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NEW FINDINGS
What is the central question of this study?

Astronauts onboard the International Space Station (ISS) perform daily exercises designed to prevent
muscle atrophy and bone demineralisation. The present study assessed the effect of resistive exercise
performed by subjects while exposed to the same level of hypercapnia as on the ISS on intraocular

pressure (IOP).

What is the main finding and its importance?

The static exercise-induced IOP elevation in intraocular pressure during 6° prone head down tilt
(simulating the headward shift of body fluids in microgravity) is augmented by hypercapnia, and

exceeds the ocular hypertension threshold.
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ABSTRACT

The present study assessed 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 International Space Station) on IOP.

Volunteers (average age = 57.8 £ 6 yrs.; N=10) participated in two experimental sessions, each
comprising: i) 10-min rest, ii) 3-min handgrip dynamometry (30% max), and iii) 2-min recovery,
inspiring either room air (NCAP), or a hypercapnic mixture (1% CO,, HCAP). We measured IOP in
the right eye, cardiac output (CO), stroke volume (SV), heart rate (HR) and mean arterial pressure
(MAP) at regular intervals.

Baseline IOP in the upright seated position while breathing room air was 14.1 + 2.9 mmHg. Prone 6°
HDT significantly (p < 0.01) elevated IOP in all three phases of the NCAP (rest: 27.9 + 3.7 mmHg;
exercise: 32.3 + 4.9 mmHg; recovery: 29.1 + 5.8 mmHg) and HCAP (rest: 27.3 £ 4.3 mmHg;
exercise: 34.2 + 6.0 mmHg; recovery: 29.1) trials, with hypercapnia augmenting the exercise-induced
elevation in IOP (p < 0.01). CO, SV, HR and MAP were significantly increased during handgrip

dynamometry, but there was no effect of hypercapnia.

The observed IOP measured during prone 6°HDT in all phases of the NCAP and HCAP trials
exceeded the threshold pressure defining ocular hypertension. The exercise-induced increase in IOP is

exacerbated by hypercapnia.
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INTRODUCTION

A major hindrance to future long-term missions on the International Space Station (ISS), and to the
exploration of the Moon and Mars are the unexplained ophthalmic changes observed in a subset of
astronauts. Recently, it has been reported that the majority of astronauts participating in long-term
missions on the ISS experience significant visual impairment, which manifests as blurred vision for
near and distance (Mader et al., 2011), as well as significant morphological changes in the eye and
optic nerve, including optic disc oedema, choroidal folds, and retinal haemorrhages (Mader et al.,
2011; Nelson et al., 2014). Globe flattening and optic nerve protrusion (Nelson ef al., 2014; Kramer et
al., 2012) have also been described in some individuals. 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. The unresolved aetiology and high incidence of
these morphological and visual changes among astronauts jeopardises all future long-term missions

on the ISS, as well as planned missions to the Moon and Mars.

This, as yet unresolved, vision impairment has been attributed primarily to the increase in intracranial
pressure (ICP) associated with spaceflight, which impacts on the vision neuro-axis. As a consequence,
the phenomenon is termed Spaceflight Associated Neuro-ocular Syndrome (SANS). Numerous
studies have provided evidence regarding the manner in which different stressors impact on 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 and Tarver 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 have only minimal effects.

Ground-based studies simulate the effects of weightlessness with the experimental bed rest model,
since adaptation of physiological systems to microgravity are similar to the adaptations observed
during inactivity and unloading of the weight bearing limbs (for review see Pavy-Le Traon et al.,
2007). With the exception of the report by Drozdova and Nesterenko (1969), deterioration in visual
function during the course of 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, haematologic

and neurovestibular systems (Pavy-Le Traon et al., 2007; Jost, 2008). Earlier studies on the effect of
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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 ef 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 volume
measured by OCT were reported in a subject after a 30-day 6° head-down-tilt bed rest (HDT BR).
After 6 months, the OCT measurements matched baseline findings (Taibbi et al., 2013). Increased
subfoveal choroidal thickness without significant change in foveal retinal thickness, but increased IOP
after 30 minutes of 10° HDT (Shinojima et al., 2012) has also been previously reported. 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-day HDT BR 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 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, difficulty with eating,
hygiene, etc. 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 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 both
changes in the oxygen and 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 we assessed 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. 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.

METHODS
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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, subjects 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 subject inclusion criteria was

age between 45 and 65.

A further aim was to establish a protocol, which could be replicated by astronauts during a mission on

the ISS.
Ethical approval

The study conformed to the standards set by the Declaration of Helsinki, except for registration in a
data base. The procedures were approved by the University of Portsmouth (United Kingdom) Science
Faculty Ethics Committee (approval no. SFEC 2019-040). Subjects 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.
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Subjects

Ten older and healthy male volunteers (age: 57.8 + 6.0 years, range: 48 to 65 years; weight: 80.9 + 8.2
kg; height: 178.9 + 4.9 cm; max 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

hand grip dynamometry in the 6°HDT prone position.
Protocol

Participants were requested to participate in two experimental sessions separated by a minimum of 24
hrs. Prior to the first experimental session we measured each participant’s IOP in a standard clinical

sitting position using 2 tonometry methods.

Each experimental session comprised two exercise trials. The two exercise trials conducted on the
same day were separated by 30 minutes. All exercise trials were conducted in the 6°HDT prone
position and each comprised 3 phases: i) 10-min rest phase, ii) a 3-min static handgrip exercise
(dynamometry), and iii) 2-min recovery phase, as seen in Figure 1. During the static handgrip
dynamometry phase, subjects maintained a grip force which was 30% of their maximum grip force
measured previously. In each experimental session, subjects conducted one trial breathing
normocapnic normoxic room air (NCAP), and the other breathing a hypercapnic normoxic mixture
containing 1% CO, (HCAP). The order of NCAP and HCAP trials was counterbalanced and for each
subject, the order of the trials was switched in the second experimental session conducted on a
different day. The reason for conducting the NCAP and HCAP trials in one session was twofold. We
wished to assess the magnitude of the carryover effect, if any, of fatigue. Furthermore, in the sessions
where 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 a protocol on the ISS.
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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,
Kansas, USA). Resting IOP and MAP measurements were obtained at 5 minute intervals during the
10-min rest period (BL, R5, R10), each minute of the 3-min exercise period (T1-T3; isometric
handgrip exercise at 30% of their maximum, using a hand-held dynamometer) and 2-min recovery
(P1-P2) period (Fig. 1). To avoid any influence of Valsalva manoeuvres on any of the measured

variables, all subjects were instructed to maintain normal respiratory patterns.

The second trial was conducted following a 30 min rest period during which subjects 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.
Intraocular pressure (IOP, mmHg) measurement in a standard clinical sitting position

Prior to commencing the experimental protocol (described above), baseline measurements of IOP
were obtained from each subject in the standard clinical sitting 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, United Kingdom).
Triplicate measurements were obtained from the right eye with each tonometer. The
pneumotonometer was adopted 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.
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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 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 seconds, with a 2 min rest between the exertions.
Strong verbal encouragement was provided throughout both trials. Participant’s maximum handgrip

strength was determined as the highest force maintained in the two trials.
Impedance plethysmography and sphygmomanometry

On arrival to the laboratory, participants were instrumented with 6 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 continuous recording of heart rate (HR, min™), cardiac output (CO, L-min™), and stroke
volume (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 (BP) was measured using a Withings (Issy-les-Moulineaux, France) model BP-800
automated sphygmomanometer, from which mean arterial pressure (MAP) was calculated from values
of systolic (SAP) and diastolic (DAP) pressures. Withings BP-800 device fulfills the validation
criteria of the European Society of Hypertension International Protocol Revision 2010 (Topouchian et

al., 2014).

Statistical considerations

The sample size determination in the current study was based on the following criteria: a) power (1 -
B) = .80, b) a = .05, ¢) two groups (normocapnic and hypercapnic), d) four repeated measures
(baseline measure, resting measure, hand grip dynamometry, recovery) and e) 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. A paired samples t-test was conducted to assess the difference between IOP measured in
the standard clinical sitting position using two tonometry methods. Two-way repeated measures
analysis of variance (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 8
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 between. In order to observe the effect of time on each of the
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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. Only participants with full data sets for each measured variable were included in the statistical

analysis, therefore for some variables # is not equal to the total number (20) of the tests.

Descriptive statistics were expressed as mean + SD. All statistical analysis was performed using SSPS
(v.25, Chicago, IL, USA) computer software. Cohen’s standardised-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 extremely large effect when d < 4.0 (Hopkins
et al., 2009).

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 subjects breathing room air in the seated position, as evident from Table 1. When the subjects
assumed the prone 6° HDT position IOP obtained with the pneumotonometer increased to 27.9 + 3.7

mmHg.

As shown in Table 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 [OP (from 27.9 £+ 3.7 mmHg during rest to 32.3 £ mmHg upon completion
of the exercise; Fig. 2). Hypercapnia (HCAP trial) did not significantly modify the responses of MAP,
HR, CO, and SV (Table 1), but did enhance the IOP response, which increased from resting levels of
27.3 £4.3 mmHg to 34.2 + 6.0 mmHg (Fig. 2).

Results of a two-way repeated measures ANOVA revealed a significant time (F(4.225, 80.277) =
35.066; p < 0.001) and condition effect (F(1, 19) = 8.351; p = 0.009), and significant interaction
between time and condition for IOP (F(7, 133) = 0.873; p = 0.044). Further tests (Fig. 2) revealed that
the IOP level during NCAP trial was significantly lower than that in the HCAP trial at BL (23.4 + 3.3
mmHg vs. 25.0 + 3.8 mmHg; p = 0.029; d = 0.45), T1 (28.6 + 3.8 mmHg 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 were
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).

Fig. 3 compares the last minute of the three phases in both NCAP and HCAP trials, namely the 10-

minute rest, 3-min exercise, and 2-min recovery. As evident, HCAP significantly augmented the IOP
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during the handgrip dynamometry, but did not have a significant effect during rest and recovery.

Noteworthy is the substantial individual variation observed in the IOP response.

DISCUSSION

The principal finding of the present study is of the substantial elevation of IOP in the prone 6° HDT
position compared to the seated upright position, which was further augmented by both hypercapnia
in combination with static exercise. Our results confirm the findings of Laurie ef 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 substantially than was observed in the supine position. Whereas Laurie et al.
(2017) observed a significant effect of CO, during resting conditions (supine 6°HDT), we did not

(prone 6°HDT). Rather, we observed the hypercapnic-augmentation of IOP during the static exercise.

The baseline (seated upright) value of IOP observed in our subjects (14.1 = 2.9 mmHg) was similar to
that previously reported for a slightly older (64 £ 9.6 years) 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 IOP compared to Goldmann Applanation Tonometry
(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, 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 values above this are considered as indicative of ocular hypertension (The Royal College
of Ophthalmologists, 2015), 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 (Fig. 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 Figs. 2 and 3 that their IOP may be consistently
elevated above the threshold for open angle glaucoma (OAG), 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 subjects, 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 are 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. In particular, the manner in which a combination of these factors, as
experienced by astronauts on the ISS may maintain a significant trans-lamina cribrosa pressure
difference above the threshold for glaucoma damage for the duration of their mission, may expose

them to the risk of glaucomatous pathology.

This article is protected by copyright. All rights reserved.



Accepted Article

Intracranial pressure

Increased ICP has been postulated as contributing to the aetiology of SANS (Alexander et al., 2012),
due to its direct effect on IOP (Salman, 1997; Lashutka et al, 2004). 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 (Mcdougall et al., 1992) most likely causes a substantial increase in ICP and

consequently IOP.

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. The source of the changes in hydrostatic pressures within the eye (IOP)
and brain (ICP) is the headward shift of body fluids. 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 in 1912 (for 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 BR, 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 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 subjects to be in bed rest continuously, and in the supine position. Another crucial
aspect of Levinsohn’s study is that during the 10° head down tilt 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
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the accommodation effort, the prone HDT may induce the changes observed as a result of prolonged

exposure to microgravity.

Posture: supine v. 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 ef 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 and
Tarver, 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. Chang and Hargen, 2018).

Based on the work of Levinsohn, it would appear that the supine horizontal or 6° HDT BR 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. However, the anatomical position of the eye, within the orbit, probably
prevents any significant gravity-induced changes in its axial length. 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. 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.

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. The CO, levels
on the ISS are 15 times greater than on Earth, occasionally reaching values 20 times greater. CO, is
vasoactive and has a marked effect on brain blood flow (Willie et al. 2012, Sato 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).

Resistive exercise

Even a short-duration space flight results in significant musculoskeletal and cardiovascular
deconditioning (Hayes et al., 2013; Levine et al., 1996; Trappe et al., 1985), and thus exercise
countermeasures have been a cornerstone of crew medical health care since the first ISS expedition.

Exercise countermeasures on both Mir and ISS included treadmill walking/running, cycle ergometry,
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and resistive exercise (Moore ef 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 et al., 2014). The ISS exercise
prescriptions are based on the demonstrated efficacy of countermeasures that combat musculoskeletal
and cardiovascular deconditioning in bed rest models (Pavy-Le Traon et al., 2007; Lee et al., 2010;
Ploutz-Snyder et al., 2014; Shackelford ef al., 2004; Trappe et al., 2007), and include both continuous
and interval aerobic exercise training and resistive exercises, focussing on the trunk and lower body,
where the majority of the musculoskeletal losses occur (LeBlanc et al.,, 2000a,b). However, during
this 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 measured during weightlifting (Mcdougall et al.,
1992). These arterial pressure responses during weightlifting have been implicated in a variety of
pathological responses (cf. Dickerman et al., 1999), particularly in the brain (cerebral haemorrhage)
and eye (subarachnoid haemorrhage, retinal haemorrhage and detachment, foveal haemorrhage).
Macdougall (1999) reported that during a maximal isometric contraction of the leg muscles in the
seated position, with subjects performing a concomitant Vasalva maneuver, intraocular pressure
increased to 28 £ 9.3 mmHg, with one subject generating an IOP of 46 mmHg. The IOP elevations
during prone 6°HDT observed in the present study during a submaximal (30% maximum) hand grip
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 (Marshal-Bowman, 2013), particularly considering that any

effects of exercise would be superimposed on the gravitational effects discussed earlier.

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 et
al., 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.
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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 the brain

circulation.

In a recent review, Zhang and Hargens (2018) emphasised 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.
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Trans-lamina cibrosa pressure

The elevation in ICP as a result of prolonged exposure to microgravity has been implicated as a
contributing factor in SANS (Berdahl ef 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
trans-lamina 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 and
consequently glaucomatous optic neuropathy (McMonnies, 2016). Jonas et al. (2015) have previously
shown that higher TLCPD was associated with open angle glaucoma. The significant increase in IOP
to above clinically acceptable limits in this study would suggest an increased risk of glaucomatous
vision loss in astronauts in space. 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 (Freiberg and Weinreb, 1985), and static exercise (O’Connor and 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.

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 weight lifting, 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. The dynamic
exercise-induced lowering of IOP supports the potential of exercise reducing this risk factor in

glaucoma patients. Most exercise studies to date have been performed in the seated position, and thus
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the results are different to those of the present study in which the static exercise was performed in the
prone 6°HDT position. Whereas CO, has been considered as a potential contributing factor (Risner et
al., 2009), this is the first study, to our knowledge, providing evidence of its action on IOP. The
present study on older subjects 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 vessel; consequently, the resistive exercise-induced elevation in IOP is
enhanced. The known age-related changes in the structure of the lamina cribrosa (TLCPD), may cause
a strain on the optic nerve head, leading to glaucomatous pathology. 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.

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 experiments was short, and only included older participants. Future experiments will
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 genders. The 10P
responses to hypercapnic static exercise in the prone position reported for male subjects will be

compared to the responses observed in young and older females in a further study.

Conclusions
To minimize the sarcopenia resulting from extended exposures to microgravity on the ISS, astronauts
are required to adhere to a daily regimen of exercise. The present results demonstrate that the

hypercapnic environment of the ISS augments the elevations in IOP induced by resistive/static

exercise. This may be a contributing factor to the development of SANS.

This article is protected by copyright. All rights reserved.



Accepted Article

ACKOWLEDGEMENTS

The study was supported by the Slovene Research Agency (project no. J3-1757) to Igor B. Mekjavic
and Polona Jaki Mekjavic. Tinkara Mlinar is recipient of the Slovene Research Agency Young
Investigator Scholarship. During the conduct of this work Polona Jaki Mekjavic was a visiting
Professor at the Department of Sports and Exercise Sciences at the University of Portsmouth. We are
indebted to Professor Michael J. Tipton (University of Portsmouth, United Kingdom) for his valuable
advice and support, and to Dr. Nektarios Stavrou (National and Kapodistrian University of Athens,

Greece) for his assistance with the statistical analysis.

AUTHOR CONTRIBUTIONS

The experiments were performed at the Jozef Stefan Institute (Ljubljana, Slovenia). IM and PJM
conceived the study. All authors contributed to the design of the protocol, data acquisition and
interpretation of the data. IM and PJM drafted the manuscript, which was revised and the final version
approved by all authors. All authors agree to be accountable for all aspects of the work. All authors

qualify for authorship, and all those who qualify for authorship are listed.

This article is protected by copyright. All rights reserved.



Accepted Article

REFERENCES

Alexander DJ, Gibson CR, Hamilton DR, Lee SMC, Mader TH, Otto C, Oubre CM, Pass AF, Platts
SH, Scott JM Smith SM, Stenger MB, Westby CM, Zanello SB (2012). Evidence Report: Risk
of spaceflight-induced intraocular hypertension and vision alterations; NASA: Washington,
DC, USA. Available online: http://humanresearchroadmap.nasa.gov/evidence/reports/VIIP.pdf
(accessed on October 3, 2019).

Berdahl JP, Yu DY, Morgan WH (2012). The translaminar pressure gradient is sustained zero gravity,
idiopathic intracranial hypertension, and glaucoma. Medical Hypotheses 79: 719-724.

Bogui P, Balayssac-Siransy E, Connes P, Tuo N, Ouattara S, Pichon A, Dah CS (2013). The
PhysioFlow thoracic impedancemeter is not valid for the measurements of cardiac
hemodynamic parameters in chronic anemic patients. PloS one, 8(10), €79086.

Cheng MA, Todorov A, Tempelhoff R, McHugh T, Crowder CM, Lauryssen C (2001). The effect of
prone positioning on intraocular pressure in anesthetized patients. Anesthesiology 95. 1351-
1355.

Chiquet C, Custaud MA, Le Traon AP, Millet C, Gharib C, et al. (2003) Changes in
intraocular pressure during prolonged (7-day) head-down tilt bed rest. J Glaucoma 12:
204-208.

Delaey C, Van De Voorde J. (2000). Regulatory mechanisms in the retinal and choroidal circulation.
Ophthalmic Res 32: 249-256.

Dickerman RD, Smith GH, Langahm-Roof L, McConathy WJ, East JW, Smith AB (1999). Intra-
ocular pressure changes during maximal isometric contraction: Does this reflect intracranial
pressure or retinal venous pressure? Neurol Res 21: 243-246.

Dorrell M1, Aguilar E, Friedlander M. (2002). Retinal vascular development is mediated by
endothelial filopodia, a preexisting astrocytic template and specific R-cadherin adhesion. Invest
Ophthalmol Vis Sci 43: 3500-3510.

Drozdova N.T., Nesterenko O.N. (1969). State of the visual analyser during hypodynamia.
In: Problems of Space Biology. Prolonged limitation of motility and its influence on the
human organism. Ed. A.M. Genin and P.A. Sorokin. Moscow: Nauka, 13: 189-191
(NASA TT F-639, 1970).

Eklund A, Johannesson G, Johansson E, Holmlund P, Qvarlander E, Ambarki K, Wahlin A,
Koskinen LOD, Malm J (2016). The pressure difference between the eye and brain
changes with posture. Ann Neurol 80: 269-276.

Faul F, Erdfelder E, Lang A-G, Buchner A (2007). G*Power 3: A flexible statistical power
analysis program for the social, behavioural, and biomedical sciences. Behav Res
Methods 39:175-191.

Fleischman D, Allingham RR (2013). The role of cerebrospinal fluid pressure in glaucoma
and other ophthalmic diseases: a review. Saudi J Ophthalmol 27: 97-106.

Friberg TR, Weinreb RN (1985). Ocular manifestations of gravity inversion. JAMA 253:
1755-1757.

This article is protected by copyright. All rights reserved.



Accepted Article

Goel N, Bale TL, Epperson CN, Kornstein SG, Leon GR, Palinkas LA, Stuster JW, Dinger
DF (2014). Effects of sex and gender on adaptation to space: Behavioural health. J.
Women’s Health 23: 975-986. DOI: 10.1089/jwh.2014.4911

Hardy P, Varma DR, Chemtob S. (1997). Control of cerebral and ocular blood flow autoregulation in
neonates. Pediatr Clin North Am 44: 137-152.

Hayes J, Guilliams M, SMC. L, MacNeill K, Moore AJ (2013) Exercise: Developing
Countermeasure Systems for Optimizing Astronaut Performance in Space. In:
Biomedical Results of the Space Shuttle Program, NASA/SP-2013-607, edited by Risin
D, Stepaniak PC Washington, DC: US Government Printing Office: 289-314.

Hopkins WG, Marshall SW, Batterham AM, Hanin J (2009). Progressive statistics for studies
in sports medicine and exercise science. Med Sci Sports Exer 41: 3-13.

Jaki Mekjavic P, Eiken O, Mekjavic IB (2002). Visual function after 35 days horizontal bed
rest. Journal of gravitational physiology 9: 31-32.

Jaki Mekjavic P, Lenassi E, Eiken O, Mekjavic IB (2016). Effect of acute hyerpcapnia during
10-day hypoxic bed rest on posterior eye structures. J. Appl. Physiol. 120: 1241-1248.

Jonas JB, Wang NL, Wang YX, You Q, Xie XB et al. Estimated trans-lamina cribrosa
pressure difference versus intraocular pressure as biomarker for open-angle glaucoma.
The Beijing Eye Study 2011.

Jost PD (2008) Simulating human space physiology with bed rest. Hippokratia 12 Suppl 1:
37-40.

Kramer LA, Sargsyan AE, Hasan KM, Polk JD, Hamilton DR (2012) Orbital and intracranial
effects of microgravity: findings at 3-T MR imaging. Radiology 263: 819-827.

Lashutka MK, Chandra A, Murray HN, Philips GS, Hiestand BC (2003). The relationship of
introcular pressure to intracranial pressure. Ann Emerg Med 43: 585-591.

Laurie SS, Vizzeri G, Tiabbi G, Ferguson CR, Hu X, Lee SMC, Ploutz-Snyder R, Smith SS,
Zwart SR, Stenger MB (2017). Effects of short-term mild hypercapnia during head-
down tilt on intracranial pressure and ocular structures in healthy human subjects.
Physiological Reports 5: e13302.

Lawley JS, Petersen LG, Howden EJ, Sarma S, Cornwell WK, Zhang R, Whitworth LA,
Williams MA, Levine BD (2017). Effect ofg gravity and microgravity on intracranial
pressure. J Physiol 595: 2115-2127.

LeBlanc A, Lin C, Shackelford L, Sinitsyn V, Evans H, et al. (2000) Muscle volume, MRI
relaxation times (T2), and body composition after spaceflight. ] Appl Physiol (1985)
89:2158-2164.

LeBlanc A, Schneider V, Shackelford L, West S, Oganov V, et al. (2000) Bone mineral and
lean tissue loss after long duration space flight. J] Musculoskelet Neuronal Interact 1:
157-160.

This article is protected by copyright. All rights reserved.



Lee SM, Moore AD, Everett ME, Stenger MB, Platts SH (2010) Aerobic exercise
deconditioning and countermeasures during bed rest. Aviat Space Environ Med 81: 52-
63.

Levine BD, Lane LD, Watenpaugh DE, Gaffney FA, Buckey JC, et al. (1996) Maximal
exercise performance after adaptation to microgravity. J Appl Physiol (1985) 81: 686-
694.

Levinsohn G (1912). Die Entstehung der Kurzsichtigkeit. S. Karger, Berlin.

Levinsohn G (1914). Ueber den histologischen Befund kurzsichtig gemachter Affenaugen
und die Entschung der Kurzsichtigkeit. Arch. f. Ophth. 88: 452- 472.

Loehr JA, Lee SM, English KL, Sibonga J, Smith SM, et al. (2011) Musculoskeletal adaptations to
training with the advanced resistive exercise device. Med Sci Sports Exerc 43: 146-156.

Louwies T, Jaki Mekjavic P, Cox B, Eiken O, Mekjavic IB, Kounalakis S, DeBoever P (2016).
Separate and combined effects of hypoxia and horizontal bed rest on retinal blood vessel
diameters. Invest. Ophthalmol. Vis. Sci. 57: 4927-4932.

McMonnies CW (2016). The interaction between intracranial pressure, intraocular pressure and
lamina cibrosa compression in glaucoma. Clin Exp Optom 99: 219-226.

Macdougall JD, Tuxen D, Sutton JR (1985). Arterial pressure response to heavy resistance exercise. J
Appl Physiol 58:785-7809.

Mader TH, Gibson CR, Pass AF, Kramer LA, Lee AG, et al. (2011) Optic disc edema, globe
flattening, choroidal folds, and hyperopic shifts observed in astronauts after long-
duration space flight. Ophthalmology 118: 2058-2069.

Mader TH, Gibson C, Pass AF, Lee AG, Killer HE, Hansen HC, Dervay JP, et al. (2013).
Optic disc edema in an astronaut after repeat long-duration space flight. J Neuro-
Ophthalmol 33: 249-255.

Marek B, Harris A, Kanakamedala P, Lee E, Amireskandari A, Carishino L, et al. (2014)
Cerebrospinal fluid pressure and glaucoma: regulation of translaminar cribrosa
pressure. Br J Ophthalmol 98:721-725.

Marshall-Bowman K. BMRGCR (2013) Ophthalmic changes and increased intracranial
pressure associated with long duration spaceflight: an emerging understanding. Acta
Astronautica 87: 77-87.

Mohan S, Tiwari S, Jain T, Gupta J, Sachan SK (2014). Clinical comparison of Pulsair non-
contact tonometer and Goldman applanation tonometer in Indian population. J
Optometry 7: 86-90.

Accepted Article

Moore A, Lee S, Stenger M, Platts S (2010) Cardiovascular exercise in the U.S. space
program: Past, present and future. Acta Astronaut: 974-988.

Moore AD, Jr., Downs ME, Lee SM, Feiveson AH, Knudsen P, et al. (2014) Peak exercise
oxygen uptake during and following long-duration spaceflight. J] Appl Physiol (1985)
117:231-238.

This article is protected by copyright. All rights reserved.



Accepted Article

Nelson ES, Mulugeta L, Myers JG (2014) Microgravity-induced fluid shift and ophthalmic
changes. Life (Basel) 4: 621-665.

O’Connor PS, Poirier RH (1985). Ocular effects of gravity inversion. JAMA 254: 756.

Pavy-LeTraon A., Heer M., Narici M. V., Rittweger J., Vernikos J. (2007). From space to
Earth: advances in human physiology from 20 years of bed rest studies (1986-2006).

Ploutz-Snyder LL, Downs M, Ryder J, Hackney K, Scott J, et al. (2014) Integrated resistance
and aerobic exercise protects fitness during bed rest. Med Sci Sports Exerc 46: 358-
368.

Pournaras CJ, Rungger-Brandle E, Riva CE, Hardarson SH, Stefanssonn E (2008). Regulation of
retinal blood flow in health and disease. Prog Retin Eye Res 27: 284-330.

Richard R, Lonsdorfer-Wolf E, Charloux A, Doutreleau S, Buchheit M, Oswald-Mammosser M,
Lampert E, Mettauer B, Geny B, Lonsdorfer J (2001). Non-invasive cardiac output evaluation

during a maximal progressive exercise test, using a new impedance cardiograph device. Eur J
Appl Physiol 85: 202-207.

Risau W. (1997). Mechanisms of angiogenesis. Nature 386: 671-674.

Risner D, Ehrlich R, Kheradiya NS, Sieky B, McCranor L, Harris A (2009). Effect of exercise on
intraocular pressure and ocular blood flow. A Review. J Glaucoma 18:429-436.

Robinson F, Riva CE, Grunwald JE, Petrig BL, Sinclair SH (1986). Retinal blood flow autoregulation
in response to an acute increase in blood pressure. Invest Ophthalmol Vis Sci 27:722-726.

Rowell LB (1986). Human circulation regulation during physical stress. Oxford University
Press: New York.

Royal College of Ophthalmologists (2015). Commisioning Guide: Glaucoma
(Recommendations). Available @ https://rcophth.ac.uk/2016/06/nice-accredited-guidance-
on-commissioning-glaucoma-services/ accessed 03/10/2019

Salman MS (1997). Can intracranial pressure be measured non-invasively? Lancet 350: 1367.

Sato K, Sadamoto T, Hirasawa A, Oue A, Subudhi AW, Miyazawa T, Ogoh S (2012).
Differential blood flow responses to CO; in human internal and external carotid and
vertebral arteries. J Physiol 590.14: 3277-3290.

Schwartz 1., Sandberg N.E. (19XX). The effect of time in submarine service on vision. Medical
Research Laboratory Report No. 253, Bureau of Medicine and Surgery, Navcy Department
project NM 003041.57.03.

Shackelford LC, LeBlanc AD, Driscoll TB, Evans HJ, Rianon NJ, et al. (2004) Resistance
exercise as a countermeasure to disuse-induced bone loss. J Appl Physiol (1985) 97:
119-129.

Sibony PA, Kupersmith MJ, Feldon SE, Wang KK, Garvin M. (2015). OCT Substudy Group
for the NORDIC Idiopathic Intracranial Hypertension Treatment Trial.Retinal and
choroidal folds in papilledema. Invest Ophthalmol Vis Sci 56:56-70-5680.

This article is protected by copyright. All rights reserved.



Accepted Article

Shinojima A, Iwasaki K, Aoki K, Ogawa Y, Yanagida R, et al. (2012) Subfoveal choroidal
thickness and foveal retinal thickness during head-down tilt. Aviat Space Environ Med
83:388-393.

Siebenmann, C, Rasmussen P, Serensen H, Zaar M, Hvidtfeldt M, Pichon A, Secher NH, and
Lundby C (2015). Cardiac output during exercise: a comparison of four methods.
Scandinavian journal of medicine & science in sports, 25(1), €20-e27.

Smith SM, Heer MA, Shackelford LC, Sibonga JD, Ploutz-Snyder L, et al. (2012) Benefits for bone
from resistance exercise and nutrition in long-duration spaceflight: Evidence from biochemistry
and densitometry. J Bone Miner Res 27: 1896-1906.

Stenger MB, Tarver WJ (2017). Risk of Spaceflight Associated Neuro-ocular Syndrome (SANS).
Evidence Report, NASA.

Taibbi G, Kaplowitz K, Cromwell RL, Godley BF, Zanello SB, et al. (2013) Effects of 30-day head-
down bed rest on ocular structures and visual function in a healthy subject. Aviat Space
Environ Med 84: 148-154

Taibbi G, Cromwell RL, Zanello SB, Yarbough PO, Ploutz-Snyder RJ, et al. (2014) Ocular
outcomes evaluation in a 14-day head-down bed rest study. Aviat Space Environ Med
85:983-992.

Taylor CR, Hanna M, Behnke BJ, Stabley JN, McCullough DJ, Davis RT III., Ghosh P,
Papadopoulos A, Muller-Delp JM, Delp MD (2013). Spaceflight-induced alterations in
cerebral artery vasoconstrictor, mechanical, and structural properties: implications for
elevated cerebral perfusion and intracranial pressure. FASEB J 27: 2282-2292.

Taylor K, Manlhiot C, McCrindle B, Grosse-Wortmann L, Holtby H (2012). Poor accuracy
of noninvasive cardiac output monitoring using bioimpedance cardiography
[PhysioFlow®] compared to magnetic resonance imaging in pediatric patients. Anesth
Analg 114:771-775.

Tian C, Peng X, Li N, Qin L, Tian Z. (2014) The correlation between intracranial pressure
and intraocular pressure after brain surgery. Int J] Ophthalmol Eye Sci 2: 601-605.

Topouchian J, Agnoletti D, Blacher J, Youssef A, Chahine MN, Ibanez I, Assemani N, and
Asmar R (2014). Validation of four devices: Omron M6 Comfort, Omron HEM-7420,
Withings BP-800, and Polygreen KP-7670 for home blood pressure measurement
according to the European Society of Hypertension International Protocol. Vasc Health
Risk Manag10: 33-44.

Trappe T, Trappe S, Lee G, Widrick J, Fitts R, et al. (2006) Cardiorespiratory responses to
physical work during and following 17 days of bed rest and spaceflight. J] Appl Physiol
100: 951-957.

Trappe TA, Burd NA, Louis ES, Lee GA, Trappe SW (2007) Influence of concurrent
exercise or nutrition countermeasures on thigh and calf muscle size and function during
60 days of bed rest in women. Acta Physiol (Oxf) 191: 147-159.

This article is protected by copyright. All rights reserved.



Accepted Article

Vieira GM, Oliveira HB, de Andrade DT, Bottaro M, Ritch R (2006). Intraocular pressure
variation during weight lifting. Arch Ophthalmol 124: 1251-1254.

Wang YX, Xu L, Wei WB, Jonas JB (2018). Intraocular pressure and ist normal range
adjusted for ocular and systemic parameters. The Beijing Eye study 2011. PLoS ONE
13(5):¢0196926.

Willie CK, Macleod DB, Shaw AD, Smith KJ, Tzeng YC, Eves ND, Ikeda K, Graham J, Lewis NC,
Day TA, Ainslie PN (2012). Regional brain blood flow in man during acute changes in arterial
blood gases. J Physiol 590.14: 3261-3275.

Young F.A. (1964). Distribution of refractive errors in monkeys. Exp Eye Res 3: 230-238.

Young F.A. (1973). Visual-optical characteristics of caged and semifree-ranging monkeys.
Am. J. Phys. Anthrop. 38: 377-382.

Zhang LF, Hargens AR (2018). Spaceflight-induced intracranial hypertension and visual
impairment: pathophysiology and countermeasures. Physiol Rev 98:59-87.

This article is protected by copyright. All rights reserved.



Table 1: Intraocular pressure (IOP) measured in the upright seated position while breathing
room air using contact (iPen) and non-contact (Pulsair) tonometry

Intraocular pressure (IOP, mmHg)

®| Participant tljlf(l:;l;ltljy Pneumotonometry
e (Icare®) (Pulsair®)
O 1 11.7 11.7
¢ Ml | 2 14.3 16.7
3 10.4 11.0
H 4 13.1 12.3
5 154 21.0
6 11.5 13.0
7 10.7 15.0
@ 8 9.6 14.0
Q) 9 10.0 13.7
10 1.2 12.3
<+
Mean£SD  11.8£1.9 14.1 £ 2.9%
Q *p <0.05
L
Q
O
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Table 2: Average (SD) responses of 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 hand grip exercise in the prone 6°HDT position.
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n Trial BL R5 R10 T1 T2 T3 P1 P2
96 96 98 108 121 135 100 96
NCAP
MAP 3 (6) (5) (6) ™' )’ )’ (6) (6)
(mmHg) ueap % 97 97 110 120 132 100 98
(5) (5) (7) (6)' (10)’ ' (5) (5)
NCAp 1291 1268 1281 1411 1573 1760 1351 1298
SAP 6.4) (6.1) (6.0) (6.6 (93" (125" (85 (74
13
(mmHg) Heap 12600 12831275 1427 1561 1750 1346 1320
(72) 44 (59 .07 (105" (0.n" (B84 (7.1)
793 802 8.8 921 1026 1138 8.1 789
DAP NCAP 6.8 (5.7 (74 @' 99" 95" (69 (5.9
13
(mmHg) neap 805 819 8L7 932 1020 1098 830  8LS
57 (52 (7.7 707 (103 (63 @44 (4.6)*
72 75
62 60 62 60 59
NCAP 69 (7)!
HR © © © "7 g a ©®®
20
(bpm) 62 61 61 3 7 62 59
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© © o "o e 0 ©®
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*HCAP significantly different from NCAP; { significantly different response during exercise
compared to R10; p < 0.05).

Normocapnia or Hypercapnia (1% CO,, 20% O-)
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Figure 1: Schematic representation of protocol. In each experimental session, subjects
conducted two trials in 6°HDT prone position. During one trial they inspired (normocapnic

normoxic) room air (NCAP), and during the other they inspired a hypercapnic normoxic

breathing mixture containing 1% CO, (HCAP). MAP: mean arterial pressure; IOP: intraocular

pressure; HR: heart rate; CO: cardiac output; SV: stroke volume.
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Figure 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 subject performed an isometric hand grip exercise at
30% of maximum, and a 2-min recovery period. The dotted line represents the average IOP of
the group (14.1+2.9mmHg) obtained in the upright seated position while breathing room air.
*HCAP trial significantly different to NCAP trial; { significantly different response during
exercise compared to R10; p < 0.05.
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Figure 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 to NCAP trial; p < 0.05.
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