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KEY POINTS

Question Does optic disc edema development during head-down tilt bed rest with elevated

carbon dioxide impact brain resting-state functional connectivity?

Findings A subset of participants developed optic disc edema during the head-down tilt bed
rest intervention with elevated ambient CO,. Participants who developed optic disc edema
exhibited a distinct pattern of resting-state functional connectivity changes within visual and
vestibular-related networks during the spaceflight analog compared to participants who did
not. Participants who developed optic disc edema exhibited different resting-state brain
activity prior to the spaceflight analog within a visual cortical network and within a large-scale

network of brain areas involved in multisensory integration.

Meaning Development of optic disc edema was associated with distinct patterns of brain

resting-state functional connectivity during and prior to the spaceflight analog.
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ABSTRACT

Importance Following long-duration missions onboard the International Space Station, some
astronauts develop ophthalmic abnormalities collectively referred to as Spaceflight Associated
Neuro-ocular Syndrome (SANS). Optic disc edema is a common sign of SANS. SANS presents
significant potential risk to astronaut health and performance; however, the origin and effects
of SANS are not understood as signs of SANS have not manifested in previous spaceflight

analog studies.

Objective To investigate whether development of optic disc edema during a spaceflight

analog impacts resting-state functional connectivity.

Design, Setting and Participants Eleven healthy volunteers participated in this 5£8-day

longitudinal study conducted at the :envihab facility at the German Aerospace Center.

Interventions or Exposures Baseline data were collected during a 14-day ambulatory phase in
standard ambient air. All participants then underwent a spaceflight analog intervention: 30
days of strict head-down tilt bed rest in elevated ambient carbon dioxide (HDBR+CO.,). The
elevated CO, level (0.5%) was matched to the hypercapnic environment of the International
Space Station. The intervention was followed by a 14-day ambulatory recovery phase in
standard ambient air. During the HDBR+CO, spaceflight analog, 5 participants developed optic
disc edema (SANS subgroup) and 6 did not (NoSANS group).

Main Outcomes and Measures Using functional magnetic resonance imaging (fMRI), we
acquired resting-state data at 6 time points throughout the study: before (2), during (2), and
after (2) the HDBR+CO, intervention. We assessed the time course of resting-state functional
connectivity changes from before, during, to after the HDBR+CO,, and contrasted longitudinal
changes between the SANS and NoSANS subgroups. We also assessed if the SANS and
NoSANS subgroups exhibited differential patterns of resting-state functional connectivity

prior to the HDBR+CO, intervention.
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Results The SANS and NoSANS subgroups exhibited differential patterns of resting-state
connectivity changes during the HDBR+CO, spaceflight analog within visual and vestibular-
related brain networks. We further found that the SANS and NoSANS subgroups exhibited
differential resting-state brain activity prior to the spaceflight analog within a visual cortical

network and within a large-scale network of brain areas involved in multisensory integration.

Conclusions and Relevance Subgroup differences in resting-state functional connectivity
changes may reflect differential patterns of visual and vestibular reweighting as optic disc
edema develops during the HDBR+CO, spaceflight analog. This finding suggests that SANS
impacts not only neuro-ocular structures, but also brain function. Future prospective
investigations incorporating sensory assessments are required to determine the functional

significance of the observed connectivity differences.
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INTRODUCTION

As NASA prepares for the first human mission to Mars, it is critical to understand how
spaceflight affects the brain and body. During long-duration missions onboard the
International Space Station (ISS), some astronauts develop ophthalmic abnormalities including
optic disc edema, choroidal folds, cotton wool spots, posterior globe flattening, distention of
the optic nerve sheath *>. These findings have been collectively termed Spaceflight Associated
Neuro-ocular Syndrome (SANS). The origin and effects of SANS are not understood, and
present significant potential risk to astronaut health and performance. Here we explored
whether the development of signs of SANS during a spaceflight analog is associated with
altered brain functional organization.

The effects of spaceflight are often studied using ground-based analogs, with head down-tilt
bed rest (HDBR) being one of the most widely used. Head-down tilt posture simulates several
effects of microgravity including headward fluid shift and axial body unloading. Headward fluid
shift is hypothesized to be a contributing factor of SANS *. Spaceflight alters cerebrospinal
fluid hydrodynamics °, and results in ventricular volume increases >/ which have been

7. However, until

associated with ocular globe deformation ® and visual acuity decreases
recently, signs of SANS have not manifested in any spaceflight analog °. Another potential
contributing factor to SANS development during spaceflight is the mild hypercapnic
environment of the ISS ® where CO, levels (0.5%) are approximately 10 times higher than on
Earth *°. In order to better replicate the ISS environment, NASA conducted the current study
employing 30 days of strict HDBR in 0.5% ambient CO, (HDBR+CO,). A subset of participants
developed optic disc edema -- a sign of SANS -- by the end of the intervention >****. These

11,12

ophthalmic findings have been described in detail elsewhere

The HDBR+CO, intervention used in the current study was thus the first spaceflight analog to
induce signs of SANS. This occurrence afforded us the unique opportunity to explore functional
brain differences between participants who developed optic disc edema (SANS subgroup)
during the spaceflight analog and those who did not (NoSANS subgroup). We show that the
SANS subgroup exhibited a distinct pattern of resting-state connectivity changes involving
visual and vestibular brain regions during the HDBR+CO, intervention. Recent work has shown
that genetic and B vitamin status are predictors of optic disc edema development during this
HDBR+CO, intervention ***, and during spaceflight **. In light of this, we further
investigated resting-state connectivity differences between the SANS and NoSANS subgroup
prior to bed rest. Indeed, the SANS and NoSANS subgroups exhibited differential resting-state
brain activity before bed rest within a visual cortical network and within a large-scale network
of brain areas involved in multisensory integration. While preliminary, these findings suggest


https://doi.org/10.1101/2020.09.09.289827
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.09.289827; this version posted September 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

that the development of optic disc edema during this spaceflight analog is associated with
functional brain reorganization.

METHODS

Participants

Eleven participants completed the study. Five participants developed optic disc edema by the
end of the HDBR+CO, intervention ("SANS subgroup”), and 6 did not (*"NoSANS subgroup”).
Participant demographics are presented in eTable 1. All participants provided written informed
consent to study protocols approved by the local medical association (Arztekammer
Nordrhein) and institutional review boards at The University of Florida and NASA Johnson
Space Center.

Study Design

The study design is shown in Figure 1A and has been detailed in the eMethods and elsewhere
** Baseline data collection (BDC) occurred during a 14-day ambulatory phase in standard (i.e.,
not hypercapnic) ambient air. Participants then underwent 30 days of strict 6° HDBR in 0.5%
CO, (HDBR+CO,). During the HDBR+CO, phase, participants remained in the head down tilt
position at all times and were not permitted to use a standard pillow. The bed rest intervention
was followed by a 14-day ambulatory recovery (R) phase in standard ambient air. See
eMethods for further details.

Resting-state fMRI scans were acquired at six time points: 13 and 7 days before bed rest (BDC-
13 and BDC-7, respectively), on days 7 and 29 of HDBR+CO, (HDT7 and HDT2g, respectively),
and 5 and 12 days post-bed rest (R5 and R12, respectively).

Using this same dataset, we have recently reported group-wise resting-state connectivity
changes throughout the HDBR+CO, intervention as well as brain-behavior relationships *°.
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Figure 1. Baseline data collection (BDC) was carried out during a 14-day ambulatory phase in standard
ambient air. Participants then underwent 30 days of strict 6° head-down tilt bed rest with 0.5% ambient
carbon dioxide (HDBR+CO,). The bed rest intervention was followed by a 14-day ambulatory recovery
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(R) phase in standard ambient air. Resting-state fMRI scans were acquired on BDC-13, BDC-7, HDT7,
HDT29, R5, R12.

Resting-state fMRI analyses

A detailed analysis description has been described in eMethods and elsewhere *°. Briefly,
image preprocessing in CONN followed a standard resting-state fMRI pipeline including slice
timing correction, motion correction, and segmentation into grey matter, white matter, and
CSF. Functional and anatomical images were then coregistered and normalized to MNI
standard space. To improve normalization of the cerebellum, the cerebellum was extracted
from each native space anatomical scan and preprocessed functional image using CERES ¥/,
coregistered, normalized to the SUIT cerebellum template **, and the functional image was
smoothed (see eMethods for details).

Denoising in CONN was performed in CONN using the ARTifact detection tool to detect
volumes where head movement was excessive, and using aCompCor to create nuisance
regressors modelling non-neuronal physiological noise™. Functional data were then band-pass

20,21

filtered between 0.008-0.09 Hz

Subject-level analyses

We used a hypothesis-driven approach to examine resting-state functional connectivity (FC)
between 14 regions of interest (ROIls) and the rest of the brain. Drawing upon previous
spaceflight and bed rest studies, we hypothesized that the two subgroups would exhibit
differential patterns of FC involving brain areas related to multisensory integration, visual and
sensorimotor processing, and regions within the default mode network *>*%. ROIs were 8mm
spheres centered on coordinates presented in eTable 1. For each resting-state run and each
ROI, FC was estimated by computing the correlation coefficient between the time series of the
ROI and that of every other voxel in the brain. An uncorrected voxel threshold was set at p <
0.001. Analyses used a cluster-size threshold of p < 0.05 (two-tailed), and were corrected for
multiple comparisons according to the FDR method. We also used a hypothesis-free voxel-to-
voxel analysis (see eMethods).

Subgroup Differences in Longitudinal Changes in Functional Connectivity

We first examined if the SANS and NoSANS subgroups exhibited differential patterns of FC
changes from before, during, to after the HDBR+CO, intervention. In our general linear model
(GLM), subgroup was used as a between-subjects factor and session was used as a within-
subjects factor (i.e. 6 time points). We created a within-subjects contrast model which was
informed by the time course of optic disc edema onset and recovery 3. Laurie and colleagues
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measured total retinal thickness in these same participants using optical coherence
tomography on days 1, 15, and 30 of HDBR and on the 6th and 13th day of the recovery phase.
The SANS subgroup showed a gradual increase in retinal thickness during HDBR+CO, which
was followed by a gradual post-bed rest decrease towards baseline values ®. Our longitudinal
analysis aimed to identify brain networks in which FC changes mirrored the time course of
optic disc edema onset and recovery. We thus used a within-subject contrast model which
identified brain areas in which FC was stable across the baseline phase (BDC-13, BDC-7) and
then showed a linear FC change throughout HDBR+CO,, followed by a gradual return towards
baseline in the subsequent recovery phase (eFigure 1). Participant age and sex were included in
the model as covariates.

Subgroup Differences in Functional Connectivity at Baseline

In light of recent work identifying genetic and biochemical predictors of optic edema
development in these same participants, we also tested if there were FC differences between
the SANS and NoSANS subgroups during the BDC phase. This analysis aimed to uncover
functional brain networks in which resting-state activity was predictive of which participants
would develop signs of SANS in the subsequent HDBR+CO, intervention. Our GLM for this
analysis included subgroup as a between-subjects factor and baseline sessions (i.e., BDC-13,
BDC-7) as a within-subjects factor. The within-subjects contrast modeled the average FC
across the 2 BDC sessions. Confounding variables included participant age and sex.

For each identified network, we assessed the reliability of FC values from BDC-13 to BDC-7 by
computing the intraclass correlation coefficient (ICC) for each unique ROI-cluster connection
(see eMethods).

RESULTS

Subgroup Differences in Longitudinal Changes in Functional Connectivity

Our hypothesis-based seed-to-voxel analyses revealed that the ROl in right posterior parietal
cortex (PPC) and clusters within bilateral insular cortices exhibited differential longitudinal
changes between the SANS and NoSANS subgroups (Figure 2A). The NoSANS subgroup
showed decreased FC between these regions during HDBR+CO, followed by a post-bed rest FC
increase. In contrast, the SANS subgroup showed the opposite pattern, increasing FC during
HDBR+CO, followed by a post-bed rest decrease.

Furthermore, the ROl in left PCC exhibited differential longitudinal changes with right V1
between the two subgroups (Figure 2B). The NoSANS subgroup showed a FC increase
between these regions during HDBR+CO, which decreased after bed rest whereas the SANS
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subgroup showed decreased FC between these regions during HDBR+CO, followed by a post-
bed rest reversal.
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Figure 2. Differential longitudinal FC changes between the SANS and NoSANS subgroups. A) The
NoSANS subgroup (gray squares) showed a FC decrease between the ROI in right posterior parietal
cortex (PPC) and clusters in bilateral insular cortices during HDBR+CO, followed by a post-bed rest
reversal. The SANS subgroup (triangles) exhibited FC increases between these regions during
HDBR+CO, followed by a post-bed rest decrease. B) The NoSANS subgroup (gray squares) showed a FC
increase between the ROl in left posterior cingulate cortex (PCC) and right primary visual cortex (V1)
during HDBR+CO, followed by a post-bed rest reversal. The SANS subgroup (triangles) exhibited a FC
decrease between these regions during HDBR+CO, followed by a post-bed rest increase. The dashed
line on each graph represents the hypothesized longitudinal model. Error bars represent standard error.
L, left; R, right; ROI, region of interest; FC, functional connectivity; SANS, spaceflight associated neuro-
ocular syndrome; HDBR+CO,, head down tilt bed rest with elevated CO.,.

Subgroup Differences in Functional Connectivity Before HDBR+CO,

We also identified two brain networks in which average FC across the baseline scan sessions
significantly differed between the SANS and NoSANS subgroups. The first network, shown in
Figure 3A, consisted of right primary visual cortex (V1) and higher order visual areas V3 and V4
within the left hemisphere. The NoSANS subgroup exhibited positive connectivity between
these visual brains areas at baseline. In contrast, the SANS subgroup exhibited lower FC or an
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anti-correlation (i.e., negative FC) between right V1 and left V3 and V4 relative to the NoSANS
subgroup (see eTable 4). The second network, identified using left insular cortex as a seed
region, encompassed left primary motor cortex (M), lateral occipital cortex (LOC), inferior and
middle temporal gyri (ITG/MTG), parahippocampal gyrus (PHG), and right cerebellar lobule 7b.
As shown in Figure 3B, the NoSANS subgroup exhibited FC within this network during the
baseline phase. The SANS subgroup exhibited lower FC or an anti-correlation (i.e., negative
FC) within this network during the baseline phase (see eTable 5).
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Figure 3. Pre-bed rest FC differences between the SANS and NoSANS subgroups. A) During the baseline
phase, the NoSANS subgroup (gray squares) exhibited FC between the ROl in right primary visual cortex (V1)
and visual areas V3 and V4 within the left hemisphere. The SANS subgroup exhibited an anti-correlation or
lower FC between visual brain areas prior to bed rest (colored triangles) prior to the HDBR+CO, intervention.
B) During the baseline phase, the NoSANS subgroup (gray squares) exhibited anti-correlations between the
ROI in left insular cortex and left primary motor cortex (M1), lateral occipital cortex (LOC), inferior and
middle temporal gyri (ITG/MTG), parahippocampal gyrus (PHG), precuneous/posterior cingulate cortex
(PCQ), and right cerebellar lobule 7b. The SANS subgroup (colored triangles) exhibited greater FC than the
NoSANS subgroup during the baseline phase. FC, functional connectivity; L, left; R, right; ROI, region of
interest; SANS, spaceflight associated neuro-ocular syndrome.
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For the networks presented in Figure 3, we computed ICCs to assess the test-retest reliability
of FC between BDC-13 and BDC-7 sessions (see eMethods). eTable 6 shows ICCs for each
unique ROI-cluster connection. For the network shown in Figure 3A, the ICC analysis yielded
substantial test-retest reliability. For the network shown in Figure 3B, ICC analyses yielded fair
(0.2-0.4) to almost perfect (>0.8) test-retest reliability across baseline sessions although
confidence intervals were large.

DISCUSSION

Subgroup Differences in Longitudinal Changes in Functional Connectivity
Here we show that the development of signs of SANS during a spaceflight analog is associated
with a distinct pattern of resting-state FC changes involving visual and vestibular brain regions.

During the HDBR+CO, intervention, the SANS subgroup exhibited an increase in FC between
PPC and the insular cortices which reversed post-bed rest. The NoSANS subgroup exhibited
the opposite pattern, showing FC decreases during HDBR+CO, which reversed following bed
rest. Posterior parietal cortex (PPC) is a region in which multisensory integration occurs,
combining inputs from the visual, somatosensory and auditory systems **. The insula is a
region within the vestibular system 3°, which uses multisensory integration for self-motion
perception, spatial orientation, gaze stabilization, and postural control **. During spaceflight
and HDBR, the vestibular system receives altered multimodal sensory cues and it is thought
that the brain adaptively reweights sensory inputs **3%. The brain increases the contribution of
reliable sensory inputs to performance while decreasing contributions of altered or unreliable
inputs *. The current results suggest differential patterns of vestibular reweighting during the
HDBR+CO, between the SANS and NoSANS subgroups. The SANS subgroup’s coupling
between PPC and the insula may reflect progressively increased weighting of vestibular inputs
during the spaceflight analog as signs of SANS develop. However, we did not find subgroup
differences in vestibular processing in response to pneumatic skull taps from pre- to post-
HDBR+CO, 3°. Future studies incorporating behavioral metrics of vestibular input reliance are
required to investigate the functional significance of this finding.

In addition, the SANS subgroup exhibited reduced FC between PCC and Vi during HDBR+CO,
and then recovered post-bed rest whereas the NoSANS subgroup exhibited FC increases
between these regions during HDBR+CO,. The posterior cingulate cortex (PCC) is a key region
within the default mode network. Although its function remains a topic of debate, recent
theories suggest that the PCCis involved in task-independent introspection and self-referential
processes ¥. Primary visual cortex (V1) is the first cortical stage of the visual system wherein
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low-level visual feature processing occurs 3%. We have recently provided evidence that the
SANS subgroup became increasingly visually dependent during HDBR+CO, while the NoSANS
subgroup became less so *. Performance on rod and frame tests during HDBR+CO, showed
that the SANS subgroup’s perception of verticality became increasingly affected by the tilt of
the visual frame. Moreover, the SANS subgroup exhibited better post-bed rest balance control
than the NoSANS subgroup during trials with the eyes open. These findings suggest that
participants who developed signs of SANS increased their reliance on visual input during the
HDBR+CO, intervention 3. While counterintuitive, the SANS subgroup’s increased visual
dependence and the identified FC decreases during the spaceflight analog may reflect
compensation in response to optic disc edema development.

Notably, recent research has demonstrated spaceflight-related functional connectivity
changes involving a subset of those regions identified by our longitudinal analyses, namely the
insula and posterior cingulate cortex. A case study of a single cosmonaut showed decreases in
intrinsic connectivity within the right insula and within PCC from pre- to post-flight *°.
Moreover, a task-based connectivity study showed post-flight connectivity increases between
the left and right insular cortices during plantar stimulation**. While it is unknown whether the
cosmonauts who participated in these studies developed SANS during spaceflight, these
studies have also provided evidence for vestibular cortex reorganization and multisensory
reweighting following spaceflight.

Subgroup Differences in Functional Connectivity Before HDBR+CO,
We also identified two functional networks in which FC during the baseline phase was
predictive of which participants would subsequently develop signs of SANS during HDBR+CO,.

Participants who exhibited higher FC between the ROl in right primary visual cortex (V1) and
left visual areas V3 and V4 during the baseline phase were less likely to develop signs of SANS
during HDBR+CO,. Participants who lacked this coupling between primary and higher order
visual areas during the baseline phase were more likely to develop signs of SANS during
HDBR+CO,. V1 processes low-level visual stimuli 3 while higher level visual processing
subserving visual recognition and visual attention are believed to occur within visual areas V3
and V4 *.

We further identified a functional network consisting of left insula, primary motor cortex,
lateral occipital cortex, inferior and middle temporal gyri, parahippocampal gyrus,
precuneous/posterior cingulate cortex, and right cerebellar lobule 7b. Participants who
exhibited greater decoupling between the insula and the other regions within the network
during the baseline phase were less likely to develop signs of SANS during HDBR+CO,. In

13


https://doi.org/10.1101/2020.09.09.289827
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.09.289827; this version posted September 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

contrast, participants who exhibited coupling among these regions during the baseline phase
were more likely to develop signs of SANS during HDBR+CO,. Many of the brain areas within
this network support cognitive functions including visual perception, visuospatial processing,

memory, and navigation *7°,

A genetic predisposition to optic disc edema development has been identified in the SANS

12,13

subgroup of this study as well as in astronauts who develop SANS *°. Low levels of B-
vitamins (Bg, B1,, and folate) and 1-carbon pathway risk alleles (linked to homocysteine levels)
predict optic disc edema during HDBR+CO, *** and spaceflight ***. In healthy older adults,
lower levels of vitamin B,, and high levels of homocysteine are associated with greater whole

brain #7 and cerebral white matter atrophy “°

, respectively. It is thus feasible that subgroup
differences in B vitamin levels and risk alleles in the current study * contribute to the
structural connectivity differences at baseline. As there exists a close correspondence between
brain structural connectivity and functional connectivity *°, it is possible that the observed pre-
bed rest FC differences may arise from subgroup differences in structural connectivity within
the identified networks. However, if this were the case, one would expect the SANS subgroup
to exhibit lower FC compared to the NoSANS group for both networks. Thus, future research is
required to further investigate the causes(s) of SANS, and whether or how these pre-bed rest

FC differences relate to the cause(s).

Limitations

The small sample size is a significant limitation of our work. This study was the first long-
duration bed rest study to implement strict HDBR and use a mild hypercapnic environment. As
such, we are unable to determine whether the development of optic disc edema was due to
elevated CO, levels, strict HDBR, or a combination thereof. Moreover, optic disc edema in the
SANS subgroup was more pronounced than typically seen in astronauts post-flight 3. In
addition, cases of SANS in astronauts typically include other ophthalmic changes including
globe flattening, choroidal folds, cotton wool spots, etc *. Thus it remains unclear how closely
the signs of SANS we observed here mimic those seen in astronauts.

Conclusions

Visual deterioration during long-duration spaceflight represents a significant potential risk to
human health and performance on current and future missions. Therefore, despite the
limitations noted above, these data have provided important insights into the underlying cause
of SANS™* and understanding the breadth of its effects. This is particularly the case given
that prior work has only related SANS to central nervous system structures, and not to
connectivity or activity.
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Here we have shown that the SANS and NoSANS subgroups exhibited differential resting-
state brain activity prior to the spaceflight analog within a visual cortical network and within a
large-scale network of brain areas involved in multisensory integration. We also showed that
the development of signs of SANS during the spaceflight analog is associated with differential
patterns of resting-state connectivity changes within visual and vestibular-related brain
networks. This finding suggests that SANS impacts not only neuro-ocular structures, but also
brain function.
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