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Purrosk. To assess the separate and combined effects of exposure to prolonged and sustained
recumbency (bed rest) and hypoxia on retinal microcirculation.

Mernobs. Eleven healthy male subjects (mean = SD age = 27 * 6 years; body mass index
[BMI] = 23.7 *+ 3.0 kg m~?) participated in a repeated-measures crossover design study
comprising three 21-day interventions: normoxic bed rest (NBR; partial pressure of inspired
0,, PO, = 133.1 = 0.3 mm Hg); hypoxic ambulation (HAMB; P;O, = 90.0 = 0.4 mm Hg),
and hypoxic bed rest (HBR; P;O, = 90.0 = 0.4 mm Hg). Central retinal arteriolar (CRAE) and
venular (CRVE) equivalents were measured at baseline and at regular intervals during each 21-
day intervention.

Resurts. Normoxic bed rest caused a progressive reduction in CRAE, with the change in CRAE
relative to baseline being highest on day 15 (ACRAE = —7.5 pm; 95% confidence interval
[CI]: —10.8 to —4.2; P < 0.0001). Hypoxic ambulation resulted in a persistent 21-day increase
in CRAE, reaching a maximum on day 4 (ACRAE = 9.4 um; 95% CIL: 6.0-12.7; P < 0.0001).
During HBR, the increase in CRAE was highest on day 3 (ACRAE = 4.5 um; 95% CI: 1.2-7.8; P
= 0.007), but CRAE returned to baseline levels thereafter. Central retinal venular equivalent
decreased during NBR and increased during HAMB and HBR. The reduction in CRVE during
NBR was highest on day 1 (ACRVE = —7.9 um; 95 CI: —13.3 to —2.5), and the maximum
ACRVE during HAMB (24.6 um; 95% CI: 18.9-30.3) and HBR (15.2 pm; 95% CI: 9.8-20.5) was
observed on days 10 and 3, respectively.

Concrusions. The diameters of retinal blood vessels exhibited a dynamic response to hypoxia
and bed rest, such that retinal vasodilation was smaller during combined bed rest and hypoxia
than during hypoxic exposure.
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issions on the International Space Station can cause
Mchanges in visual acuity of astronauts. The observed
hyperopic shifts were secondary to the observations of globe
flattening, optic disc edema, choroidal folds, and in some
individuals elevated intracranial pressure.!”> Based on post-
flight questionnaires distributed among 300 astronauts, Mader
and colleagues concluded that 29% of astronauts on short-term
missions and 60% of astronauts on long-term missions reported
impairment of near and distant visual acuity, which in some
cases did not return to preflight conditions after several years

post flight.!

The etiology of this visual syndrome remains unresolved.
The changes in the structure and function of the eye observed
in space are now being investigated in ground-based studies
using the bed rest experimental model. This analogue model is
widely used to study physiological adaptations to unloading and
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microgravity.* Intraocular pressure, ocular blood flow, and
retinal blood vessel dimensions appear to be affected during
bed rest experiments, but current understanding of ocular
adaptations is based on only scattered reports.> Ocular effects
during bed rest are now being studied more systematically, with
a recent investigation showing that a 70-day bed rest induced
greater peripapillary retinal thickening than a 14-day bed rest.®

The present study was part of a larger research program
investigating the effect of the anticipated environments in
future planetary habitats,” which will be hypobaric and
hypoxic, on physiological systems. The purpose of establishing
a hypobaric hypoxic environment in space habitats is primarily
to eliminate the need for long decompression profiles requiring
oxygen breathing prior to extravehicular activities. The research
program, in general, examines the separate and combined
effects of physical inactivity/unloading (simulating the effects of
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reduced gravity on the musculoskeletal® and cardiovascular®
systems) and hypoxia on physiological systems. The specific
aim of the present study, within this program, was to assess the
separate and combined effects of hypoxia and bed rest on the
diameters of the retinal arterioles and venules.

METHODS

Subjects

Fourteen healthy male subjects participated in this repeated-
measures crossover design study. Their participation was subject
to physicians’ approval following a thorough medical examina-
tion, which included a complete ophthalmologic examination.
The study was conducted according to European Space Agency
recommendations for standardization of bed rest studies.!®!!
These include inclusion/exclusion criteria (e.g., exclusion of
people with osteoporosis, blood-clotting disorders, history of
deep vein thrombosis, lower back pain, respiratory disorders).
Subjects with any ophthalmologic disorders'? (e.g., best-
corrected visual acuity [BCVA] < 0.8, refractive error of
spherical equivalent > = 3 diopters, any eye disease affecting
visual function or ocular motility, any retinal or choroidal disease,
glaucoma, optic nerve disease, orbital pathology [dysthyroid],
ongoing medication [topical or systemic for eye condition], any
previous eye surgery), or recent (<2 months) exposure to
altitudes above 2000 m were also ineligible to participate.

The subjects were familiarized with the study protocol and
gave their written consent for participation in the study. All
participants were healthy, near-sea-level residents (<500 m)
with the following baseline characteristics (mean = SD)
obtained during the medical screening: age = 27 * 6 years;
weight = 76.7 = 11.8 kg, height = 179 = 3 cm, body mass
index [BMI] = 23.7 * 3.0 kg m 2, maximal oxygen uptake =
443 = 6.1 mL kg! min~! (determined with an incremental
load exercise on a cycle ergometer).

Two participants did not return for the last campaign due to
personal reasons, and one participant had to be withdrawn
from the study during the last campaign as a result of
gastrointestinal health problems. Ultimately, of the 14 subjects
enrolled in the study, 11 completed all three interventions, and
their data are reported.

The study protocol was approved by the National Commit-
tee for Medical Ethics at the Ministry of Health of the Republic
of Slovenia and conformed to the guidelines of the Declaration
of Helsinki (registration number NCT02637921 at www.
ClinicalTrials.gov).

Procedures

Subjects (n = 11) participated in three experimental interven-
tions in a counterbalanced fashion: (1) normoxic horizontal
bed rest (NBR; fraction of ambient O, [FO,] = 0.209; partial
pressure of inspired O, [P;O,] = 133.1 = 0.3 mm Hg); (2)
hypoxic ambulatory confinement (HAMB; FO, = 0.141 =*
0.004; P;O, =90.0 = 0.4 mm Hg; ~4000-m simulated altitude);
and (3) hypoxic horizontal bed rest (HBR; FO, = 0.141 =
0.004; P;O, =90.0 = 0.4 mm Hg; ~4000-m simulated altitude).
The experimental campaigns were conducted in the hypoxic
facility at the Olympic Sport Centre Planica (Ratece, Slovenia),
situated at an altitude of 940 m. The participants entered each
campaign in a sequential and fixed order, with two participants
entering each day. Campaigns lasted 32 days and had three
distinct phases. The initial testing phase comprised the first 7
days upon arrival at the facility. This phase allowed the
participants to acclimate to the facility, diet, and circadian
cycles. Baseline measures were obtained during this period.
The second phase was the 21-day confinement phase during
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which the participants were exposed to their designated
condition (NBR, HAMB, or HBR). This was followed by a 4-day
recovery phase at the Olympic Sport Centre that enabled the
researchers to obtain the postconfinement measurements. This
period also allowed for cautious reambulation of the partici-
pants. All experiments and measurements were performed on
the same days and time periods during the three interventions.
A minimum wash-out period of at least 3 months was
implemented between the experimental campaigns.

Normoxic and Hypoxic Bed Rest and Confinement
Protocols

During the bed rest interventions (NBR and HBR), subjects
were confined to the horizontal position for 24 hours a day. All
daily activities were conducted in the horizontal position.
Subjects were allowed one pillow for head support, and to rest
on their elbows during eating and transfer to a gurney. A special
gurney was used for showering, and hospital equipment was
used for bowel movements and urine collection. Video
surveillance cameras provided continuous monitoring of the
subjects’ activities for safety reasons and to ascertain compli-
ance with the bed rest protocol. Subjects were instructed not to
conduct any physical activity during NBR and HBR campaigns.

During HAMB, subjects were confined to the hypoxic area
but were ambulatory throughout the day. They were required
to be upright at all times (i.e., no resting or napping), and
replicated their habitual bone loading during the confinement
periods by performing low-level physical activity in two 30-
minute bouts per day. These exercise bouts comprised
stepping, cycling, or dancing. During the exercises, the
targeted heart rate of 123 * 4 beats min~! was achieved,
which was the heart rate observed at 50% of the subjects’
normoxic peak power output assessed prior to the start of the
intervention.

During the hypoxic campaigns (HBR and HAMB), hypoxia
within the facility was maintained by a vacuum pressure swing
adsorption system (b-Cat, Tiel, The Netherlands). Samples of
air were drawn from all 10 rooms in the facility at 15-minute
intervals and analyzed for O, and CO, concentrations. Any
deviation in these concentrations from the preset values was
automatically corrected. In addition, each subject was issued a
portable O, sensor (Rae PGM-1100; RAE Systems, Inc., San
Jose, CA, USA), which initiated an audible alarm in the event
that the O, concentration decreased below the preset value.

Throughout the three interventions, the ambient tempera-
ture and relative humidity in the facility were maintained at 24
* 1°Cand 53 * 5%, respectively. Ambient pressure during the
interventions was 91 * 5 kPa.

Retinal Photography

A Canon 45° 6.3 megapixel digital nonmydriatic camera
(Hospithera, Brussels, Belgium) was used to obtain high-
resolution images. The fundi of subjects’ right and left eyes
were photographed twice at distinct time points: a baseline
measurement 1 day (—1) before the intervention; on days 1, 2,
3, 4, 6, 8, 10, 15, and 21 of the intervention; and on recovery
days 1 (R1) and 2 (R2). The tests were conducted at the same
time of day between 1630 and 1830 hours. During the
procedure, the subjects’ posture depended on the interven-
tion. In the HAMB intervention subjects were seated, whereas
during the NBR and HBR interventions they assumed a prone
position. During the fundus photography in the NBR and HBR
interventions, subjects supported themselves on their elbows
and rested their head on the chin holder in front of the camera.

Standard digital photographs centered on the optic disc for
each eye were taken at each time point, according to
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Change in retinal arteriolar response (central retinal arteriolar equivalent; CRAE) and retinal venular response (central retinal venular

equivalent; CRVE) relative to baseline during a crossover study with normoxic bed rest (NBR), hypoxic ambulation (HAMB), and hypoxic bed rest
(HBR) as experimental conditions. Symbols represent (A) change in CRAE (ACRAE) and (B) change in CRVE (ACRVE) relative to baseline (day —1)
during the 21-day intervention (days 1-21) and during recovery (R1, R2). Error bars are 95% confidence intervals. Estimates are statistically

significant when confidence intervals do not include zero.

procedures described elsewhere.!> An experienced grader,
masked to participants’ characteristics, identified each vessel
as either an arteriole or venule. IVAN retinal image analysis
software (University of Wisconsin-Madison, WI, USA) was used
to summarize retinal vessel diameters as the central retinal
arteriolar equivalent (CRAE) and the central retinal venular
equivalent (CRVE) for each image.'* The equivalents represent
a summary of vessel diameters within an area equal to 0.5 to 1
disc diameter from the optic disc margin. Average CRAE and
CRVE values were calculated for each time point. Due to high
intereye correlation, reported in previous studies, we averaged
the values for the left and right eye and used this value in our
statistical analysis.!>

In addition, all images were screened by an ophthalmologist
for any signs of high-altitude retinopathy.

Arterial (Systolic, SAP; Diastolic, DAP) and
Intraocular (IOP) Pressures

Systolic (SAP) and diastolic (DAP) arterial pressures were
measured with a noninvasive oscillometric automated sphyg-
momanometer (Omron M6; Omron, Kyoto, Japan). Intraocular
pressure (IOP) measurements of both eyes were obtained with
a Pulsair IntelliPuff noncontact tonometer immediately after
the retina scan (Halma India Pvt. Ltd., Mumbai, India). During
the IOP measurements, subjects were supine in all three
interventions.

Capillary Oxyhemoglobin Saturation

Oxyhemoglobin saturation (SpO,) was measured daily at 700
and 1700 hours and during the night as part of a sleep
polysomographic study, with a 3100 WristOx device (Nonin
Medicals, Inc., Plymouth, MN, USA).

Altitude Sickness

Participants were administered the Lake Louise Mountain
Sickness questionnaire on a daily basis to assess whether they
had any signs or symptoms of acute mountain sickness.

STATISTICAL ANALYSIS

Repeated CRAE and CRVE measurements were analyzed by
using linear mixed-effects models (SAS, version 9.2; SAS Insti-
tute, Inc., Cary, NC, USA). The models included the sequence
in which the interventions were completed, the period when
each intervention was conducted, the intervention (NBR,

HAMB, HBR), time (day of the examination), and time-by-
intervention interaction as categorical fixed effects and subject
nested within sequence as random effect. The interaction term
examines the effect of the intervention on changes in CRAE
and CRVE, and the random effect accounts for the correlation
between repeated measures of the same subject.

RESULTS

Clinical Examination

All subjects were asymptomatic during all three interventions.
An ophthalmologist confirmed that all images were free of

any sign of high-altitude retinopathy. Participants did not

exhibit any signs or symptoms of high altitude sickness.

Capillary Oxyhemoglobin Saturation

Average * SD daily SpO, was 97 = 1% during NBR, and was
significantly (P < 0.001) lower during the HBR (88 *= 1%) and
HAMB (87 *= 1%) interventions. During the course of the 21-
day hypoxic interventions (HAMB and HBR) there was a slight
but progressive increase in SpO,.

Arterial (Systolic, Diastolic) and Intraocular
Pressures

There was no significant difference in systolic (NBR: 117 = 6
mm Hg; HAMB: 116 = 8 mm Hg; HBR: 120 = 9 mm Hg) and
diastolic (NBR: 69 = 6 mm Hg; HAMB: 71 = 6 mm Hg; HBR:
75 * 7 mm Hg) pressures between the three interventions.

There was also no significant difference in the intraocular
pressures observed during the NBR (JOP = 13 = 1 mm Hg),
HBR JOP =14 * 2 mm Hg), and HAMB (JOP =14 * 1 mm Hg)
interventions. Intraocular pressure remained stable throughout
each 21-day intervention.

Central Retinal Arteriolar Equivalent

Figure 1A depicts the change in CRAE (ACRAE) relative to the
baseline value on the day before the intervention. There was a
3.1-um decrease (95% confidence interval [CI]: —6.4 to 0.2; P=
0.0681) in CRAE on day 1 of the NBR intervention. Thereafter,
CRAE continued to decrease progressively, finally attaining a
reduction of 7.5 pm (95% CI: —10.8 to —4.2; P < 0.0001) on day
15 of the intervention. During the recovery period (R1 and
R2), ACRAE returned to zero.
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Differences in (A) retinal arteriolar response (central retinal arteriolar equivalent; CRAE) and (B) retinal venular response (central retinal
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confidence intervals do not include zero.

In contrast to the NBR intervention, there was a 7.4-um
increase (95% CI: 4.1-10.7; P < 0.0001) in CRAE on day 1 of
the HAMB intervention. This increase in diameter was
maintained throughout the 21-day HAMB intervention, with a
maximum ACRAE of 9.4 pm (95% CI: 6.0-12.7; P < 0.0001) on
day 4. Central retinal arteriolar equivalent returned to baseline
values upon completion of the intervention on days R1 and R2.

In the HBR condition, CRAE increased by 3.2 um (95% CI:
0-6.4; P =0.0481) on day 1 of the intervention. The response
in HBR was transient in contrast to the response observed in
HAMB. Change in CRAE was 4.5 pm (95% CL: 1.2-7.8; P =
0.0070) on day 3 of HBR but decreased afterward, reaching
zero on day 10. Change in CRAE values remained around zero
thereafter.

Central Retinal Venular Equivalent

The decrease in CRVE (ACRVE) relative to baseline was 7.9 pm
(95 CI: —13.3 to —2.5; P = 0.0044) on day 1 of NBR (Fig. 1B).
Although the reduction in CRVE was maintained throughout
the intervention, it was significant only on day 15 (ACRVE =
—7.2 um; 95 CI. —12.6 to —1.7; P = 0.0098). During the
remainder of the intervention and recovery days, ACRVE was
not significantly different from zero.

Hypoxic ambulation caused a significant increase in CRVE of
16.6 ym (95 CI: 11.1-22.0; P < 0.0001) on day 1. This
significant increase persisted during the entire intervention,
and ACRVE was highest on day 10 (24.6 pm; 95 CI: 18.9-30.3; P
< 0.0001). Although a trend toward a return of ACRVE toward
zero was observed on R1, CRVE was still significantly elevated
compared to baseline. Change in CRVE returned to zero on R2.

During the HBR intervention, CRVE followed the same
trend as during HAMB. A significant increase of 9.8 pm (95%
CL: 4.6-15.0; P < 0.001) was observed on day 1, with CRVE
remaining elevated during the entire intervention period
(maximum ACRVE = 15.2 um; 95% CI: 9.8-20.5; P <
0.0001), as well as on R1. In contrast to the responses
observed in the NBR and HAMB interventions during recovery,
HBR caused a significant 7.8-pm undershoot (95% CI: —13.0 to
—2.5; P=0.004) of CRVE on R2.

The Effects of Hypoxia and Activity on Retinal
Vessel Responses
The effect of hypoxia on retinal vessel responses is reflected in

the difference between the responses observed in HBR and
NBR (Fig. 2). For both the arteriolar (CRAE) and venular

(CRVE) responses, this difference was highest on day 3
(ACRAE = 10.6 pum; 95% CI. 7.23-13.89; P < 0.0001, and
ACRVE = 21.88 um; 95% CI: 16.43-27.32; P < 0.0001).

The effect of activity on the retinal vessel responses is
reflected in the difference in CRAE (Fig. 2A) and CRVE (Fig. 2B)
between HAMB and HBR. For CRAE this difference was
significantly greater than zero, from day 4 to day 21, and was
highest on day 10 (ACRAE = 6.7 um; 95% CI: 3.25-10.22; P =
0.0002). Change in CRVE between HAMB and HBR was
significant at baseline (—6.41 pm; 95% CI: —11.75 to —1.07; P=
0.0188) and on days 8 and 15 (6.40 um; 95% CI: 0.73-12.07; P
=0.0270).

DISCUSSION

The principal finding of this study is that the hypoxia caused an
increase in the diameters of the retinal arterioles and venules,
with the effect being greater during hypoxic ambulation
(HAMB). The results demonstrate that bed rest attenuates the
increase during the combined hypoxia and inactivity/unload-
ing (HBR). The increase in vessel diameter observed during
hypoxia was greater for the venules than for the arterioles.
Normoxic bed rest, however, decreased the retinal arteriolar
and venular diameters.

The retinal blood vessels emanate from the ophthalmic
artery, which is the first branch of the internal carotid
artery.'®17 These vessels lack sympathetic innervations, and
changes in the diameter of retinal blood vessels are a
consequence of local autoregulatory factors that maintain a
constant blood flow despite perturbations in perfusion
pressure or metabolic activity.!®!° The former modifies smooth
muscle tone as a consequence of intraluminal pressure, the
latter by partial pressures of oxygen and carbon dioxide, pH,
and lactate.!®-2! The principal factors that contributed to the
observed changes in CRAE were the hydrostatic effect and
hypoxia.

Retinal perfusion pressure is the difference between the
mean pressure in the ophthalmic artery and the pressure in the
central retinal vein. The hydrostatic effect is largely determined
by the position of the body. During HAMB, participants were in
the upright-seated posture. Therefore the hydrostatic effect
reduced the arterial pressure at the level of the eye by
approximately 22 mm Hg compared to the heart level.?? In a
prone position, which was assumed during NBR and HBR, the
hydrostatic column @i.e., distance from the level of the heart to
the level of the eyes) was smaller than in HAMB. As a
consequence, the absence of the hydrostatic effect during NBR
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and HBR increased the retinal perfusion pressure, which may
have triggered myogenic autoregulation and caused the
observed arteriolar vasoconstriction during NBR.

The autoregulatory system evolved to meet the metabolic
demands of a tissue, thus increasing flow when oxygen supply
is reduced, as reflected in decreasing tissue PO,. In the present
study, SpO, was 88% during the hypoxic conditions and 97% in
the normoxic condition. This decrease in SpO, most likely
initiated the arteriolar and venular vasodilation in HAMB and
HBR. This response should have provided adequate oxygena-
tion to the retinal tissues during the hypoxic exposure. These
responses are consistent with the universally observed retinal
changes associated with altitude exposure.?3

In HBR, arteriolar vasodilation did not increase by the same
magnitude as in HAMB. In this condition, the hydrostatic effect
(vasoconstriction) and hypoxia (vasodilation) act oppositely.
Assuming that the metabolic demands of the retinal tissue were
similar in the hypoxic conditions, then the retinal arteriolar
response in HBR may suggest either that oxygenation might
have been compromised due to the inadequate increase in
arteriolar diameter or that it was maintained due to the
regulation of blood flow. As discussed above, the smaller
increase in arteriolar diameter in HBR can most likely be
attributed to a higher perfusion pressure.

The polarity of the venular response was similar to that of
the arterioles, but the venular responses in the HBR and HAMB
interventions were almost a magnitude greater than those
observed for arterioles. Studies investigating the diameter of
arterioles and venules during breathing of a hyperoxic (100%
0O,) gas mixture have also noted a difference in the reactivity of
the vessels; the venular constriction is much greater than that
observed in the arterioles.?4-2¢ These findings are not
equivocal.>7?8 A likely explanation is the compliance of the
venular wall, which is much greater than that of the arteriolar
wall, which has a strongly developed smooth muscle cell layer.
As a consequence, venular responses can be larger.

Narrowing of arteriolar vessels in the NBR trial is in line
with cardiovascular observations in other bed rest studies that
observed reduction in the diameter of the conduit arteries.?%-3°
We are aware of only two other studies that performed
individual retinal vessel analysis in response to a 48-hour 10°
head-down tilt, and our results are consistent with these.31:32
Our study has a much longer time frame, and we used retinal
vessel equivalents, derived according to the suggestions of
Knudtson et al.,'* that have been shown to be more robust
measurements for assessing retinal microvasculature.

Comparison of the difference in the retinal vessel responses
(ACRAE and ACRVE) observed in the HBR and NBR
interventions reflects the effect of hypoxia, whereas compar-
ison of the responses observed in the HAMB and HBR
interventions reflects the effect of activity. On this basis we
conclude that hypoxia and inactivity had a similar effect on
ACRAE (Fig. 2A). In contrast, only hypoxia appears to have had
a significant effect on the venules (ACRVE in Fig. 2B).

The strength of the present study is the design that carefully
controlled for the daily routines, physical (in)activity schemes,
and nutritional intake. Furthermore, repeated measurements
were obtained in a homogenous study population, which
reduces between-individual variability and increases the
statistical power. Limitations of the study are the lack of a
more integrated analysis of ocular fluid shifts and other
cardiovascular outcomes such as endothelial function or blood
flow. For example, it is known that head-down bed rest and
stay in microgravity can increase intraocular pressure.’® We
measured intraocular pressures, but the values did not differ
between the three interventions. Measurements of ocular
blood flow or cerebral blood flow might have shed additional
light on the dynamic cardiovascular responses related to
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changes in retinal vessel diameters. However, this requires
additional burden for the study participants and is not always
possible from a technical point of view, considering that bed
rest patients should be measured in the supine position.

In conclusion, the diameters of arteriolar and venular blood
vessels exhibited a dynamic response to hypoxia and bed rest
in healthy individuals who were participating in a well-
controlled 21-day crossover study. It appears plausible that
the vascular autoregulatory response to hypoxia caused the
differences in arteriolar and venular response observed
between the HBR and NBR conditions. The different responses
of the vessel diameters between HBR and HAMB conditions
were likely due to vascular responses to differences in
perfusion pressure, caused by the different arterial pressures
at the eye level.

Acknowledgments

The authors thank Nicola Ferrier, PhD, of the School of
Engineering and the Department of Ophthalmology and Visual
Sciences, University of Wisconsin-Madison, for kindly providing
access to the IVAN software.

Supported by grants from the European Union Programme FP7
(PlanHab project; Grant No. 284438), the European Space Agency
(ESA) Programme for European Cooperating States (ESTEC/
Contract No. 40001043721/11/NL/KML: Planetary Habitat Simula-
tion), and the Slovene Research Agency (Contract No. L3-3654:
Zero and Reduced Gravity Simulation: The Effect on the
Cardiovascular and Musculoskeletal Systems) to IBM and OE. The
Flemish Institute for Technological Research (VITO) was funded by
the Belgian Science Policy (Prodex arrangement 4000102670). TL
was supported by a VITO PhD fellowship.

Disclosure: T. Louwies, None; P. Jaki Mekjavic, None; B. Cox,
None; O. Eiken, None; I.B. Mekjavic, None; S. Kounalakis,
None; P. De Boever, None

References

1. Mader TH, Gibson CR, Pass AF, et al. Optic disc edema, globe
flattening, choroidal folds, and hyperopic shifts observed in
astronauts after long-duration space flight. Opbthalmology.
2011;118:2058-20069.

2. Mader TH, Gibson CR, Pass AE, et al. Optic disc edema in an
astronaut after repeat long-duration space flight. J Neuro-
opbthalmol. 2013;33:249-255.

3. Lee AG, Tarver WJ, Mader TH, Gibson CR, Hart SE Otto CA.
Neuro-ophthalmology of space flight. J Neuroophtbalmol.
2016;36:85-91.

4. Pavy-Le Traon A, Heer M, Narici MV, Rittweger J, Vernikos J.
From space to Earth: advances in human physiology from 20
years of bed rest studies (1986-2006). Eur J Appl Physiol.
2007;101:143-194.

5. Taibbi G, Cromwell RL, Kapoor KG, Godley BE Vizzeri G. The
effect of microgravity on ocular structures and visual function:
a review. Surv Ophthalmol. 2013;58:155-163.

6. Taibbi G, Cromwell RL, Zanello SB, et al. Ocular outcomes
comparison between 14- and 70-day head-down-tilt bed rest.
Invest Opbthalmol Vis Sci. 2016;57:495-501.

7. Eiken O, Mekjavic IB. Proceedings of the ESA Topical Team
Workshop on Simulation of Lunar Habitats. In: 36th Annual
Meeting of the International Society for Gravitational
Physiology. 2015:133-139.

8. Rittweger J, Debevec T, Frings-Meuthen P, et al. On the
combined effects of normobaric hypoxia and bed rest upon
bone and mineral metabolism: results from the PlanHab study.
Bone. 2016;91:130-138.

9. Keramidas ME, Kolegard R, Mekjavic 1B, Eiken O. PlanHab:
hypoxia exaggerates the bed-rest-induced reduction in peak

Downloaded From: http://iovs.arvojour nals.or g/pdfaccess.ashx?url=/data/j our nalsiovs/935707/ on 02/07/2017



Investigative Ophthalmology & Visual Science

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Effects of Hypoxia and Bed Rest on Retinal Vessels

oxygen uptake during upright cycle ergometry. Am J Physiol
Heart Circ Physiol. 2016;311:H453-H464.

Heer M, Liphardt AM, Frings-Meuthen P. Standardization of bed
rest conditions. German Institute of Aerospace Medicine.
Report of ESTEC Contract no. 20187/06/NL/V]. 2009.

Sundblad P, Orlov O, eds. Guidelines for Standardization of Bed
Rest Studies in the Spaceflight Context. International Academy
of Astronautics; 2015.

Jaki Mekjavic P, Dua H, Amoaku W, Macdonald IA, Eiken O,
Mekjavic IB. Commentaries on viewpoint: standardization of
bed rest studies in the spaceflight context. Ophthalmological
exclusion criteria. J Appl Physiol (1985). 2016;121:351.

De Boever P, Louwies T, Provost E, Int Panis L, Nawrot TS.
Fundus photography as a convenient tool to study microvas-
cular responses to cardiovascular disease risk factors in
epidemiological studies. J Vis Exp. 2014; €¢51904.

Knudtson MD, Lee KE, Hubbard LD, Wong TY, Klein R, Klein
BE. Revised formulas for summarizing retinal vessel diameters.
Curr Eye Res. 2003;27:143-149.

Leung H, Wang JJ, Rochtchina E. Computer-assisted retinal
vessel measurement in an older population: correlation
between right and left eyes. Clin Experiment Opbthalmol.
2003;31:326-330.

Funk RH. Blood supply of the retina. Ophthalmic Res. 1997;
29:320-325.

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

Laties AM. Histological techniques for study of photoreceptor
orientation. Tissue Cell. 1969;1:63-81.

Anderson DR. Anatomy and physiology of ocular blood flow.
In: Lambrou GM, Greve EL, eds. Ocular Blood Flow in
Glaucoma. Amsterdam: Kugler & Ghedini; 1989:55-59.

Riva CE, Grunwald JE, Sinclair SH. Laser Doppler Velocimetry
study of the effect of pure oxygen breathing on retinal blood
flow. Invest Ophtbalmol Vis Sci. 1983;24:47-51.

Steigerwalt RD Jr, Belcaro G, Cesarone MR, Laurora G, De
Sanctis MT, Milazzo M. Doppler ultrasonography of the central
retinal artery in normals treated with topical timolol. Eye
(Lond). 1993;7(pt 3):403-406.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

IOVS | September 2016 | Vol. 57 | No. 11 | 4932

Albery WB. Performance effects of high G environments. In:
Karwowski W, ed. International Encyclopedia of Ergonomics
and Human Factors. Taylor & Francis; 2006:1842-1845.
Morris DS. The eye at altitude. In: Roach RC, Wagner PD,
Hackett PH, eds. Hypoxia and Exercise. New York: Springer;
2006:249-270.

Jean-Louis S, Lovasik JV, Kergoat H. Systemic hyperoxia and
retinal vasomotor responses. Invest Opbthalmol Vis Sci. 2005;
46:1714-1720.

Olafsdottir OB, Eliasdottir TS, Kristjansdottir JV, Hardarson SH,
Stefansson E. Retinal vessel oxygen saturation during 100%
oxygen breathing in healthy individuals. PLoS One. 2015;10:
€0128780.

Rose PA, Hudson C. Comparison of retinal arteriolar and
venular variability in healthy subjects. Microvasc Res. 2007;73:
35-38.

Kiss B, Polska E, Dorner G, et al. Retinal blood flow during
hyperoxia in humans revisited: concerted results using
different measurement techniques. Microvasc Res. 2002;64:
75-85.

Palkovits S, Told R, Schmidl D, et al. Regulation of retinal
oxygen metabolism in humans during graded hypoxia. Am J
Physiol Heart Circ Physiol. 2014;307:H1412-H1418.

Bleeker MW, De Groot PC, Rongen GA, et al. Vascular
adaptation to deconditioning and the effect of an exercise
countermeasure: results of the Berlin Bed Rest study. J Appl
Physiol (1985). 2005;99:1293-1300.

Hamburg NM, McMackin CJ, Huang AL, et al. Physical
inactivity rapidly induces insulin resistance and microvascular
dysfunction in healthy volunteers. Arterioscler Thromb Vasc
Biol. 2007;27:2650-2656.

Frey MA, Mader TH, Bagian JP, Charles JB, Meehan RT. Cerebral
blood velocity and other cardiovascular responses to 2 days of
head-down tilt. J Appl Physiol (1985). 1993;74:319-325.
Mader TH, Taylor GR, Hunter N, Caputo M, Meehan RT.
Intraocular pressure retinal vascular, and visual acuity changes
during 48 hours of 10 degrees head-down tilt. Aviat Space
Environ Med. 1990;61:810-813.

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

Downloaded From: http://iovs.arvojour nals.or g/pdfaccess.ashx?url=/data/j our nalsiovs/935707/ on 02/07/2017



	f01
	f02
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33

