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Abstract: Neuro-ophthalmological changes have been reported after prolonged exposure to micro-
gravity; however, the pathophysiology remains unclear. Furthermore, several countermeasures have
been suggested to counteract the side effects of microgravity. The objectives of the present study were
twofold: (1) to assess the neuro-ophthalmological impact of 60 days of head-down bed rest (HDBR)
and (2) to determine the potential effects of an antioxidant cocktail. In this case, 20 healthy male
subjects completed a 60-day HDBR and were randomly allocated into two groups: a control condition
without an antioxidant cocktail (CON) and a condition with an antioxidant cocktail (NUT). The retinal
nerve fibre layer thickness (RNFLT) and central retinal thickness (CRT) were assessed with spectral
domain optical coherence tomography. The optic nerve sheath diameter (ONSD) was measured by
ocular ultrasonography and used to assess indirect changes in the intracranial pressure (ICP). The
intraocular pressure (IOP) was assessed by Goldmann applanation tonometry. The CRT tended to
be reduced after HDBR. The ONSD was increased at the end and after HDBR. The IOP tended to
decrease after HDBR. Finally, the antioxidant cocktail had minor impacts on the ophthalmological
changes induced by HDBR. It is worth noting that two participants presented peripapillary edema.

Keywords: optical coherence tomography; optic nerve sheath diameter; intraocular pressure; head-down
bed rest; countermeasure; microgravity

1. Introduction

Spaceflight-Associated Neuro-ocular Syndrome (SANS) involves a plethora of oph-
thalmic abnormalities seen after long-duration spaceflight, and some astronauts present
unilateral and bilateral optic disc edema, globe flattening, choroidal and retinal folds, hy-
peractive shifts or cotton wool spots [1,2]. Although precise SANS mechanisms are not well
known, this syndrome may be due to intracranial fluid accumulation following a headward
fluid shift. Hence, the onset of these ophthalmological changes during spaceflight should
not be ignored.

Spaceflight analogue environments such as head-down bed rest (HDBR), dry immer-
sion and parabolic flight are under controlled environments to determine the impact of
microgravity on various physiological systems [3]. HDBR is one of the most commonly
used ground-based analogues to determine the impact of microgravity on the human body
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(body unloading, cranial fluid shift, immobilization, cardiovascular deconditioning, etc.).
This model consists of placing the subject lying down on a bed tilted at 6◦ with a head-down
orientation. As observed in spaceflight, the onset of cardiovascular deconditioning and a
decreased exercise capacity occur at the end of HDBR. However, it is worth noting that,
unlike spaceflight, HDBR does not remove the gravitational force acting from the chest to
the back (Gx) [4,5]. Antioxidants have been proposed as an alternative countermeasure
to lessen bone loss after microgravity exposure [6]. Whether alone or combined, an exer-
cise and dietary regimen had limited protective effects on the bone and muscle structure
in astronauts [7]. However, the effects of HDBR combined with antioxidant intake on
ophthalmological changes remained unclear.

The aims of this study were:(1) to assess the neuro-ocular modifications induced by a
60-day HDBR and (2) to determine whether the antioxidant cocktail has an impact on these
HDBR-induced ophthalmological adaptations. We hypothesized that a thoraco-cephalic
fluid shift, induced by HDBR, would lead to ocular changes.

2. Materials and Methods
2.1. Subjects

The clinical trial (ID-RCB 2016-A00401-50; Clinical Trial Identifier: NCT03594799) was
carried out in accordance with the principles laid down by the Declaration of Helsinki
after approval by both the CPP Sud Ouest et Outre Mer I Ethic Committee and the French
Health Authority, ANSM. The authors confirm that all ongoing and related trials for this
intervention are registered. The participant recruitment was split into two campaigns.
Twenty healthy men (at selection: 34 ± 8 years; 176 ± 5 cm; 74 ± 7 kg) were included in
the study and provided their written informed consent. The inclusion and non-inclusion
criteria were identical to those presented in a previous study [8]. None of the participants
presented ophthalmology defects prior to study.

2.2. General Protocol

The study was conducted at the Institute for Space Medicine and Physiology (MEDES-
IMPS) in Toulouse (France) and was separated into 2 campaigns (with 10 subjects per
campaign). The volunteers were randomly allocated into 2 groups: a control condition
without antioxidant cocktail (CON) and a condition with antioxidant cocktail (NUT). The
study was sponsored by the European Space Agency (ESA) and the French Space Agency
[Centre National d’Etudes Spatiales (CNES)]. Each volunteer participated in one study
campaign for a total duration of 88 days, including 14 days for ambulatory control period
(BDC-14 to BDC-1), 60 days for HDBR period (HDBR+1 to HDBR+60) and 14 days for
recovery period (R 0 to R+13). A flow diagram of the study is shown in Figure 1.

2.3. Antioxidant Cocktail

A bioactive polyphenol compound (flavonols: 323.4 mg, phenylpropanoids: 45.6 mg,
oligostilbenes: 78.0 mg, hydroxycinnamic acids: 50.4 mg, flavanols: 135.6 mg, flavanones:
108.0 mg) (XXS-2A-BR2; Spiral Company, Dijon, France) was daily administered, divided
into 6 pills per day (equivalent to a daily dose of 741 mg), with 2 pills at breakfast, 2 at
lunch and 2 at dinner, consisting of 168 mg of vitamin E with 80 µg of selenium (Sol-
gar, Marne-La-Vallée, France) and 2.1 g of omega-3 fatty acids (Omacor®, Pierre Fabre,
Toulouse, France).

2.4. Optical Coherence Tomography

The eyes of each participant were imaged using Spectralis OCT (Heidelberg Engi-
neering software version 5.1.3.0, GmbH, Heidelberg, Germany). The measurements were
performed at rest in seated position during BDC-1 and R+5 examinations with automatic
follow-up scan placement by trained ophthalmologists. OCT was performed to quantify the
RNFLT, as a reflection of a disc swelling. The quality of each measurement was determined
by a quality index provided by the OCT device. Measurements not fulfilling this condition
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were automatically eliminated and repeated. ON head thickness was divided into four
quadrants: temporal, nasal, superior and inferior. Right and left eyes were assessed. The
final measure corresponds to the average of the two measures. Central retinal thickness
(CRT) was evaluated with a 30◦ × 25◦ OCT macular cube, centred on the fovea, including
61 consecutive horizontal B-scans. All OCT measurements were validated by experts
(Fanny Varenne, Vincent Soler and Jean-Claude Quintyn) blinded to the condition.
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Figure 1. Flow chart of the study.

2.5. Optic Nerve Sheath Diameter

Ocular examination was performed in 10 subjects (5 in each group) at rest in supine
position during BDC-5, HDBR+3, HDBR+20, HDBR+57 and R+13 by investigators with
previous experience in ocular ultrasonography. Ultrasound was performed with a linear
high-frequency probe (OrcheoLite, Sonoscanner, Paris, France). The subjects were asked
to avoid eye movements. ONSD was measured 3 mm behind the posterior globe. Each
measurement was performed for each eye. The mean ONSD value was calculated between
right and left ON. All ONSD measurements were validated by an expert investigator
(Thomas Geeraerts) blinded to the condition.

2.6. Intraocular Pressure

One drop of tetracaïne (1%), a topical local anesthetic, was administered to each
eye just prior to the IOP measurement. The IOP measurements were performed with a
Goldmann® (Munich, Germany) applanation tonometry at rest in supine position during
BDC-1 and R+5. Then, the two measurements were averaged to obtain a final measure.

2.7. Statistical Analysis

First, Shapiro–Wilk test was performed to test the normality of the data. OCT and IOP
data were normally distributed, while ONSD (NUT group) was abnormally distributed.
Data were analyzed using software GraphPrism 9 by two-way ANOVA with post hoc
Šídák’s test (OCT and IOP data) to assess the effect of time spent in HDBR condition and
the impact of the antioxidant cocktail. Mann–Whitney U test was applied to compare
ONSD data between CON and NUT groups. Thereafter, one-way ANOVA with repeated
measures with Dunnett’s multiple comparisons tests and Friedman test with Dunn’s
multiple comparisons tests were used for ONSD data, respectively, in CON and NUT
groups. p values of <0.05 were considered statistically significant.
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3. Results
3.1. Optical Coherence Tomography

In the CON group, one subject was removed from OCT analysis due to non-reliable
values. We observed a thinner RNFL in the temporal superior quadrant in the CON group
than in the NUT group; however, the RNFLT in all quadrants were preserved at R+5. In
the CON group, the CRT tended to decrease at R+5 (p = 0.09); while in the NUT group,
the CRT dwindled (p = 0.02). It is worth noting that in the CON group, eight of the nine
volunteers presented a decreased CRT (Figure 2). In the NUT group, two subjects presented
peripapillary edema; however, they recovered 1 and 2 months later (assessed during the
medical follow-up).
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CRT: central retinal thickness, N: nasal, NI: nasal inferior, NS: nasal superior, RNFLT: retinal nerve
fibre layer thickness, T: temporal, TI: temporal inferior, TS: temporal superior. Black dots represent
individual points. The box represents the interquartile range from the 25th to 75th percentile. The
middle line represents the median. The whiskers extend from the minimum to the maximum value.
†††: p < 0.001 vs. the same period in CON group, *: p < 0.05 vs. BDC-1 in NUT group.

3.2. Optic Nerve Sheath Diameter

The Mann–Whitney U test did not reveal any significant differences between the CON
and NUT groups.

In the CON group, the ONSD did not change significantly either at HDBR+3
(4.9 ± 0.2 mm; p = 0.61) or at HDBR+20 (4.9 ± 0.2 mm; p = 0.29); however, the ONSD in-
creased significantly by 11% during HDBR+57 (5.2 ± 0.4 mm; p < 0.01) and remained higher
by 11% at R+13 (5.2 ± 0.3 mm; p = 0.02) compared to BDC-5 (4.7 ± 0.3 mm) (Figure 3A).
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Figure 3. Optic nerve sheath diameter (ONSD) measurements before (BDC-5), during (HDBR+3,
HDBR+20, HDBR+57) and after (R+13) head-down bed rest in control (A) and antioxidant cocktail
(B) groups. Black dots represent individual points. The box represents the interquartile range from
the 25th to 75th percentile. The middle line represents the median. The whiskers extend from the
minimum to the maximum value. * p < 0.05 vs. BDC-5, ** p < 0.01 vs. BDC-5.

In the NUT group, the ONSD did not change significantly either at HDBR+3
(4.5 ± 0.6 mm; p > 0.99) or at HDBR+20 (4.8 ± 0.7 mm; p > 0.99); however, the ONSD
increased significantly by 9% during HDBR+57 (5.0 ± 0.7 mm; p = 0.04) but was not sig-
nificantly modified at R+13 (5.0 ± 0.8 mm; p = 0.11) compared to BDC-5 (4.6 ± 0.6 mm)
(Figure 3B).

3.3. Intraocular Pressure

Two-way ANOVA indicated that there was a main effect of time (p = 0.02) on the IOP.
Post hoc comparisons revealed a non-significant drop in the IOP in the CON group at R+5
(p = 0.07). It must be emphasized that eight of the ten volunteers had a diminished IOP.
However, in the NUT group, the IOP remained unchanged at R+5 (p = 0.37) (Figure 4).
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4. Discussion

Our study shows that 60 days of HDBR induces ophthalmological changes, such as
a decrease in CRT and an enlarged ONSD. It should be pointed out that two volunteers
presented peripapillary edema but recovered 1 and 2 months later. Finally, the antioxidant
cocktail failed to dampen these ophthalmological modifications.

Degraded distant and near visual acuity has been described in some astronauts.
Indeed, astronauts return to Earth with several ocular changes: ONSD enlargement, hy-
peropic shift, choroidal folds, posterior globe flattening, etc. [1,2]. Furthermore, there is
a case report of an astronaut who underwent repeated long-duration spaceflights and
developed some recurrent ophthalmological changes [9]. Persistent optic disc edema has
been described in a case study of an astronaut over 6 months post-flight with high total
retinal thickness (TRT) values, measured by OCT, which persisted well beyond one year
post-flight [10]. OCT scans of 15 astronauts after long-duration spaceflight revealed an
increase in the global circumpapillary RNFLT (especially in the inferior quadrant) and TRT
(superior, inferior and nasal quadrants) [11]. It also appeared that global TRT changes
persisted 1 year after spaceflight in 11 astronauts who spent a mean duration of ~170 days
on board the International Space Station [12]. The same authors depicted that two of the
eleven astronauts developed a greater global TRT with optic disc edema and one of them
presented choroidal folds that worsened over the 1-year mission [13]. In our study, the CRT
tended to be reduced after HDBR (eight of the nine subjects had a reduced CRT after HDBR).
Although a reduced CRT is correlated with better visual acuity [14], these subtle changes
are unlikely to impact visual acuity. Moreover, the RNFLT did not change, which confirmed
our previous findings from a 21-day HDBR [8]. However, in contrast to this previous study,
two subjects presented peripapillary edema. We observed, in these two subjects, a sharp
increase in the RNFLT in the temporal superior (7.0 and 12.0 µm), nasal (4.5 and 11.5 µm)
and nasal superior (5.5 and 16.5 µm) quadrants. In terrestrial analogues, such as HDBR,
similar findings were observed. Indeed in a case report of a volunteer, the peripapillary
retinal thickness, determined by spectralis OCT, was greater (~5%) after a 30-day HDBR
with no visible clinical signs of optic disc edema [15]. Nevertheless, in a 30-day strict
HDBR (i.e., without a standard pillow), optic disc edema was described with a rise in the
peripapillary TRT in all quadrants (inferior, superior, nasal and temporal). The rise in
the TRT was even greater than those observed either after a 14- or 70-day HDBR [16,17].
The time duration of the experiment has an impact on the amount of optic disc swelling
since the authors observed a greater peripapillary retinal thickness after a 70-day HDBR
compared to a 14-day HDBR [16]. The authors also revealed greater differences in the
peripapillary TRT after a 30-day strict HDBR in 11 healthy volunteers compared to those
assessed during short-duration spaceflight (~37 days) in 20 astronauts [18]. Another 6◦

strict HDBR performed in 24 healthy subjects showed an increase in TRT at HDT58 (~9%)
and remained higher during recovery (~7%) [19]. These ocular changes could be due to an
HDBR-induced cranial fluid shift.
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Mader et al. [1] described that in most astronauts who underwent 6 months of space-
flight, there was a globe flattening determined by MRI. Lumbar punctures, performed in
astronauts with disc edema, showed an opening pressure up to ~20 mmHg and persisted
over weeks after spaceflight. Moreover, after long-term spaceflight, the astronauts with
globe flattening exhibited the highest ONSD values (7.2 mm) compared to those with no
globe flattening (5.8 mm). Similarly, astronauts with nerve kinking had the highest ONSD
values (7.5 mm) compared to those with no nerve kinking (5.9 mm) [20]. Consecutive
long-term missions to the International Space Station may also have an impact on the
ONSD dilatation, as documented by MRI in an astronaut [9]. In-flight ONSD values from a
preliminary study, obtained with 2D ultrasound in 13 astronauts, showed a rise of ~11%
compared to pre-flight values, with recovery post-flight [21]. A case report also described,
in an astronaut who underwent a 6-month spaceflight to the International Space Station,
an increase in the ONSD that persisted after the space mission [10]. However, in similar
conditions, quantitative MRI showed a preserved ONSD in 10 astronauts, indicating that
the intracranial pressure (ICP) did not reach a pathological level. It is worth noting that one
subject with optic disc edema also presented a distended ONSD; however, this elevation
was small compared to patients with an increased ICP [22]. In the horizontal position,
the normal ICP in healthy subjects lies between 7 and 15 mmHg and an ICP greater than
20 mmHg defines intracranial hypertension [23]. It has become widely accepted that the
ONSD indirectly reflects the ICP [24–26]. However, no cut-off value of ONSD exists and
many studies proposed a threshold to predict intracranial hypertension [27–29]. However,
in our study, the highest ONSD values (HDBR+57; CON group: 5.2 ± 0.4 mm, NUT group:
5.0 ± 0.7 mm) do not seem to reach the threshold observed in intracranial hypertension
or high ICP values. The onset of ONSD enlargement may be multifactorial. While it is
possible that this distension might be a localized episodic event, the retrobulbar space of
the ONS may distend under the influence of hydrostatic transmittance of cerebrospinal
fluid pressure within the subarachnoid space [30,31]. After long-duration spaceflight, some
crewmembers presented stagnant or reverse flow in the internal jugular vein [32]; however,
the occlusion of the venous drainage pathways may also lead to a rise in the ICP [33]. Thus,
an altered venous and lymphatic drainage may disrupt the absorption and sequestration
of the cerebrospinal fluid leading to a distended subarachnoid space [27,30]. Moreover, it
would appear that subjects with a deficiency in circulating concentrations of folate and B12
might experience the development of ocular symptoms [34].

The IOP seems to be affected immediately after exposure to microgravity. Indeed,
an 8-day German Spacelab mission showed a rise in the IOP of ~20–25% after only a few
minutes in microgravity [35]. During the 10-day Spacelab D2 mission, the IOP increased
dramatically and doubled during the 1st day, with a return to the baseline value on the
4th day [36]. Similar findings of IOP data from six shuttle missions were observed in
11 astronauts [30]. In our study, we observed a non-significant decrease (~13%) in the IOP
after HDBR (eight of ten subjects had a reduced IOP). However, in our previous study,
the IOP was preserved after a 21-day HDBR [8]. The use of different tonometers (Perkins
vs. Goldmann) and the different days of measurements (R+1 vs. R+5) are likely to ex-
plain these differences. Nevertheless, the IOP was reduced in 25 female volunteers after
a 7-day HDBR. The authors assumed that hypovolemia, induced by a thoraco-cephalic
fluid shift during HDBR, provoked ocular dehydration or systemic cardiovascular and
hormonal changes, leading to a reduced IOP [37]. Another assumption is that persistent
compensatory mechanisms intervene during the supine position, such as reduced aqueous
humour production, leading to a decreased IOP [38]. A previous report noted a similar
trend with a reduced post-flight IOP [39]. A case report of a healthy male subject confirmed
this tendency and showed a reduction in the IOP by ~27% after a 30-day HDBR [15].
Although Taibbi et al. [16] described a rise in the IOP during 14- and 70-day HDBR
(+1.42 and +1.79 mmHg, respectively), the IOP was normalized after the experiment.
Previously, one of the hypotheses proposed was that the microgravity-induced fluid shift
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led to a rise in the ICP that was greater than the rise in the IOP, leading to a decreased
translaminar pressure gradient [30,40–42].

Antioxidant intake is commonly used as a therapy against glaucoma [43] with the
help of different protective mechanisms such as preventing ganglion cell loss or reducing
the IOP [44]. In this study, the antioxidant cocktail neither improved nor exacerbated the
reduction in CRT or the ONSD enlargement induced by HDBR. Oxidative stress contributes
to endothelial dysfunction and may lead to ocular outcomes in astronauts such as optic
disc edema, choroidal folds, globe flattening, ONS thickening, etc. [45]. As previously
argued by Zwart et al. [45], the intake of antioxidant precursors may not be sufficient to
dampen ophthalmic syndrome. In fact, Tousoulis et al. [46] did not observe any effect of vi-
tamins and antioxidants on homocysteine-induced endothelial dysfunction in hypertensive
patients. Thus, an exogenous supply would be insufficient to increase intracellular reser-
voirs of antioxidants [45] and consequently provoke an impact on HDBR-induced ocular
modifications. Creating a placebo that sufficiently resembles the intake of an antioxidant
cocktail proved very challenging. Hence, the lack of a placebo in this study may impact our
findings. However, the similar conditions of this study have most likely compensated for
this limitation. Moreover, the small number of subjects may dampen the significance of our
findings, especially about the ONSD. In this way, our study may lack statistical power to
detect significant differences between groups. These results could have become significant
with more subjects included. Only males participated in this study; thus, we obviously
cannot extrapolate our findings to females. Indeed, the effect of hormonal changes, such as
estrogen, may influence ophthalmological data. In future studies, a deeper understanding
of gender effects on ophthalmological adaptations to microgravity will be essential to mini-
mize the health risks. Furthermore, additional ophthalmological parameters should also be
studied, such as retinal thickness, to identify possible macular edema and the ganglion cell
complex, providing information about potential glaucoma.

In all, HDBR provoked ophthalmological changes such as a reduced CRT and an
enlarged ONSD. Importantly, two subjects presented peripapillary edema but recovered 1
and 2 months later. Finally, the antioxidant cocktail failed to prevent the HDBR-induced
neuro-ophthalmological modifications.
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