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Ocular Outcomes in Healthy Subjects Undergoing
a Short-Term Head-Down Tilt Test

Bahadir Ozelbaykal; Gokhan Ogretmenoglu; i. Hakki Tuncez

PURPOSE:

This study aimed to examine the effect of head-down tilt (HDT) on vascular autoregulation in different age groups

and determine its effects on intraocular pressure (IOP) and central corneal thickness (CCT).

METHODS:

Included were 43 eyes of 23 men. The optic nerve head and parafoveal vascular densities were measured by optical

coherence tomography angiography before and after 20 min 10° HDT. Also, the study comprised an examination of
the IOP and CCT in a subset of 8 participants (14 eyes) in the sitting position and during 15 min of 10° HDT.

RESULTS:

Grid-based inside disc all-vessel density (GBID) was statistically significantly lower after the HDT test in subjects

under 30 yr (—1.26%). Whole image and peripapillary capillary vessel density (WICVD, PCVD), and whole image and
peripapillary all-vessel density (WIAVD, PAVD) were significantly higher after the HDT test in subjects ages 30-39 yr
(+1.34%, +2.16%, +1.05%, +1.72%, respectively). Inside disc capillary, all-vessel density (IDCVD, IDAVD) and GBID
were significantly higher after HDT in subjects over 40 yr (+2.48%, +2.15%, +1.52%, respectively). In a subset of eight
participants, IOP was significantly higher (+3.7 mmHg) and CCT was unchanged after 15 min of HDT.

CONCLUSION:

Our study showed that simulated microgravity induced optic nerve head vessel density at the inside disc area,

especially in persons over 40 years. In addition, IOP was increased by HDT, although no change in CCT was observed.
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etinal vascular autoregulation keeps the bloodstream

stable via myogenic and metabolic factors in case of any

changes in blood pressure.” However, optic nerve head
(ONH) and retinal vascular autoregulation may be disrupted by
diseases, such as hypertensive retinopathy, diabetic retinopathy,
glaucoma, purtscher retinopathy, and nonarteritic ischemic
optic neuropathy, as well as by the aging process.”” Micro-
gravity leads to a fluid shift toward the upper part of the body.
This rapid fluid shift due to the microgravity environment may
initiate the retinovascular autoregulation mechanisms. This
cephalad fluid shift can be simulated with several techniques,
including Einstein’s Elevator,'® parabolic flights,*® the Valsalva
maneuver,”” dry immersion,” and head-down tilt bed rest
(HDT)."?! Although there are studies on the effects of simu-
lated and real microgravity environments on cerebrovascular
autoregulation,"!'* there are few studies on the effect on the
optic nerve and retinal vascular autoregulation.!”?® The pur-
pose of this study was to determine the effects of simulated
microgravity on optic nerve head and retinal vascular

autoregulation responses and how autoregulation, if observed,
depends on age.

METHODS

Subjects

This prospective study was approved by the Institutional Ethics
Committee of the University of Health Sciences, Adana City
Training and Research Hospital (19.06.2019, 36, 478), and was

From the Ophthalmology Clinic, Kadirli State Hospital, Osmaniye, Turkey; the
Department of Ophthalmology, University of Health Sciences, Adana City Training and
Research Hospital, Adana, Turkey; and the Department of Health Sciences, Konya
Provincial Health Directorate, Konya, Turkey.

This manuscript was received for review in October 2020. It was accepted for
publication in April 2021.

Address correspondence to: Bahadir Ozelbaykal, Ophthalmology Clinic, Kadirli State
Hospital, Osmaniye, Turkey; bahadirozelbaykal@gmail.com.

Copyright© by The Authors.
This article is published Open Access under the CC-BY-NC license.
DOI: https://doi.org/10.3357/ AMHP.5804.2021

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 92, No.8  August 2021 619

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



HDT EFFECTS ON OCULAR OUTCOMES—Ozelbaykal et al.

performed under the ethical standards contained in the Decla-
ration of Helsinki. Written informed consent for the research
and the publication of this study and any accompanying images
was obtained from all participants. This study comprised
43 eyes of 23 participants. The persons were recruited to consist
of at least five persons in each of the three decades. All subjects
were approved to participate in the optical coherence tomo-
graphy angiography (OCTA) examination. Only a subset of
8 subjects (14 eyes) were approved to participate in the
measurement of intraocular pressure (IOP) and corneal
thickness (CCT).

The subjects underwent a complete ophthalmic examina-
tion, including medical history, best-corrected visual acuity
using the Snellen visual acuity test, slit-lamp biomicroscopy,
refractive error with autorefractor keratometer (Canon Inc.,
Tokyo, Japan), IOP with Tono-pen AVIA (Reichert Inc, Depew,
NY, USA), and CCT measurement (Pocket 2, Quantel Medical,
Bozeman, MT, USA). OCTA scans were performed with a spec-
tral-domain system (RTVue-XR Avanti; Optovue, Fremont, CA,
USA; software version 2017.1.0.151) by the same person. The
IOP and CCT examinations consisted of three averaged mea-
surements with the calibrated contact tonometer and five aver-
aged measurements with the calibrated ultrasound pachymeter.
Subjects were asked to abstain from consuming caffeinated and
alcoholic beverages for at least 12 h before the tests, and all tests
were performed in an environmentally controlled room with
an ambient temperature of 24-25°C. Light intensity at the eye
level was kept constant to minimize the effects on retinal
blood flow.

The subjects were selected according to their age and gender.
Only the subjects with a best-corrected visual acuity of at least
16/20 and no history of elevated intraocular pressure (IOP < 21
mmHg) were included in the study. Subjects with any history of
systemic diseases such as hypertension, diabetes mellitus, car-
diopulmonary insufficiency, or orthostatic intolerance; the use
of any systemic or topical medication; refractive disorders
greater than + 3.0 diopters; a history of any intraocular disease,
ocular surgery, or trauma; clinically relevant media opacities; a
measurement quality lower than 8/10; and/or an inability to
correctly perform the tests were excluded.

Procedure

To examine the ocular effects of a more extreme HDT, subjects
were positioned in a whole-body 10° HDT; angle and duration
were adjusted according to previous studies.*** Baseline
OCTA (N =23),I0P (N = 8), and CCT (N = 8) measurements
were obtained immediately prior to the HDT test in the sitting
position. Then the subjects were positioned in the whole-body
10° head-down supine position. After that, the IOP and CCT
measurements of both of eight participants’ eyes were acquired
at 7min and 15 min of the HDT test in the same position.
Finally, after remaining in the supine position with 10° HDT for
20 min, OCTA images of both of all participants’ (N = 23) eyes
were acquired within 1 min in the sitting position. The experi-
mental protocol is summarized in Fig. 1.

The OCTA scans were obtained with a spectral-domain
system with an A-scan rate of 70,000 scans per second, a light
source centered at a wavelength of 840 nm, and a bandwidth of
45 nm; the scan uses the SSADA algorithm to obtain angio-
graphic information. After the head was stabilized with chin
and forehead rests, the subjects were asked to fixate on a flash-
ing internal target light. Macular and ONH data were acquired
over a 3 x 3 mm and 4.5 x 4.5 mm area. The software automat-
ically calculated the perfused vessel density in the following:
parafovea (the annulus with an outer diameter of 3 mm and an
inner diameter of 1 mm); optic disc (the inside disc is a 2-mm
diameter circle centered on the disc center; the peripapillary
region is defined by two rings of 2 mm and 4 mm centered on
the disc center; the whole image is 4.5 x 4.5 mm of AngioDisc
scan and 3 x 3 quadrants in a 9-sector grid); and the foveal
avascular zone area. Both small vessels and large vessels were
used to calculate the regional density in various disc sectors
(based on Garway-Heath sectors). Only capillary vessel den-
sity, without the large vessels, is termed “capillary”” If annotated
with “All” the density is listed for all vessels, including the larger
ones (retinal arteries and retinal veins). One of our subjects’
OCTA images, before and after the HDT test, are shown
in Fig 2.

Peripapillary capillary vessel density was calculated in the
radial peripapillary capillary (RPC) layer, which is a unique
vascular plexus in the retinal nerve fiber layer (RNFL). The
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Fig. 1. Schematic of experimental protocol depicting the timeline and order in which measurements were obtained during each condition and the seated,
HDT conditions. IOP, intraocular pressure; OCTA, optical coherence tomography angiography.
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Fig. 2. One of our patient’s optic nerve head OCTA images before and after 20 min HDT exposure. In this case, IOP increased during 15 min of HDT (+1.4 mmHg).

inside disc capillary vessel density was calculated in the RPC
and peripapillary choriocapillaris. Image quality was assessed
for all OCTA scans. Poor quality images (quality index lower
than 8/10) or images with motion artifacts or segmentation
errors were excluded from the analysis.

Statistical Analysis

Statistical analysis was performed using SPSS Statistics for
Windows (SPSS 23.0; IBM Inc., Chicago, IL, USA). Descriptive
statistics are presented as mean (SD) with differences presented
as means (95% CI). The normality analysis of the data was
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analyzed with the Kolmogorov-Smirnov test. Foveal avascular
zone (FAZ), ONH, and retinal perfused vessel density before
and after HDT exposure were compared using paired sample
t-tests. The assessment of variability resulting from changes in
IOP and CCT within each eye among all the subjects was
performed using the Bonferroni corrected one-way ANOVA
analysis. Correlations were examined with Pearson correlation
analysis.

RESULTS

In this study, 43 eyes of 23 men were examined. The mean age
was 35.23 + 8.99 yr. Whole image capillary vessel density
(WICVD) and peripapillary capillary vessel density (PCVD)
were significantly higher in the post-HDT test (95% CI, df = 40,
50.16 + 2.05 to 50.93 + 1.60, t = —2.892, P = 0.006, and 52.22 +
2.57t053.16 £ 1.99, t = -2.555, P = 0.015, respectively). Whole
image all vessel density (WIAVD) and peripapillary all vessel
density (PAVD) were higher in the post-HDT test (95% CI,
57.40 + 1.98 to 58.07 + 1.67, t = -2.658, P = 0.011, and 59.27 +
2.37t060.13 £ 1.91, t=-2.763, P = 0.009, respectively). Pearson
correlation analyses revealed a positive correlation between age
and inside disc capillary vessel density (IDCVD) changes
(R*=0.386, 95% CI, P = 0.013), and changes in inside disc all
vessel density (IDAVD) correlated with age (R*= 0.376, 95% CI,
P =0.014) (Fig. 3).

The FAZ area detectable with OCTA decreased (0.254 +
0.113 t0 0.252 £ 0.113) significantly after the HDT test (95% CI,
df = 42, + =2.201, P = 0.033). Deep whole image vessel density
(55.98 +2.89 t0 57.01 + 2.37) and deep parafovea vessel density
(57.60 + 3.01 to 58.60 + 2.40) increased post-HDT (95% CI,
df= 42, t = -3.066, P = 0.004, and t = —3.040, P = 0.004,
respectively) (Fig. 4, Table I).
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In group 1 (N = 14 eyes, 20-29 yr), no significant difference
was found in WICVD (50.25 + 1.34 to 50.51 + 1.33), PCVD
(51.72 £ 1.86 to 52.25 + 1.84), WIAVD (57.35 + 1.64 to 57.57 £
1.540), or PAVD (58.85 + 1.99 to 59.31 + 1.88) (95% CI, df = 13,
t=-0.554, P=0.589; t = —-0.889, P=0.390; t = —0.483, P = 0.637;
and t = —0.835, P = 0.419, respectively). IDCVD (54.77 £ 3.28 to
53.44 + 3.87) and IDAVD (64.38 + 2.98 to 63.32 + 3.14) were
lower post-HDT than pre-HDT, but this was not statistically sig-
nificant (95% CI, df=13,¢t=1.667, P=0.119; t = 1.853, P = 0.087,
respectively). Grid-based inside disc all vessel density (GBID)
was statistically significantly lower post-HDT than pre-HDT
(64.42£2.70t063.16 +2.76,95% CI,df = 13,t=2.769, P =0.016).

In group 2 (N = 12 eyes, 30-39 yr), WICVD (49.46 * 3 to
50.80 £ 1.70), PCVD (52.03 + 3.79 to 54.19 + 2.21), WIAVD
(57.13 £ 2.64 t0 58.18 £ 1.71), and PAVD (59.34 + 3.12 to 61.06
+ 1.85) were significantly higher post-HDT than pre-HDT
(95% CI, df = 11, t = -2.660, P = 0.022; t = —2.920, P = 0.014; ¢
= -2.217, P = 0.047; and t = —3.138, P = 0.009, respectively).
IDCVD (51.72 + 5.83 to 52.75 + 6.35), IDAVD (61.66 + 4 to
62.73 £ 4.90), and GBID (63.16 + 2.40 to 64.46 + 3.43) were
slightly higher post-HDT than pre-HDT, but not statistically
significant (95% CI, t = —1.080, P = 0.303; t = —1.158, P = 0.270;
and t = -2.011, P = 0.067, respectively).

In group 3 (N = 15, 2 40 yr), WICVD (50.64 + 1.63 to 51.44
+1.71), PCVD (52.84 + 1.93 t0 53.19 + 1.60), WIAVD (57.68 +
1.69 to 58.46 + 1.73), and PAVD (59.61 + 2.05 to 60.08 + 1.72)
were higher post-HDT than pre-HDT, but this was not statisti-
cally significant (95% CI, df = 14, t = -1.915, P = 0.076;
t=-0.651, P = 0.526; t = —1.946, P = 0.072; and t = —0.983,
P =0.343, respectively). IDCVD (51.52 + 3.94 to 54 + 2.85),
IDAVD (61.7 +2.59 to 63.85 + 2.42), and GBID (62.30 + 2.46 to
63.82 £ 2.49) were higher post-HDT than pre-HDT (95% CI,
df= 14, t = -3.415, P = 0.004; t = —-3.833, P = 0.002; and
t=-2.622, P = 0.02, respectively) (Table II).
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Fig. 3. Correlations between age and 10° HDT induced response of retina perfused vessel density in the inside disc area. A) Capillary vessels. B) All vessels.
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Fig. 4. One of our patient’s foveal avascular zone area (FAZ) measurements before and after 20 min HDT.

In a subset of 8 participants (14 eyes, 33.86 £ 7.49 yr),
changes in the IOP and CCT were investigated with the subjects
in a sitting position and during 15 min of 10° HDT position
(in-bed phase). IOP was increased by HDT from 15.31 + 0.92
mmHg in the sitting position to 19.01 + 3.27 mmHg with
15-min HDT (95% CI, F = 9.301, P = 0.001). However, no
change in CCT was observed (544.93 + 31.34 yum in the sitting
position, and 544.93 + 34.25 um with 15-min HDT) (95% CI,
F=0.002, P =0.998) (Table III).

DISCUSSION

This study was designed to simulate the effects of microgravity-
based cephalad fluid shifts on ONH and retinovascular auto-
regulation. Parazynski et al.?® were first to quantify all four
types of Starling-Landis pressures during HDT. In that study,

Table I. Additional Pre 10° HDT and Post 10° HDT Test Values.

OUTCOME PRE-HDT POST HDT P
FAZ (mm?) (N = 43) 0.254+0.113 0.252+£0.113 0.033*
FT (um) (N = 43) 22507 +£16.19 22486+ 16.15 0.277
SWI (%) (N =43) 4890+ 237 49.04 +2.13 0482
DWI (%) (N = 43) 5598 £ 2.89 57.01 £ 237 0.004*
Sparafovea (%) (N = 43) 5191 +254 5205 +221 0.498
Dparafovea (%) (N = 43) 5760 +3.01 5860 + 240 0.004*
SFovea (%) (N =43) 18.55 £ 6.69 1849 +£7.02 0.750
Dfovea (%) (N = 43) 36.08 £ 7.50 36.32+7.89 0.373

FAZ: foveal avascular zone; FA: flow area; FD: flow density; FT: foveal thickness;
SWI: superficial whole image; DWI: deep whole image; S: superfical; D: deep.
All values given as mean (SD).

'P<0.05.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 92, No.8  August 2021

upper body capillary and interstitial fluid pressure, as well as
plasma and tissue oncotic pressure, were measured in seven
men. It was found that capillary fluid pressure increased from
27.7 £ 1.5 mmHg to 33.9 + 1.7 mmHg by the end of the bed rest,
while interstitial fluid pressure did not change significantly.
Therefore, we examined the reaction of the autoregulation
system to the increase of pressure in the retina vessels related to
the HDT test.

In humans, the blood vessels on the ONH have the auto-
regulatory ability during experimental increases in retinal
artery blood pressure.” In this study, no significant differences
in the vessel densities before and after the test were found
among the subjects under 30 yr of age. Furthermore, we found
that vessel densities were decreased in the inside disc area, both
in capillary and all vessel measurements, including central
retinal artery and central retinal vein. A previous study of
Jeppesen et al.' may explain this decrease in vessel densities of
vascular beds. In that study, they concluded that a change in
blood pressure is transmitted directly to all parts of the arteri-
ole, and the contraction occurring along the whole length of the
vessel can be explained as the sum of the local diameter
responses in all vascular segments.

The measurements of subjects in group 2 (30-39 yr) showed
an increase in PAVD. In group 3 (over 40 yr), there was a consid-
erable increase in the IDAVD. These increases may be a result of
impaired autoregulation of the vascular bed. In normal retinal
circulation, autoregulation keeps the blood flow relatively con-
stant by constriction of the resistance vessels until mean arterial
pressure is raised to 40% above baseline.” Also, the increase in
intravascular pressure causes vasoconstriction in the retinal ves-
sels through a myogenic response. This autoregulative response
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Table ll. Pre 10° HDT and Post 10° HDT Test Vessel Density Values (%) of the Optic Nerve According to Age and Image Sector.

CAPILLARY CAPILLARY
AGE PRE HDT POST HDT PA ALL PRE HDT ALL POST HDT pB
Overall (N=41)
Whole image 50.16 £ 2.05 5093 £ 1.60 0.006* 5740+ 198 5807 £ 1.67 0.011*
Inside Disc 52.69 +4.54 5344 +437 0.161 62.58 +3.38 63.32£352 0.099
Peripapillary 5222 +257 53.16 £1.99 0.015*% 59.27 +2.37 60.13 +1.91 0.009*
GBID 63.27 +2.62 63.80 +2.87 0.169
Group 1;20-29 (N = 14)
Whole image 50.25+1.34 5051 +133 0.589 5735+ 164 5757 £154 0.637
Inside Disc 54.77 +3.28 5344 +3.87 0.119 64.38 + 298 63.32+3.14 0.087
Peripapillary 51.72+1.86 5225+ 184 0.390 5885+ 1.99 59.31+£1.88 0419
GBID 6442 +2.70 63.16 £2.76 0.016*
Group 2;30-39 (N=12)
Whole image 4946+ 3 50.80 £1.70 0.022* 57131264 5818 £ 1.71 0.047*
Inside Disc 51.72+£583 52.75+6.35 0.303 61.66 £4 62.73 £4.90 0.270
Peripapillary 5203 +3.79 5419+ 221 0.014% 5934 +3.12 61.06 +1.85 0.009*
GBID 63.16 + 2.40 6446 + 343 0.067
Group 3;>40 (N=15)
Whole image 5064 £1.63 5144 £1.71 0.076 57.68 £1.69 5846+ 173 0.072
Inside Disc 51.52+3.94 54 +285 0.004* 61.7 £ 259 63.85 +242 0.002*
Peripapillary 52.84+193 53.19+£1.60 0526 5961 +205 60.08 £1.72 0.343
GBID 6230+ 246 63.82+£249 0.02*

GBID: Grid based inside disc all vessel density; HDT: 10° head down tilt test; ALL: vessel density including retinal artery and vein; PA“capillary” vessel density;

PEall"vessel density.
“P < 0.05. All values are given as mean (SD).

has been seen in previous studies of the central retinal artery
and posterior ciliary arteries.'* We thought that the myogenic
autoregulation response starts breaking down after the age of
40 yr. Likewise, Jeppesen et al.” concluded that the autoregula-
tive response disappears after this age. Therefore, eyes with
poor autoregulation are at a much greater risk of developing
ONH ischemic damage and retinovascular complications than
those with sufficient autoregulation. Sosi and Anderson®’
speculated that glaucomatous optic neuropathy may be due to
deficient autoregulation, perhaps acquired with age. The find-
ings of this study support that head-down tilt induced per-
fused vessel density in the optic nerve head in persons older
than 40 yr.

In the long-term condition, a disrupted autoregulation
mechanism may cause increased luminal pressures and RPC
damage. This will result in the formation of cotton-wool spots

Table Ill. I0OP and CCT Measured Pre —10° HDT and Post —10° HDT.

SITTING
OUTCOME POSITION 7-MINHDT 15-MINHDT P
IOP (mmHg) 1531092 18.14 £ 231 19.01£327 0.001%
(N=14)
CCT (um) 54493 +3134 54421 £33.75 54493 £34.25 0.998
(N=14)

IOP, intraocular pressure; CCT, central corneal thickness.
*P < 0.05. P between 0 min—15 min, Bonferroni adjusted one-way ANOVA.
All values are given as mean (SD).

624

(CWS) due to RNFL infarction such as hypertensive retino-
pathy. CWS have been documented in astronauts following
long-duration spaceflight.'® In this regard, we hypothesized
that elevated luminal pressures due to disrupted retinovas-
cular autoregulation will be an additional cause of CWS in
astronauts. Further studies are needed in a microgravity
environment to test this hypothesis. Other possible reasons
why astronauts have CWS include local asymmetric micro-
gravity-related changes in cerebrospinal fluid flow within
the intraorbital optic nerve, radiation exposure, and solar
flare activity."

On the other hand, after implementing the 10° HDT test,
the FAZ area was decreased significantly. In addition, there
were no significant changes in the superficial capillary
plexus but some increase in the deep capillary plexus.
Similarly, in an OCTA study, researchers found that FAZ
shrinkage in the HDT position was partially reversed with
venoconstrictive thigh cuff devices.® Thus, there may be a
negative correlation between the density in the deep capil-
lary plexus and FAZ areas.

Shinojima et al.®> confirmed a 54% increase in IOP (21
mmHg) at 30 min of 10° HDT compared with IOP in a
sitting position (14 mmHg). Also, Mader et al. found that the
IOP was increased from 14.2 mmHg to 18.9 mmHg."
Draeger et al.* reported an initial 20-25% increase in IOP 44
min into a space shuttle flight and, in a German D2 mission,
a 114% increase in IOP was noted 16 min after reaching

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 92, No.8  August 2021

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



microgravity.” In agreement with these previous studies, we
found 3.7 mmHg of increase in IOP at 15 min of 10° HDT
compared with the sitting position. This increase may be due
to the choroidal expansion, elevation in episcleral venous
pressure or narrowed anterior chamber angle. In addition,
we examined changes in corneal thickness during HDT. A
previous study showed that the mean CCT increases from
around 8 to 17 pm during bed rest (days 5 and 7, respec-
tively), whereas the mean IOP decreases.” However, we
found no significant difference in corneal thickness, perhaps
because of the shorter duration of HDT.

Our study had several limitations. IOP and perfused ves-
sel density could not be simultaneously monitored, and
OCTA scans were not performed in the HDT position due to
the lack of hand-held OCTA. HDT bed rest produces cepha-
lad fluid shift but does not perfectly replicate microgravity.
The CO, levels in the International Space Station environ-
ment are different from the Earth’s atmosphere and, for this
reason, HDT tests should be implemented in elevated ambi-
ent CO,.!*

In conclusion, this OCTA study suggests that head-down tilt
induced optic nerve head perfused vessel density at the inside
disc area, especially in persons over 40 yr. Intraocular pressure
was increased during short-term whole-body 10° HDT,
although central corneal thickness remained unchanged.
Further studies are needed to confirm these findings in micro-
gravity environments.

ACKNOWLEDGMENTS

Financial Disclosure Statement: No financial disclosures. The authors have no
competing interests to declare.

Authors and Affiliations: Ozelbaykal Bahadir, M.D., Ophthalmology Clinic,
Kadirli State Hospital, Osmaniye, Turkey; Ogretmenoglu Gokhan, M.D.,
Department of Ophthalmology, University of Health Sciences, Adana City
Training and Research Hospital, Adana, Turkey; and Tungez 1. Hakki, M.D.,
Department of Health Sciences, Konya Provincial Health Directorate,
Konya, Turkey.

REFERENCES

1. Arbeille P, Fomina G, Roumy J, Alferova I, Tobal N, Herault S. Adaptation
of the left heart, cerebral and femoral arteries, and jugular and femoral
veins during short- and long-term head-down tilt and spaceflights.
Eur J Appl Physiol. 2001; 86(2):157-168.

2. Chiquet C, Custaud MA, Pavy-Le Traon A, Millet C, Gharib C, Denis P.
Changes in intraocular pressure during prolonged (7 day) head-down tilt
bedrest. ] Glaucoma. 2003; 12(3):204-208.

3. Draeger J, Schwartz R, Groenhoff S, Stern C. Self tonometry during
the German 1993 Spacelab D2 mission. Ophthalmologe. 1994;
91:697-699.

4. Draeger J, Schwartz R, Groenhoff S, Stern C. Self-tonometry
under microgravity conditions. Aviat Space Environ Med. 1995;
66(6):568-570.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 92, No.8  August 2021

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

HDT EFFECTS ON OCULAR OUTCOMES—Ozelbaykal et al.

Haefliger IO, Meyer P, Flammer J, Liischer TE The vascular endothelium
as a regulator of the ocular circulation: a new concept in ophthalmology?
Surv Ophthalmol. 1994; 39(2):123-132.

Harrison TJ, Cyrus O, Abbasi CO, Khraishi TA. Purtscher retinopathy: an
alternative etiology supported by computer fluid dynamic simulations.
Invest Ophthalmol Vis Sci. 2011; 52(11):8102-8107.

Hayreh SS.Ischemicoptic neuropathy. Prog Retin Eye Res.2009;28(1):34-62.
Huang A, Balasubramanian S, Stenger MB.Simulated-weightlessness alters
retinal foveal structure and microvasculature that is reversed by a venocon-
trictive thigh cuff countermeasure. ARVO Annual Meeting Abstract; April
29-May 3, 2018; Honolulu, HI, USA. Rockville (MD): ARVO; 2018.
Jeppesen P, Gregersen PA, Bek T. The age-dependent decrease in the
myogenic response of retinal arterioles as studied with the Retinal Vessel
Analyzer. Graefes Arch Clin Exp Ophthalmol. 2004; 242(11):914-919.
Jeppesen P, Sanye-Hajari ], BekT. Increased blood pressure induces a
diameter response of retinal arterioles that increases with decreasing
arteriolar diameter. Invest Ophthalmol Vis Sci. 2007; 48(1):328-331.
Kawai Y, Murthy G, Watenpaugh DE, Breit GA, Deroshia CW, Hargens
AR. Cerebral blood-flow velocity in humans exposed to 24-h of head-
down tilt. ] Appl Physiol. 1993; 74(6):3046-3051.

Kaya S, Kolodjaschna J, Berisha F, Schmetterer L, Garhofer G. Compari-
son of the autoregulatory mechanisms between central retinal artery and
posterior ciliary arteries after thigh cuff deflation in healthy subjects.
Microvasc Res. 2011; 82(3):269-273.

Kermorgant M, Leca E Nasr N, Custaud M-A, Geeraerts T, et al. Impacts
of simulated weightlessness by dry immersion on optic nerve sheath
diameter and cerebral autoregulation. Front Physiol. 2017; 8:780.

Laurie SS, Vizzeri G, Taibbi G, Ferguson CR, Hu X, et al. Effects of short-
term mild hypercapnia during head-down tilt on intracranial pressure and
ocular structures in healthy human subjects. Physiol Rep. 2017; 5(11):e13302.
Lee AG, Tarver W], Mader TH. Neuro-ophthalmology of space flight.
J Neuroophthalmol. 2016; 36(1):85-91.

Lotz C, Frobose T, Wanner A, Overmeyer L, Ertmer W. Einstein-Elevator:
anew facility for research from pg to 5 g. Gravit Space Res. 2017; 5(2):11-27.
Mader TH, Gibson CR, Caputo M, Hunter N, Taylor G, et al. Intraocular
pressure and retinal vascular changes during transient exposure to micro-
gravity. Am ] Ophthalmol. 1993; 115(3):347-350.

Mader TH, Gibson CR, Pass AF, Kramer LA, Lee AG, et al. Optic disc
edema, globe flattening, choroidal folds, and hyperopic shifts observed
in astronauts after long-duration space flight. Ophthalmology. 2011;
118(10):2058-2069.

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(9):810-813.
Parazynski SE, Hargens AR, Tucker B, Aratow M, Styf J, Crenshaw A.
Transcapillary fluid shifts in tissues of the head and neck during and after
simulated microgravity. ] Appl Physiol (1985). 1991; 71(6):2469-2475.
Pavy-Le Traon A, Heer M, Narici MV, Rittweger J. From space to Earth:
advances in human physiology from 20 years of bed rest studies (1986
2006). Eur ] Appl Physiol. 2007; 101(2):143-194.

Pillunat LE, Anderson DR, Knighton RW, Joos KM, Feuer WJ. Autoregu-
lation of human optic nerve head circulation in response to increased
intraocular pressure. Exp Eye Res. 1997; 64(5):737-744.

Robinson E Riva CE, Grunwald JE, Petrig BL, Sinclair SH. Retinal blood
flow autoregulation in response to an acute increase in blood pressure.
Invest Ophthalmol Vis Sci. 1986; 27(5):722-726.

Schulz H, Hillebrecht A, Karemaker JM, ten Harkel AD, Beck L, et al.
Cardiopulmonary function during 10 days of head-down tilt bedrest.
Acta Physiol Scand Suppl. 1992; 604:23-32.

Shinojima A, Iwasaki KI, Aoki K. Subfoveal choroidal thickness and
foveal retinal thickness during head-down tilt. Aviat Space Environ Med.
2012; 83(4):388-393.

Sirek AS, Garcia K, Foy M, Ebert D, Sargsyan A, et al. Doppler ultrasound
of the central retinal artery in microgravity. Aviat Space Environ Med.
2014; 85(1):3-8.

625

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



HDT EFFECTS ON OCULAR OUTCOMES—Ozelbaykal et al.

27.

28.

626

Sossi N, Anderson DR. Effect of elevated intraocular pressure on blood
flow. Occurrence in cat optic nerve head studied with iodoantipyrine I
125. Arch Ophthalmol. 1983; 101(1):98-101.

Suh KI, Ansari RR, King F, Manuel FK. Choroidal blood flow mea-
surements in zero gravity (space-like) environment using laser-dop-
pler flowmetry. [Meeting abstract]. Invest Ophthalmol Vis Sci. 2003;
44(13):960.

29.

30.

Zong Y, Xu H, Yu J, Jiang C, Kong X, He Y. Sun X Retinal Vascular
Autoregulation during Phase IV of the Valsalva Maneuver: An Optical
Coherence Tomography Angiography Study in Healthy Chinese
Adults. Front Physiol. 2017; 8:553.

Zuj KA, Arbeille P, Shoemaker JK, Blaber AP, Greaves DK, et al. Impaired
cerebrovascular autoregulation and reduced CO,reactivity after long dura-
tionspaceflight. AmJPhysiol HeartCirc Physiol. 2012;302(12):H2592-H2598.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 92, No.8  August 2021

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05





