 days, Jaki Mekjavic
et al. (2016) observed that choroidal thickness is influenced by hydrostatic pressure (i.e.
comparison of measurements taken in the seated and supine positions), whilst hypoxia and
hypercapnia affect the neural fibre layer of the retina. The increased blood flow in the
retinal circulation will not affect ICP, and will thus presumably not initiate the feedback
mechanism postulated by Ficarrotta and Passaglia (2020). It may, however, affect IOP.
Based on our results (Mekjavic et al., 2020; Mlinar et al., 2021) and those of Anderson et
al. (2016), we hypothesised (Mekjavic et al., 2020) that the supine 6° head-down tilt (HDT)
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model may not be an appropriate simulation of the microgravity-induced effects on the
ocular circulation. In contrast to the supine position, the prone 6°HDT position is most
likely a better model, as it elevates IOP substantially above the threshold for ocular
hypertension. The prone 6°HDT position in humans elevates the episcleral venous pressure
due to a hydrostatic effect (Anderson et al., 2016; Jaki Mekjavic et al., 2016; Mekjavic et
al., 2020; Mlinar et al., 2021). This may result in an IOP increase through a different
mechanism to that described in the prone rat model used by Ficarrotta and Passaglia
(2020). Such contributions of reduced outflow in microgravity models require evaluation.
Furthermore, the daily static exercise performed by astronauts on the ISS to mitigate
microgravity-induced musculoskeletal degeneration may cause IOP elevations.
Interestingly, the substantial static exercise-induced elevations in IOP observed in older
(astronaut-aged) individuals are not observed in younger adults (Mekjavic et al., 2020;
Mlinar et al., 2021), perhaps due to the known age-related modifications in the
biomechanical properties of the lamina cribrosa.

The focus of research to explain the aetiology of SANS, thus far, has been on the effects
of microgravity on ICP. However, it would appear that increased 10P, particularly by
factors influencing ocular fluid dynamics, may be the prime cause of the impaired vision
observed in astronauts.

1.2 Intraocular and Intracranial Pressure

1.2.1 Intraocular pressure regulation and types of tonometry

IOP is a balance between the inflow and outflow of aqueous humour in the anterior part
of the eye and is measured in millimetres of mercury (mmHg). Aqueous humour is produced
in the ciliary body through two pathways. The majority (80%) is produced by active
secretion mechanisms that are independent of IOP, although the production may be
reduced by a decrease in blood flow to the ciliary body. The second pathway (accounting
for about 20% of ciliary body production) is through the ultrafiltration of plasma. This
pathway is influenced by the blood pressure in the ciliary body capillaries, plasma oncotic
pressure and IOP. The aqueous humour is drained from the anterior chamber by two
mechanisms: the minority of resorption occurs through the uveoscleral route into the
lymphatic system while the majority of resorption is through the trabecular meshwork and
Schlemm’s canal into the episcleral venous system. This canal is directly connected to the
episcleral veins, therefore absorption through this pathway is influenced by the gradient
between IOP and episcleral venous pressure (Murgatroyd & Bembridge, 2008).

In contrast to aqueous production and outflow maintenance, which appear to be
relatively independent of variations in body position, episcleral venous pressure does react
to gravitational changes and therefore, headward fluid shifts result in elevated episcleral
venous pressure (Friberg et al., 1987). A relationship between episcleral venous pressure
and IOP has been reported in glaucoma studies (Selbach et al., 2005). Any increase in
episcleral venous pressure leads to decreases in trabecular meshwork outflow which
consequently results in increased IOP (Craven, 2008).

1.2.1.1 Contact tonometry

Most IOP measurements are indirect and non-invasive. The international gold standard
ocular tonometer used in clinical settings is the Goldman applanation tonometer (GAT;
Haag-Streit Holding, Switzerland). Following the application of an eye anaesthetic and a
diagnostic dye such as fluorescein, a small probe is applied against the cornea. The IOP
measured by GAT corresponds to 10 times the force required to flatten a corneal area 3.06
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mm in diameter (Moses, 1958). The Perkins tonometer (Haag-Streit Holding, Switzerland)
is a portable version of the GAT that does not require the use of a slit lamp. Whereas the
GAT only allows measurements in a seated position, the Perkins tonometer can also be
used with a patient in a supine position (Jablonski et al., 2013).

IOP measurements using the GAT have relatively low intra- and inter-observer
variability (Dielemans et al., 1994). GAT is based on empirical experimentation and the
Imbert-Flick principle, which states that the pressure in an ideal sphere with an infinitely
thin and flexible membrane is equal to the force applied necessary to flatten its surface to
a known size (Goldmann & Schmidt, 1957). However, the eye is not a perfect sphere and
the cornea is not infinitely thin, so the GAT measurements are affected by the corneal
curvature and central corneal thickness. In individuals with significantly thinner (<525
nm) corneas, GAT can produce artificially low readings, and in individuals with
significantly thicker (>555 pm) corneas artificially high readings. Despite this, GAT is still
considered the gold standard in clinical practice worldwide and all the other tonometers
are evaluated in comparison to it.

The Tono-Pen (Reichert Technologies, New York, USA) is an example of an
applanation tonometer that does require superficial eye anaesthesia but does not require
the use of a contrast dye. IOP measured using the Tono-Pen corresponds to the resistance
produced by the cornea when the tonometer makes contact with the eye. IOP is calculated
as the average of multiple readings. Unlike most tonometers, Tono-Pen can be used in any
position, and in weightlessness (Greenwald et al., 2021). Due to the smaller contact area
of the Tono-Pen, it is recommended over GAT for IOP measurements in participants with
irregular corneas (Rootman et al., 1988). Within normal IOP ranges, Tono-Pen correlates
well with GAT (Bhan et al., 2002), whereas at the lower and higher ends of the range, it
can over- or underestimate IOP (Frenkel et al., 1988; Mollan et al., 2008; Salvetat et al.,
2007).

Contrary to other contact tonometers, a portable iCare rebound tonometer (Icare
Finland Oy, Vantaa, Finland) does not require the use of a topical anaesthetic. To measure
IOP, a light magnetised probe rapidly touches the cornea several times. IOP is calculated
from the speed at which the probe is decelerated when it touches the eye. Faster
deceleration is indicative of high IOP, and slower deceleration is indicative of lower IOP
(De Moraes et al., 2008). Whereas some studies have shown good agreement between iCare
and GAT (Stamper, 2011; Van der Jagt & Jansonius, 2005), others reported an
overestimation of IOP by iCare compared to GAT (Fernandes et al., 2005; Nakamura et
al., 2006). Additionally, the iCare is affected by different biomechanical corneal factors,
such as the central corneal thickness and corneal hysteresis (Jorge et al., 2008; Nakamura
et al., 2006), and cannot measure IOP in a participant lying in a prone position.

1.2.1.2 Non-contact tonometry

The most common type of non-contact tonometer is an air puff tonometer, either portable
or static, such as the Pulsair (Keeler, Windsor, United Kingdom). The measurement
consists of a column of air released at the eye across a range of pressures, and an infrared
light beam shone at the cornea. The air pressure at which the cornea flattens, as measured
by the change in the beam reflection, corresponds to the IOP. As there is no direct contact
with the cornea, there is no risk of corneal abrasion and no need for a topical anaesthetic
(De Moraes et al., 2008).

In the present thesis, IOP was measured using a portable Pulsair IntelliPuff Tonometer
(Keeler, Windsor, United Kingdom), because it is quick, can be used in any position, and
does not require the use of a local anaesthetic. Hubanova et al. (2015) reported that
although Pulsair IntelliPuff overestimated measured IOP values (mainly at IOP >40
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mmHg) in normo- and hypertensive eyes compared to GAT, a strong correlation coefficient
was found for both populations. Additionally, an excellent agreement between Pulsair and
GAT was reported in normotensive (intraclass correlation coefficient (ICC) = 0.75) and
hypertensive (ICC = 0.86) eyes.
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Figure 1.1: A cross-sectional diagram of the eye. The white and small black arrows
represent the direction of intraocular and intracranial pressures, respectively, on the
lamina cribrosa. Adapted from a diagram by the National Eye Institute, United States
of America.

1.2.2 Effects of intraocular and intracranial pressure on the lamina

cribrosa

Recent evidence suggests that an imbalance between the ICP and IOP across the lamina
cribrosa may give rise to the morphological changes observed in SANS. Namely, IOP and
ICP are closely interconnected, and both play a critical role in the development of optic
disc nerve damage (Berdahl et al., 2008; Jonas & Wang, 2012; B. Wang et al., 2017). IOP
and ICP exert opposing forces on the lamina cribrosa located in the posterior of the eye,
as seen in Figure 1.1. The difference between these two forces, called translaminar pressure
difference (TLPD), is extremely important in maintaining a healthy optic nerve head
(Berdahl et al., 2012). Therefore, monitoring both IOP and ICP during exposure to
microgravity is extremely important to gain a better understanding of their combined
impact on the lamina cribrosa.

Lamina cribrosa stiffens with age, exerting more pressure on nerve axons and damaging
them. Conversely, the resilience of lamina cribrosa decreases with age, leaving it more
susceptible to permanent deformation (Albon et al., 2000). These findings might be of
importance in the explanation of ocular changes primarily manifesting in older astronauts.

1.2.3 Problems associated with measuring intracranial pressure

Common to most of the initial studies investigating SANS is that they consider vision
impairment to result from an increase in ICP. One problem with investigating this issue is
the difficulty in obtaining a measure of ICP. In individuals with communicating
cerebrospinal fluid (CSF) pathways, the most widespread method of measuring ICP is
indirect via lumbar puncture (LP). This invasive procedure is typically performed under
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local anaesthesia with the individual positioned in either a seated or lateral recumbent
position. ICP is measured by inserting a needle connected to an external pressure
transducer, into a lumbar subarachnoid space (Raboel et al., 2012).

LP is regarded as a safe procedure, but certain limitations exist. In cases when CSF
does not circulate freely, ICP will not be measured correctly. Furthermore, LP is not
appropriate to use in individuals with very high ICP due to the possibility of brain
herniation (Speck et al., 2011). Lastly, the estimation of ICP via LP is conducted in a
sterile environment, with participants not allowed to move, therefore it is not possible to
apply in a laboratory setting with other interventions being administered (i.e., exercise).
To circumvent this problem, several methods which proclaim to non-invasively provide an
index of ICP (nICP), have been developed.

1.2.3.1 Transcranial Doppler ultrasonography

The use of Transcranial Doppler (TCD) ultrasonography as a non-invasive measure of ICP
is based on the effect of ICP on cerebral blood flow. Specifically, increases in ICP impede
blood flow, which results in decreased cerebral blood flow velocity (CBFV). The TCD
measures CBFV in the middle cerebral artery by using an ultrasound probe emitting a
high-frequency (> 2 MHz) wave. The detected frequency shift between the incident and
reflected wave (the so-called Doppler effect), resulting from blood movement, correlates
directly to CBFV. The measurement is usually performed over the regions of the skull with
thinner walls, such as at the back of the head, through the eye or in the temporal region,
as the bones greatly weaken the transmitted ultrasound frequencies (Kristiansson et al.,
2013). The relationship between increasing ICP and decreasing TCD-derived blood flow
velocities was first described by Klingelhofer et al. (1987).

Besides the mean velocity, other approaches for nICP estimation from TCD, such as
the pulsatility index (difference between peak systolic and end-diastolic blood flow velocity,
divided by the mean blood flow velocity), segments of the cycles in systole and slopes of
the TCD waveforms, have been correlated with ICP (Bellner et al., 2004; Popovic et al.,
2009). However, these estimates were reported to be inadequately accurate with a margin
of error from +10 to +15 mmHg (Schmidt et al., 2003).

The main limitation of the TCD method, besides the insufficient accuracy of ICP
estimates, is the need for a trained and skilled operator to find the correct cerebral vessel
and accurately interpret the results (Shen et al., 1999). Furthermore, significant intra- and
interobserver variations have been reported previously (Baumgartner et al., 1994;
McMahon et al., 2007; Shen et al., 1999). The use of TCD is not possible in certain sub-
groups due to the lack of a TCD window, resulting in the inability of the ultrasound to
penetrate the skull (Tsivgoulis et al., 2009). Lastly, CBFV is significantly affected by
certain medications, autoregulation, and other physiological factors, therefore, the use of
the TCD method for the estimation of nICP is faced with many unresolved challenges
(Evensen & Eide, 2020).

A more promising approach for estimating nICP based on the TCD technique is the
two-depth ophthalmic artery Doppler ultrasonography developed by Ragauskas et al.
(2005). The blood flow velocity in the intracranial segments of the ophthalmic artery (IOA)
depends on the ICP. The blood flow velocity in the extracranial segments of the ophthalmic
artery (EOA) is affected by the surrounding intra-orbital pressure (Koskinen et al., 2017).
In this method, pressure is applied on the tissue surrounding the eyeball, while
simultaneously measuring the flow velocities in the intra- and extracranial portions of the
eye artery using a two-depth trans-orbital Doppler ultrasonography. When the blood flow
in IOA matches the blood flow in EOA, the corresponding external pressure is taken as
the estimate of ICP (Ragauskas et al., 2012).
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Two-depth TCD technique was validated against invasive ICP pressure monitors and
LP (Ragauskas et al., 2005; Ragauskas et al., 2012). In both cases, low mean systematic
errors and low standard deviations of the paired invasive and non-invasive recordings were
observed. The main limitation of this technique is that it can only be utilised on individuals
with healthy eyes and orbits and that it has an upper ICP pressure range of 25 mmHg
(Kristiansson et al., 2013).

1.2.3.2 Tympanic membrane displacement

The tympanic membrane displacement (TMD) technique developed by Marchbanks (1989)
was the first audiological method for assessing ICP noninvasively. Cochlear fluid pressure,
a direct measure of ICP, can be assessed indirectly by measuring the displacement of the
tympanic membrane during the acoustic reflex contraction elicited by a loud sound (Reid
et al., 1989).

This non-invasive technique for the measurement of ICP is possible due to the
communication of the CSF and the perilymph via the perilymphatic duct. Stimulation of
the stapedial reflex results in a movement of the tympanic membrane, which was shown
to correlate to ICP (Lang et al., 2003; Reid et al., 1990). An acoustic stimulus above the
acoustic reflex threshold initiates a stapedius muscle contraction, resulting in a
displacement of the tympanic membrane which can be measured with common
tympanometry used for impedance audiometry. An outward displacement is indicative of
low or normal ICP, and an inward displacement is suggestive of high ICP (Marchbanks,
1993; Shimbles et al., 2005).

It is important to note that the direction and magnitude of the TMD depends not only
on the initial position of the stapes but also on numerous other factors affecting the acoustic
impedance or the acoustic reflex strength (Popovic et al., 2009). The TMD technique
cannot be used in patients with a compromised cochlear aqueduct, which is often the case
in elderly individuals (Phillips & Marchbanks, 1989; Shimbles et al., 2005). Furthermore,
due to the high interindividual variability and the predictive limits of the regression
analysis greater than the normal ICP range, the TMD method is not a reliable quantitative
assessment of ICP in clinical practice (Shimbles et al., 2005).

1.2.3.3 Otoacoustic emission

An evoked otoacoustic emission (OAE), first measured by Kemp (1978), is a sound emitted
by subtle oscillations of the endo- and perilymph caused by contractions of the outer hairy
cells of the inner ear in response to external acoustic stimuli. OAE travels to the stapes,
and through the ossicles to the tympanic membrane, and can be recorded by sensitive
microphones inserted in the external meatus. As mentioned earlier, CSF pressure changes
in the inner ear alter the position of the stapes. As a result, OAEs generated in the inner
ear in response to acoustic excitation change when ICP changes (Biiki et al., 1996).

Similarly to TMD, the use of OAE is limited by the need for a patent cochlear aqueduct
and has previously shown large interindividual variability (X. Zhang et al., 2017).
Furthermore, OAE cannot be used on patients with sensorineural or conductive hearing
loss (Biiki et al., 2009).

1.2.3.4 Magnetic resonance imaging

The magnetic resonance imaging (MRI) method, developed by Alperin et al. (2000), is
based on the intracranial pressure-volume relationship. A motion-sensitive MRI is used to
measure pulsatile arterial inflow, venous outflow, and CSF flow between the cranium and
the vertebrospinal compartment, from which intracranial volume and ICP are calculated.
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The ratio between the pressure and volume from which the ICP is derived is called the
elastance index. A strong correlation (r = 0.98; p < 0.005) has previously been found
between an elastance index and invasively measured ICP (Alperin et al., 2000).

When using the MRI method, special care is required in the selection of representative
image slides as well as choosing the representative blood vessels. Furthermore, this method
is very sensitive to differences in heart rate measured in individual cases as well as CSF
measurements. Even when the above were addressed, significant intraindividual variability
was observed in some of the participants (Marshall et al., 2008). Lastly, despite an excellent
agreement between the invasive ICP measurements and MRI estimates, the MRI method
is impractical, especially for continuous ICP monitoring, due to the high costs, energy
consumption, and non-portability (Kristiansson et al., 2013; Popovic et al., 2009).

To summarise, invasive methods of measuring ICP carry a risk of injury and possible
complications, such as infection. Additionally, invasive ICP methods cannot be performed
in microgravity or in combination with other research interventions, such as exercise.
Several non-invasive techniques for the estimation of ICP have been developed, however,
they lack the accuracy of their invasive counterparts. Furthermore, none of the non-
invasive techniques available today are suitable for continuous monitoring or cannot be
applied to a sub-group of individuals due to anatomical variations (Kristiansson et al.,
2013).

1.3 Spaceflight-Associated Factors Which May Contribute
to SANS

Astronauts are exposed to many external (i.e., ambient conditions) and internal (i.e.,
microgravity-induced adjustments in organ systems) factors during their missions on the
ISS. Some of the factors that may contribute to the development of SANS are reviewed
below, primarily in relation to their effects on IOP.

1.3.1 Gravitational vector

Gravity, or rather the hydrostatic pressure gradients resulting from changes in the
gravitational vector, is the major culprit in the aetiology of the observed hyperopic shift in
astronauts during prolonged exposure to weightlessness.

In space, astronauts’ IOP upon initial exposure to microgravity increases substantially
(Chung et al., 2011; Draeger et al., 1993; Draeger et al., 1995; Draeger et al., 1997; Stenger
et al., 2017) compared to pre-flight values in a seated position. However, when monitoring
IOP for longer time periods, the results are inconclusive. Chung et al. (2011) reported that
an astronaut’s IOP, following an initial spike upon entering microgravity, remained
elevated above the baseline ground values throughout the 8-day mission, while other
researchers (Draeger et al., 1993; Draeger et al., 1997; Stenger et al., 2017) observed that
IOP during space missions initially increased, but returned to pre-flight values within a
few days.

Several mechanisms have been proposed to contribute to the sudden elevation in IOP
observed upon entering microgravity, such as choroidal engorgement and expansion, and
increased episcleral venous pressure brought about by headward fluid shifts (Mader et al.,
1993; Mader et al., 1990; Thornton et al., 1977).
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1.3.2 Exercise

Even short-duration spaceflight results in significant musculoskeletal and cardiovascular
deconditioning (Hayes et al., 2013; Levine et al., 1996; T. Trappe et al., 2006) and thus
exercise countermeasures have been a cornerstone of crew medical health care since the
first ISS expedition. In an effort to mitigate musculoskeletal atrophy, astronauts on the
ISS conduct daily training, using equipment specially designed for microgravity. The crew
are allocated a daily two-hour window in which to conduct their exercise training regime
of a combination of aerobic and resistive exercises. Crew members have access to a cycle
ergometer, a treadmill, and an Advanced Resistive Exercise Device (ARED) (Marshall-
Bowman et al., 2013; S. Trappe et al., 2009). Exercise prescription is based on the
demonstrated efficacy of countermeasures to combat musculoskeletal and cardiovascular
deconditioning in bed rest models (S. Lee et al., 2010; Pavy-Le Traon et al., 2007; Ploutz-
Snyder et al., 2014; Shackelford et al., 2004; T. A. Trappe et al., 2007) and primarily focus
on the trunk and lower body, where the majority of the musculoskeletal losses occur
(LeBlanc, Lin, et al., 2000; LeBlanc, Schneider, et al., 2000).

1.3.2.1 Resistive exercise

Reports regarding the behaviour of IOP during static exercise are contradictory. The
majority of studies reported significant increases in IOP with exercise (Bakke et al., 2009;
Dickerman et al., 1999; Vieira et al., 2006), while others reported decreases (Lanigan et al.,
1989), or even no change (Marcus et al., 1974; Robinson et al., 1986). When IOP did
increase with static exercise, this increase was observed both in the presence (Dickerman
et al., 1999; Vieira et al., 2006) and absence (Bakke et al., 2009; Vieira et al., 2006) of a
Valsalva manoeuvre. If Valsalva manoeuvres are performed during a strength training
exercise on the ARED onboard the ISS, high-intensity resistive exercise, particularly in
conjunction with the gravitational effects described earlier, may be a contributing factor
to the development of SANS (Barisano et al., 2022; Marshall-Bowman et al., 2013).

1.3.2.2 Aerobic exercise

In contrast to resistive exercise, the results of research into the effects of aerobic exercise
on IOP are clear. Aerobic exercise has been repeatedly shown to produce transient
reductions in IOP both during and post-exercise (Natsis et al., 2009; Roddy et al., 2014).

Exercise-induced reductions in IOP were observed at exercise intensities ranging from
light, such as a brisk walk, to maximal, such as volitional exhaustion exercise on treadmills
or cycle ergometers (Risner et al., 2009). It has been suggested that the magnitude of the
IOP reduction is driven solely by the intensity, and not also the duration of the exercise
(Kiuchi et al., 1994; Qureshi et al., 1996).

1.3.3 Hypercapnia

The ISS has no natural supply of fresh air. The existing air is reconditioned by scrubbing
CO; and replenishing the oxygen. On Earth, the CO, concentration in ambient air is
approximately 0.03%, whereas, on the ISS, this number ranges from 10 to more than 23
times higher (0.3 — 0.7 %) (Alexander et al., 2012), indicating that the CO, scrubbing
system on the ISS is incapable of maintaining the CO; levels at levels similar to that on
Earth.

CO; is a potent vasodilator that has been shown to cause increases in IOP (Laurie et
al., 2017), and in the diameter of the vessels located in the retinal nerve fibre layer (RNFL)
(Jaki Mekjavic et al., 2016). Additionally, the headaches often reported by otherwise
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healthy astronauts (Law et al., 2014) onboard the ISS have been attributed to the elevated
levels of ambient CO.. Consequently, it was speculated that this ambient hypercapnia-
induced cerebral vasodilation in conjunction with decreased venous drainage that occurs
due to the loss of hydrostatic fluid gradient, might be a contributing factor towards the
development of ocular changes observed in astronauts (Marshall-Bowman et al., 2013;
Marshall-Goebel et al., 2017).

1.3.4 Hypoxia

When preparing for extra-vehicular activities (EVAs; i.e., activities external to the ISS),
astronauts undergo a lengthy procedure in order to safely transfer between the environment
of the ISS (~101.3 kPa) and the pressurised space suit (~29.7 kPa). The risk of
decompression sickness is minimised by breathing oxygen combined with a slow
decompression profile to prevent the inert nitrogen from forming gas emboli (Conkin et al.,
2016).

To eliminate the need for such lengthy and complex decompression procedures and
reduce the fire hazard, it is anticipated that future space vehicles and planetary habitats
will be hypobaric with an enriched oxygen ambient. The increased oxygen levels will not
be of sufficient magnitude to maintain normoxia under the anticipated hypobaric
conditions. It is currently predicted that the ambient pressure in the habitats will be
substantially reduced, with a partial pressure of oxygen (PO,) corresponding to that at an
altitude in excess of 2,000 m (Bacal et al., 2008; Bodkin et al., 2006).

The ocular apparatus is a commonly affected system during exposure to hypoxia (Jaki
Mekjavic et al., 2021). As a consequence of the retina’s high oxygen demand as a highly
metabolically active tissue (Eshaq et al., 2014), adequate retinal oxygenation is essential
for the maintenance of normal visual function. Similarly to CO,, hypoxia also has a
vasodilatory effect, leading to increased IOP (Karadag et al., 2008), and RNFL thickness
(Jaki Mekjavic et al., 2016). Additionally, to match the increased retinal oxygen demand
during hypoxic exposure, retinal vessels dilate and become more tortuous to allow for the
required increases in blood flow (Neumann et al., 2016). Therefore, hypoxia may play a
role in the development of ocular and cerebral changes associated with SANS.

1.3.5 Age

Ageing is associated with a variety of morphological and functional changes in all structures
of the eye. Most common age-related eye problems include presbyopia, macular
degeneration, cataracts, and dry eyes (Salvi et al., 2006). The relationship between age and
IOP appears to be geographically dependent. Most American and European studies
(Bonomi et al., 1998; Klein et al., 1992) reported an increase in IOP with age, whereas an
inverse relationship was reported in Korean and Japanese studies (J. S. Lee et al., 2002;
Nomura et al., 2002). It has been suggested that this is due to the lower incidence of obesity
and hypertension in the older Asian population compared to European and American
(Nomura et al., 2002), since both obesity and hypertension have previously been shown to
have a positive association with IOP (Mori et al., 2000; Shiose, 1990).

Another age-related change to the ocular apparatus is the stiffening of the lamina
cribrosa, a mesh-like structure at the optic nerve head. Consequently, its resilience
decreases, making it more prone to permanent deformation of the retinal ganglion cells
(Albon et al., 2000).

The age of the astronauts on their first expedition is increasing (Smith et al., 2020).
Prior to the establishment of ISS in 2000, the mean astronaut age was 38 years, and by
2011, it increased to 46.7 years (Marshall-Bowman et al., 2013). It has been reported that
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hyperopic shift is more commonly observed in older astronauts with decreased
accommodation. To tackle this issue, NASA astronauts over the age of 40 years routinely
bring ‘Space Anticipation Glasses’ on their missions on the ISS (Mader et al., 2011). It is
possible that also other SANS-associated morphological and structural microgravity-
induced ocular changes are potentiated by the ageing of the active astronaut population.

1.3.6 Sex

Sex-related discrepancies in ocular disorders occur due to a multitude of causes, from
behavioural, biological, societal, and cultural. Worldwide, most eye illnesses are more
prevalent in women than in men (Clayton & Davis, 2015; Korpole et al., 2022; Zetterberg,
2016). Results of studies investigating the relationship between IOP and sex are
inconclusive (Bulpitt et al., 1975; Dane et al., 2003; Hashemi et al., 2005). It has been
suggested that this might be due to the fluctuations in oestrogen throughout the females’
lifetime. Oestrogen has previously been shown to reduce sympathetic activity (Ebeigbe et
al., 2012; Qureshi, 1997).

Female astronauts have flown and worked in outer space since the beginning of human
spaceflight. Only two years after the first successful flight of Yuri Gagarin in 1961,
cosmonaut Valentina Tereshkova became the first woman to orbit the Earth (Uri, 2018).
Despite that, female astronauts have been significantly underrepresented in space missions.
As of 2020, only 64 (11.4 %) out of 562 astronauts ever in space were female, with no
female astronauts involved in spaceflights in the 1971-1980 decade (Smith et al., 2020).

Based on current data, SANS appears to predominantly affect male astronauts
(Marshall-Bowman et al., 2013; Platts et al., 2014). Platts et al. (2014) reported that out
of 25 ISS crew members who underwent complete ocular examination pre- and post-
spaceflight, symptoms of SANS were manifested in five of the eight evaluated females
(62.5%), and in 14 out of 17 evaluated males (82.3%). The rate of occurrence of SANS
signs and symptoms, such as globe flattening, optic disc protrusion, ONS diameter, and
refraction changes, between the sexes was insignificant (p = 0.09). However, out of the 19
astronauts where symptoms were present, females exhibited milder symptoms than males.
It has been speculated that the observed sex differences might be related to higher vascular
compliance in women (Waters et al., 2002), and lower age and weight of the female
astronauts (Buckey et al., 2018; Platts et al., 2014). Due to a high underrepresentation of
female astronauts, definite conclusions regarding the involvement of sex-related factors
implied in the manifestation of SANS cannot yet be drawn.

1.3.7 Mission duration

As mentioned earlier, results of the post-fight questionnaire showed that spaceflight-
induced ocular changes were observed in astronauts participating in short- and long-
duration missions. Postflight hyperopic shift and decline in near visual acuity were observed
in 11% and 23% of short-duration shuttle fliers, respectively, and 34% and 48% of
astronauts on long-duration missions, respectively (Mader et al., 2011). Visual impairment
is more frequent and severe in astronauts participating in long-duration missions (longer
than 6 months) compared to short missions (up to 2 weeks), suggesting a potential dose-
dependent effect of mission duration (Marshall-Bowman et al., 2013).

Recent evidence suggests that only some, but not all, of the ocular changes observed in
astronauts worsen with the duration of the spaceflight. Macias et al. (2021) reported a
progressively greater global total retinal thickness and development of macular choroidal
folds in two astronauts during a 1-year mission to the ISS. The progression of folds was
characterised by the development of new and deformation of existing folds. On the
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contrary, the axial length, anterior chamber depth, and peripapillary choroid engorgement
observed in the same two astronauts at the end of the 1-year mission did not differ from
the cohort of 11 astronauts participating in a 6-month mission (Macias et al., 2020).
Furthermore, a positive relationship between optic nerve head displacement and mission
duration has been observed in a cohort of 22 astronauts (Wahlin et al., 2021).

1.4 Ground-Based Simulations of Spaceflight

Ground-based studies simulate the effects of weightlessness with the experimental bed rest
model, since the adaptation of physiological systems to microgravity is similar to the
adaptations observed during inactivity and unloading of the weight-bearing limbs (for
review see Pavy-Le Traon et al., 2007). This model, in which the participants are supine
in the horizontal or 6°HDT position for different durations, is acceptable to study the
adaptation of most physiological systems, it has not yet, however, yielded ophthalmological
results similar to those observed on the ISS.

Since the most commonly noted symptom of SANS among astronauts is a change in
visual function, similar observations would be anticipated during prolonged bed rests, were
it a valid ground-based simulation. With the exception of one study (Drozdova &
Nesterenko, 1970), such changes have not been observed during prolonged bed rest (Jaki
Mekjavic et al., 2002; Taibbi et al., 2014, 2016). Other ocular changes observed during and
post prolonged bed rest include subtle increases in peripapillary retinal thickness and
peripapillary retinal volume (Taibbi et al., 2013), increased retinal nerve fibre layer
thickness (Jaki Mekjavic et al., 2016; Taibbi et al., 2014), increased choroidal thickness
(Jaki Mekjavic et al., 2016), and more recently also optic disc oedema (Laurie et al., 2019,
2020). Traditionally, bed rest studies allow the participants to use a pillow throughout the
day and night, and to lift their head and upper torso during mealtimes (Taibbi et al., 2014,
2016). This may limit the cephalad fluid shift and lead to differences compared to that
observed in weightlessness. Furthermore, the majority of bed rest studies fail to adequately
replicate the elevation in CO, levels on board the ISS, therefore, Laurie et al. (2019, 2020)
designed a study to include the mild hypercapnic environment as experienced by astronauts
(FiCO; = 0.5%), and limit lifting of the head to maintain cephalad fluid redistribution.
Following 30 days of strict 6°HDT bed rest in such an environment resulted in Frisen grade
1 and 2 optic disc oedema (Frisén, 1982) in 5 out of 11 healthy participants, and a total
retinal thickness increase that was ~4 to 5 times greater than following a 70-day HDT bed
rest in a normal environment and with a standard pillow (Laurie et al., 2020; Taibbi et al.,
2016). The incidence of optic disc oedema in astronauts following a spaceflight is lower
than observed in the mentioned bed rest study and frequently presents with retinal and/or
choroidal folds, which were not observed by Laurie et al. (2020). Therefore, whether the
underlying mechanism of optic disc oedema formed during bed rest is the same as during
spaceflight, remains unresolved.

Results from studies measuring IOP during prolonged exposures to simulated
microgravity in the supine position are equivocal. Chiquet et al. (2003) reported that during
supine bed rest, IOP initially spiked and then gradually decreased back to pre-bed rest
values measured in a seated position. This is in line with results from studies that only
measured IOP pre and post prolonged bed rest exposure (Jaki Mekjavic et al., 2016;
Louwies et al., 2016). A tendency for an increase in IOP in the initial few days of bed rest
compared to seated values measured pre-bed rest was observed also during the latest 60-
day supine 6°HDT bed rest organised by ESA, NASA ) and the German Aerospace Centre
(Mekjavic, personal correspondence). As seen in Figure 1.2, individual IOP values for each
participant tended to increase with a supine position compared to a seated position,
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however, as a group, this increase was non-significant. On the other hand, Taibbi et al.
(2016) reported a constant and sustained increase in IOP throughout 14- and 70-day bed
rest, and Drozdova and Nesterenko (1970) observed a decrease in IOP following 70-day
bed rest.
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Figure 1.2: IOP responses of the AGBRESA Control group (6 males, 2 females; non-
exercising) during the 60-day supine 6°HDT bed rest. Mean group response is shown in
black and individual responses are shown in gray (Mekjavic, personal correspondence).

Transient increases in IOP upon exposure to microgravity have been observed
consistently. If supine 6°HDT bed rest was an appropriate ground-based model for the
simulation of the effects of microgravity on the neuro-ocular system, similar increases would
be expected. With the exception of Chiquet et al. (2003), such observations were not
reported. Additionally, Anderson et al. (2016) showed with a series of measurements
conducted in the horizontal supine and prone positions, and during parabolic flights, that
IOP is not governed only by fluid shifts, but also by changes in hydrostatic gradients
produced by changes in the direction of the gravity vector. Hence, it can be speculated
that the supine horizontal or 6°HDT bed rest may not be the best experimental model for
studying SANS. The supine 6°HDT may serve a purpose for studying the effects on brain
activity, and cardiovascular and musculoskeletal systems, however, the anatomical position
of the eye, within the orbit, probably prevents any significant gravity-induced changes in
its axial length.
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Chapter 2

Problem Identification And Thesis

Structure

2.1 Problem Identification

Visual impairment during spaceflight has been reported since the early days of the space
programme. With advancements in technology, additional pathophysiological neuro-ocular
changes have been identified, and since the first report in 2011 (Mader et al., 2011),
extensively researched. Initially, these changes, observed in a subset of astronauts, were
thought to arise due to increases in intracranial pressure (ICP), hence the malady was
termed visual impairment/intracranial pressure (VIIP) syndrome. Early VIIP research
focused heavily on ICP measurements. As discussed previously, invasive measurement of
ICP in microgravity is not possible, and the non-invasive methods are unreliable. Due to
the potential role of ICP in the manifestation of VIIP, and some of the common symptoms,
scientists believed that idiopathic intracranial hypertension (IIH) provides a good
terrestrial analogue. However, many of the clinical symptoms found in ITH, such as chronic
severe headaches, tinnitus, transient visual obscuration, and diplopia, have not been
reported by astronauts. Additionally, astronauts presenting with ocular changes do not fit
the typical demographics of terrestrial IIH patients (e.g., obese, young, female) (A. Lee et
al., 2018). It has since been demonstrated that ICP in microgravity is not elevated
pathologically (Lawley et al., 2017), and due to yet unresolved aetiology of this syndrome,
VIIP has been renamed as Spaceflight-Associated Neuro-ocular Syndrome (SANS). More
likely, it is the interaction of ICP and intraocular pressure (IOP) at the lamina cribrosa
that contributes to the development of SANS, along with a plethora of proposed potential
internal and external factors. Likely, the exact SANS mechanism does not depend only on
a single factor, but is rather multifactorial. An increased understanding of factors
contributing to this syndrome is currently a top priority for ESA and NASA, especially
since this medical obstacle could impact the visual health of astronauts as well as the
success of future missions, including continued trips to the ISS, a return to the moon, or a
future human mission to Mars. In the present thesis, the independent and interactive
contribution of several current and future spaceflight-associated factors (i.e., hypercapnia,
hypoxia, age, sex, and resistive exercise) on development of SANS was investigated in a
series of four studies.

Given the time and cost limitations, as well as the low participant numbers (e.g.,
astronauts), of studying SANS development on board the ISS, it is imperative to find an
adequate terrestrial analogue. Ground-based studies simulate microgravity and its effect
on the body by using an experimental supine horizontal or 6°head-down tilt (HDT) bed
rest model. This model is appropriate to investigate the effect of weightlessness on most
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physiological systems, however, its effects on the neuro-ocular system do not adequately
replicate the changes observed during spaceflight. To evaluate and potentially identify a
more appropriate model, a study comparing three different positions, namely seated, supine
6°HDT and prone 6°HDT was performed.

2.2 Thesis Structure

The evaluation of different spaceflight-related factors on ocular structures, primarily I10P,
and their potential involvement in the aetiology of SANS was investigated in a series of
separate studies. All of the experimental protocols received appropriate ethical approval
(Appendix A) and conformed to the Declaration of Helsinki guidelines. The contents of
this thesis are based on the published papers (please, see Appendix B).

The Introduction (Chapter 1) presents a brief review of SANS and its symptoms
observed in a subset of astronauts. The effect of IOP and ICP on lamina cribrosa, and
several techniques of measuring IOP and ICP are also discussed. Furthermore, it addresses
the shortcomings of current ground-based research protocols used to study the effects of
simulated microgravity on ocular structures, and several factors that potentially contribute
to the development of SANS.

Problem identification, thesis structure and hypotheses of each study are presented in
Chapter 2.

Study I (Chapter 3) evaluated the effect of three different postures, namely seated,
supine 6°HDT and prone 6°HDT, on IOP responses in younger males. Additionally, it
examined the effect of hypercapnia on IOP during rest and isometric handgrip exercise in
each of the mentioned positions. The suitability of using either supine or prone 6°HDT
position as a ground-based equivalent to microgravity is also discussed in this chapter.

Study II (Chapter 4) explored the effect of hypercapnia on IOP during rest and
isometric handgrip exercise in older, astronaut-aged males while in a prone 6°HDT position.
Reasons, why age may or may not have an effect on SANS manifestation, are discussed in
more detail, along with a comparison of the results from Studies I and II.

Study III (Chapter 5) examined the effect of sex on IOP responses in rest and exercise
in a prone 6°HDT position in an older, astronaut-aged population. Current evidence
suggests that the incidence and severity of SANS symptoms in female astronauts are lower
than in male astronauts. However, due to the underrepresentation of female astronauts on
space missions, no concrete conclusions have yet been made.

Study IV (Chapter 6) investigated the effect of a one-day exposure to normobaric
hypoxia equivalent to the altitude of 3,000 m on retinal blood vessels in adults and children.
According to current plans, future habitats and vehicles used during extra-vehicular
activities on the Moon and Mars will be hypoxic, and it is expected that eventually,
habitats will be populated with individuals of all ages.

The findings of the present thesis and suggestions for future work are summarised in
Chapter 7.

The results of this thesis will help to elucidate how different factors affect the ocular
system, particularly IOP, and potentially contribute to the understanding of the occurrence
and pathophysiology of SANS. Currently, SANS jeopardises all future long-duration space
missions, therefore a better understanding of SANS will be an important step toward the
development of appropriate countermeasures to prevent its occurrence.
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2.3 Hypotheses

The thesis consists of four studies. Each study addressed a set of null hypotheses. The null
hypotheses and potential alternative hypotheses, should a null hypothesis not be accepted,
are outlined below.

Study I (Chapter 3): The effect of posture and hypercapnia on intraocular pressure during
handgrip exercise in young males
e Null hypothesis 1 (Hol): Body posture does not affect IOP in younger males.
e Alternative hypothesis 1 (Hal): IOP in younger males is affected by changes in the
body position.

Ho2: Hypercapnia does not affect IOP response in younger males.
e H,2: IOP response in younger males is affected by hypercapnia.

o Hy3: Isometric handgrip exercise does not affect IOP in younger males.
o H,3: IOP in younger males is affected by isometric handgrip exercise.

e Hyd: Isometric handgrip exercise in hypercapnia does not affect IOP in younger
males.

e Hu4: TIOP responses in younger males are affected by isometric exercise in
hypercapnia.

Study II (Chapter 4): The effect of hypercapnia on intraocular pressure during handgrip
exercise in older males

e H¢5: Hypercapnia does not affect IOP in older males.

e Hab5: IOP in older males is affected by hypercapnia.

e H6: Isometric handgrip exercise does not affect IOP in older males.
e H,6: IOP in older males is affected by isometric handgrip exercise.

e H,7: Isometric handgrip exercise in hypercapnia does not affect IOP in older males.
e HA7: IOP in older males is affected by isometric exercise in hypercapnia.

Study III (Chapter 5): Effect of sex on intraocular pressure during static handgrip exercise
in astronaut-aged individuals

o H(8: Sex does not affect the IOP responses to isometric handgrip exercise.

e H,8: IOP responses to isometric handgrip exercise are affected by sex.

Study IV (Chapter 6): Effect of age on hypoxia-induced changes in retinal blood vessel
diameter

e H9: Hypoxia has no effect on retinal blood vessel diameters.

e H,9: Retinal blood vessel diameters are affected by hypoxia.

e Hyl0: Age does not affect retinal blood vessel diameters.
e H,10: Retinal blood vessel diameters are affected by age.
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Chapter 3

The Effect of Posture and
Hypercapnia on Intraocular Pressure

During Handgrip Exercise in Young
Males

As with all environmental stressors, the human body adapts to the microgravity
environment, as experienced during spaceflight. The time course of adaptation to
microgravity is specific for each physiological system, and the adaptations are typically
reversible upon return to Earth’s gravity (Nicogossian & Parker Jr., 1982). An exception
would appear to be certain ocular changes observed in Spaceflight-Associated Neuro-ocular
Syndrome (SANS) (Mader et al., 2011; Mader et al., 2013; Marshall-Bowman et al., 2013;
Nelson et al., 2014).

One of the factors that was identified as potentially playing a role in the development
of SANS is elevated intraocular pressure (IOP). Whilst IOP has been reported to increase
at the onset of exposure to microgravity (Draeger et al. 1993, 1997), it is doubtful whether
the observed IOP of 25 mmHg would instigate the morphological changes observed during
longer missions. However, the astronauts’ daily exercise regimen to combat microgravity-
induced sarcopenia may cause further substantial and deleterious increases in IOP. Namely,
on Earth, resistive exercise and hypercapnia have both been confirmed to elevate I0P,
either independently (Awad et al., 2009; Bakke et al., 2009; Dickerman et al., 1999;
Hvidberg et al., 1981; Laurie et al., 2017; Vieira et al., 2006) or synergistically (Kiss et al.,
2001). The elevations in IOP during resistive exercise observed on Earth might be greater
when performed in the absence of gravity (e.g., in space), and further exacerbated by the
hypercapnic environment experienced on the International Space Station (ISS) (Law et al.,
2014; Taylor et al., 2013). Carbon dioxide (CO,) levels on the ISS are significantly higher
than on Earth. Since 2008, spacecraft maximum allowable concentrations (SMACs) for
CO; are defined as 2.0% for 1 hour, 1.3% for 24 hours, 0.7% for 7 to 180 days, and 0.5%
for 1000 days (James, 2008).

It is questionable whether supine or prone head-down tilt (HDT) positions are suitable
analogues for studying the effects of microgravity on the ocular system, particularly given
that IOP responses during parabolic flights were observed to be in the range between the
values occurring in the prone and supine positions (Anderson et al., 2016). However, due
to the insufficient time required for IOP to stabilise following the assumption of either
supine or prone posture, the values reported by Anderson et al. (2016) likely underestimate
the IOP that would have been observed over a longer period of time.
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As a prelude to a study investigating the effects of the exercise of duration similar to
that conducted on a near-daily basis by the astronauts on the ISS, we sought to identify
the posture that would best mimic the IOP elevations observed in microgravity and to
assess the effect of a short acute bout of resistance exercise on IOP. Specifically, the present
study assesses the effect of posture (i.e., sitting, supine 6°HDT, and prone 6°HDT) on IOP
at rest and during static handgrip exercise at 30% of the participant’s maximum strength.
Submaximal isometric handgrip exercise was chosen because it has previously been shown
to increase both IOP and mean arterial pressure (Bakke et al., 2009), and enables easier
IOP measurements. Due to the reported prevalence of hypercapnia on the ISS (Law et al.,
2014), we examined the IOP responses also during hypercapnic exercise. The novel
approach to assessing IOP while combining and manipulating all three aforementioned
factors (i.e., posture, exercise, and hypercapnia), as in the present study, has not yet been
reported in the literature.

3.1 Methods

3.1.1 Participants

Ten healthy, non-smoking young male participants gave their written informed consent to
partake in the study. Their physical characteristics are shown in Table 3.1. Exclusion
criteria included hypertension, any acute or chronic ophthalmic disorders, and any
condition which would render participants incapable of conducting isometric handgrip
exercise in either seated (Seated), supine 6°HDT (Supine) or prone 6°HDT (Prone)
positions. Except for registration in a database, this study conformed to the Declaration of
Helsinki and was approved by the National Medical Ethics Committee (approval no. 0120-
31/2020/9) at the Ministry of Health (Republic of Slovenia).

Table 3.1: Participants' anthropometric characteristics and maximum isometric grip
strength obtained in the seated (Seated), supine 6° head-down tilt (Supine) and prone
6° head-down tilt (Prone) positions.

Range

Variable Mean SD Min Max
Age (years) 22.5 3.1 19 29

Height (cm) 179.6 5.8 169.0 188.2
Weight (kg) 787 129 602 107.9
Max grip (Seated; kg) 41.9 6.8 27.2 52.1
Max grip (Supine; kg) 43.1 7.1 29.3 53.9
Max grip (Prone; kg) 42.1 7.1 27.3 51.9

3.1.2 Experimental protocol

To assess the effect of the two factors, namely posture (seated, supine 6°HDT, and prone
6°HDT) and fraction CO, (FCO,) in the breathing mixture (normocapnic and hypercapnic)
on IOP during rest and static handgrip exercise, participants were required to visit the
laboratory on six occasions, with a minimum of 48 hours between consecutive visits. During
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two visits the trials were conducted in a seated position (Seated), during two in the supine
6°HDT position (Supine) and during two in the prone 6°HDT position (Prone), as seen in
Table 3.2. The order of the visits, and thus trials, was randomized. Each visit comprised a
control trial (Control), in which IOP was measured with the participant in the standard
clinical seated position. The Control measurement was followed by two 23-min trials
separated by 30 min. In one 23-min trial, the participants inspired normoxic normocapnic
room air (NCAP) and in the other a normoxic hypercapnic (F;CO; = 0.01) gas mixture
(HCAP). The NCAP and HCAP trials had an identical protocol, comprising three phases:
(i) 10-min rest, (ii) 3-min isometric handgrip exercise at 30% of the participant’s maximum,
and (iii) 10-min recovery (Figure 3.1). The order of the trials during the second visit in a
given position was reversed. The analysis of the results was conducted on the averaged
data of the two trials. To avoid diurnal fluctuations in any of the measured physiological
variables, participants were required to visit the laboratory at the same time of the day.

Table 3.2: Example of the sequence of the trials for one of the participants. Every
participant visited the laboratory on six occasions, with a minimum of 48 hours between
consecutive visits. During two visits the trials were conducted in a seated position
(Seated), during two in the supine 6°HDT position (Supine) and during two in the prone
6°HDT position (Prone). On each visit, they completed one trial while breathing
normoxic normocapnic air (NCAP) and one trial while breathing normoxic hypercapnic
gas mixture (HCAP). The order of the visits, and thus trials, was randomized.

Posture Trial 1 Trial 2

Visit 1 Prone NCAP HCAP
Visit 2 Prone HCAP NCAP
Visit 3 Seated HCAP NCAP
Visit 4 Supine NCAP HCAP
Visit 5 Supine HCAP NCAP
Visit 6 Seated NCAP HCAP

3.1.3 Intraocular pressure measurements in a standard clinical position

On arrival at the laboratory, the participant’s IOP was measured in a standard clinical
seated position. This was done to ensure that participants’ IOP on days they undertook
trials in different positions (Controlseied, Controlsuine, and Controlp.) did not differ and,
therefore, impact the trials’ results. Triplicate measurements were obtained from the right
eye using Pulsair IntelliPuff Tonometer (Keeler, Windsor, United Kingdom). The three
IOP measurements’ average was taken as a participant’s measured Control value in a given
visit.

3.1.4 Maximal strength measurement

Maximal handgrip strength in each of the three positions was measured on the days when
the participants performed their first trial in a given position. For example, a participant
whose schedule is presented in Table 3.2, performed a maximal strength measurement in a
prone 6°HDT position at the beginning of visit 1, in a seated position at the beginning of
visit 3, and in a supine 6°HDT position at the beginning of visit 4.

To measure participants’ maximal isometric handgrip strength, they assumed one of
the three positions. For a measurement in the seated position, they sat on a stool with
their back upright (90°), and for measurements in supine and prone 6°HDT positions, they
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lay on a bespoke bed. The bed was at a 6° angle and had a padded horse-shoe-shaped
headrest attached at one end. This allowed the face to protrude from the opening in the
headrest while maintaining a relaxed neck and enabled IOP measurement in the prone
6°HDT position. During the maximal strength measurements, participants held the
handgrip dynamometer (K-Force Grip, KINVENT, Montpellier, France) in their right
hand with flexion at the elbow maintained at a 90° angle. On instruction, participants
conducted maximal isometric handgrip with a handheld dynamometer twice for 5 s with a
60 s rest between the exertions. Strong verbal encouragement was provided throughout
both trials. The participant’s maximum handgrip strength was determined as the highest
force obtained in the two trials.

3.1.5 Normocapnic and hypercapnic exercise trials

Prior to the trials, participants were instrumented for the measurement of impedance
electrocardiography (Physioflow Q-Link, Manatec Biomedical, Paris, France), previously
validated against the direct Fick method during exercise in healthy participants (Richard
et al., 2001; Siebenmann et al., 2015). The Physioflow device provided continuous
measurement of heart rate (HR, min™).

A Dblood pressure cuff (Withings model BP-800, Issy-les-Moulineaux, France) was fitted
to the participant’s left arm before assuming one of the three positions, for measurement
of systolic (SAP, mmHg) and diastolic (DAP, mmHg) arterial pressure. Withings BP-800
sphygmomanometer fulfils the validation criteria of the European Society of Hypertension
International Protocol Revision 2010 (Topouchian et al., 2014). Measures of SAP and DAP
were used to calculate mean arterial pressure (MAP, mmHg), using Equation 3.1

MAP = SARZDAP (3.1)

Once instrumented, participants assumed one of the three positions (Seated, Supine or
Prone) and were fitted with a nose clip and mouthpiece connected to a two-way non-
rebreathing valve (Hans Rudolph Inc, Shawnee, Kansas, USA). During the trial, IOP, SAP,
DAP, and HR were recorded towards the end of the 5 and 10™ minutes of the rest period
(R5 and R10, respectively), each minute of the 3-min exercise period (E1-E3; isometric
handgrip exercise at 30% of their maximum, using a handheld dynamometer) and at the
end of the 1%, 22 5% 7" and 10" minutes of the post-exercise recovery period (P1, P2, P5,
P7, and P10, respectively), as seen in Figure 3.1. During the 3-min exercise period, the
force exerted by the participants with the handgrip dynamometer was displayed on a screen
(KAPA-INVENT, 2017), providing them continuous feedback. This was essential, as
participants were instructed to maintain the exerted force at 30% of their previously
measured maximal force. To avoid the influence of a Valsalva manoeuvre on any of the
measured variables, all participants were regularly reminded to keep their neck relaxed and
maintain normal respiratory patterns throughout the trial’s entirety. Additionally, they
were instructed to relax all the muscles not primarily involved in contraction to avoid the
recruitment of accessory muscles and an increase in blood pressure. At every time point,
IOP was measured three times on the right eye, and the average of three measurements
was used for the analysis.

The second trial was conducted following a 30-min rest period. During the rest period,
participants were requested to be seated in an upright position. The protocol for both trials
was identical, with the exception of the gas inspired. In the NCAP condition, the inspired
gas was normoxic normocapnic room air, whereas, in the HCAP condition, it was normoxic
hypercapnic (F;CO, = 0.01).
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Normocapnia or Hypercapnia (1% COz, 20% O:) in either seated, supine 6°HDT or prone 6°HDT position
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Figure 3.1: Graphic depiction of the protocol. Fach participant underwent two
experimental sessions in each of the three positions (seated, supine 6°HDT, and prone
6°HDT), six altogether. During each experimental session, participants conducted two
trials; during one trial they breathed normocapnic normoxic air, and during the other
normoxic hypercapnic gas mixture (FiCO2 = 0.01). (Note: MAP: mean arterial pressure;
IOP: intraocular pressure; HR: heart rate).

3.1.6 Statistical analyses

All data were assessed for normality using the Shapiro-Wilk and Kolmogorov-Smirnov test
of normality. One-way repeated-measures analysis of variance (ANOVA) with a Bonferroni
correction was used to investigate any significant difference in participants’ IOP when
measured in a standard clinical seated position on days when they underwent trials in
different positions.

A two-way repeated-measures ANOVA was conducted to compare the main effects of
all three positions, time, and their interaction effects on all measured variables (IOP, SAP,
DAP, MAP, and HR) in each of the two conditions (NCAP and HCAP). When
position*time interaction was significant, a one-way ANOVA with a Bonferroni correction
was run as a post hoc test. The same post hoc test was used to observe the variables’
temporal change in each position (Seated, Supine, or Prone) and each condition (HCAP or
NCAP). A paired-samples t-test was used to assess if there was any difference between
HCAP and NCAP trials in each position.

Descriptive statistics were expressed as mean + standard deviation (SD) unless stated
otherwise, and the significance level for all statistical tests in this study was set at p <
0.05, a priori. Based on the results of a pilot test, I determined that for a required observed
power of 0.8, a minimum of 8 participants needed to partake in the present study. To
account for any potential drop-out, 10 participants were recruited. A priori power analysis
was conducted using G*Power software (Faul et al., 2007). All other statistical analyses
were performed using SPSS (v.25, IBM, NY, USA) software.

3.2 Results

All participants successfully completed the normocapnic and hypercapnic 3-min static
handgrip exercise performed at 30% of their maximum handgrip strength during the three
interventions (Seated, Supine, and Prone). The participants commented that they could
not discern between the two breathing mixtures.
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3.2.1 Heart rate

A significant main effect of position on HR (Figure 3.2) was observed in both conditions
(NCAP: Fo,15) = 22.829, p < 0.001; HCAP: Fp5 15 = 12.739, p < 0.001). Post hoc pairwise
comparison analysis revealed that in both conditions HR in the Seated trials was
significantly higher than in the Supine (NCAP: p = 0.001; HCAP p = 0.005) and Prone
trials (NCAP: p = 0.007; HCAP: p = 0.044), while HR data in the Supine and Prone trials
were statistically indifferent.

p (NCAP) p (HCAP)
115.0 - Tim_e_ <0.001 <0.001
Position <0.001 <0.001
110.0 T Position*Time 0.020 0.390

105.0 1
100.0 1 I
95.0 1 '
900 H
85.0 - '
80.0 -
75.0
700 -

Heart Rate (bpm)

65.0 1
60.0 1
55.0 A

50.0
45.0

RO RS R10 El E2 E3 P1 P2 PS5 P7 P10

Rest Exercise Post Exercise

SEATED (NCAP) SEATED (HCAP) —#— SUPINE (NCAP) - 4~ - SUPINE (HCAP) —@—PRONE (NCAP) =O--PRONE (HCAP)

Figure 3.2: Heart rate response during normocapnic and hypercapnic trials (NCAP and
HCAP, respectively) in seated (SEATED), supine 6°HDT (SUPINE) and prone 6°HDT
(PRONE) positions. For clarity, the results of a two-way repeated-measures ANOVA are
tabulated in the figure. Results on a one-way ANOVA are presented in the text (Note:
*HR during trials in a SEATED position was statistically different to HR during trials in
a PRONE position (NCAP and HCAP); #HR during trials in a SEATED position was
significantly different to HR during trials in a SUPINE position (NCAP and HCAP); p <
0.05).

A significant main effect of time on HR was observed in all positions (Seated: F (1, o0) =
32.644, p = 0.002; Supine: F(, 90 = 35.163, p < 0.001; Prone: Fo 90y = 50.366, p < 0.001).
A significant exercise-induced elevation in HR (E3 compared to R10) was observed in all
conditions and positions (0.001 < p < 0.008), except during the Seated HCAP trial (p =
0.068). A significant decrease in HR immediately upon cessation of exercise (E3 compared
to P1) was observed in all positions and conditions (0.001 < p < 0.015) and persisted
throughout the whole post-exercise period.

The main effect of the inhaled gas mixture on HR was significant only in the Supine
trials (F,9) = 10.065, p = 0.011). A significant interaction effect of position and time on
HR was observed in the NCAP condition (F(, 150 = 26.085, p = 0.020), where HR during
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the Seated trials was higher compared to HR during the Supine trials at R5, R10, P1, P2,
P7, and P10 (0.002 < p < 0.035), and higher than during the Prone trials at P7 (p =
0.028).

3.2.2 Systolic, diastolic and mean arterial pressure

A significant main effect of position on SAP was observed only in the NCAP condition
(NCAP: Fo,15y= 7.708, p = 0.004). Post hoc pairwise comparison revealed that SAP in the
Prone trials was significantly lower than in the Seated trials (p = 0.018). The main effect
of position on DAP was observed in both NCAP and HCAP conditions (NCAP: Fy, 15y =
38.852, p < 0.001; HCAP: F(y 15y = 45.456, p < 0.001) with DAP in the Seated trials being
significantly higher than during the Supine (NCAP: p < 0.001; HCAP: p < 0.001) and
Prone (NCAP: p < 0.001; HCAP: p < 0.001) trials.

The main effect of time on SAP and DAP was observed in all positions (Seated: F(1, o)
= 55.279, p < 0.001 and Fp, 90 = 63.108, p < 0.001 respectively; Supine: Fqo, 00) = 41.150,
p < 0.001 and Fo, 90y = 49.332, p < 0.001 respectively; Prone: Fu, 90p = 67.933, p < 0.001
and Fuo, ) = 56.282, p < 0.001 respectively), as seen in Table 3.3. Additionally, a
significant effect of position and time interaction on DAP was observed only in HCAP
trials (F20,1s0) = 1.925, p = 0.013), and the main effect of the inhaled gas mixture on DAP
was significant only in the Prone trials (F(1 o) = 16.510, p = 0.003), as seen in Table 3.3.

The main effect of position on MAP was observed in both HCAP and NCAP conditions
(NCAP: Fpus = 16.336, p < 0.001; HCAP F(o, 15) = 24.528, p < 0.001), as seen in Figure
3.3. MAP during the Seated trials was significantly higher compared to the Supine (NCAP:
p = 0.029; HCAP: p = 0.002) and Prone (NCAP: p < 0.001; HCAP: p = 0.001) trials.

The main effect of time on MAP was present in all positions (Seated: F(1, 90y = 75.216,
p < 0.001; Supine: Fg, 90 = 8.890, p < 0.001; Prone: Fpo 90y = 77.272, p < 0.001). MAP
increased significantly immediately with exercise (R10 compared to E1) in all positions and
conditions (0.001 < p < 0.020), except in the Supine HCAP trial (p = 0.138). By the 3™
minute of exercise (E3) MAP in all conditions and positions was significantly higher than
at R10 (0.001 < p < 0.004). Immediately upon cessation of exercise (E3 compared to P1),
MAP significantly decreased (p < 0.001) and stayed decreased throughout the whole post-
exercise period in all conditions (p < 0.001), except in the Supine NCAP trial at P5 (p =
1.000).

A significant interaction effect of position and time on MAP was observed only in the
HCAP condition (Fo, 159 = 18.663, p = 0.011). MAP during the Seated trials was
significantly higher than during the Supine trials at R10, E1, E3, P2, P5, P7, and P10
(0.012 < p < 0.041), and higher than during the Prone trials at R5, E1, E3, P2, P5, P7,
and P10 (0.008 < p < 0.048).

The main effect of the inhaled gas mixture on MAP was observed only in the Prone
trials (F, 0 = 13.550, p = 0.005). Post hoc tests revealed this difference was present at R5,
R10, T1, T2, P2 and P7 (0.002 < p < 0.037).
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Table 3.3: Average (SD) responses of systolic and diastolic pressure during normoxic
hypercapnic (HCAP) and normoxic normocapnic (NCAP) conditions in seated, supine
6°HDT, and prone 6°HDT positions (Seated, Supine and Prone, respectively).

Systolic Pressure
RO R5 R10 E1 E2 E3 Pl1 P2 P5 P7 P10
121 124 126 134 144 155 128 124 127 127 125

N Seated (1) (1) (1) @®)F A)* (14 ®)F @)F (9 ©) (9)
C Supine 126 123 122 132 139 149 129 123 119 124 123
A P (10) (9) (1) (9* (12)* (10)* (10)" (8)F (200" (7)F (8)
P Prone 124 120 120 126 133 142 124 122 121 120 121
8) (6) (1) ®* (®)* (A2* (&) ®)F (6 (D (8)

Seated 123 124 125 133 141 154 129 127 126 124 125

H (1) (1) 8 ®* (14) H* (149" (9 ant (9 (8)
C Supine 125 125 123 130 140 148 130 125 126 124 124
A P 9) (9 (M @* (12)* 15)* (9" 9 " ©®)F (8)
P Prone 123 121 120 129 136 145 126 122 122 122 123
8 (B (M ®* 9* ®* ) 9 ©) (M (©)

Diastolic Pressure

RO R5 R10 E1 E2 E3 P1 P2 P5 P7 P10

Seated U 83 92 100 74 75 76 76 78

N (6) (8) (10) (A* (9* (N* (D' AO)F (9" (D (7
C Supine 68 66 65 74 80 90 65 61 65 64 67
A (7) (6) (6) (®)* (1)* (10)* (6) (NF (&) (D) (4)
P 68 65 66 71 77 8T 65 62 65 65 66
(1) (6) (1) (9 @o)* (M* (D ©)F (D (D (5)

Seated 76 76 78 84 93 104 77 76 77 77T 79

H 8) (8 (9 M* (0)* An* (9 10)" (8)" (7)F (8)
C g 67 69 66 72 81 89 67 62 67 66 66
A p (6)!! (6)!! (6)!! (8)!! (11)” (9)*!! (S)T!! (7)T!! (5)?!! (5)?!! (G)T!!
P 69 67 70 73 79 8T 66 65 67 65 66

6 @' © O @ 0" ©" ©" ©" 6" ©"

*significantly different response during exercise compared to R10; T significantly different

response during recovery period compared to last minute of exercise (E3); " significantly
different from Seated; p < 0.05
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Figure 3.3: Mean arterial pressure response during normocapnic and hypercapnic trials
(NCAP and HCAP, respectively) in seated (SEATED), supine 6°HDT (SUPINE) and
prone 6°HDT (PRONE) positions. For clarity, the results of a two-way repeated-measures
ANOVA are presented on a graph and the results of a one-way ANOVA are presented in
the text (Note: dashed coloured error bars: HCAP condition; solid black error bars: NCAP
condition; *MAP during trials in a SEATED position was statistically different to MAP
during trials in a PRONE position (NCAP and HCAP); #MAP during trials in a SEATED
position was significantly different to MAP during trials in a SUPINE position (NCAP and
HCAP); p < 0.05).

3.2.3 Intraocular pressure

As shown in Table 3.4, no significant difference was found between participants’ IOP
measured in a standard clinical seated position on days when they undertook trials in
different positions (p = 0.189).

Table 3.4: Participants’ IOP measured in a standard clinical seated position on days when
they undertook trials in different positions. (Note: Controlseia when trials were performed
in a seated position, Controls,. when trials were performed in a supine 6°HDT (Supine)
position, and Controlpine when trials were performed in a prone 6°HDT (Prone) position.)

Range
Variable Mean SD Min Max
Controlseated 13.6 1.8 9.8 16.6
Controlsupine 13.8 2.1 10.6 17.3

Controlprone 13.2 1.4 10.5 15.9
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The main effect of position on IOP was present in both NCAP and HCAP conditions
(NCAP: Fo, 15y = 267.485, p < 0.001; HCAP: Fo,15) = 155.436, p < 0.001), as seen in Figure
3.4. In both conditions, IOP in the Prone trials was significantly higher compared to IOP
in the Seated (NCAP and HCAP: p < 0.001) and Supine (NCAP and HCAP: p < 0.001)
trials. Additionally, IOP in the Supine trials was higher than in the Seated trials (NCAP:
p = 0.005; HCAP: p = 0.003).

Intraocular Pressure (mmHg)
=
(=]

17.0
15.0 1
13.0 4 1 {
11.0 1 ) i H
9.0 4 p (NCAP) p (HCAP)
Time <0.001 <0.001
7.0 1 Position <0.001 <0.001
- Position*Time 0.002 0.001
RO RS R10 El E2 E3 Pl P2 P5 P7 P10
Rest Exercise Post Exercise
SEATED (NCAP) SEATED (HCAP) =& SUPINE (NCAP) - 4~-SUPINE (HCAP) —@—PRONE (NCAP) =O--PRONE (HCAP)

Figure 3.4: Intraocular pressure response during normocapnic and hypercapnic trials
(NCAP and HCAP, respectively) in seated (SEATED), supine 6°HDT (SUPINE) and prone
6°HDT (PRONE) positions. For clarity, the results of a two-way repeated-measures
ANOVA are presented on a graph and the results of a one-way ANOVA are presented in
the text (Note: dashed coloured error bars: HCAP condition; solid black error bars: NCAP
conditions; *IOP during trials in a PRONE position was statistically different to IOP
during trials in a SUPINE position (NCAP and HCAP); #IOP during trials in a PRONE
position was significantly different to IOP during trials in a SEATED position (NCAP and
HCAP); p < 0.05).

A main effect of time on IOP was observed in all positions (Seated: Fo, 90 = 11.914, p
< 0.001; Supine: F o 90) = 8.507, p < 0.001; Prone: F o 90y = 22.165, p < 0.001), however,
IOP increased significantly with exercise (R10 compared to E3) only during a HCAP Seated
trial (from 14.0 £ 2.3 to 16.1 + 3.2 mmHg; p = 0.042). Furthermore, immediate post-
exercise drop (E3 compared to P1) in IOP was significant only in the Seated and Prone
NCAP trials (p < 0.048 and p < 0.021, respectively).

A significant interaction effect of position and time was observed in both conditions
(NCAP F(Qo( 180) = 2286, p = 0002, HCAP F(Qo( 180) = 2473, p = 0001) Post hOC pairwise
comparison analysis showed that IOP in Prone trials was higher than IOP in the Seated
and Supine trials at all time points (p < 0.001).

The main effect of the inhaled gas mixture on IOP was significant only in the Supine
position (F, 9 = 10.932, p = 0.009). IOP during the HCAP trial was significantly higher
than during the NCAP trial only in the 5™ minute of post-exercise rest (P5; p = 0.002).
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3.3 Discussion

The main finding of the present study is that IOP during rest and static handgrip exercise
was significantly greater in the prone 6°HDT position than in either the seated or supine
6°HDT positions. Additionally, IOP in the prone 6°HDT position was constantly elevated
above 21 mmHg. Clinically, long-term values above 21 mmHg are considered indicative of
ocular hypertension (The Royal College of Ophthalmologists, 2016). This was observed in
both acute normoxic hypercapnia (HCAP) and normoxic normocapnia (NCAP). No
significant effect of hypercapnia on IOP was observed in any of the positions in the present
population of younger participants. IOP measured in a standard seated clinical position
(13.5 £+ 0.3 mmHg when combined for all three postures) was in line with the normative
values for a given population (Martin, 1992; Shiose & Kawase, 1986).

In the present study, we did not replicate the length and type of resistance training as
performed on ISS, since the aim was to observe the general effects of resistive exercise on
IOP and not fitness. Additionally, we decided to only look at acute exposures to each
condition since prolonged exposure to a prone 6°HDT position could result in too great of
discomfort for the participants.

3.3.1 Posture

It has been suggested that initial and sudden increases in IOP observed during space
missions are most likely due to choroidal engorgement and expansion brought about by
headward fluid shifts (Mader et al., 1993; Mader et al., 1990). As reported by Draeger et
al. (1993, 1997), IOP increased to 25 mmHg (a 92 — 114% increase compared to pre-flight
data) within 16 min upon reaching Earth’s orbit. Elevations in IOP were also observed
during parabolic flights (Anderson et al., 2016; Frey et al., 1993) and bed rest in both the
supine horizontal and 6°HDT positions (Anderson et al., 2017; Anderson et al., 2016;
Carlson et al., 1987; Eklund et al., 2016; Lam & Douthwaite, 1997; Laurie et al., 2017), as
well as a horizontal prone position (Anderson et al., 2017; Anderson et al., 2016; Lam &
Douthwaite, 1997). Additionally, Anderson et al. (2016) showed that changes in
hydrostatic gradients resulting from changes in the direction of the gravity vector play a
significant role in IOP responses. During parabolic flights, Anderson et al. (2016) observed
IOP values (16.3 + 2.7 mmHg) that were between the values measured on the ground in
the horizontal supine (13.7 + 3.0 mmHg) and prone (20.3 + 2.6 mmHg) positions. IOP
values obtained by Anderson et al. (2016) in all three conditions were remarkably lower
than IOP values measured during spaceflight (Drager et al. 1993, 1997). This could be
attributed to the fact that measurements in supine and prone positions were conducted in
a horizontal and not 6°HDT position and insufficient time was allocated for the IOP to
stabilise in each position. Although in the present study, IOP in supine 6°HDT increased
to 15.7 £ 2.3 mmHg (NCAP and HCAP combined) by the end of the initial 10-min rest
and was not significantly different from the seated values (13.8 + 2.1 mmHg for NCAP
and HCAP combined), IOP in the prone 6°HDT position increased to 24.5 + 3.9 mmHg
(NCAP and HCAP combined), values that are very similar to those reported by Draeger
et al. (1993, 1997). It can therefore be speculated that fluid shifts and the direction of the
gravity vector in prone 6°HDT position better mimic the effects of microgravity, hereby
making it a more appropriate ground-based simulation model of acute ocular changes that
occur in microgravity than supine 6°HD'T.
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3.3.2 Resistive exercise

A multitude of exercise countermeasures have proven to be only partially effective in
preventing the adaptation of physiological systems to microgravity. Nevertheless,
astronauts on the ISS perform daily training, consisting of aerobic and resistive exercises
(Marshall-Bowman et al., 2013).

During static exercise, blood flow to the active skeletal muscles is decreased due to
increases in intramuscular pressure resulting from prolonged continuous contraction. Static
exercise invokes marked increases in MAP (Avunduk et al., 1999; Lind, 1970), which are
further exacerbated by a Valsalva manoeuvre (Narloch & Brandstater, 1995; Zebrowska et
al., 2013). Narloch and Brandstater (1995) reported that during five repetition maximum
(RM) leg press, MAP increased 110 mmHg more (183 vs. 293 mmHg) when the Valsalva
manoeuvre was performed compared to slow exhalation during concentric contraction. In
the present study, MAP increased significantly with exercise in all positions and conditions.
Prior to testing, all the participants were told to avoid holding their breath, but since the
breathing parameters were only observed visually and not monitored, we cannot ascertain
whether all the participants successfully adhered to the instructions. Similarly, even though
astronauts are trained to execute all exercise moves appropriately, it is likely that Valsalva
manoeuvres are still occasionally performed during a strength training exercise on the
Advanced Resistive Exercise Device (ARED) onboard the ISS.

The majority of studies investigating IOP responses during resistive exercise reported
significant increases in IOP with exercise, either with (Dickerman et al., 1999; Vieira et al.,
2006) or without (Bakke et al., 2009; Vieira et al., 2006) the presence of a Valsalva
manoeuvre, while others reported decreases (Lanigan et al., 1989), or even no change
(Marcus et al., 1974; Robinson et al., 1986), as observed in the present study. The reasons
for these disparate results are unclear but are likely influenced by differences in exercise
mode, participants’ age, types of tonometry, and timings of the measurements. Studies
investigating the relationship between MAP and IOP also report contradictory results.
Some studies found that IOP increases parallel with MAP during static exercise (Bakke et
al., 2009), whereas others reported a decrease (Lanigan et al., 1989) or found no change in
IOP despite the increase in MAP (Marcus et al., 1974; Robinson et al., 1986). In the present
study, MAP increased significantly in all positions and conditions; however, significant IOP
elevations were only observed in the Seated position during hypercapnic exercise.

A drop in IOP has been observed following exercise, after short or prolonged bed rest
and upon return to Earth. Whereas the post-exercise drop in IOP, as in our study, has
been attributed to a decrease in plasma pH, and an increase in plasma osmolality and
lactate (Marcus et al., 1970), the decrement in IOP following exposure to simulated and
actual microgravity has been hypothesised to result from a sudden drop in choroidal
volume, consequently resulting in a decreased aqueous volume and lower than expected
IOP (Mader, 1991).

It has recently been reported (Fischman et al., 2018) that low-level resistance exercise
does not affect ICP in either the seated or supine position. Even though IOP in the present
study did not increase with exercise in any of the positions while in normocapnia, I0P
values obtained in a Prone trial suggest that the prone 6°HDT rather than the supine
6°HDT position might be a better ground-based simulation of the effects of acute
microgravity on IOP, therefore a similar analysis should be performed to investigate the
ICP responses in a prone position.



3.3. Discussion 31

3.3.3 Hypercapnia

Elevated levels of ambient CO, onboard the ISS, caused by insufficient CO, scrubbing
systems, have been implicated in the frequently reported headaches by astronauts (Law et
al., 2014). CO, is a potent vasodilator that has been shown to cause increases in IOP
(Laurie et al., 2017), MAP (Sechzer et al., 1960) and the diameter of cerebral vessels
(Faraci et al., 1994). Consequently, it has been speculated that hypercapnia-induced
cerebral vasodilation is present also in astronauts on the ISS, and in combination with
decreased venous drainage resulting from the absence of gravity vector exerts great stress
on posterior ocular structures, potentially contributing to the development of SANS
(Marshall-Bowman et al., 2013; Marshall-Goebel et al., 2017).

In the present study, a difference in the IOP response to hypercapnia and normocapnia
during isometric handgrip exercise was observed only in a Seated position, where IOP
increased significantly in the HCAP trials (from 14.0 4+ 2.3 at R10 to 16.1 + 3.2 mmHg at
T3; p = 0.042), but not in the NCAP trials (from 13.7 £+ 2.4 at R10 to 15.4 £+ 2.2 mmHg
at T3; p = 0.303). No such changes were observed in any other position, suggesting that
IOP increases caused by cephalad fluid displacement in supine and prone 6°HDT positions
potentially negated any changes that would have occurred due to hypercapnia.

Jaki Mekjavic et al. (2016) conducted examinations of the retina using OCT before and
after 10-day bed rest, with participants inspiring either a hypoxic or a hypercapnic
breathing mixture identical to the present study (F:CO, = 0.01). Whereas a vasoactive
effect of both hypercapnia and hypoxia was observed on the vessels in the neuroretina, the
vessels in the choroid were predominantly affected by the hydrostatic component. In part,
this may explain the observation in the present study where the highest IOP levels were
recorded in the prone 6°HDT position.

3.3.4 Limitations

During the pilot phase of this study, we tested three portable tonometers (Pulsair
IntelliPuff; iCare 1C200, Icare Finland Oy, Finland; Tono-Pen, Reichert Technologies,
USA) for the measurement of IOP in the seated position. Due to the nature of the
experimental arrangement, Pulsair IntelliPuff was used in the study to avoid the use of an
eye anaesthetic and to make it possible to measure IOP in all three positions. Considering
the excellent agreements found between the data collected with Pulsair IntelliPuff and
GAT, Pulsair IntelliPuff is an appropriate tool for measuring IOP in normo- and
hypertensive individuals (Hubanova et al., 2015).

The second limitation of the present study was the lack of control resting trials in all
three positions and both conditions during which participants would rest for the entire 23
minutes, assuming the postures tested. The 10-min rest prior to the exercise in the present
study might not have been of sufficient duration to allow IOP to stabilise, especially in the
prone 6°HDT position. A resting trial would allow us to observe any drift in the measured
variables. If such data were available and indicated a significant drift, then the presented
IOP data could have been corrected to reveal the true physiological responses of the
variables.

Lastly, the present study only included younger male participants to avoid the presence
of any age-related (ocular) illnesses. Data shows that female astronauts are less likely to
develop SANS (Mader et al., 2011; Mark et al., 2014), potentially indicating that certain
physiological differences between the sexes influence the manifestation of ocular changes
observed in space. Therefore, to assess the influence of posture on IOP without the
interference of these potential differences, we decided to include only younger male
participants in the present study.
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Chapter 4

The Effect of Hypercapnia on
Intraocular Pressure During

Handgrip Exercise in Older Males

A major hindrance to future long-term missions on the International Space Station (ISS),
and the exploration of the Moon and Mars are the unexplained ophthalmic changes
observed in a subset of astronauts. Some of these symptoms and signs are not fully
reversible. Although the functional degradation of vision in astronauts exposed to
microgravity has been known for some time, the associated morphological changes have
only been observed recently. That is because these ocular changes occurred more frequently
and worsened with longer durations and repetitive exposure to microgravity.

This, as yet unresolved, vision impairment has been attributed primarily to the increase
in intracranial pressure (ICP) associated with spaceflight, which impacts the vision neuro-
axis. Numerous ground-based studies have provided evidence regarding the manner in
which different stressors impact ICP and intraocular pressure (IOP). The effects reported
so far do not suggest that these factors would affect vision in the long term (cf. Stenger et
al., 2017). One issue may be that the bed rest models used in the investigations, namely
either horizontal or 6°head-down tilt (HDT) supine bed rest, may not adequately represent
the fluid shifts in the eye. Another issue is that many of the factors identified as affecting
ICP and IOP may occur simultaneously, and their synergistic effect may be of clinical
significance, although each of these alone has only minimal effects.

With the exception of the report by Drozdova and Nesterenko (1970), deterioration in
visual function during the ground-based studies simulating the effects of weightlessness
with prolonged experimental or clinical bed rest has not been previously observed (Jaki
Mekjavic et al., 2002). It would therefore appear that the current bed rest protocols do not
completely mimic the effects of weightlessness on the eye, and may be of limited value as
a ground-based model for studying the effects of vision deterioration in space. Previous
longer-duration bed rest studies have extensively documented the effect on cardiovascular,
locomotor, haematological and neuro vestibular systems (Jost, 2008; Pavy-Le Traon et al.,
2007). Earlier studies on the effect of simulated microgravity on the eye have mainly
focused on IOP, the results of which were equivocal (Chiquet et al., 2003; Jaki Mekjavic
et al., 2002). Ocular changes in these studies, when observed, were subclinical and did not
significantly affect visual function (Jaki Mekjavic et al., 2002; Taibbi et al., 2014). With
newer diagnostic methods, especially optical coherence tomography (OCT), some
significant morphological changes in the eye were observed also under similar experimental
conditions. Subtle increases in peripapillary retinal thickness and peripapillary retinal
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volume measured by OCT were reported in participants after a 30-day 6°HDT bed rest.
After 6 months, the OCT measurements matched baseline findings (Taibbi et al., 2013).
Shinojima et al. (2012) reported an increase in IOP after 30 min of 10° HDT concomitant
with a significant increase in subfoveal choroidal thickness, but in the absence of any
significant change in the foveal retinal thickness. Recently, an increase in retinal nerve
fibre layer (RNFL) thickness was observed (but not in peripapillary retinal thickness and
volume), after 10 days in 16 participants enrolled in 14°HDT bed rest by the same group
of investigators (Taibbi et al., 2014). Subsequent studies by Taibbi et al. (2016) reported
that ocular changes in 14- and 70-day HDT bed rest were comparable.

Supine bed rest studies conducted to date have not yielded any significant clinical
evidence of the source of vision impairment in astronauts. The duration of any prone bed
rest studies will probably be limited by the discomfort this may cause. Such discomfort
includes backache and difficulty with eating and hygiene. Parabolic flight studies have
provided valuable data regarding the brief acute effect of microgravity on ICP and IOP
(Lawley et al., 2017); however, these are of limited benefit in predicting long-term
exposures to microgravity. There is no doubt that Spaceflight-Associated Neuro-ocular
Syndrome (SANS) is a result of a microgravity-induced adaptive response, which can only
be determined with long-term exposures to microgravity, or relevant simulations thereof.

Our previous work demonstrated that the vessels in the neuroretina are vasoactive,
reacting to changes in both the oxygen and the carbon dioxide (CO,) partial pressure in
the arterial blood, and that the vessels in the choroid are predominantly affected by the
hydrostatic component (Jaki Mekjavic et al., 2016; Louwies et al., 2016). In the study of
Jaki Mekjavic et al. (2016), the hypercapnic breathing mixture mimicked the level of
hypercapnia present on the ISS (Taylor et al., 2013).

In the present ground-based study, the effect of 6° head-down (establishing the cephalad
displacement noted in astronauts in microgravity) prone (simulating the effect on the eye)
tilt during rest and exercise (simulating exercise performed by astronauts to mitigate the
sarcopenia induced by unloading of weight-bearing limbs), in normocapnic and hypercapnic
conditions (the latter simulating conditions on the ISS) on IOP was assessed. In the event
of a significant effect, it would then be warranted in future studies to assess the
contribution of any adaptive mechanisms of daily hypercapnic exercise to SANS, during
prolonged exposures to microgravity.

4.1 Methods

The establishment of a suitable protocol for assessing the potential effect of exercise in the
hypercapnic environment of the ISS was predicated on the fact that astronauts conduct
strenuous resistive and aerobic exercise on a daily basis in a normoxic microgravity
environment with the average fraction of CO, in excess of 0.008 (i.e., 0.8% CO, in the
normobaric environment of the ISS). To mimic the microgravity-induced cephalad
displacement of fluid during exposure to microgravity and its effect on the eye, participants
were prone in the 6°HDT position during the experimental trial. Finally, to match the age
range of the astronauts working on the ISS, the participant inclusion criterion was age
between 45 and 65 years.

A further aim was to establish a protocol which could be replicated by astronauts during
a mission on the ISS.
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4.1.1 Ethical approval

The study conformed to the standards set by the Declaration of Helsinki, except for
registration in a database. The procedures were approved by the University of Portsmouth
Science Faculty Ethics Committee (UK; approval no. SFEC 2019-040). Participants were
informed regarding the nature of the study and details of the experimental protocol and
measurements. Prior to participating in the study, they gave their written informed
consent. They were aware that they could terminate the trial and withdraw from the study
at any time.

4.1.2 Participants

Ten older and healthy male volunteers (age: 57.8 + 6.0 years, range: 48 — 65 years; weight:
80.9 + 8.2 kg; height: 178.9 + 4.9 c¢m; max prone handgrip strength: 40.2 + 6.7 kg) gave
their informed consent to participate in the study. Exclusion criteria included high blood
pressure, any acute or chronic ophthalmic disorders, and any condition which would render
participants incapable of conducting the handgrip dynamometry in the 6°HDT prone
position.

4.1.3 Protocol

Participants were requested to participate in two experimental sessions separated by a
minimum of 24 h. Prior to the first experimental session, each participant’s IOP in a
standard clinical seated position was measured using two tonometry methods.

Each experimental session comprised two exercise trials conducted on the same day and
separated by 30 min. All exercise trials were conducted in the 6°HDT prone position and
each comprised three phases: (i) a 10-min rest phase, (ii) a 3-min static handgrip exercise
(dynamometry), and (iii) a 2-min recovery phase, as shown in Figure 4.1. During the static
handgrip dynamometry phase, participants maintained a grip force which was 30% of their
maximum grip force measured previously. In each experimental session, participants
conducted one trial breathing normoxic normocapnic room air (NCAP), and the other
breathing a normoxic hypercapnic mixture containing 1% CO, (HCAP). The order of
NCAP and HCAP trials was counterbalanced and for each participant, the order of the
trials was switched in the second experimental session conducted on a different day.

Figure 4.1: Schematic representation of the protocol. In each experimental session,
participants conducted two trials in the 6°HDT prone position. During one trial they
inspired (normoxic normocapnic) room air (NCAP), and during the other, they inspired
a normoxic hypercapnic breathing mixture containing 1% CO, (HCAP). Abbreviations:
CO, cardiac output; HR, heart rate; IOP, intraocular pressure; MAP, mean arterial
pressure; SV, stroke volume.
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The reason for conducting the NCAP and HCAP trials in one session was two-fold. 1
wished to assess the magnitude of the carryover effect, if any, of fatigue. Furthermore, in
the sessions where the HCAP trial was the first trial, we wished to observe any carryover
effect of the HCAP trial on the responses in the succeeding NCAP trial. As mentioned
above, these additional objectives were included as a prelude to the possibility of having
the opportunity to conduct the protocol on astronauts prior to and upon return from a
short-duration mission on the ISS, as well as having the astronauts conduct such protocol
on the ISS.

4.1.4 Normocapnic and hypercapnic trials

Upon instrumentation, participants assumed the prone 6°HDT position and were fitted
with a nose clip and a mouthpiece connected to a two-way non-rebreathing valve (Hans
Rudolph Inc., Shawnee, KS, USA). Resting IOP and mean arterial pressure (MAP)
measurements were obtained at minute 0 (R0), minute 5 (R5) and minute 10 (R10) of the
rest period, each minute of the 3 min exercise period (T1-T3; isometric handgrip exercise
at 30% of their maximum, using a handheld dynamometer) and at each minute of the 2
min recovery (P1-P2) period (Figure 4.1). To avoid any influence of Valsalva manoeuvres
on any of the measured variables, all participants were instructed to maintain normal
respiratory patterns.

The second trial was conducted following a 30 min rest period during which participants
were required to be upright. The protocol for both trials was identical, with the exception
of the gas inhaled. In the NCAP trial, the inspired gas was normocapnic and normoxic,
whereas, in the HCAP trial, it was hypercapnic and normoxic.

4.1.5 Intraocular pressure measurement in a standard clinical seated
position

Prior to commencing the experimental protocol (described above), baseline measurements
of IOP (mmHg) were obtained from each participant in the standard clinical seated position
using two tonometry methods: (i) rebound tonometry with an Icare® model ic200
tonometer (Icare Finland Oy, Vantaa, Finland) and (ii) pneumotonometry with a Pulsair
IntelliPuff Tonometer (Keeler, Windsor, UK). Triplicate measurements were obtained from
the right eye with each tonometer. The pneumotonometer was used in the subsequent
experimental trials, as the rebound tonometer was not capable of measuring IOP with
participants in the prone position. Icare® tonometer results obtained in the seated position
were correlated with the seated Pulsair measurements to confirm that the measurements
obtained with pneumotonometry would be comparable to those obtained with rebound
tonometry. All measurements of IOP were conducted by the same investigator.

4.1.6 Maximal handgrip strength measurement

To measure maximal handgrip strength, participants assumed a prone 6°HDT position on
a table with their humerus parallel to the torso, elbow maintained at a 90° angle, and the
Jamar (JLW Instruments, Chicago, IL, USA) hand-held hydraulic dynamometer in their
right hand. On instruction, participants maximally squeezed the dynamometer twice for 5
s, with a 2 min rest between the exertions. Strong verbal encouragement was provided
throughout both trials. The participant’s maximum handgrip strength was determined as
the highest force obtained in the two trials.
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4.1.7 Impedance plethysmography and sphygmomanometry

On arrival to the laboratory, participants were instrumented with six electrodes for the
measurement of impedance electrocardiography (Physioflow Q-Link, Manatec Biomedical,
Paris, France). Two electrodes were positioned on the left side of the participant’s neck,
one in the middle of the sternum, one on the rib closest to V6, and two next to the midpoint
of the spine. The Physioflow device provided a continuous recording of heart rate (HR,
min '), cardiac output (CO, L-min'), and stroke volume (SV, mL). Impedance
electrocardiography has previously been validated against the direct Fick method during
exercise in healthy participants (Richard et al., 2001; Siebenmann et al., 2015). Blood
pressure was measured using a Withings (Issy-les-Moulineaux, France) model BP-800
automated sphygmomanometer, from which MAP was calculated from values of systolic
(SAP) and diastolic (DAP) pressures.

4.1.8 Statistical considerations

The sample size determination in the current study was based on the following criteria: (i)
power (1 — ) = 0.80, (ii) @ = 0.05, (iii) two groups (normocapnic and hypercapnic), (iv)
three repeated measures (resting, handgrip dynamometry, recovery), and (v) effect size =
0.25. The analysis showed that the minimum total sample for the specific study was 24
cases (Faul et al., 2007).

All data were assessed for normality using the Shapiro-Wilk and Kolmogorov—Smirnov
test of normality. Student’s #-test for paired samples was conducted to assess the difference
between IOP measured in the standard clinical sitting position using two tonometry
methods. Two-way repeated measures ANOVA with a Bonferroni correction was conducted
to assess the impact of hypercapnia and normocapnia on 3 min isometric handgrip exercise
in prone 6°HDT position at eight different time points and to determine if differences
existed between the said exercise being conducted in normocapnic or hypercapnic
conditions. A paired samples t-test was used to further investigate the significant
differences. In order to observe the effect of time on each of the measured variables, one-
way ANOVA was conducted. To assess the magnitude of the carryover effect of performing
both NCAP and HCAP trials in one session, a paired t-test with a Bonferroni adjustment
was performed. The significance level for all statistical tests in this study was set at p <
0.05, a priori. Only participants with full datasets for each measured variable were included
in the statistical analysis, and therefore for some variables, n is not equal to the total
number (20) of the tests.

Age-related differences (comparison with younger men from Chapter 3) in participants’
physical characteristics (age, height, weight, strength, and IOPcouua) were investigated
using an independent samples t-test. The effect of age on IOP responses to rest and exercise
in NCAP prone 6°HDT condition was assessed using a mixed model ANOVA, with the
Bonferroni correction on subsequent post hoc analysis where the main effects were
significant.

A relationship between age and IOPcoua measured in a clinical seated position using
Pulsair IntelliPuff Tonometer was investigated using Spearman’s correlation analysis in
GraphPad Prism (v.8.4, GraphPad Software, Inc., San Diego, USA). Correlation
coefficients were applied as recommended by Cohen (2013): strong: 0.60 < r; moderate:
0.40 < r < 0.59; weak: 0.20 < r < 0.39.

Descriptive statistics were expressed as means + standard deviation (SD), unless
otherwise stated. All statistical analysis was performed using SSPS (v.25, IBM Corp.,
Armonk, NY, USA) software. Cohen’s standardized-mean difference test was used to assess
the effect sizes of the change in variables and defined as small when d < 0.2, moderate
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when d < 0.6, large when d < 1.2, very large when d < 2.0, and extremely large effect when
d < 4.0 (Hopkins et al., 2009).

4.2 Results

The IOP measurements derived with rebound tonometry were significantly (p = 0.008)
lower (11.8 + 1.9 mmHg) than the measurements derived with pneumotonometry (14.1 +
2.9 mmHg), obtained with the participants breathing room air in the seated position, as
evident from Table 4.1. When the participants assumed the prone 6°HDT position, IOP
obtained with the pneumotonometer increased to 27.9 £ 3.7 mmHg.

Table 4.1: Intraocular pressure measured in the upright seated position while breathing
room air using contact (iPen) and non-contact (Pulsair) tonometry.

Intraocular pressure (mmHg)

. Rebound tonometry Pneumotonometry

Participant no. .
(Icare®) (Pulsair®)

1 11.7 11.7

2 14.3 16.7

3 10.4 11.0

4 13.1 12.3

5 15.4 21.0

6 11.5 13.0

7 10.7 15.0

8 9.6 14.0

9 10.0 13.7

10 11.2 12.3
Mean + SD 11.8 + 1.9 14.1 £+ 2.9%*

*p < 0.05

As shown in Table 4.2, normocapnic isometric exercise (NCAP trial) caused a
significant increase in MAP (from 99 + 6 at rest to 137 + 12 mmHg upon completion of
the 3 min handgrip), with a corresponding increase in IOP (from 27.9 + 3.7 mmHg during
rest to 32.3 + mmHg upon completion of the exercise; Figure 4.2). Hypercapnia (HCAP
trial) did not significantly modify the responses of MAP, HR, CO and SV (Table 4.2), but
did enhance the IOP response, which increased from resting levels of 27.3 + 4.3 mmHg to
34.2 £ 6.0 mmHg (Figure 4.2).

Results of a two-way repeated measures ANOVA revealed a significant time (Flu.225, s0.277)
= 35.066; p < 0.001) and condition (Fj, 19y = 8.351; p = 0.009) effect, and significant
interaction between time and condition (F(7, 1335 = 0.873; p = 0.044) for IOP. Further tests
(Figure 4.2) revealed that the IOP level during the NCAP trial was significantly lower
than that in the HCAP trial at RO (23.4 + 3.3 vs. 25.0 + 3.8 mmHg; p = 0.029; d = 0.45),
T1 (28.6 £ 3.8 vs. 30.1 = 5.4 mmHg; p = 0.042; d = 0.32), T2 (30.0 &+ 4.3 vs. 31.9 + 4.8
mmHg; p = 0.049; d = 0.42) and T3 (32.2 £+ 4.8 vs. 34.2 + 6.0 mmHg; p = 0.017; d =
0.37). Additionally, IOP during both HCAP and NCAP was significantly higher at T2 and
T3 compared to R10 (NCAP: p = 0.044 and p = 0.005, respectively; HCAP: p = 0.001, p
< 0.001, respectively).
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Figure 4.3 compares the last minute of the three phases in both NCAP and HCAP
trials, namely the 10 min rest, 3 min exercise, and 2 min recovery. As is evident, HCAP
significantly augmented the IOP during the handgrip dynamometry but did not have a
significant effect during rest and recovery. Of note is the substantial individual variation
observed in the IOP response.

Table 4.2: Mean (SD) responses of the mean (MAP), systolic (SAP) and diastolic (DAP)
arterial pressures, heart rate (HR), cardiac output (CO) and stroke volume (SV) during
hypercapnic (HCAP) and normocapnic (NCAP) isometric handgrip exercise in the prone

6°HDT position.

n Trial BL R5 R10 T1 T2 T3 Pi P2
96 96 98 108 121 135 100 96
mar Y g e @ @ @ @ © O
(mmHg) HCOAD 96 97 97 110 120 132 100 98
G G @ © ) @ 6 6
NCAP 129.1 126.8 128.1 141.1 157.3 176.0 135.1 129.8
SAP (6.4) (6.1) (6.0) (6.6) (9.3)1 (12.5) (8.5) (7.4)
13
(mmHg) HOAP 126.0 128.3 127.5 142.7 156.1 175.0 134.6 132.0
(7.2)  (44) (5.9 (.0 (10.5) (10.1)1 (84) (7.1)
79.3 80.2 82.8 92.1 102.6 113.8 82.1 78.9
DAP NCAP68) 57 (74) (817 (0.9 (95 (69) (59)
(mmHg) HOAP 80.5 81.9 81.7 93.2 102.0 109.8 83.0 81.5
G.7) (5.2) (7.7 (700 (10.3) (6.3)1  (4.4) (4.6)*
62 60 62 69 72 75 60 59
O R R G B L I G I O B )
(bpm) HCOAD 62 61 61 71 73 79 62 59
© © 6 @ © O )
5.2 5.1 5.3 5.8 6.0 6.4 5.0 4.8
co " NCAP™08)  0m) (08) (09 (L0 (14 (15  (09)
(L - min™) qeap 03 81 48 57T 62 64 50 AT
(12)  (0.7) (0.8) (L1 (1L4) (L6 (L0) (L2)
83.1 83.8 81.7 83.6 82.4 83.3 82.0 80.6
SV s NOAP™ 1) (105) (143) (134) (149) (182) (18.0) (18.3)
(mL) HCOAD 81.0 83.6 79.2 81.0 84.6 81.6 82.7 80.4
(22.1) (10.8) (14.5) (147) (17.9) (18.5) (15.3) (20.2)

*HCAP significantly different from NCAP; Tsignificantly different response during

exercise compared to R10; p < 0.05.
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Figure 4.2: Intraocular pressure (IOP) during prone 6° head-down tilt in the normocapnic
(NCAP) and hypercapnic (HCAP) trials, each comprising a 10 min rest period, followed
by a 3 min period of exercise during which the participant performed an isometric
handgrip exercise at 30% of maximum, and a 2 min recovery period. The dotted line
represents the average IOP of the group (14.1 + 2.9 mmHg) obtained in the upright
seated position while breathing room air (*HCAP trial significantly different from NCAP
trial; fsignificantly different response during exercise compared to R10; p < 0.05).
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Figure 4.3: Mean and individual response of intraocular pressure (IOP) attained in the
last minute of the 10 min rest, 3 min exercise and 2 min recovery, during the normocapnic
(NCAP; open bars) and hypercapnic (HCAP; filled bars) trials. The Baseline indicates
the average IOP obtained during the upright seated position while breathing
(normocapnic normoxic) room air (*HCAP trial significantly different from NCAP trial;

p <0.05).
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Males from the present study were significantly older compared to younger males from
Chapter 3 (#(18) = 17.386, p < 0.001, d = 7.8). The two groups did not differ significantly
in height (#(18) = -0.582, p = 0.284), weight (#(18) = 0.465, p = 0.324), strength (#(18) =
-1.597, p = 0.064) and IOPcoua (#(18) = 0.866, p = 0.199). Moreover, no significant
correlation was found between participants’ IOP when measured in a seated position
(IOPconra) and age (r = 0.152, p = 0.523).
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Figure 4.4: Intraocular pressure response of males from the present study compared to
younger males from Chapter 3 during rest and exercise in prone 6°HDT position and in
a normocapnic condition (Note: *significantly different between the two groups; p <
0.05).

The results of mixed model ANOVA showed a significant main effect of time (Fiz.,
1oate) = 19.227, p < 0.001), and time*age interaction (Fs.s, 110.446) = 4.880, p = 0.001) on
IOP. Post hoc pairwise comparison analysis revealed that IOP was significantly greater in
older males compared to younger males throughout the 3-min exercise and 2-min recovery
period (T1: p = 0.002, d = 1.3; T2: p = 0.002, d = 1.4; T3: p < 0.001, d = 1.6; P1: p =
0.002, d = 1.5; P2: p = 0.006, d = 1.3), as seen in Figure 4.4.

4.3 Discussion

The principal finding of the present study is the substantial elevation of IOP in older males
in the prone 6°HDT position compared to the seated upright position, which was further
augmented by hypercapnia in combination with static exercise. Our results confirm the
findings of Laurie et al. (2017) of an elevation in resting IOP during supine 6°HDT.
However, in the present study, the prone 6°HDT elevated IOP much more than was
observed in the supine position. Whereas Laurie et al. (2017) observed a significant effect
of CO; during resting conditions (supine 6°HDT), I did not (prone 6°HDT). Rather, I
observed the hypercapnic augmentation of IOP during the static exercise.

The baseline (seated upright) value of IOP observed in our participants (14.1 + 2.9
mmHg) was similar to that previously reported for a slightly older (64 + 9.6 years)
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population of 3135 participants in the Beijing Eye study 2011 (Wang et al., 2018). In both
studies, IOP was obtained using pneumotonometry, which gives higher values of 10P
compared to the Goldmann Applanation Tonometer (GAT) (Mohan et al., 2014). During
the rest period in the 6°HDT position, IOP increased to 27.9 + 3.7 mmHg in the NCAP
and 27.3 + 4.3 mmHg in the HACP trial, there being no significant difference in the IOP
between the two trials. Clinically, IOP measured with GAT has a normal upper level of 21
mmHg, and long-term values above this are considered indicative of ocular hypertension
(The Royal College of Ophthalmologists, 2016) if there is no associated optic disc damage
or visual field defect. IOP recordings above 30 mmHg are considered detrimental and are
treated. The resting values of IOP in these trials already exceeded the threshold IOP of 21
mmHg (Figure 4.2).

Assuming that the prone 6°HDT position is a better analogue of the conditions within
the eye experienced by astronauts on the ISS, it is clear from Figures 4.2 and 4.3 that their
IOP may be consistently elevated above the threshold for ocular hypertension, and
recurrently even further elevated during the exercise conducted on the Advanced Resistive
Exercise Device (ARED).

Despite the CO. potentiation of the exercise-induced increase in IOP in older
participants, there was no difference in the MAP response between the NCAP and HCAP
trials. This supports our previous finding that the diameter of the vessels in the choroid is
affected by CO,, and this effect may contribute to the elevated IOP. The mechanisms for
these responses and their potential contribution to SANS are discussed below.

4.3.1 Intracranial pressure

Increased ICP has been postulated to contribute to the aetiology of SANS (Alexander et
al., 2012), due to its direct effect on IOP (Lashutka et al., 2004; Salman, 1997). During
exposure to microgravity, the cephalad displacement of fluids coupled with the
hypercapnia-induced increase in cerebral blood flow (Sato et al., 2012; Willie et al., 2012),
and exercise-induced elevation in arterial blood pressure (MacDougall et al., 1985) most
likely causes a substantial increase in ICP and consequently IOP.

4.3.2 Gravitational vector

The source of the changes in hydrostatic pressures within the eye (IOP) and brain (ICP)
is the headward shift of body fluids resulting from the changes in the gravitational vector.
However, bed rest studies simulating the effects of exposure to microgravity have, so far,
not been successful in uncovering any changes that could lead to the hyperopic shift and
vision deterioration observed in astronauts, specifically hyperopia. The first and most
extensive programme of research regarding the effect of gravity acting on the eye was
initiated by Levinsohn (1912) (for a review of Levinsohn’s work see Young, 1964, 1973),
who exposed monkeys to a 10° prone HDT for several hours each day for up to 90 days,
and reported the development of significant axial length myopia in his subjects.
Interestingly, HDT bed rest, but in the supine position, is an experimental model used by
NASA and ESA to mimic the cephalad displacement of body fluids, as observed in space,
with the exception that the angle is only 6°. The hydrostatic pressure changes caused by
bed rest have been shown to increase the diameter of the retinal venules and arterioles
(Louwies et al., 2016). However, more importantly, this hydrostatic effect also increased
the thickness of the choroid layer within the posterior eye segment (Jaki Mekjavic et al.,
2016). These changes, although significant, would not be expected to lead to such vision
changes observed by Levinsohn in primates (see Young, 1964, 1973), and Mader et al.
(2011, 2013) in astronauts. There is, however, a striking difference between the HDT
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studies conducted by Levinsohn and those currently conducted by ESA and NASA, which
is most likely the key for ground-based studies on space hyperopic shift. The primates in
Levinsohn’s experiment were only exposed to the HDT for several hours a day, but they
were in the prone position. All bed rest studies to date require the participants to be in
bed rest continuously, and in the supine position. Another crucial aspect of Levinsohn’s
study is that during the 10°HDT, the monkeys’ heads were positioned at a distance of 14
cm from the table surface. Food was placed on the table to ensure that the majority of
time was spent accommodating, in order to focus on the food. This arrangement was
designed to mimic the distance in humans from the eyes to a surface, when reading and
writing. As a consequence of the accommodation effort, the experiments resulted in an
increase in axial length. In the absence of the accommodation effort, the prone HDT may
induce the changes observed as a result of prolonged exposure to microgravity.

4.3.3 Posture: supine vs. prone

The eye, containing the gelatinous vitreous fluid in the posterior segment, is encased in a
cavity, the orbit, where it is surrounded by tissue (extraocular muscles and fat). Despite
the evidence that bed rest induces changes in the choroid (Jaki Mekjavic et al., 2016) and
in the retina (Taibbi et al., 2014), no morphological or functional changes in the vitreous
have been noted (for review see Stenger et al., 2017). There is no reason to suspect that
the minor changes in hydrostatic pressure would have profound effects on the form of a
gelatinous mass within a cavity, with the gravitational vector in the anterior to posterior
direction, although these changes may modify the production and drainage of aqueous
humour (cf. Zhang & Hargens, 2018).

Based on the work of Levinsohn, it would appear that the supine horizontal or 6°HDT
bed rest may not be the best experimental model for studying SANS. The supine 6°HDT
model may be suitable for studying the effects of microgravity on brain activity, and
cardiovascular and musculoskeletal systems. However, it would appear that this position
is not appropriate to result in any significant gravity-induced changes in the eyes’ axial
length due to their anatomical position within the orbit. The head-down prone position
obviously allows the hydrostatic pressure due to the body fluid shifts to have a more
significant influence on eye morphology (Anderson et al., 2016; Eklund et al., 2016). The
cephalad displacement of fluid will affect the tissue of the orbit, most likely resulting in
oedema, which will impinge on the optic nerve causing the observed optic disc oedema.

4.3.4 Hypercapnia

The effect of a fluid shift on IOP and on the morphology and function of the eyes may be
exacerbated by the elevated levels of CO, on the ISS and the exercise countermeasures
conducted by the astronauts on a daily basis. Both of these factors are a consequence of
the life support system design. In particular, although the CO; removal system on the ISS
is at maximum capacity, it is not capable of maintaining the CO, concentration in the
space habitat at the same level as on Earth. CO, is vasoactive and has a marked effect on
brain blood flow (Sato et al., 2012; Willie et al., 2012), which may exacerbate the
hydrostatic effect discussed earlier on ocular structures, particularly during long-term
exposure to such high levels (Jaki Mekjavic et al., 2016).

Previously, hypercapnia was demonstrated to have no effect on IOP responses in
younger males (Mlinar et al., 2021; Chapter 3), whereas, in the present study, the IOP
responses to static handgrip exercise in prone 6°HDT position were significantly elevated
in hypercapnic compared to normocapnic conditions. Participants in both studies that
observed elevations in IOP when exposed to acute hypercapnia were older (Laurie et al.
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(2017): 25 to 49 years; present study: 48 to 65 years) than the participants included in our
previous study (Mlinar et al., (2021): 19 to 29 years). The discrepancy in the results could
also be attributed to the diminished ventilatory response to hypercapnia in the elderly
(Kronenberg & Drage, 1973; Peterson et al., 1981). Interestingly, Kronenberg and Drage
(1973) observed a 40% lower hypercapnic ventilatory drive in elderly (64 to 73 years old)
compared to younger (22 to 30 years old) men.

4.3.5 Resistive exercise

Exercise countermeasures on both Mir and ISS, for preventing significant musculoskeletal
and cardiovascular deconditioning, included treadmill walking/running, cycle ergometry
and resistive exercise (Moore et al., 2010). Recent upgrades to the resistive (Loehr et al.,
2011) and treadmill exercise capabilities, coupled with enhanced nutritional practices, have
resulted in improved health outcomes (Smith et al., 2012). Currently, ISS astronauts are
scheduled for up to 2.5 h-day ' for exercise preparation, execution and clean-up, which
typically includes ~30 min of aerobic exercise (choice of treadmill or cycle) and ~45 min
of resistive exercise (Moore Jr et al., 2014). However, during the same time period that the
ARED came on-board, ocular structural and functional symptoms began to emerge.

Resistive exercise can cause substantial increases in arterial pressure, with systolic and
diastolic arterial pressures of 480 mmHg and 350 mmHg, respectively, measured during
weightlifting (MacDougall et al., 1985). These arterial pressure responses during
weightlifting have been implicated in a variety of pathological responses (see Dickerman et
al., 1999), particularly in the brain (i.e., cerebral haemorrhage) and eye (i.e., subarachnoid
haemorrhage, retinal haemorrhage and detachment, foveal haemorrhage). Dickerman et al.
(1999) reported that during a maximal isometric contraction of the leg muscles in the
seated position, with participants performing a concomitant Valsalva manoeuvre, IOP
increased to 28 + 9.3 mmHg, with one participant generating an IOP of 46 mmHg. The
IOP elevations during prone 6°HDT observed in the present study during a submaximal
(30% maximum) handgrip exercise were higher than those observed during a maximal
contraction of muscles in both legs, mimicking the contraction observed during a maximal
weightlifting effort, with hypercapnia significantly augmenting the IOP response.

It is thus possible that the high intensity resistive/static exercise in microgravity may
be a contributing factor to the development of SANS (Marshall-Bowman et al., 2013),
particularly considering that any effects of exercise would be superimposed on the
gravitational effects discussed earlier.

4.3.6 Retinal and choroidal vessels

Embryologically, the retina is an extension of the diencephalon, and both organs share a
similar pattern of vascularization during development (Dorrell et al., 2002; Risau, 1997).
There is a close anatomical correlation between both the macrovascular and the
microvascular blood supply to the brain and the retina, and both vascular networks share
similar vascular regulatory processes (Delaey & Van de Voorde, 2000; Hardy et al., 1997).
The retina receives its nutrients from two separate circulations: the retinal and the
choroidal circulation. Although the retinal and choroidal vessels are all derived from the
ophthalmic artery, a branch of the internal carotid, they differ morphologically and
functionally. To understand the different responses of the vessels in the choroid and retina
layers, it is also necessary to review the manner of their regulation (Pournaras et al., 2008).
Studies investigating ICP have done so and extended their observations to the retinal
circulation. Observing the changes in the retinal and choroidal circulation may provide
insight into the effects of a stressor on brain circulation.
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In a recent review, Zhang & Hargens (2018) emphasized that autoregulation of IOP is
also influenced by the flow of aqueous humour in the anterior part of the eye, and any
factors that modify this flow will consequently also influence IOP. The effect of factors
associated with spaceflight on aqueous humour flow remains unresolved.

4.3.7 Translaminar cribrosa pressure

The elevation in ICP as a result of prolonged exposure to microgravity has been implicated
as a contributing factor in SANS (Berdahl et al., 2012), by virtue of its effect on IOP. A
barrier between the forces exerted by IOP and ICP is the lamina cribrosa in the optic nerve
head which maintains a translaminar cribrosa pressure difference (TLCPD). The TLCPD
is known to increase significantly with age, with increased posterior displacement of the
lamina (Fleischman & Allingham, 2013). It is most likely that the altered TLCPD leads to
irreversible damage of the retinal ganglion cells (McMonnies, 2016). A variety of normal
daily activities will cause an increase in IOP (for review see McMonnies, 2016), such as
long-duration prone sleeping (Cheng et al., 2001), inverted body position (Friberg &
Weinreb, 1985), and static exercise (O'Connor & Poirier, 1985). In particular, during
exercise, the increased intrathoracic pressure causes an increase in central venous pressure,
whereas IOP and ICP are elevated by the reduced outflow (McMonnies, 2016). Similarly,
the development of choroidal folds described as part of SANS may represent structural
manifestations of altered stress at the lamina cribrosa and surrounding sclera resulting from
TLCP alterations (Sibony et al., 2015).

Interestingly, no significant impairment in vision was observed when space missions
were of shorter duration, undertaken by astronauts of younger age, and did not include the
daily rigour of physical exercise.

4.3.8 Age

Ageing leads to changes in all the structures of the eye, the most common of which are
presbyopia, age-related macular degeneration, and cataracts. The resistance to the outflow
of aqueous humour also increases with age, which can precipitate the development of
glaucoma (Salvi et al., 2006). The age of the active flying astronaut population is
increasing, with most aged 40 to 60 years (Marshall-Bowman et al., 2013). Mader et al.
(2011) noted that hyperopic shifts were more commonly observed in older astronauts and
are potentially exacerbated by age-related presbyopia.

A positive relationship between IOP and age in the European population has been
observed in most (Bonomi et al., 1998; Hollows & Graham, 1966), but not all (Perkins,
1973) studies. The European Eye Epidemiology consortium, a collaborative network of 38
population-based studies across Europe which involved 43,500 adults, reported an inverted
U-shaped association of IOP with age (Khawaja et al., 2016). IOP was observed to increase
up to the age of 60 years and decrease in participants older than 70 years. In the present
thesis, IOP measured in a resting seated position was independent of participants’ age.
However, in the prone 6°HDT position, significantly higher IOP was observed in older
males compared to younger males from Study I (Chapter 3), throughout the 3-min
isometric handgrip exercise, and the subsequent 2-min recovery period, potentially due to
better vascular and mechanical compliance in the lamina cribrosa region in a younger
population (Kohn et al., 2015), which could counteract exercise-induced increases in IOP.

It is important to note that the dynamometer used in the present study was not the
same as the one used in Chapter 3 (Mlinar et al., 2021), therefore definitive conclusions
regarding the effect of age on the IOP responses to rest and exercise in a prone 6°HDT
position cannot be made.
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4.3.9 Benefits for humans in space and on Earth

The exercise pressor reflex is a well-known response to exercise, resulting in an increase in
HR and MAP (cf. Rowell, 1986). Due to efficient autoregulatory mechanisms, IOP
decreases during dynamic (aerobic) exercise and returns to baseline levels during the
recovery period (Marcus et al., 1970). In contrast, resistance (anaerobic) exercise, such as
weightlifting, may cause a slight transient elevation in IOP, followed by a post-exercise
drop in IOP, which then returns to baseline levels (Vieira et al., 2006). The post-exercise
decrease in IOP is not yet resolved, but is most likely a consequence of autoregulation of
retinal blood flow in response to elevated MAP (Robinson et al., 1986). The prevailing
consensus is that the most likely exercise-induced factors that contribute to this
autoregulatory response are decreased blood pH, elevated plasma osmolarity and elevated
blood lactate (cf. Risner et al., 2009), which could stimulate the exercise pressor response.
Most exercise studies to date have been performed in the seated position, and thus the
results are different from those of the present study in which the static exercise was
performed in the prone 6°HDT position. Whereas CO, has been considered a potential
contributing factor (Risner et al., 2009), this is only the second study (the first being Mlinar
et al., 2021), to our knowledge, investigating its action on IOP in the prone 6°HDT position.
The present study on older participants suggests that hypercapnia causes an increase in
the diameter of the vasoactive retinal vessels and that the cephalad shift due to posture
causes an increase in the thickness of the choroidal vessels; consequently, the resistive
exercise-induced elevation in IOP is enhanced. The known age-related changes in the
structure of the lamina cribrosa may cause a strain on the optic nerve head, leading to
ocular changes observed in SANS. Although there is significant individual variation in the
observed IOP response to hypercapnic exercise, and variability in the TLCPD between
individuals, it might be prudent to consider individuals with an IOP response exceeding
certain threshold limits in experimental prone microgravity as being at greater risk for
SANS than others.

4.3.10 Limitations

The main limitation of this study is the reliance on non-contact pneumotonometry rather
than GAT. However, the reliability of the adopted tonometer was established in
preliminary experiments. The duration of the experiments was short and only included
older participants. Future experiments should evaluate changes after longer-duration
exposure to prone HDT in different age groups. Finally, the current study included only
male participants. The astronaut corps comprises both sexes. The IOP responses to
hypercapnic static exercise in the prone position reported for male participants should be
compared to the responses observed in young and older females in a further study.
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Chapter 5

Effect of Sex on Intraocular Pressure
During Static Handgrip Exercise in
Astronaut-Aged Individuals

A plethora of differences in adaptation to space has been found between male and female
astronauts (Mark et al., 2014), including in eyes (Platts et al., 2014). It has been reported
that female astronauts are less likely to develop ophthalmic and neurologic symptoms of
Spaceflight Associated Neuro-ocular Syndrome (SANS) (Mader et al., 2011; Marshall-
Bowman et al., 2013; Nelson et al., 2014). The precise aetiology of SANS and the differences
that arise between sexes are yet unknown. A few possible factors that could potentially
contribute to the latter are body weight, vascular compliance, and age (Buckey et al., 2018;
Marshall-Bowman et al., 2013). It is not yet known whether these variances occur due to
physiological sex differences or if they are just a consequence of a small sample size. As of
2020, only 64 (11.4 %) out of 562 astronauts ever in space were female (M. G. Smith et
al., 2020).

The precise aetiology of SANS is yet unclear, however, a number of factors have been
identified to have the potential to contribute to the development of SANS (Alperin &
Bagci, 2018; Mader et al., 2011; Mader et al., 2013; Marshall-Bowman et al., 2013).

In order to investigate intraocular pressure (IOP) during rest and exercise in acute
simulated microgravity, a series of experiments was carried out. In our previous study
(Mlinar et al., 2021; Chapter 3), IOP was measured in three positions (seated, supine
6°head-down tilt (HDT), and prone 6°HDT). Based on the results of this study, we
concluded that a prone 6°HDT position might be a more appropriate ground-based
simulation of acute microgravity than a supine 6°HDT position. Additionally, we previously
showed that IOP in older (45 to 65 years of age) males significantly increased with isometric
handgrip exercise in the prone 6°HDT position (Mekjavic et al., 2020; Chapter 4). This
increase was further exacerbated by levels of hypercapnia (FiCO, = 0.01) that are similar
to those experienced by astronauts on the International Space Station (ISS) (Alexander et
al., 2012; Law et al., 2014). Conversely, no such increases were observed in younger (19 to
29 years of age) males (Mlinar et al., 2021).

The age of the astronauts on their first expedition has increased, and many of them
participate in more than one long-term space mission (Smith et al., 2020). Since the
beginning of space missions on the ISS in 2000, the mean astronaut age increased from 38
years to 46.7 years in 2011 (Marshall-Bowman et al., 2013). Therefore, to further
investigate the response of IOP during rest and isometric exercise in acute exposure to
simulated microgravity as mimicked by prone 6°HDT position, participants between 45
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and 65 years of age were recruited. Additionally, to investigate whether the variances in
ocular changes in astronauts are determined by sex, both male and female participants
were recruited. Similar to our previous studies (Mekjavic et al., 2020; Mlinar et al., 2021;
Chapters 4 and 3, respectively), our goal in the present study was not to simulate the
length and type of daily exercise that astronauts undertake on the Advanced Resistive
Exercise Device (ARED) while staying on the ISS and its effects on fitness, but rather to
observe general effects of isometric exercise on IOP. Submaximal isometric handgrip
exercise was chosen as a preferred mode of exercise as it has been previously shown to
significantly elevate mean arterial pressure and IOP (Bakke et al., 2009). Additionally,
such form of exercise offers the easiest measurement of IOP compared to others, when
measured during the exercise bout.

5.1 Methods

5.1.1 Participants

Male (N = 12) and female (N = 12) healthy, non-smoking volunteers, between 45 and 65
years of age, gave their signed informed consent to participate in the study. Participants’
anthropometric characteristics are presented in Table 5.1.

Volunteers were excluded from participation if they were younger than 45 or older than
65 years of age, were hypotensive, suffered from any acute or chronic ophthalmic disorders,
or had any conditions which would prevent them from conducting isometric handgrip
exercise in a prone 6°HDT position. The study conformed to the Declaration of Helsinki
and was approved by the National Medical Ethics Committee (approval no. 0120-
31/2020/9) at the Ministry of Health, Republic of Slovenia.

Table 5.1: Participants' physical characteristics, their maximum isometric grip strength
and intraocular pressure (IOP) measured in a clinical seated position (IOPcona). (Note:
BMI — body mass index).

Range

Mean SD Min Max

Age (years) 57.7 5.2 50 65
Height (cm) 177.3 7.3 162.6 190.7

é Weight (kg) 78.6 8.6 64.3  96.3
S BMI (kg - m?) 24.9 1.5 22.6 27.7
Max grip (kg) 36.9 5.9 28.6 45.4

TOP ot (mmHg)  14.0 2.8 10.0 19.9

Age (years) 53.4 5.1 46 62
2 Height (cm) 166.9 5.3 159.2 177.3
= Weight (kg) 67.1 8.3 53.5 79.5
E BMI (kg - m) 24.0 2.4 19.1 27.4
Max grip (kg) 27.4 4.2 18.9 33.8

IOPconrol (mmHg) — 14.5 1.9 10.8 18.4
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5.1.2 Experimental protocol

All the testing was conducted at the Jozef Stefan Institute, Ljubljana, Slovenia (altitude:
~295 m). Participants visited the laboratory on one occasion. On arrival, their weight (TPT
5N, Libela Elsi, Slovenia) and height (Vita, Libela Elsi, Slovenia) were recorded, followed
by an IOP measurement (Pulsair IntelliPuff Tonometer, Keeler, Windsor, United
Kingdom) in a clinical seated position. Three measurements were obtained from a right
eye and an average of those measurements was taken as the participant’s control IOP
(IOPcontrol)-

Following the initial IOP measurement, participants’ maximal isometric handgrip
strength was evaluated. Participants assumed a prone 6°HDT position, with their right
elbow maintained at a 90° angle. On instruction, they conducted a maximal handgrip twice
for 5 s with 60 s between the two exertions. The maximum value obtained during the two
exertions was taken as their maximum isometric handgrip strength.

After measurement of maximal strength, participants were instrumented with the
Physioflow Q-Link device (Manatec Biomedical, Paris, France) for the measurement of
heart rate (HR, min'), and a blood pressure cuff (Withings model BP-800, Issy-les-
Moulineaux, France) was fitted on their left arm for the measurement of diastolic and
systolic arterial pressure (DAP and SAP, respectively) from which mean arterial pressure
(MAP) was calculated using Equation 3.1.

Following the instrumentation, participants assumed a prone 6°HDT position. The trial
was 23-min long and consisted of a 10-min rest, 3-min isometric handgrip exercise (at 30%
of the participant’s maximal strength), and a 10-min post-exercise recovery period. IOP,
SAP, DAP, and HR were measured as soon as participants assumed the position (R0),
towards the 5™ and 10™ min of the initial rest (R5 and R10, respectively), each minute of
the 3-min exercise (E1, E2, and E3), and towards the end of the 1%, 22 5% 7% and 10™
min of the post-exercise recovery period (P1, P2, P5, P7 and P10, respectively).

5.1.3 Statistical analyses

All data were assessed for normality using the Shapiro-Wilk and Kolmogorov-Smirnov test
of normality. Sex-related differences in participants’ anthropometric characteristics (age,
height, weight, strength, and IOPconw0) were assessed using an independent samples t-test.

A mixed model ANOVA was implemented to compare the main effect of time, and
sex*time interaction on all measured variables (HR, MAP, and IOP), with the Bonferroni
correction on subsequent post hoc analysis where the main effects were significant. The
relationship between weight, height, and body mass index (BMI) and IOP measured in a
clinical seated position (IOPceua), and the relationship between weight, height, and BMI
and maximal IOP measured during the trials were investigated using Pearson’s correlation
analysis in GraphPad Prism (v.8.4, GraphPad Software, Inc., San Diego, USA). Correlation
coefficients were applied as recommended by Cohen (2013): strong: 0.60 < r; moderate:
0.40 < r < 0.59; weak: 0.20 < r < 0.39.

Descriptive statistics were expressed as means and standard deviations, and the
significance level for all statistical tests in this study was set at p < 0.05, a priori. All
statistical analyses were performed using SPSS (v.25, IBM, NY, USA) software. Cohen’s
standardized-mean difference test was used to assess the effect sizes of the change in
variables and defined as small when d < 0.2, moderate when d < 0.6, large when d < 1.2,
very large when d < 2.0, and an extremely large effect when d < 4.0 (Hopkins et al., 2009).
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5.2 Results

5.2.1 Participants

All participants successfully completed both trials. Age, body mass index BMI and
IOPcouira did not differ significantly between the two groups (#(22) = 2.021, p = 0.056;
t(22) = 1.130, p = 0.270, and #(22) = -0.489, p = 0.315, respectively). Males were
significantly taller (#(22) = 3.975, p < 0.001, d = 1.6), heavier (#(22) = 3.340, p = 0.001,
d = 1.4) and stronger (#(22) = 4.558, p < 0.001, d = 1.9) than females.

5.2.2 Heart rate

A significant main effect of time (F (2638 55005 = 23.023, p < 0.001) and sex (F (1, 22) = 9.181,
p = 0.006), and a non-significant sex*time interaction (F(s 53005 = 1.316, p = 0.278) on
HR was observed.

In males, HR was elevated significantly throughout the exercise compared to the initial
rest (E1: p = 0.010, d = 0.7; E2: p < 0.001, d = 1.0; E3: p = 0.004, d = 1.2), as seen in
Table 5.2. In females, HR increased with exercise only in the 2" minute (E2: p = 0.004, d
= 0.7). Upon cessation of exercise (P1 compared to E3), HR in males decreased
immediately (p = 0.009, d = 1.2).

Table 5.2: Participants' heart rate and mean arterial pressure responses to rest and
exercise in a prone 6°HDT position (Note: “significant exercise-induced increase
(compared to R10); *significant post-exercise decrease (compared to E3); p < 0.05).

Heart Rate (min™)
RO R5 R10 E1 E2 E3 P1 P2 P5 P7 P10
50 55 56 60 62 66 55 54 54 54 55

Males o0y 00 5 @ @ QU o O @OF @F ®
Females 5 64 64 66 69 71 64 64 64 64 64
© 3 1) ¢ ® 8 6 (8 (7 6 (6
Mean Arterial Pressure (mmHg)
RO R5 R10E1 E2 E3 P1 P2 P5 P7 P10
Males 97 97 98 103 109 115 98 96 98 97 99
© (9 (1) (10) (13)" (16) (9)* (9)* (10)* (9)* (9)*
Females 91 90 91 96 98 103 91 91 91 91 91

@ @ © O @ O @O 0OF O ®F (O

5.2.3 Mean arterial pressure

Similar to HR, a significant main effect of time (F(3330, 73259 = 36.853, p < 0.001) and sex
(F1,22 = 5.134, p = 0.034), and a non-significant sex*time interaction (F(sss0, 73250 = 1.473,
p = 0.226) on MAP was observed.

Post hoc pairwise comparison analysis revealed that compared to the initial rest (R10),
a significant increase in MAP in males was observed in the 2™ and 3" minute of exercise
(p < 0.001, d =1.1 and p < 0.001, d = 1.4, respectively), as seen in Table 5.2. In females,
an exercise-induced increase in MAP was observed only in the last minute of exercise (p =
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0.013, d = 1.6). Both in males and females, MAP decreased immediately upon cessation of
exercise.

5.2.4 Intraocular pressure

Similar to HR and MAP, there was no significant sex*time interaction (F (1.1, s9.067 = 1.659,
p = 0.166) on IOP. The main effect of time (F(ius, s0.06r = 6.333, p < 0.001) on IOP was
present, however, no significant increases in IOP with exercise were observed in either
males or females, as seen in Figure 5.1. Additionally, no main effect of sex on IOP was
observed (F (1, 22 = 0.360, p = 0.555).
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Figure 5.1: Intraocular pressure response to rest and isometric handgrip exercise in a
prone 6°HDT position.

IOP measured in a clinical, seated position (IOPcau) was not correlated with weight (r =
-0.175; p = 0.414), height (r = -0.149; p = 0.487), or BMI (r = -0.135; p = 0.529) of the
participants, as seen in Figure 5.2. Similarly, the highest IOP obtained during the trial in
a prone 6°HDT position was not correlated to the participant's weight (r = 0.101, p =
0.640), height (r = 0.148, p =0.489), or BMI (r = -0.003, p = 0.989).
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Figure 5.2: Relationships between seated IOP (IOPcoua) and BMI of the participants in
the present study, associated with the regression line (Note: BMI — body mass index).

5.3 Discussion

The main finding of the present study is that IOP during rest and static handgrip exercise
in a prone 6°HDT position was not significantly different between males and females of
astronaut age. Similar to the results obtained in our previous studies (Mekjavic et al., 2020;
Mlinar et al., 2021; Chapters 4 and 3, respectively), males’ and females’ IOP was constantly
elevated above the normal upper level of 21 mmHg (The Royal College of
Ophthalmologists, 2016).

5.3.1 Ground-based results

Results of previous European studies investigating the relationship between sex and I0OP
are inconsistent (Bonomi et al., 1998; Bulpitt et al., 1975; Foster et al., 2011; Hoehn et al.,
2013; Hollows & Graham, 1966; Khawaja et al., 2016; Perkins, 1973). In the present study,
IOP measured in a standard seated clinical position (IOPcouwe) was in line with the
normative values for a given European population (Khawaja et al., 2016) and did not differ
between the two groups. Sex-related ocular variations have previously been suggested to
result from differences in oestrogen levels (Zetterberg, 2016). It has been demonstrated that
IOP decreases during pregnancy (i.e., when oestrogen levels are elevated), and increases
after menopause (i.e., when oestrogen levels are reduced), signifying a role for oestrogen in
IOP regulation (Ebeigbe et al., 2012; Qureshi, 1997). Oestrogen-influenced alterations in
aqueous humour production and outflow are regulated by oestrogen receptors located in
the ciliary epithelium (Ogueta et al., 1999). In the present study we did not control for the
presence of menopause in female participants, however, considering the age range of the
female participants (46 — 62 years), it is likely that some of them had already entered
menopause, which might contribute to non-significant differences in IOP o0 between the
two groups.

The BMI of male and female participants (24.9 + 1.5 kg - m™? and 24.0 + 2.4 kg - m?,
respectively) was not significantly different. Based on the BMI, 11 out of 24 (45.8%)
participants were overweight (BMI >25 kg-m? as defined by the World Health
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Organization). High BMI has been associated with increases in IOP previously (Khan et
al., 2021; Mori et al., 2000), but not in the present study. In contrast to BMI, body height
has been observed to correlate negatively with IOP (Khawaja et al., 2016; Zheng et al.,
2010). The precise mechanism by which IOP is lowered in taller individuals is not known.
It has been suggested that it is related to a larger vertical distance between the eye and
the heart, and consequent reductions in ciliary body perfusion and aqueous production
(Khawaja et al., 2016). This is in line with the results from our previous study where a
higher IOP was observed in a supine 6°HDT compared to a seated position (Chapter 3;
Mlinar et al., 2021). In the present study, male participants were significantly taller than
females (177.3 £+ 7.3 cm and 166.9 £ 5.3 c¢m, respectively), however no correlation between
height and IOPcua was observed.

Several studies have investigated the effect of sex on MAP and HR responses during
isometric exercise, and the results are inconsistent (Ettinger et al., 1996; Samora, Incognito,
et al., 2019; Samora, Teixeira, et al., 2019; Sanchez et al., 1980). In the present study, a 3-
min isometric handgrip exercise at 30% of the participant’s maximum resulted in
significantly increased HR in males but not in females, and significantly increased MAP in
both males and females. No significant differences were observed in HR or MAP at the 3™
minute of exercise between the two groups, which is in line with the observations of Sanchez
et al. (1980).

In contrast to the results of our previous study where IOP in older males was observed
to increase with submaximal isometric handgrip exercise (Chapter 4; Mekjavic et al., 2020),
no such exercise-induced increase was observed in the present study in either males or
females. Additionally, during the exercise, IOP between the two groups was not statistically
different, which is in agreement with the rest of the literature (Vera, Jiménez, et al., 2019;
Vera, Raimundo, et al., 2019; Vera et al., 2020).

5.3.2 Microgravity

Early reports on the presence of SANS in astronauts noted that the clinical symptoms were
more frequent and/or severe in male astronauts (Mader et al., 2011; Marshall-Bowman et
al., 2013; Platts et al., 2014). In a study of 17 male and 8 female ISS astronauts, neuro-
ocular changes were observed in 82.3% and 62.5% of evaluated males and females,
respectively. This difference was not statistically significant but the symptoms were milder
in females than in males (Platts et al., 2014).

Exposure to microgravity results in slight increases in ICP, due to the absence of diurnal
fluctuations driven by postural changes as experienced on Earth. This increase, although
not pathological, results in a continuous decrease in the translaminar pressure gradient
posterior of the eye that may lead to optic remodelling (Lawley et al., 2017). The difference
between the ICP in microgravity and the estimated 24-hour average on Earth (calculated
as one-third supine and two-thirds seated), and the consequent decrease in the pressure
gradient, was significantly larger in males than females, meaning that female participants
might be better protected against the stimuli causing globe flattening. In contrast, a
retrospective analysis of pre- and post-flight eye examination data of 45 long-duration flight
astronauts revealed that the extent of refraction changes was not correlated to the sex of
the astronauts, but rather their BMI. None of the female astronauts included in the analysis
developed optic disc oedema or choroidal folds. Among the male astronauts, the individuals
who developed ocular changes weighed significantly more than the members of the flight
crew in whom such ocular changes were not observed. The fact that the refractive changes,
choroidal folds, and optic disc oedema were positively correlated with BMI, and that on
average female astronauts weighed significantly less than their male counterparts, might
in part explain why ocular changes are less common in females (Buckey et al., 2018). It is
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important to mention that similar to other studies investigating sex-related changes in
response to microgravity, the underrepresentation of female astronauts compared to males
was substantial (9 females, 36 males) also in the study by Buckey et al. (2018).

To our knowledge, the present study is the first to measure females’ IOP in a prone
6°HDT position. Usually, the effects of microgravity in ground-based studies are simulated
by a supine horizontal or 6°HDT position. In the present study, IOP was not significantly
different between males and females neither during rest nor during a 3-min submaximal
isometric handgrip exercise and subsequent recovery period. Similar results were observed
during rest and with the addition of artificial gravity in a horizontal supine position
(Anderson et al., 2018). Another ocular tissue impacted by fluid shifts, for example in
microgravity, is the optic nerve sheath (ONS). The ONS biomechanical properties are
important in several sight-influencing pathologies, and ONS stiffness has previously been
shown to aggravate high optic nerve head (ONH) strains, namely prelaminar and lamina
cribrosa strains, during eye movements (Shin et al., 2017; X. Wang et al., 2017). ONS was
observed to be significantly stiffer in males than in females in a ground-based spaceflight
analogue. ONS stiffness exhibited a positive relationship with BMI when both sex groups
were combined, however, considering this correlation was not present when it was
investigated in each sex group separately, and that BMI was significantly higher in male
than in female participants, the authors speculated that the observed positive correlation
might have been primarily driven by participants’ sex (C. Lee et al., 2020). These sex-
related changes in ONS stiffness have been suggested to arise due to the differences in the
sex hormone oestrogen, which has been shown to increase compliance of ocular tissues
(Spoerl et al., 2007; Wei et al., 2012).

5.3.3 Limitations

As in the previous studies, one of the limitations of the present study was the use of a non-
contact tonometer instead of the Goldmann Applanation tonometer (GAT), which is
considered the gold standard for the measurement of IOP. Again, the use of GAT was not
possible due to the experimental setup, namely a prone 6°HDT position. It is unlikely that
our choice influenced the results since an excellent agreement of measurements obtained
by Pulsair IntelliPuff and GAT in normotensive and hypertensive individuals has been
previously established (Hubanova et al., 2015).

Another limitation is that we did not control for the menstrual cycle or the presence of
menopause in the female participants. As mentioned previously, oestrogen levels impact
IOP regulation and ocular tissue compliance. By knowing our participants’ menstrual
status at the time of the trial, an investigation of the correlation between oestrogen and
IOP responses during rest and exercise in a prone 6°HDT position would be possible. In
order to elucidate the role of sex hormones and their potential contribution in the
manifestation of SANS symptoms, future studies should involve female participants of
various ages and in different stages of menstrual cycles or menopause.



Chapter 6

Effect of Age on Hypoxia-Induced
Changes in Retinal Blood Vessel

Diameter

Due to logistical and safety reasons, future habitats on Moon and Mars will likely be
hypoxic (Bacal et al., 2008; Bodkin et al., 2006). In the event of the successful establishment
of a permanent presence on either Moon or Mars, it is anticipated that habitats will be
populated with individuals of all ages, including children.

The lower partial pressure of oxygen (PO.) during exposure to hypoxia provokes
increased ventilation and heart rate (HR), both at rest and during exercise (Béartsch &
Gibbs, 2007) in an attempt to maintain a higher alveolar PO,, and consequently maintain
appropriate tissue oxygenation. Despite these cardiorespiratory adaptations, impaired
aerobic performance has been observed in adults and children, both during submaximal
and maximal exercise with the magnitude being similar between the two age groups (Kapus
et al., 2017; Kriemler et al., 2016). However, comparisons between these age groups within
other systems are sparse in the literature. Consequently, we set out to investigate the effect
of hypoxia on retinal vessels, which share similar anatomical, physiological, and
embryological characteristics with cerebral vessels (Baker et al., 2008), in adults and
prepubertal children. Any changes observed in the retinal vasculature may therefore reflect
similar processes occurring in the brain.

The retina is one of the most affected tissues in the eye during exposure to hypoxia. It
is responsible for converting photon-induced stimulation of the rods and cones into neural-
coded information regarding the image projected on its surface and is among the most
metabolically active tissues in the body. Consequently, its oxygen demand is high and
increases even further when in the dark (Eshaq et al., 2014). Exposure of adults to a
simulated altitude (normobaric hypoxia) of 4,000 m for 10 days causes a significant increase
in the thickness of the retinal neural fibre layer (Jaki Mekjavic et al., 2016) and the
diameter of retinal vessels (Louwies et al., 2016). Supplementary to vasodilation of the
vessels, other retinal changes such as cotton wool spots, haemorrhages, and papilledema,
commonly known under the umbrella term high-altitude retinopathy (HAR), may be
observed upon exposure to hypoxia (Morris et al., 2006). The formation of these symptoms
may be further exacerbated by strenuous exercise (Honigman et al., 2001; Shults & Swan,
1975), and the examination of these features in prepubertal children is lacking.

Astronauts’ ocular health in future long-duration missions on the International Space
Station (ISS), as well as missions planned to the Moon and Mars, is of utmost importance
for NASA and ESA. To ensure safe exposure to hypoxia encountered in future habitats, it
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is essential to determine the effect of hypoxia on the visual system in different age groups.
We compared the effect of a one-day exposure to hypoxia, equivalent to ~3,000 m, on the
retinal blood vessels, specifically the arterioles and venules, between adults and children.
It is currently predicted that the ambient PO, in the habitats will correspond to that at
an altitude in excess of 2,000 m (Bacal et al., 2008; Bodkin et al., 2006), however, the
present study was designed to exaggerate habitats’ ambient conditions in order to maximise
participants’ responses.

6.1 Methods

6.1.1 Study design

Details of the study protocol have been outlined previously (Kapus et al., 2017). Briefly,
each participating family (parents and children) visited the Olympic Sports Centre Planica
(Ratece, Slovenia) on one occasion for three days. On Day 1, participants arrived at the
facility in the afternoon and were familiarised with the researchers, laboratory, equipment,
and experimental procedures. They also underwent a medical examination and spent the
first (Day 1) and second day (Day 2) in normoxia (altitude of the facility: 940 m; FiO, =
20.9%; PO, = 134.0 = 0.4 mmHg). The participants entered the normobaric hypoxic
environment at 20:00 on the second night where they remained throughout the night and
Day 3 until the termination of the experimental procedure. By reducing the oxygen content
of the air, the normobaric hypoxic environment simulated an equivalent altitude of 3,000
m (Fi0, = 0.162 £+ 0.03; P;O, = 105.0 + 0.6 mmHg). Throughout Day 2 and Day 3 the
participants took part in a series of physiological tests (for further details cf. Kapus et al.,
2017). The experimental procedures on Day 2 (normoxia) and Day 3 (hypoxia) were
conducted in the same order and at the same time of the day to avoid any diurnal
fluctuations in the measured variables. The testing schedule (Figure 6.1) was designed in
a way that the constraints for each test were met, and limited interaction was present
between the tests. A paediatrician was present throughout the study.

The normobaric hypoxic conditions were established with a vacuum-pressure swing
adsorption (VPSA) system, which delivered hypoxic gas to all the rooms and laboratory.
The system sampled the gas in all rooms at 15-min intervals to ensure that the pre-set
level of oxygen fraction was being maintained. In the event that the oxygen fraction
decreased below the pre-set level in any of the rooms, the system would cease the delivery
of hypoxic gas to that room. Should the oxygen fraction not return to the desired level
within two sampling cycles, the system would automatically initiate a fan that would
deliver external air to the room and also trigger an alarm. All rooms were equipped with
portable clip-on type oxygen sensors programmed to initiate an alarm, should the oxygen
fraction decrease below a pre-set threshold. There were no such untoward events during
the course of the study.
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Time Test

07:30 LLS, morning SpO2, and HR
08:00 Breakfast

08:30 Orthostatic tolerance test

09:00 Muscle strength assessment
09:30

10:00 Morning snack

10:30 Spirometry

11:00

11:30 Submaximal graded cycle exercise test
12:00

12:30 Lunch

13:00 Posturography

13:30 Countermovement vertical jump test
ﬁgg Skiing simulator test

15:00 Afternoon snack

15:30 . e

16:00 Cognitive test/thermal sensitivity test
16:30 Fatigue questionnaire

17:00 Retinal fundus examination

Figure 6.1: Testing schedule for Day 1 (normoxia) and Day 2 (hypoxia) (Note: LLS —
Lake Louise score; S,0, — peripheral oxygen saturation; HR — heart rate).

6.1.2 Participants

In total, 13 adults (7 males, 6 females) and 13 children (Tanner stage 1; 7 males, 6 females)
took part in the KidSki project. Children’s participation in the study was subject to the
consent of the parents, who also participated in the study, and upon the approval of the
paediatrician, who conducted the medical examination. Due to the specifications of the
Automated Retinal Image Analyser (ARIA; Peter Bankhead, Queen’s University Belfast)
software, only retinal scans of 11 adults (7 males, 4 females) and 8 children (4 males, 4
females) were used in the final analysis. All participants were lowland residents with no
hypoxic exposure in the 2 months prior to taking part in the study as specified in the
inclusion criteria. Participants’ physical characteristics are presented in Table 6.1.

Exclusion criteria included smoking (adults only), asthma, hypertension,
haematological or kidney disorders, exposure to altitude (>2,500 m) in the preceding 2
months, and any eye condition that could influence retinal vessels. Throughout the study,
adult participants were requested not to consume any caffeine or alcohol.

The study conformed to the standards set by the Declaration of Helsinki, except for the
registration in a database. Prior to taking part in the study, the participants were
thoroughly informed about the aims, methodology, and potential risks of the study, after
which the children assented and signed consent forms were obtained from the adults. The
children’s consent forms were subsequently signed by the children and final consent was
obtained from their parents/guardians, who were also participants in the study. The study
was approved (approval no. 164/05/13) by the National Medical Ethics Committee at the
Ministry of Health (Republic of Slovenia).
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Table 6.1: Participants’ physical characteristics (Abbreviations: M — males; F — females;
BMI — body mass index; BF% - body fat percentage).

Children Adults
Number (M/F) 8 (4/4) 11 (7/4)
Age (years) 93+ 1.3 40.1 £ 4.1
Height (cm) 141.2 + 11.2 176.0 + 8.5
Weight (kg) 31.2 + 7.5 72.9 + 12.1
BMI (kg - m?) 154 + 1.6 93.4 + 2.2
BF% (%) 10.8 + 5.9 20.2 + 9.2

6.1.3 General adaptation to hypoxia

The participants’ resting morning HR and oxygen saturation (S,0:) were measured in
normoxia (Day 2) and hypoxia (Day 3) upon waking using a finger pulse oximeter (Nellcor,
BCI 3301, Boulder, USA). Additionally, to assess for the potential presence of acute
mountain sickness (AMS), participants completed the self-assessment section of the Lake
Louise mountain sickness questionnaire (Roach et al., 1993) to obtain the Lake Louise score
(LLS; 0-15). The collection of children’s LLS was adapted following the recommendations
of the International Federation for Climbing and Mountaineering Medical Commission
guidelines (Meijer & Jean, 2012).

6.1.4 Retinal fundus examination

Digital high-resolution retinal colour fundus photographs of the left and right eyes centred
on the optic disc were taken according to procedures described elsewhere (De Boever et al.,
2014). Measurements were performed by an ophthalmologist using a 45° 6.3 megapixel
digital nonmydriatic camera (Canon, Hospithera, Brussels, Belgium). During the fundus
photography, patients were seated on a chair in a darkened room with their chin resting
on a chin support. The presence of HAR was determined with direct fundus
ophthalmoscopy.

6.1.5 Data processing and analysis

Retinal vessels were analysed so that left and right eye central retinal arteriolar (CRAE)
and venular equivalent (CRVE) in hypoxia and normoxia were determined using the ARIA.
The calibration was set at 8.077 pm per pixel. Only retinal scans, where the same three
venules and three arterioles within the region between 0.5- and 1.0-disc diameters away
from the disc margin were able to be identified in both normoxia and hypoxia, were used
in the statistical analysis. In the event that an obtained retinal scan was of poor quality,
the scan was repeated. Upon completion of the study, all scans were analysed with ARIA.
The image analysis software deemed some of the scans of insufficient quality to be used in
the analysis. Since the aim of the study was a comparison of images obtained before and
after the normoxic and hypoxic confinements, a poor-quality scan obtained either pre- or
post-exposure for a given participant would render the results of this participant unusable
by the software, requiring the exclusion of the participant from the analysis. As a
consequence, only retinal scans of 8 children (4 females) and 11 adults (4 females) were of
a quality that could be properly analysed by ARIA. Due to the high inter-eye correlation
reported previously (Leung et al., 2003), the average value of the left and right eyes was
used in the statistical analysis. The eye examinations were performed by an
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ophthalmologist, thus any changes of clinical concern would have been identified
immediately.

All of the statistical analyses were performed using SPSS (v.25, IBM, NY, USA)
software. The data are presented as mean 4 standard deviation (SD) unless indicated
otherwise. The significance level for all statistical tests in this study was set at p < 0.05, a
priori. Unbiased effect sizes were estimated using Hedges’ g test and defined as small when
g < 0.2, moderate when ¢ < 0.5, and large when ¢ < 0.8 (Hedges, 1981). All data were
assessed for normality using the Shapiro-Wilk test of normality. A paired-samples t-test
was used to assess whether the effect of hypoxia (hypoxia vs. normoxia) was present in the
morning HR and S,0, measurements, and Wilcoxon signed-rank test to assess the effect of
hypoxia in LLS. Potential hypoxia-induced CRAE and CRVE differences between both
age groups were investigated using a mixed model ANOVA (group [children,
adults]*condition [hypoxia, normoxia]) and potential changes between CRAE and CRVE
within each age group were assessed using a two-way repeated measures ANOVA (vessel
[CRAE, CRVE]*condition [hypoxia, normoxia]). Where appropriate, a Bonferroni post-hoc
test was applied to investigate interaction effects in greater detail.

6.2 Results

No negative events related to the hypoxic environment were reported by the participants,
nor were they observed by the attending paediatrician.

6.2.1 General adaptation to hypoxia

Morning resting HR was significantly higher in hypoxia compared to normoxia in children
(#(7) = -3.108, g = 0.74, p = 0.017) but not in adults (#(10) = -0.359, p = 0.727), as seen
in Table 6.2.

Morning resting S,0, decreased significantly in hypoxia in both age groups (children:
{(7) = 6.840, g = 3.42, p < 0.001; adults: #(10) = 8.061, g = 3.07, p < 0.001). There was
no statistical difference in 5,02 between the two groups.

Hypoxia had no significant effect on children’s (Z = -1.897, p = 0.058) or adults’ (Z =
-1.549, p = 0.121) LLS. LLS values >3 were observed in two adults and two children
following a 12-hour night-time exposure to hypoxia. The median (range) LLS values in
hypoxia were comparable between the two age groups. No other signs of AMS were
observed by the attending paediatrician.

Table 6.2: Adults’ and children’s morning HR, S,0, and LLS following a 12-hour night-
time hypoxia exposure (Note: M — males; F — females; S,0, — peripheral oxygen
saturation; LLS — Lake Louise score; * significantly different than in normoxia; p < 0.05).

Adults Children
Condition Normoxia Hypoxia Normoxia Hypoxia
Heart rate (min™) 80.1 £ 154 925 £+ 16.1* 64.2 +£ 148 65.5 £ 13.0
S;0: (%) 98.0 £ 1.4 924 £ 1.7* 96.5 + 0.8 90.1 + 2.7*

LLS (median (range)) 0 (0—2) 1.5 (0 - 4) 0(0-2) 1(0-4)
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6.2.2 Retinal fundus

6.2.2.1 High altitude retinopathy

Based on direct fundus ophthalmoscopy, the ophthalmologist confirmed that no signs of
HAR were present.

6.2.2.2 Central retinal arteriolar equivalent (CRAE)

CRAE increased with hypoxia in both children (normoxia: 105.32 + 7.72 pm, hypoxia:
110.13 £ 7.16 pm) and adults (normoxia: 105.35 + 10.67 pm, hypoxia 110.77 + 8.36 yum),
as seen in Figure 6.2. No main effect of group (p = 0.933) or group*condition interaction
(p = 0.785) was present. In contrast, the main effect of the condition on CRAE was
observed (normoxia: 105.34 + 9.30 pm, hypoxia: 110.50 + 7.67 pm, p < 0.001, ¢ = 0.59).
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Figure 6.2: Adults’ and children’s central retinal arteriolar equivalents (CRAE) in
normoxia (NOR) and hypoxia (HYP).

6.2.2.3 Central retinal venular equivalent (CRVE)

Similarly to CRAE, CRVE increased with hypoxia in both children (normoxia: 123.39 +
8.34 pm, hypoxia: 130.11 £+ 8.54 nm) and adults (normoxia: 126.89 + 7.24 pm, hypoxia:
132.03 £+ 9.72 pm), as seen in Figure 6.3. Again, no main effect of group (p = 0.488) or
group*condition interaction (p = 0.446) was present. The main effect of condition on CRVE
was observed (normoxia: 125.41 + 7.70 pm, hypoxia: 131.22 + 9.05 pm, p < 0.001, g =
0.68).



6.3. Discussion 61

150+

CRVE (um)
N
921
1

100-

/
L —

I 1
NOR HYP NOR HYP

O Children B Adults

Figure 6.3: Adults’ and children’s central retinal venular equivalents (CRVE) in
normoxia (NOR) and hypoxia (HYP).

6.2.2.4 Central retinal arteriolar vs venular equivalent

The main effect for vessels was observed both in children (CRAE: 107.73 + 7.61 pm,
CRVE: 126.75 + 8.86 pm, p = 0.001, g = 2.25) and adults (CRAE: 108.06 + 9.76 pm,
CRVE: 129.46 + 8.77 pm, p < 0.001, g = 2.27). However, no main effect of vessel*condition
interaction was observed in either age group (children: p = 0.218; adults: p = 0.878).

6.3 Discussion

The main finding of the present study is that a 20-hour hypoxic exposure equivalent to an
altitude of ~3,000 m caused significant increases in the diameter of retinal venules and
arterioles in adults and children. Furthermore, hypoxia-induced increases in CRAE and
CRVE were not significantly different between the two age groups. This confirms that the
vasomotor sensitivity of the retinal vessels to acute hypoxia is comparable between adults
and prepubertal children.

6.3.1 The effect of hypoxia on retinal vessel diameters

Despite the high blood flow, the total blood volume of the retinal vessels is relatively low
due to their small diameter and sparse distribution (Wolf et al., 1991). As mentioned
previously, the retina is one of the most metabolically active tissues in the body, with a
high arteriovenous PO, difference and poor capacity to tolerate periods of low perfusion
(Funk, 1997). Both the central retinal artery, which supplies the majority of blood to the
retina (Kur et al., 2012), and the vein lack neural innervation which could provide
regulation of the vascular tone. Therefore, blood flow in the retina is maintained by
autoregulation that is mainly dependent on local myogenic and metabolic factors, including
arterial blood gases, pH, and lactate (Garhofer et al., 2003; Venkataraman et al., 2006). In
case of reduced oxygen availability, as reflected by the reduced S,0,, adequate retinal blood
flow is achieved through vasodilation to match the augmented oxygen demand (Morris et
al., 2006; Neumann et al., 2016). In the present study, morning S,0, following a 12-hour
overnight hypoxic exposure decreased from 97.2 + 1.2% in normoxia (Day 2) to 91.3 +
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2.4% (both age groups combined), initiating vasodilation in both retinal arterioles and
venules. The reactivity of adult retinal vessels to various levels of PO, was first reported
by Cusick et al. (1942). Their findings have since been replicated and confirmed during
exposure to both acute and chronic hypoxia (Louwies et al., 2016; Neumann et al., 2016),
including in the present study. Additionally, retinal changes, including changes in retinal
vessel diameter, have previously been observed in both normobaric and hypobaric hypoxia.
The effect on the retinal vessel diameter was not dependent on the ambient pressure (i.e.,
hypobaric versus normobaric), but solely on the PO, (Neumann et al., 2016). No such
research has previously been conducted in children.

Arteriolar walls consist of smooth muscle cells, whereas the venular walls are thinner
and consist of a single layer of endothelial cells and a few smooth muscle cells (Kur et al.,
2012). It has been proposed that venular walls are therefore more compliant and potentially
exhibit larger autoregulatory responses (Louwies et al., 2016). The results of several studies
investigating the diameters of retinal vessels while breathing hyperoxic or hypoxic gas
mixtures are equivocal. While some authors reported greater reactivity of venules than
arterioles (Cusick et al., 1942; Louwies et al., 2016), other studies observed no differences
in reactivity (Fallon et al., 1985; Neumann et al., 2016), including the present study where
the diameter of retinal arterioles increased by 5.16 + 4.67 nm in hypoxia, and similarly,
the diameter of venules increased by 5.81 + 4.28 pm (both age groups combined).

6.3.2 Adults vs. children

Retinal vessel diameters decrease with age, independent of blood pressure and other factors
(Leung et al., 2003; Wong et al., 2003). In contrast, neither CRAE nor CRVE of the
children and adults participating in the present study were significantly different. Most
likely, the adults in the present study were not old enough (40.1 £ 4.1 years) for the age-
related retinal changes to be manifest. For example, participants in studies conducted by
Leung et al. (2003) and Wong et al. (2003) were aged >49 and >43 years, respectively,
whereas the age range of adult participants in our study varied from 32 to 47 years (median:
41 years). Due to the low sample size, correlation analysis of age and CRAE and CRVE
was not conducted.

Normoxic retinal vessel diameters measured in children and adults participating in the
present study are smaller than the values reported in the literature (Li et al., 2011; Mitchell
et al., 2007; Neumann et al., 2016). A similar phenomenon was observed in adults’ CRAE
and CRVE measurements during exposure to hypoxia (Neumann et al., 2016). This can be
attributed primarily to the differences in the analysis technique. In the present study, only
three venules and three arterioles per retinal scan were included in the analysis. Due to the
limited region of interest (between 0.5- and 1.0-disc diameters away from the optic disc
margin), overlapping of vessels, and their branching, it was not always possible to select
the six widest vessels.

Hypoxia-induced increases in retinal vessel diameters observed in both adults and
children were not significantly different between the two age groups. To our knowledge,
this is the first study to investigate children’s retinal vessel diameter changes during
exposure to hypoxia. As discussed previously, hypoxia-induced vasodilation in retinal
vessels in adults observed in the present study is in line with the previous research (Cusick
et al., 1942; Louwies et al., 2016; Neumann et al., 2016). When looking at adults’ responses,
considerable individual variability can be noted, especially in the adult’s CRVE, compared
to the children’s. This is also reflected in the standard deviation of the responses (£1.70
pm in children and £+5.46 pm in adults). Perhaps, such a range in individual responses of
CRVE to hypoxia could be partially attributed to a considerable age range of adult
participants.
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6.3.3 High-altitude headache, high-altitude retinopathy, and acute

mountain sickness

HAR and AMS encompass a spectrum of physiological and pathological changes commonly
occurring in unacclimatised individuals exposed to hypoxia. High-altitude headache
(HAH), a type of headache occurring during ascents to altitudes above 2,500 m and
resolving spontaneously within 24 hours after descent, can appear along with other signs
and symptoms which constitute AMS (Bian et al., 2013; Burtscher et al., 2011) or as an
isolated symptom.

HAR has been noted to occur more frequently in individuals undergoing strenuous
activity during hypoxic exposure, especially when Valsalva manoeuvres are involved (Arora
et al., 2011). Meanwhile, symptoms of AMS are more commonly observed in adults than
in children (Kriemler et al., 2014; Rexhaj et al., 2011). Other risk factors for the
development of AMS, HAR and/or HAH include the level of hypoxic exposure, the rate
and length of ascent, low arterial oxygen saturation, and an individual’s susceptibility
(Bian et al., 2013; McFadden et al., 1981; Schneider et al., 2002).

Arteriolar and venular retinal vessel diameter has previously been correlated with the
development of AMS (Bosch et al., 2009). Additionally, HAH burden was found to correlate
strongly with retinal venous vasodilatation (Wilson et al., 2013).

In the present study, the presence of HAR, AMS, and/or HAH was not observed or
reported by any of the participants. This is likely the result of the following two factors: i)
the level of hypoxia was low, and ii) the duration of the exposure was short.

6.3.4 Clinical implications

The retinal and cerebral macro- and microvasculature share many morphological and
physiological properties, including similar vascular regulatory processes (Delaey & Van de
Voorde, 2000). Due to these similarities, changes in cerebral microvasculature, resulting
from diseases such as vascular dementia (Varma et al., 2002) and stroke (Powers & Zazulia,
2003) are often reflected in changes in retinal microvasculature. Furthermore, hypoxia-
induced cerebral venous vasodilation has been observed to correlate strongly with the
venous vasodilation observed in the retina (Wilson et al., 2013). It has been proposed that
the small retinal vessel leakage that occurs in individuals exposed to high altitudes could
also be mimicked in the vessels in the brain, contributing to the brain volume increase of
a few millilitres observed following hypoxic exposures (Kallenberg et al., 2007; Willmann
et al., 2013).

Exposure to hypoxia can have a significant effect on human vision, manifesting as
changes in colour discrimination (Connolly et al., 2008), reduction in dark adaptation
(Kobrick & Appleton, 1971), and loss of contrast sensitivity (Pescosolido et al., 2015), with
the changes being more evident in low light environments (Connolly et al., 2008). In
contrast, hypoxia has no effect on visual acuity (Bosch et al., 2009). In the event of blood
leakage into the vitreous humour or when HAR-related haemorrhages manifest on the
macula, the result can be an acute severe visual impairment. Most commonly, these
hypoxia-induced vision changes are not clinically important and are reversed within weeks
upon return to normoxia. Similarly, vasodilation of retinal vessels is reversible when
adequate oxygen availability is restored (Bosch et al., 2009; Jaki Mekjavic et al., 2021).
Visual function tests were not performed in the present study, however, no apparent
hypoxia-related effects on vision were observed or reported by the participants, most likely
due to low levels of hypoxia.
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6.3.5 Limitations

A major limitation of the present study is a small sample size, especially in the younger
group, mainly due to measurement errors when obtaining fundus photographs. Altogether
retinal scans from 7 participants were discarded and not used in the final analysis because
of blurriness, inappropriate lighting and/or composition (e.g., images not centred on the
optic disc, mainly due to the inability of younger children to fix their gaze during the
measurement). In future studies, this problem can be minimised or eliminated with more
thorough familiarisation of the participants with the experimental equipment and
procedures, improved measuring techniques, and taking duplicates or triplicates of each
retinal scan.

Another limitation of the present study is that mean arterial pressure (MAP) was not
measured during the retinal scans. It has previously been reported that MAP is inversely
related to retinal vessel diameter (Kaushik et al., 2007; Wong et al., 2003), thus any
hypoxia-induced increment in MAP would have caused a decrease in the retinal vessel
diameter. In the present study, exposure to hypoxia resulted in retinal vessel vasodilation
in both children and adults. Therefore, it may be speculated that retinal vascular regulation
is more strongly affected by hypoxia than by the changes in MAP.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The present thesis investigated the effects of several spaceflight-related factors, namely
age, hypercapnia, hypoxia, resistive exercise, sex and posture, on ocular structures,
primarily intraocular pressure (IOP). On the basis of the results of the four studies, the
following conclusions can be drawn:

Study I (Mlinar et al., 2021; Chapter 3) demonstrated that posture affects IOP, mean
arterial pressure (MAP) and heart rate (HR) during rest and 3-min static handgrip exercise.
IOP was significantly elevated in the prone 6°head-down tilt (HDT) position compared to
seated and supine 6°HDT positions. As a consequence, Hyl was rejected and the alternative
hypothesis Hal was accepted. Neither exercise nor hypercapnia had any significant effect
on IOP, therefore hypotheses H¢2, Hy3, and H¢4 are confirmed. Additionally, IOP values
obtained in the prone 6°HDT position were similar to IOP values obtained shortly after
entering microgravity. It would therefore appear that the prone, rather than supine 6°HDT
position is more suitable for the simulation of ocular changes that occur in acute
microgravity.

Study II (Mekjavic et al., 2020; Chapter 4) demonstrated that resistive exercise,
mimicking that conducted by astronauts to minimise the musculoskeletal atrophy resulting
from prolonged exposures to microgravity, significantly increases IOP in older, astronaut-
aged males. Exercise-induced increases in IOP were further augmented by hypercapnia
similar to the carbon dioxide (CO,) levels observed on the International Space Station
(ISS). Therefore, hypotheses Ho5, H¢6, and H,7 are rejected, and alternative hypotheses
Hab, Ha6, and Ha7 are accepted. Whereas mild hypercapnia did not elevate IOP in younger
males (Study I, Chapter 3), it did so in older males indicating the potential presence of
age-related effects of hypercapnia on IOP. Perhaps, hypercapnia is an important
contributing factor in the development of Spaceflight-Associated Neuro-ocular Syndrome
(SANS) in older male astronauts, but not in younger ones.

Study III (Mlinar et al., 2023, submitted; Chapter 5) showed that males and females of
astronaut age have similar IOP responses to rest and exercise in a prone 6°HDT position.
Therefore, hypothesis Ho8 is accepted. Whether this difference between sexes occurs in
astronauts during spaceflight and helps protect against the stimuli causing globe flattening
is unknown and this hypothesis requires further investigation.

Study IV (Mlinar et al., 2023; Chapter 6) determined that one-day exposure to hypoxia
equivalent to ~3,000 m significantly increases retinal vessel diameters in adults and
prepubertal children, therefore hypothesis Ho9 is rejected, and alternative hypothesis Ha9
is accepted. The level of hypoxia-induced vasodilation did not differ between the two age
groups, so hypothesis Hy10 is accepted. Adults and children appear to be similarly sensitive
to changes in ambient partial pressure of oxygen (PO,), hence during exposures to hypoxia,
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children should adhere to the same precautions as adults. No acute hypoxia-related effects
on the ocular system were observed in any of the participants. Since retinal vessel
vasodilation on its own does not have any clinical consequences, I conclude that exposure
to hypoxia equivalent to altitudes up to 3,000 m is, from an ophthalmological perspective,
safe for both adults and children.

7.2 Future Work

All of the studies conducted within the scope of the present thesis focused on the effects
of short-term exposure to factors associated with current and/or future spaceflight. Based
on the results of Study I (Mlinar et al., 2021; Chapter 3), it would appear that a prone
6°HDT position is more appropriate for simulating the effects of microgravity on the ocular
system than a supine 6°HDT position. To assess the suitability of a prone 6°HDT position
as a new ground-based model, future studies should be of longer duration. Since prolonged
bedrest in the prone 6°HDT position is not possible, it might be interesting to use the
experimental model developed in the present thesis, namely prone static hand grip exercise,
at regular intervals during a bed rest campaign. Furthermore, additional measurements
should be employed, such as optical coherence tomography (OCT), magnetic resonance
imaging (MRI), and intracranial pressure (ICP) measurement in conjunction with IOP to
observe fluctuations in translaminar cribrosa pressure difference (TLCPD) and its role in
the development of SANS. Due to slight differences in the measurement equipment, the
results of Study I and Study II (Mekjavic et al., 2020; Chapter 4) are not fully comparable,
however, they do indicate the possible presence of age-related effects of hypercapnia on
IOP which should be further investigated.

The results of Study III (Mlinar et al., 2023, submitted; Chapter 5) showed that sex
does not affect IOP responses in simulated microgravity in an older population. However,
considering SANS appears to be more common and severe in male than female astronauts,
further investigation implementing additional measuring techniques and participants of
both sexes and varying ages is needed.

Lastly, Study IV (Mlinar et al., 2023; Chapter 6) investigated the effects of one-day
exposure to hypoxia on retinal blood vessels in adults and children. Without sufficient
technological advancements, life support systems in future habitats will likely not be
capable of maintaining CO, concentration at the same level as on Earth. Therefore, since
retinal vessels are vasoactive, and both hypoxia and hypercapnia have vasodilatory
properties, future studies should consider investigating the effect of hypoxia in combination
with hypercapnia. Future studies should therefore aim to replicate the methodology and
concentration of gas mixtures used in Chapters 3, 4, 5, and 6, to allow for comparison of
individual and combined effects across the studies. Additionally, future studies should be
of longer duration to better mimic everyday life in future habitats.

As mentioned before, SANS threatens the success of all future long-duration missions
to space. The discovery of its precise aetiology and the finding of appropriate
countermeasures to prevent its occurrence is one of the top priorities of NASA and ESA.
The findings of the present thesis have positively contributed to this research field and
clearly demonstrated the effect of several spaceflight-related factors on IOP and retinal
blood vessels. Furthermore, new research questions have been proposed that will need to
be addressed in future studies.
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