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Key Points 39 
 40 
Question: What is the incidence, presentation, and progression of chorioretinal fold 41 
development during long-duration spaceflight missions to the International Space Station (ISS)? 42 
 43 
Findings: In this retrospective analysis of 36 long-duration crewmembers, 17% developed 44 
chorioretinal folds; presentation of folds in crewmembers differed from that reported in patients 45 
with idiopathic intracranial hypertension.  Quantitative analysis revealed that the earliest 46 
appearance of choroidal folds varied among individuals and that both macular and peripapillary 47 
choroidal folds worsened with flight durations up to 1 year.  48 
 49 
Meaning: Chorioretinal fold progression is a concern for present ISS missions and future longer-50 
duration exploration missions to the Moon and Mars.  51 
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ABSTRACT 52 
 53 
Importance: The primary contributing factor for development of chorioretinal folds during 54 
spaceflight is unknown. Characterizing fold types that develop and tracking their progression 55 
may provide insight into the pathophysiology of spaceflight-associated neuro-ocular syndrome 56 
and elucidate the risk of fold progression for future exploration-class missions exceeding 12 57 
months in duration. 58 
 59 
Objective: To determine the incidence and presentation of chorioretinal folds in long-duration 60 
International Space Station crewmembers and objectively quantify the progression of choroidal 61 
folds during spaceflight. 62 
 63 
Design: In this retrospective cohort study, optical coherence tomography scans of the optic nerve 64 
head and macula were obtained on Earth prior to spaceflight and during flight. A panel of experts 65 
examined the scans for the qualitative presence of chorioretinal folds. Peripapillary total retinal 66 
thickness was calculated to identify eyes with optic disc edema, and choroidal folds were 67 
quantified based on surface roughness within macular and peripapillary regions of interest. 68 
 69 
Setting: Before and during spaceflight missions to the International Space Station  70 
 71 
Participants: 36 crewmembers completing long-duration spaceflight missions 72 
 73 
Intervention(s) or Exposure(s): Spaceflight missions ranging 6-12 months 74 
 75 
Main Outcomes and Measures: Incidence of peripapillary wrinkles, retinal folds, and choroidal 76 
folds; peripapillary total retinal thickness; Bruch’s membrane surface roughness. 77 
 78 
Results: Chorioretinal folds were observed in 12/72 eyes (17%; 6 crewmembers). In eyes with 79 
early signs of disc edema, 10/42 (24%) had choroidal folds, 4/42 (10%) had inner retinal folds, 80 
and 2/42 (5%) had peripapillary wrinkles. Choroidal folds were observed in all eyes with retinal 81 
folds and peripapillary wrinkles. Macular choroidal folds developed in 7 of the 12 eyes (4/6 82 
crewmembers) with folds and progressed with mission duration; these folds extended towards 83 
the foveal region in 6 eyes. Circumpapillary choroidal folds developed predominantly superior, 84 
nasal, and inferior to the optic nerve head and increased in prevalence and severity with mission 85 
duration. 86 
 87 
Conclusions and Relevance: Choroidal folds were the most common fold type to develop 88 
during spaceflight; this differs from reports in idiopathic intracranial hypertension, suggesting 89 
differences in the mechanisms underlying fold formation. Quantitative measures demonstrate the 90 
development and progression of choroidal folds during weightlessness, and these metrics may 91 
help to assess the efficacy of spaceflight-associated neuro-ocular syndrome countermeasures. 92 

93 
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 INTRODUCTION 94 

Spaceflight-associated neuro-ocular Syndrome (SANS) was first described in a case 95 

series with five of seven astronauts presenting with optic disc edema and five of seven with 96 

choroidal folds after return from long-duration missions to the International Space Station (ISS).1 97 

Following these initial findings, additional reports documented development of retinal and 98 

choroidal folds during spaceflight and their persistence after return to Earth,2–4 including a 99 

retrospective analysis that identified signs of choroidal folds in six of 15 (40%) participants.5 100 

Subsequently, quantitative evidence from optical coherence tomography (OCT) images revealed 101 

development and progression of optic disc edema in ~70% of ISS crewmembers flying 6-month 102 

missions6 and that choroidal folds progressively worsened during a 1-year spaceflight mission in 103 

a single crewmember with Frisén grade 1 optic disc edema.7 Development of chorioretinal folds 104 

at or near the macula has the potential to affect vision during spaceflight and impact visual 105 

function late in life if not resolved, yet the primary factor contributing to development and 106 

progression of chorioretinal folds remains unclear. 107 

Folds are not common in terrestrial pathologies, but have been associated with acquired 108 

hyperopia, hypotony, ocular inflammatory disorders, and intracranial hypertension.8–12 Prior to 109 

each mission, crewmembers undergo examinations to rule out inflammatory disorders, systemic 110 

disease, abnormal intraocular pressure (IOP), and use of medication that could produce 111 

intracranial hypertension. On rare occasions, low IOP can lead to choroidal folds, for example 112 

following surgery;13 however, evidence suggests IOP is not decreased during long-duration 113 

spaceflight.14,15 The presence of choroidal folds, retinal folds, or peripapillary wrinkles in 114 

terrestrial patients with optic disc edema may indicate elevated intracranial pressure (ICP) when 115 
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other known causes such as orbital disease, tumor, posterior scleritis, and hypotony are ruled 116 

out.16,17 117 

 Folds develop within the retina due to changes in mechanical loading conditions and 118 

biomechanical tissue properties.8,18 Thus, the timing, location, orientation, and pattern of fold 119 

presentation within the retina may provide insight into the underlying pathophysiology.8,10,18,19 120 

OCT imaging enables 3D visualization and quantification of fold morphology as compared to 121 

more traditional forms of ophthalmic imaging, and has led to the classification of choroidal folds, 122 

outer retinal folds and creases, inner retinal folds, and peripapillary wrinkles in patients with 123 

papilledema resulting from IIH.10,20 The purpose of this study was to objectively document and 124 

quantify the prevalence and progression of choroidal folds, retinal folds, and peripapillary 125 

wrinkles in crewmembers flying long-duration spaceflight missions to the ISS.  We hypothesized 126 

that the prevalence of chorioretinal folds in ISS crewmembers with optic disc edema would be 127 

similar in proportion to previous reports in IIH patients and that folds would worsen with greater 128 

spaceflight mission duration. 129 

METHODS 130 

Thirty-six crewmembers (seven female), including astronauts and cosmonauts, participated 131 

in spaceflight missions with mean (±SD) duration of 189 (±60) days onboard the ISS. Data were 132 

obtained during research studies approved by the NASA Johnson Space Center Institutional 133 

Review and Human Research Multilateral Review Boards. Participants provided written 134 

informed consent consistent with the Declaration of Helsinki and did not receive a stipend or 135 

incentives to participate. STROBE reporting guidelines were followed except reporting of study 136 

dates due to attributability concerns. 137 
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Bilateral OCT images were acquired with Spectralis OCT1 or OCT2 systems (Heidelberg 138 

Engineering, Heidelberg, Germany) before, during, and after long-duration spaceflight.6 For 139 

crewmembers with prior spaceflight experience only images from the most recent spaceflight 140 

mission were analyzed. While scan placement was consistent within each individual before, 141 

during, and after spaceflight and across all crewmembers in this cohort, scan density and size 142 

were updated as the Spectralis OCT2 system became available for use on the ISS. All 143 

participants were imaged with a circle pattern (3.5 mm or 12°, 100 automatic real-time tracking 144 

levels [ART]) centered over the optic nerve head (ONH). Crewmembers were scanned with a 145 

20°, 12-line, 16 ART (OCT1) or a 15°, 48-line, 25 ART (OCT2) radial scan pattern centered 146 

over the ONH. Similarly, a 20° x 20° (6 x 6 mm) vertical raster scan pattern centered on the 147 

fovea was acquired using a 25-line, 16 ART (OCT1) or 193-line, 16 ART (OCT2) pattern. 148 

 Automated segmentations of the internal limiting membrane (ILM), retinal nerve fiber layer 149 

(RNFL), and Bruch’s membrane were manually corrected, verified by an additional expert 150 

grader, and processed in MATLAB (MathWorks, Natick, MA). Global peripapillary total retinal 151 

thickness (TRT) was calculated from the radial scans in an annular zone circumscribing the ONH 152 

within 250 µm of Bruch’s membrane opening (BMO).5,6 The choroidal-scleral interface was 153 

manually delineated on circular scans. Mean RNFL and choroid thickness were calculated from 154 

the circle scan pattern except in one crewmember with poor scan quality.6,21 A panel of four 155 

experts (TJB, CRG, SSL, SSM) jointly inspected all OCT images for peripapillary wrinkles, 156 

retinal folds, and choroidal folds, following the classification criteria in the OCT Substudy of the 157 

Idiopathic Intracranial Hypertension Treatment Trial10,20 and arrived at a consensus for each 158 

scan. The prevalence of chorioretinal folds in ISS crewmember eyes demonstrating optic disc 159 
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edema based on TRT increase ≥ 19.4 µm21 was compared to the previously reported prevalence 160 

of folds in IIH patients with papilledema.10,20 161 

Surface roughness quantification improves on the peak shape analysis methodology 162 

previously reported in one ISS crewmember completing a one-year spaceflight mission.7 Due to 163 

the limited number of crewmembers who developed folds during spaceflight and the greater 164 

prevalence of choroidal folds in the spaceflight cohort relative to peripapillary wrinkles and 165 

retinal folds, surface roughness data are presented for Bruch’s membrane only. Bruch’s 166 

membrane surface layer was aligned to a reference plane using singular value decomposition and 167 

polynomial curve fitting to remove scan tilt and curvature. The aligned surface layer was used to 168 

generate a topographical heightmap to aid visualization of the pattern and orientation of 169 

choroidal folds (Figure 1). 170 

Bruch’s membrane root mean square surface roughness22 was measured in three adjacent 1x5 171 

mm rectangular regions of interest (ROI) on the vertical raster scan pattern (Figure 1C). To 172 

measure progression of macular choroidal folds toward the fovea, the first and second 173 

rectangular ROIs were located between the fovea and ONH (Figure 1C, Fovea – 2 mm and 174 

Fovea – 1 mm). The third ROI was centered on the fovea (Figure 1C, Fovea). One crewmember 175 

who developed macular choroidal folds in the right eye during spaceflight was scanned with a 176 

20° x 10° (6 x 3 mm) raster pattern which limited coverage to the Fovea – 1 mm and Fovea 177 

ROIs. In two crewmembers scanned with the 193-line 20° x 20° (6 x 6 mm) vertical raster 178 

pattern, a subset of 38 equally spaced lines of the 193 total lines were analyzed. Using the ONH 179 

radial scan pattern, the change in peripapillary Bruch’s membrane surface roughness was 180 

measured within the superior, temporal, nasal, and inferior quadrants of an annular region 181 

corresponding to BMO + 500 to 1000 µm (Figure 1D). 182 
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Surface roughness precision testing was performed on a separate cohort of novice astronauts 183 

with normal healthy retinas studied in Laurie et al.21 The statistical distribution of these measures 184 

was modeled with a Bayesian hierarchical model incorporating random effects for each source of 185 

variation (individual, session, analyzer, residual error) following previously published 186 

methodology used for precision analysis of TRT and choroidal thickness change.21 Under the 187 

assumption of a normal test-retest distribution, a change in surface roughness within a 188 

peripapillary or macular ROI of more than 2.8 or 2.3 µm respectively (two standard deviations) 189 

would have a less than 5% chance of being observed due to sampling error or normal 190 

physiological variability. Therefore, a change in surface roughness greater than these values 191 

would be considered evidence of new or progressed fold. 192 

RESULTS 193 

Six of 36 crewmembers demonstrated at least one type of fold during spaceflight (12 of 194 

72 study eyes, 17% incidence). Bilateral choroidal folds were identified in all six crewmembers. 195 

One of the six crewmembers presented with bilateral peripapillary and macular choroidal folds 196 

before the present spaceflight mission. Examples of choroidal folds, inner retinal folds, 197 

peripapillary wrinkles, and the distribution within this cohort are shown in Figure 2. There was 198 

no meaningful difference in age (P = .09), body mass index (P = .12), or mission duration (P = 199 

.11) between crewmembers that developed or did not develop folds (Table 1). Two of 36 200 

crewmembers, both within the folds group, were diagnosed with bilateral Frisén grade 1 optic 201 

disc edema based on fundus photography. Optic disc edema assessed by an increase in TRT ≥ 202 

19.4 µm21 was observed in 25 of 36 (69%) crewmembers or 42 of 72 study eyes (58%). The 203 

folds group demonstrated a greater change in global peripapillary TRT (P = .03) and 204 

circumpapillary RNFL thickness (P = .03) during spaceflight than those without folds (Table 1). 205 
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The increase in global choroid thickness that developed during weightlessness was not different 206 

between groups (P = .81). 207 

The prevalence of fold type observed in the subset of 42 spaceflight study eyes that 208 

demonstrated the earliest signs of optic disc edema (change in TRT ≥ 19.4 µm) was compared  to 209 

the prevalence of fold type reported in the IIH Treatment Trial10,20 (Figure 2D). One 210 

crewmember who developed bilateral choroidal folds during this spaceflight mission did not 211 

develop edema by any definition and was excluded from this comparison. Choroidal folds were 212 

most common in ISS crewmembers (24%) but were the least common fold type in IIH patients 213 

(10%).10 Conversely, inner retinal folds and peripapillary wrinkles were observed least often in 214 

ISS crewmembers (10% and 5%, respectively) but were the most common fold type observed in 215 

IIH patients (46% and 46%, respectively).10 Outer retinal folds were present in 20% of IIH 216 

patients20 but were not observed in ISS crewmembers. In the two crewmembers with Frisén 217 

grade 1 optic disc edema and chorioretinal folds, lumbar puncture (LP) opening pressure 218 

measured 22 cmH2O seven days postflight23 and 19.4 cmH2O nine days postflight respectively. 219 

Macular choroidal folds were observed in seven study eyes of four crewmembers during 220 

spaceflight. One of the four crewmembers demonstrated bilateral macular choroidal folds before 221 

the present mission, a finding that was attributed to previous long-duration spaceflight. In all 222 

seven eyes with macular choroidal folds, Bruch’s membrane surface roughness increased in the 223 

macular region as mission duration progressed (Figure 3). An increase in surface roughness at 224 

flight day (FD) 26 in the Fovea-2mm and Fovea-1mm region of interest preceded the increase in 225 

the Fovea sector between FD26 and FD63 in one eye from one crewmember (Figure 3: right eye, 226 

open square). One crewmember demonstrated a meaningful increase in surface roughness (+4.8 227 

µm) in the Fovea - 2mm sector of their right eye between FD160 and FD266 while there was no 228 
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change in the Fovea - 1mm and Fovea sectors (Figure 3: right eye, open triangle). The 229 

crewmember with pre-existing bilateral macular choroidal folds demonstrated a meaningful 230 

increase in surface roughness in the Fovea sector between FD28 and FD83 in both the right (+2.8 231 

µm) and left (+4.9 µm) eye (Figure 3: Fovea, circles). 232 

Peripapillary choroidal folds were observed bilaterally in all six crewmembers, though 233 

severity was variable between eyes within each crewmember (Figure 4, eFigure 1). In eight of 234 

twelve eyes with folds, peripapillary surface roughness increased during spaceflight within the 235 

nasal, superior, and inferior sectors, ranging from +2.8 to +13.4 µm, while minimal changes were 236 

observed in the temporal sector (Figure 4). In the right eye of one subject (Figure 4: open 237 

diamond), choroidal folds that began in the superior quadrant progressed to the temporal region 238 

after 120 days of spaceflight (+3.9 µm) and persisted for the remainder of the mission. 239 

DISCUSSION 240 

This report documents choroidal folds as the most common type of fold to develop during 241 

long-duration spaceflight in ISS crewmembers, occurring more than twice as frequently as 242 

retinal folds and peripapillary wrinkles. This finding contrasts with the distribution of fold types 243 

observed in IIH patients, suggesting the underlying mechanism(s) causing folds differs between 244 

these populations. Macular and peripapillary choroidal folds developed as early as FD26 and as 245 

late as FD266, and continued to worsen throughout 6-12 months of spaceflight. Progression of 246 

macular folds within the foveal region is of particular concern due to the potential to disrupt 247 

vision. 248 

Peripapillary TRT increased more in crewmembers with folds, suggesting magnitude of 249 

optic disc edema may be associated with development of folds or wrinkles. However, it remains 250 
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to be determined if edema is the primary contributing factor. In one crewmember, choroidal fold 251 

development without a meaningful increase in TRT may indicate involvement of other 252 

mechanisms, likely associated with the spaceflight-induced headward fluid shift and venous 253 

congestion. While choroidal engorgement may contribute to the development of folds, we 254 

observed a similar increase in choroid thickness in eyes with or without chorioretinal folds. In 255 

some eyes localized choroidal expansion coincided with structural changes in Bruch’s membrane 256 

layer (supplemental eFigure 2), but the association of these observations requires further 257 

investigation. 258 

Overlapping signs with IIH, including optic disc edema, chorioretinal folds, and globe 259 

flattening, led to the hypothesis that pathologically elevated ICP may have been the primary 260 

contributing factor to SANS.1 However, direct measurements of ICP during brief periods of 261 

weightlessness induced by parabolic flight24 and non-invasive estimates during spaceflight23 262 

suggest ICP does not reach levels observed in terrestrial pathologies such as IIH. In the initial 263 

report of eye changes after long-duration spaceflight,1 one of two crewmembers without folds 264 

had a LP opening pressure of 21 cmH2O at 19 days after return to Earth, while three of five with 265 

folds demonstrated pressures of 28, 28.5, and 22 cmH2O at 12, 57, and 66 days after return to 266 

Earth, respectively. In the current study two additional crewmembers with chorioretinal folds had 267 

a LP opening pressure of 2223 and 19.4 cmH2O at seven and nine days after return to Earth, 268 

respectively. Mild chronic elevation of ICP throughout long-duration spaceflight could be 269 

sufficient to contribute to the development of chorioretinal folds, but further investigation during 270 

spaceflight is needed to determine the role of ICP in individual SANS cases. 271 

If increased ICP were the primary factor influencing the development of chorioretinal 272 

folds in spaceflight, individuals with SANS and IIH might presumably have similar proportions 273 
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of each fold type. The reduced frequency of peripapillary wrinkle and retinal fold development 274 

in SANS compared to IIH could be explained by the relatively mild level of disc edema that 275 

develops in most individuals during spaceflight. However, peripapillary wrinkles and inner 276 

retinal folds are more common than choroidal folds in strict head-down tilt bed rest where the 277 

magnitude of optic disc edema is comparable to spaceflight.25 While folds in IIH may 278 

predominantly result from mechanical indentation due to elevated ICP,1,10 effects of the 279 

headward fluid shift and venous congestion associated with spaceflight may alter the loading 280 

conditions of ocular structures in SANS.23,26,27 Globe flattening at the ONH,28 decreased axial 281 

length and hyperopic shift,6 choroidal expansion,6,14 and interstitial edema26 may contribute to 282 

choroidal fold formation during spaceflight, although the magnitude of each individual 283 

contribution is unclear. 284 

Data collected before the development of SANS provides unique insights not typically 285 

afforded in terrestrial patients with folds. Surface roughness quantification provides the ability to 286 

detect development of choroidal folds and objectively measure their progression. Analyses 287 

presented here demonstrate choroidal fold development as early as 26 days in weightlessness and 288 

continued progression throughout mission durations up to one year in both peripapillary and 289 

macular regions. Fold pattern schematics (supplemental eFigure 1) indicate similar presentation 290 

of choroidal folds among crewmembers: concentric, circumpapillary folds in the superior, nasal, 291 

and/or inferior quadrants accompanied by horizontal linear choroidal folds extending from the 292 

temporal periphery of the optic nerve head into the macula. This pattern may reflect asymmetric 293 

shape deformation in SANS consistent with radial mechanical compression of Bruch’s 294 

membrane layer nasal, and tension temporal to the ONH. 295 
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Macular choroidal folds directly involved the fovea in six eyes from four crewmembers 296 

(supplemental eFigure1). Despite these structural changes, each of the four crewmembers 297 

demonstrated best corrected visual acuity of 20/15 or better with normal visual fields and Amsler 298 

grid findings within four days postflight. However, disruption of the foveal photoreceptor layer 299 

could pose a vision concern for future extended-duration missions. Choroidal folds have been 300 

reported to persist > 5 years postflight in some crewmembers1,4 and long-term effects on ocular 301 

health and vision remain to be fully explored. Bruch’s membrane surface roughness 302 

quantification could present an objective approach to predict a threshold of deformation past 303 

which folds do not fully resolve after return to Earth. 304 

 While most long-duration ISS crewmembers are affected by early signs of disc edema,6,29 305 

a smaller proportion develop chorioretinal folds (17% in this cohort). In this study, there was no 306 

consistent bias in development or progression of folds for the right or left eye, or in either sex. 307 

Individual anatomical differences, for example in choroidal anatomy, may play a role in the 308 

development of choroidal folds.1,8 Although two of the six crewmembers with folds documented 309 

in this report were novice fliers, cumulative effects of optic disc edema, choroidal expansion, and 310 

globe flattening across repeated long-duration spaceflight missions may alter mechanical 311 

properties of the ONH and retina and increase propensity for structural change. Quantitative 312 

monitoring of choroidal folds, retinal folds, and peripapillary wrinkles will help characterize 313 

vision risk on future exploration-class missions. 314 

LIMITATIONS 315 

While this study reflects the available evidence to date, the total number of subjects is small and 316 

requires future research to confirm these findings. Interpretation of the results presented could 317 

have been influenced by the orientation of available scans relative to the orientation of the folds 318 
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being measured; however, the number of scans used in this analysis should provide sufficient 319 

resolution to minimize this source of error.  320 

CONCLUSIONS 321 

We present a novel approach to objectively track choroidal fold development and demonstrate 322 

continued worsening of folds throughout spaceflight missions up to one year in duration. 323 

Differences in prevalence of fold types between SANS and IIH provides further evidence that 324 

elevated ICP is not likely the sole contributing factor to choroidal fold development during 325 

spaceflight. Quantitative measures provide a sensitive method for detecting and tracking folds 326 

over time and may highlight a vision concern for extended exploration missions. Future 327 

applications of the surface roughness metric should be considered to assess efficacy of SANS 328 

countermeasures. 329 
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TABLES 428 

Table 1. ISS Crewmember Demographics and Ocular Structural Changes. Crewmembers 429 
were assigned to the Folds group based on presence of peripapillary wrinkles (PPW), retinal 430 
folds (RF), or choroidal folds (CF) at any time during spaceflight. Crewmembers with no 431 
evidence of PPW, RF, or CF during spaceflight were assigned to the No Folds group. 432 
Generalized estimating equation models were used to derive marginal means and 95% 433 
confidence intervals (in brackets) for each group and difference between groups. Changes in total 434 
retinal thickness, retinal nerve fiber layer thickness, and choroid thickness were quantified as the 435 
difference between preflight (seated) and FD150, accounting for eyes nested within subjects and 436 
repeated measures over time. Two-sided P values are provided for each comparison between 437 
groups. The Benjamini-Hochberg adjusted P value is provided in parentheses when applicable. 438 
Because retinal nerve fiber layer thickness comprises a portion of total retinal thickness, these 439 
measures are not independent of each other. 440 

 
Group Difference 

between 
groups 

P Value 
No Folds Folds 

Number of 
Crewmembers 25M / 5F 4M / 2F   

Age 
[Years] 

46 
[44 – 48] 

50 
[46 – 54] 

4 
[-1 – 9] P = .09 

BMI 
[kg/m2] 

25.2 
[24.3 – 26.1] 

27.1 
[24.8 – 29.4] 

1.9 
[-0.5 – 4.4] P = .12 

Mission Duration 
[Days] 

182 
[161 – 202] 

228 
[174 – 282] 

46 
[-12 – 104] P = .11 

Change in TRT  
(BMO to 250 µm) 

[µm] 

25.8 
[19.7 – 32.0] 

80.4 
[33.3 – 127.5] 

54.6 
[7.1 – 102.1] 

P = .03 
(.045) 

Change in RNFL 
Thickness (Circle Scan) 

[µm] 

1.1 
[0.0 – 1.2] 

7.6 
[1.7 – 13.5] 

6.5 
[0.6 – 12.5] 

P = .03 
(.045) 

Change in Choroid 
Thickness (Circle Scan) 

[µm] 

32.9 
[25.2 – 40.6] 

30.5 
[11.2 – 49.7] 

-2.4 
[-23.2 – 18.3] 

P = .81 
(.81) 
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BMI, body mass index; TRT, total retinal thickness; BMO, Bruch’s membrane opening; RNFL, 441 
retinal nerve fiber layer thickness 442 

  443 
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FIGURE LEGENDS 444 
 445 

Figure 1 Quantification of Bruch’s Membrane Surface Roughness. Bruch’s membrane 446 
surface layer was used to visualize and quantify the development choroidal folds and their 447 
progression during spaceflight. Bruch’s membrane layer (red) and internal limiting membrane 448 
(blue) were manually segmented on OCT images from (A) the vertical block scan centered over 449 
the fovea and (B) the radial scan centered over the optic nerve head. Inner retinal folds (**), and 450 
choroidal folds (***) are marked on each transverse OCT image. The subtle retinal folds 451 
indicated in (A) are extensions of the prominent inner retinal folds observed in the same 452 
crewmember in Figure 2B. Bruch’s membrane surface layer colored heightmap was generated to 453 
better visualize the pattern and orientation of (C) macular and (D) peripapillary choroidal folds 454 
during spaceflight: teal represents no change while dark blue and yellow represent posterior and 455 
anterior displacement respectively. The change in Bruch’s membrane macular surface roughness 456 
was quantified within three adjacent 1x5 mm regions (C) to track the successive progression of 457 
choroidal folds spanning from the peripapillary region (C, Fovea – 2mm ROI) toward the fovea 458 
region (C, Fovea ROI) during spaceflight. Peripapillary surface roughness was calculated within 459 
the nasal, superior, temporal, and inferior quadrants of an elliptical region of interest within 500 460 
to 1000 µm of Bruch’s membrane opening (D). 461 

 462 

Figure 2 Distribution of Choroidal Folds, Retinal Folds, and Peripapillary Wrinkles in ISS 463 
Crewmembers. (A) Example OCT image indicating a region of peripapillary wrinkles (*). (B) 464 
Example OCT image indicating region of inner retinal folds (**) and choroidal folds (***). In 465 
both (A) and (B) the infrared image includes the OCT scan pattern location (green lines) with the 466 
bold line representing the OCT image to the right. (C) Of the 36 participants in this study, all 6 467 
individuals who presented with folds during spaceflight demonstrated bilateral choroidal folds. 468 
Within these 6 individuals, 8 eyes had only choroidal folds, 2 eyes had both choroidal folds and 469 
inner retinal folds, and 2 eyes had choroidal folds, inner retinal folds, and peripapillary wrinkles. 470 
(D) The prevalence of each fold type within ISS crewmember eyes demonstrating the earliest 471 
signs of optic disc edema (data presented here) differed from the prevalence of each fold type 472 
within IIH patient eyes demonstrating papilledema.10,21 Within the 42 eyes that showed signs of 473 
developing optic disc edema during spaceflight, 2 (5%) eyes had peripapillary wrinkles, 4 (10%) 474 
had inner retinal folds, and 10 (24%) had choroidal folds. As reported in Sibony et al., of 125 475 
study eyes with papilledema, 58 (46%) eyes had peripapillary wrinkles, 59 (47%) had inner 476 
retinal folds, 25 (20%) had outer retinal folds, and 13 (10%) had choroidal folds.10,20 477 

 478 

Figure 3 Progression of Macular Choroidal Folds in ISS Crewmembers During Spaceflight. 479 
Compared to preflight, macular Bruch’s membrane surface roughness increases with spaceflight 480 
duration in crewmembers with macular choroidal folds. Seven study eyes from four individual 481 
crewmembers demonstrated choroidal folds in the 3 macular regions of interest (see Figure 1C 482 
for locations) during spaceflight. Each individual crewmember is represented by a different 483 
symbol shape.  Open symbols represent data from the right eye and grey symbols represent data 484 
from the left eye.  A meaningful increase in surface roughness was determined when the change 485 
compared to preflight exceeded a 2.3 µm threshold (shaded region).  486 
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 487 

Figure 4 Progression of Peripapillary Choroidal Folds in ISS Crewmembers During 488 
Spaceflight. Peripapillary Bruch’s membrane surface roughness increased nasal, superior, and 489 
inferior to the optic nerve head, but not temporally. Average Bruch’s membrane surface 490 
roughness was quantified in an annular region circumscribing the ONH within 500 µm to 1000 491 
µm of Bruch’s membrane opening. Each individual crewmember is represented by a different 492 
symbol which are consistent across figures. Open symbols represent data from the right eye and 493 
shaded symbols represent data from the left eye. A meaningful increase in surface roughness was 494 
determined when the change compared to preflight exceeded a 2.8 µm threshold (shaded region).  495 


