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Purpose: To provide an automated system for synthesizing fluorescein angiography (FA) images from color
fundus photographs for averting risks associated with fluorescein dye and extend its future application to
spaceflight associated neuro-ocular syndrome (SANS) detection in spaceflight where resources are limited.

Design: Development and validation of a novel conditional generative adversarial network (GAN) trained on
limited amount of FA and color fundus images with diabetic retinopathy and control cases.

Participants: Color fundus and FA paired images for unique patients were collected from a publicly available
study.

Methods: FA4SANS-GAN was trained to generate FA images from color fundus photographs using 2
multiscale generators coupled with 2 patch-GAN discriminators. Eight hundred fifty color fundus and FA images
were utilized for training by augmenting images from 17 unique patients. The model was evaluated on 56 fluo-
rescein images collected from 14 unique patients. In addition, it was compared with 3 other GAN architectures
trained on the same data set. Furthermore, we test the robustness of the models against acquisition noise and
retaining structural information when introduced to artificially created biological markers.

Main Outcome Measures: For GAN synthesis, metric Fréchet Inception Distance (FID) and Kernel Inception
Distance (KID). Also, two 1-sided tests (TOST) based on Welch’s t test for measuring statistical significance.

Results: On test FA images, mean FID for FA4SANS-GAN was 39.8 (standard deviation, 9.9), which is better
than GANgio model’s mean of 43.2 (standard deviation, 13.7), Pix2PixHD’s mean of 57.3 (standard deviation,
11.5) and Pix2Pix’s mean of 67.5 (standard deviation, 11.7). Similarly for KID, FA4SANS-GAN achieved mean of
0.00278 (standard deviation, 0.00167) which is better than other 3 model’s mean KID of 0.00303 (standard de-
viation, 0.00216), 0.00609 (standard deviation, 0.00238), 0.00784 (standard deviation, 0.00218). For TOST
measurement, FA4SANS-GAN was proven to be statistically significant versus GANgio (P ¼ 0.006); versus
Pix2PixHD (P < 0.00001); and versus Pix2Pix (P < 0.00001).

Conclusions: Our study has shown FA4SANS-GAN to be statistically significant for 2 GAN synthesis met-
rics. Moreover, it is robust against acquisition noise, and can retain clear biological markers compared with the
other 3 GAN architectures. This deployment of this model can be crucial in the International Space Station for
detecting SANS.
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in this article. Ophthalmology Science 2024;4:100493 ª 2024 by the American Academy of Ophthalmology. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Since the early space shuttle missions, astronauts have re-
ported subjective visual changes during spaceflight. These
initial anecdotal reports included decreased focusing ability
in the cabin and difficulty reading.1,2 These subjective visual
changes led to an objective, longitudinal, stepwise
investigation process that included preflight and postflight
ophthalmic imaging (e.g., OCT orbital ultrasound and
fundus photography. The initial description of neuro-
ocular findings after long-duration spaceflight (LDSF)
ª 2024 by the American Academy of Ophthalmology
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included unilateral and bilateral optic disc edema, posterior
globe flattening, choroidal folds, cotton wool spots, and
hyperopic refractive error shifts.3 These microgravity-
induced ophthalmic findings have been termed spaceflight
associated neuro-ocular syndrome (SANS).4e6 Even after
returning to Earth, LDSF astronauts have experienced
persistent refractive errors that can last for multiple years,4

and residual optic disc edema, globe flattening, and
choroidal folds have been observed in follow-up
1https://doi.org/10.1016/j.xops.2024.100493
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imaging.4,7 The National Aeronautics and Space
Administration has rated SANS with an elevated
likelihood and consequence ratio and a “red” risk,
indicating that it is a high priority based on the severity of
human health and mission performance.8 Thus, further
understanding and development of effective
countermeasures for SANS is required for future
spaceflight exploration.

Although the exact mechanism behind SANS is not well
understood, neuro-ophthalmic imaging modalities have
played an important role in defining SANS.9 The findings
from multimodal ocular imaging have evolved over time
and prompted substantive discussions on potential
countermeasures for SANS.3,4,10,11 Current in-flight ocular
imaging on the International Space Station (ISS) includes
OCT, fundus photography, and orbital ultrasound
(Fig 1).4,11 Postflight fluorescein angiography (FA) has also
been utilized to analyze choroidal folds in SANS.1

However, even terrestrial FA is technically difficult and
requires intravenous fluorescein dye administration, and
FA is not available onboard the ISS. Fluorescein
angiography is an invasive procedure that utilizes
fluorescent dye injected into the bloodstream to evaluate
the vasculature and ocular circulation in the retina and
choroid. Fluorescein angiography can also highlight optic
disc edema (leakage) and choroidal folds. Fluorescein
angiography has been used to characterize and stage
chorioretinal folds-related maculopathy.12e14

Although FA is not currently available on the ISS, deep
learning techniques with ophthalmic imaging have intro-
duced robust approaches to ophthalmic diseases.15 Deep
learning-based architectures have reached state-of-the-art
accuracy for recognizing various retinal diseases from
OCT and fundus photography.16e18 In 2014, Goodfellow
et al11 proposed the revolutionary deep learning technique
termed generative adversarial network (GAN),19

introducing a multitude of applications including synthetic
image generation. Since then, GANs have been utilized
for synthetic image generation from fundus and FA
images.20e22 This GAN-based application is particularly
useful in environments that do not have access to FA.
Furthermore, by incorporating the available imaging such as
OCT/fundus and functional visual assessments, including
visual acuity and contrast sensitivity, we believe that we can
eventually build a multimodal system that can become more
robust for automated diagnosis and prognosis of SANS.
This work is being completed concurrently with the devel-
opment of a multimodal, head-mounted visual assessment
system for rapid assessment of visual acuity, visual fields,
contrast sensitivity, Amsler grid, and other functional pa-
rameters during spaceflight.23e25

Generative adversarial networks may be the next pivotal
technology to further advance our understanding of SANS
and supplement our current imaging technology. In the
following sections, we introduce “FA4SANS-GAN,” a
novel GAN architecture to produce images of 1 modality
from another (fundus to FA) to further analyze SANS. We
elaborate the results of this deep learning framework and
discuss future directions with these advances. To our
knowledge, this is the first machine learning GAN-based
2

architecture to address the unique limitations in analyzing
microgravity-induced ophthalmic changes during
spaceflight.
Methods

GANs

Generative adversarial networks incorporate a min-max between 2
different architectures, Generator and Discriminator.20,21,26 The
primary task of the generator is to synthesize realistic images for
a new modality of images by learning representative features
from a different kind of modality of images. In contrast, the
discriminator’s task is to distinguish between the new modality’s
real and synthesized images. Generative adversarial network
architectures often incorporate multiple learning objective
functions to synthesize high-quality visual results and learn
discriminative features.

We illustrate such a GAN architecture in Figure 2, which takes
color fundus images as input and synthesizes FA images.
Combining a coarse-to-fine generator for image translation tasks
results in very high-quality images. For this reason, we use a coarse
generator Gc to extract and preserve global information, such as the
structures of the optic disc, brightness, contrast, and a fine gener-
ator Gf for synthesizing smooth FA from fundus images by
learning local information such as retinal venules, blood vessels,
hemorrhages, and aneurysm. The discriminator distinguishes be-
tween real and fake images by first taking both real fundus and FA
images and then real fundus and GAN-synthesized FA images. We
pair 2 discriminators, Dc and Df, with our coarse and fine gener-
ators. The generator comprises multiple convolutions, residual,
attention, down-sampling, up-sampling blocks, and a feature fusion
block between the fine and coarse generator. Contrarily, the
discriminator consists of residual and down-sampling blocks. The
convolution and residual layers are the main blocks for learning
representative features to translate between 2 modalities of images.
Additionally, the down-sampling blocks decrease the spatial size
and increase the depth of the learned features. On the other hand,
the up-sampling blocks increase spatial resolution and decrease the
features’ depths. The main reason is to compress the spatial in-
formation and expand the manifold features to propagate more
distinctive and representative features. The attention block is uti-
lized for retaining and propagating rich spatial information that
might be lost due to successive down-sampling and up-sampling
operations. The fine generator, Gf has an input dimension of
512 � 512 whereas the coarse generator Gc takes an image with
half the resolution, 256 � 256, and both architectures synthesize
FA images of the same size. The GAN architecture incorporates 4
learning objectives to extract and learn representative features, 2
for the generators and 2 for the discriminators. Both the generator
and discriminator utilize multihinge loss for playing min-max
game. This loss is given in equation (Eq. [1]). The generator also
employs a reconstruction loss given in Eq. (2) to compare between
real and synthesized FA images. Additionally, the discriminator
utilizes a feature-matching loss, where we insert real FA and
generated FA images along with real fundus images in 2 iterations
and compute L1-loss for the features of the intermediate layers.
This loss is given in Eq. (3).

L advðG;DÞ ¼ �Ex;y½ minð0;�1þDðx; yÞÞ�
� Ex½minð0;�1� ðDðx;GðxÞÞÞ� (1)

L reconðGÞ ¼ Ex;y kGðxÞ � y k2 (2)



Figure 1. OCT (A), orbital ultrasound (B), and fundus photography (C) on the International Space Station. Courtesy of the National Aeronautics and
Space Administration (NASA) Image and Video Library. Permissions: NASA Media Usage Guideline (https://www.nasa.gov/multimedia/guidelines/
index.html).
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In Eq. (1) the discriminators are first trained on the real fundus, x
and real FA image, y and then trained on the real fundus, x and fake
FA image, G(x). We start with training the discriminators for 4
iterations on random batches of images. Next, we train the
generator while keeping the weights of the discriminators frozen.
In Eq. (2), the reconstruction loss is calculated between a real FA,
y, and a generated FA, G(x). In Eq. (3), the feature-matching loss is
calculated between real fundus and FA image pairs (x,y) and real
and generated FA image pairs (x, G(x)). We can formulate our final
objective function in Eq. (4).

minG maxD L advðG;DÞþ lrecon½L reconðGÞ�
þ lfm

�
L fmðG;DnÞ

�
(4)

Here, l dictates we prioritize the generator over our discriminator.
For this we pick a large l value.
Human Subjects

We employ the fundus and FA pair provided in the Isfahan medical
image and signal processing data set20 for training. The data set
consists of 30 image pairs of diabetic retinopathy with 3
severities (mild, moderate, and severe nonproliferative diabetic
retinopathy) and 29 pairs of normal fundus and FA image pairs
collected from 59 patients. Deidentified data was provided by the
National Aeronautics and Space Administration. No ethics
committee approval was required since all data used were
deidentified.
Data Preprocessing

We select 17 pairs for training based on one-to-one alignment of
images. The images have a resolution of 576 � 720 pixels and the
images are in red, green, blue (fundus) and grayscale (FA) format.
We take 50 random crops of size 512 � 512 from each image and
augment to 850 images for training. For testing, we use 14 image
pairs and crop them into 4 quadrants to create 56 image pairs. The
detailed procedure is illustrated in Figure 3. We utilized Blur,
Sharpening, and Gaussian Noise insertion for the spatial
transformation. For radial transformation, we used Pinch and
Whirl. All transformations were carried out in GNU Image
Manipulation Program.27
Hyperparameters

We use least squares GAN loss function for training our GAN
model. We picked weight value of lrecon ¼ 10 (Eq. 2) and lfm ¼
10 (Eq. 3) for prioritizing the generator over the discriminator. For
optimizer, we used Adam with learning rate a ¼ 0.0002, b1 ¼ 0.5
and b2 ¼ 0.999. We train with batch size, b ¼ 4 for 100 epochs. It
took approximately 8 hours to train our model on an NVIDIA
Graphics Processing Unit A30 model.

Results

Image Synthesis Result for Spatial and Radial
Transformations

We evaluated our architecture to test its adaptability and
robustness to structural changes in the vascular patterns and
structure of the eye. In our current experiments, we do not have
access to in-flight SANS data, thus, we modeled the visual
transformations ourselves and applied them to terrestrial im-
ages. This, in turn, will help us evaluate ourmodel’s robustness
and adaptability. We visually evaluate both the original and
transformed synthesized images. The applied transformations
are: (1) blurring, to imitate out of focus fundoscopy or fundus
photography in the presence of severe cataracts; (2) high
contrast, to represent pupil dilation; (3) high peak signal-to-
noise ratio (PSNR), to represent sensor and periodic noise;
(4) radial distortion, representing the flattening of the retina
resulting in the pulled/pushed retinal structure; and (5) rota-
tional distortion, representing increased intraocular pressure.
As shown in Figure 4, the proposed architecture produces
images very similar to the ground truth under these global
changes applied to the fundus image. This experiment shows
the adaptability and reproducibility of the proposed network
to uncover the changes in vascular structure.

As illustrated in Figure 4, our models produce realistic
and convincing outputs. On the other hand, the visual
result for Pix2Pix produces distorted local structures due
to not learning the vascular information. Compared with
that, GANgio and Pix2PixHD also produce impressive
results. However, if we zoom in, we can see that the high
PSNR and high contrast transformations contain fewer
3
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Figure 2. Fundus-to-fluorescein angiography (FA) synthesis generative adversarial network architecture. The architecture comprises 4 separate sub-
architectures, 2 Generators and 2 Discriminators (for coarse and fine images). Each of the architectures comprises distinct building blocks, namely,
Convolution, Generator Residual, Discriminator Residual, Downsampling, Attention, and Upsampling. The coarse generator and discriminator takes image
of 256 � 256 resolution and fine generator and discriminators takes images of 512 � 512 resolution. The generators utilize reconstruction loss (equation [Eq]
2) and the discriminators utilize adversarial loss (Eq 1) and feature-matching (Eq 3) functions.
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blood vessels than ours. These models, when exposed to
radial and rotational distortions, also fail to generate rich
venules, exudates, and aneurysms.

Descriptive for Synthesized FA Images

For quantitative evaluation, we evaluated the performance
of the proposed method (FA4SANS-GAN) with that of 3
state-of-the-art techniques (GANgio,26 Pix2Pix,28 and
Pix2PixHD29) using Fréchet Inception Distance (FID)30

and Kernel Inception Distance (KID).31 We computed the
FID scores that were generated from the original
angiogram, and those generated from the distorted fundus
images by the 5 global and structural changes, i.e.,
blurring, high contrast manipulation, high PSNR, radial
distortions, and rotational distortions. The quantitative
results are illustrated in Tables 1 and 2. It should be noted
that lower FID and KID scores indicate better results.

As it can be observed from Tables 1 and 2, our proposed
method (FA4SANS-GAN) on average performs better
compared with the state-of-the-art in all but 1 case. Only
4

for blurred images, the GANgio (also introduced by our
team26) has a slightly lower FID score on average compared
with FA4SANS-GAN (Table 1).

Inferential Statistics for Synthesized FA Images

In the computer science and machine learning literature,
descriptive statistics are quite frequently used to demonstrate
how various machine learningmethods compare to each other.
Often times, many compared results are within a few per-
centage points of one another. As a result, comparisons drawn
from the average accuracies across the test data do not spe-
cifically describe the statistical effect sizes or establish the
statistical significance of the results. Although it might seem
that performing null hypothesis significant testing would solve
the issue, there are situations where this traditional approach
will result in inappropriate statistical conclusions.According to
Lakens,32 scientists should be able to provide support for both
the null and alternative hypotheses in conducting an
experiment. Traditional significance testing that is designed
to merely reject the null hypothesis, although widely used in



Figure 3. Random sliding window is utilized to take 512� 512 cropping from original image and then different data augmentation such as Blur, Sharpening,
Gaussian Noise, Whirl, and Pinch are used to further transform the image for training and testing.
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social sciences, does not specifically allow us to conclude that
meaningful effects are absent.32 Many studies, especially in
clinical therapeutic settings, are focusing on determining the
statistical superiority, equivalence, or noninferiority of newer
treatments compared with standard of care.33 Conducting
equivalence testing can be done simply by using two 1-sided
tests (TOST).34

In many machine learning applications, new architectures
are developed with the goal of improving the performance
compared with state of the art. However, when specialized
architectures and models are designed for specific applica-
tions, it is imperative to demonstrate that the new model is not
inferior to the state of the art in a formal manner and with
appropriate design. Therefore, we should consider the smallest
effect size of interest representing upper and lower equiva-
lence bounds (� DL; DUÞ. We then perform TOST on 2 null
hypotheses; H01 : D � �DL and H02 : D � DU .

32 If both are
rejected, we can conclude that the proposed method is
statistically equivalent to standard methods. The new
method could be tested to ensure it is not statistically
inferior to the state of the art by setting the upper
equivalence bound to N (when higher values are better). To
perform the TOST, first the siginificance bounds are
established as either a standardized difference such as
Cohen’s d or raw score differences.32 The TOST will be
performed on the observed data at an established
significance level (e.g., a < :05). This will result in
ð1� 2aÞ confidence intervals that can be analyzed to
conclude whether the compared methods are statistically
equivalent, 1 is superior, or at least noninferior. In
presenting the results, we could also include the significance
level of our findings along with the confidence interval values.

Figures 5 and 6 show the results of our equivalence/
noninferiority tests for comparing the FID and KID,
respectively, of FA4SANS-GAN with that of GANgio
(A), Pix2PixHD (B), and Pix2Pix (C). We have performed
the comparisons on generating images from the original data
(the bottom panel) and data transformed by blurring the
image, sharpening the image to increase contrast, adding
noise to increase the PSNR, and performing radial as well as
rotational distortions on the image. We consider a Cohen’s
d ¼ 0.4 as the smallest effect size of interest to establish the
upper and lower bounds of � d ¼ 5 for the TOST
procedures.

Looking at the overall performance section (the top
section of Figs 5 and 6) we can conclude that the proposed
FA4SANS-GAN is superior to all 3 traditional methods (A,
B, and C). The TOST procedure based on Welch’s t test
indicated that the observed effect size was significantly
within the superiority bounds of -N and 0 scale points for
(A) FA4SANS-GAN versus GANgio with
t(160.39) ¼ �4.98, P ¼ 0.006; (B) FA4SANS-GAN versus
Pix2PixHD with t(165.49) ¼ �8.76, P < 0.00001; and (C)
FA4SANS-GAN versus Pix2Pix with t(165.67) ¼ �14.49,
P < 0.00001. Similar observations were made with respect
to KID measurements.
Discussion

To our knowledge, this is the first utilization of a GAN
architecture to address the unique limitations in further
analyzing SANS during spaceflight. The results showcase
that our model is more robust for normal and transformed
FA images than other state-of-the-art generative adversarial
architectures. Moreover, for quantitative metrics for GAN
evaluations such as FID and KID, the generated images
preserve the vascular information accurately. Finally, our
statistical hypothesis testing confirms that FA4SANS-GAN
produces significantly better results compared with 3 state-
of-the-art models. These results demonstrate FA4SANS-
GAN’s robust ability to produce an unavailable, relevant
imaging modality on the ISS with current onboard modal-
ities to further understand SANS.

There are several pertinent considerations for this deep
learning technology in regard to our current understanding of
SANS. Terrestrially, chronic choroidal folds have been
observed to develop into a maculopathy termed chorioretinal
fold-related maculopathy.12,14 Fluorescein angiography has
been able to detect choroidal folds on Earth and following
5



Figure 4. Comparative comparison of fluorescein angiogram generated from normal and distorted fundus images with biological markers. FA ¼ fluorescein
angiography; GAN ¼ generative adversarial network; PSNR ¼ peak signal-to-noise ratio; SANS ¼ spaceflight associated neuro-ocular syndrome.
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injection the peaks are observed to become bright
(hyperfluorescent) while the troughs of choroidal folds
remain dark (hypofluorescent).13 Olsen et al12 classified
chorioretinal folds-related maculopathy into 3 stages with
FA by observing areas of hypofluorescence and leakage
areas. Occult choroidal neovascularizations were also
observed in this study12 and FA is a powerful tool to identify
choroidal neovascularization35 (e.g., neovascular age-related
macular degeneration).36

On prolonged exploration and future potential coloniza-
tion missions, astronauts (and space colonists) will face po-
tential ocular pathology from SANS but also the typical and
age-related ocular pathologies (e.g., age-related macular
degeneration). Thus, there may be a future need for GAN-
based architectures to supplement available imaging
6

modalities. In 2018, OCT angiography (OCTA) was intro-
duced to the ISS to allow for noninvasive posterior segment
vascular imaging. OCT angiography and FA have different
strengths in vascular imaging of the posterior segment,37 but
the invasive nature of FA makes OCTA an ideal choice for
spaceflight. This noninvasive, GAN-based approach with
fundus imaging addresses the invasive concerns of FA and in
conjunction with in-flight OCTA may be complementary for
assessing SANS. Future computational research is also being
conducted in multimodal registration of these 2 angiography
techniques to provide optimized angiographic analysis.38

This GAN-based approach for imaging synthesis of un-
available modalities on the ISS may also be applied to
magnetic resonance imaging (MRI). Postflight analysis MRI
has documented posterior globe flattening with high



Table 1. Quantitative FID Score Comparisons between Our Method and 3 State-of-the-Art on Images with Different Transformations

Image Transformation FA4SANS-GAN GANgio Pix2PixHD Pix2Pix

Original 39.8 (9.9) 43.2 (13.7) 57.3 (11.5) 67.5 (11.7)
High PSNR 48.9 (12.0) 55.6 (12.8) 66.2 (15.3) 63.8 (10.5)
Blurred 47.4 (10.8) 45.8 (11.8) 59.1 (11.6) 69.3 (12.2)
High contrast 41.1 (14.3) 49.3 (16.2) 63.0 (12.4) 64.9 (12.2)
Radial distortion 39.9 (12.0) 47.7 (16.0) 54.4 (11.5) 62.3 (12.5)
Rotational distortion 46.5 (10.0) 52.9 (13.9) 62.9 (10.7) 61.9 (8.7)

Results are reported as mðsÞ, where m is the mean and s is the standard deviation.
FA ¼ fluorescein angiography; FID ¼ Fréchet Inception Distance; GAN ¼ generativ adversarial network; PSNR ¼ peak signal-to-noise ratio; SANS ¼
spaceflight associated neuro-ocular syndrome.
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resolution and sensitivity;4 postflight MRI has also
documented upward brain shift in LDSF astronauts which
has served as a foundational finding for a hypothesis in
SANS pathogenesis.10,39 Postflight MRI has shown an
upward shift of the brain and optic chiasm in astronauts
after LDSF.40 Proposed by Shinojima et al,10 this upward
shift may pull the connected optic nerve rearward and
cause a restoration, anterior force of the dura of the optic
nerve sheath onto the posterior eye. This restoration force
would lead to the posterior globe flattening as seen in
SANS. To further understand this hypothesis,
quantification of the posterior globe flattening during
spaceflight with GAN-based synthetic MRI may allow for
better understanding of the effects of upward brain shift.
Various studies have successfully incorporated GAN ar-
chitectures with other imaging modalities for MRI image
reconstruction,41 magnetic resonance-to-positron emission
tomography image translation,40 and synthetic image
generation.42 Given the revolutionary applications
involving GANs in medical imaging, this deep learning
framework may be extended for translating and detecting
SANS-like conditions without MRI images in spaceflight.
Although orbital ultrasound can identify posterior globe
flattening, MRI provides higher resolution and has been
utilized to provide quantification of volumetric displacement
of the posterior globe after spaceflight.43,44 The severity of
these effects may be correlated with the duration of
spaceflight, which can be determined with quantifiable,
high-resolution images. Further understanding of whether
these mechanisms play a role in SANS pathogenesis will
Table 2. Quantitative KID score comparisons between Our Method

Image Transformation FA4SANS-GAN

Original 27.8 (16.7)
High PSNR 40.4 (19.5)
Blurred 31.6 (19.8)
High contrast 35.6 (19.5)
Radial distortion 37.5 (23.6)
Rotational distortion 41.9 (18.1)

Results are reported as mðsÞ, where m is the mean and s is the standard deviat
FA ¼ fluorescein angiography; GAN ¼ generativ adversarial network; KID ¼
spaceflight associated neuro-ocular syndrome.
likely help aid in the development and application of
effective countermeasures.

As SANS serves as one of the largest physiological bar-
riers to planetary spaceflight, clinical countermeasures have
been extensively studied and continue to be an area of
prioritized investigation. A notable clinical application of this
GAN technology is the ability to further evaluate vasculature
changes/SANS progression in-flight that can help guide
countermeasure titration and management.45 Various and
diverse SANS countermeasures have been investigated,
many that can be titrated accordingly to this technology in
conjunction with other in-flight modalities. It has been hy-
pothesized that certain single nucleotide polymorphisms in 1-
carbon metabolic pathways may lead to increased risk of
SANS.46,47 Zwart et al46 identified that increased number of
G alleles in methionine synthase reductase 66 (MTRR 66)
and C alleles serine hydroxymethyltransferase1 1420
(SHMT1 1420) led to increased odds of ophthalmic
changes during spaceflight, and when combined with lower
B-vitamin status (vitamin B2, B6, and B9), there is an
increased risk of deterioration of vision. It has been
investigated that B-vitamin status can modify
polymorphism effects in 1-carbon pathways.48 Thus, it has
been proposed that B-vitamin supplementation may serve
as an efficient, low-risk countermeasure for SANS47,49 and
it has been reported that plans are in development to test
B-vitamin supplementation on the ISS.47 Modulation of the
translaminar pressure gradient with goggles has also
emerged as a potential countermeasure for SANS.50 During
spaceflight, it is thought that there is a greater increase in
and 3 State-of-the-Art on Images with Different Transformations

GANgio Pix2PixHD Pix2Pix

30.3 (21.6) 61.0 (23.8) 67.5 (11.7)
41.6 (24.7) 61.0 (17.9) 69.3 (12.2)
40.9 (22.0) 70.0 (25.6) 64.9 (12.2)
47.0 (23.3) 61.7 (21.1) 62.3 (12.5)
46.7 (20.8) 73.5 (20.7) 61.9 (8.7)
53.7 (24.5) 81.0 (18.1) 63.8 (10.5)

ion
Kernal Inception Distance; PSNR ¼ peak signal-to-noise ratio; SANS ¼

7



Figure 5. Inferential statistics based on two 1-sample tests procedure to compare Fréchet Inception Distance equivalence, superiority, and noninferiority of
the proposed methods FA4SANS-GAN compared with GANgio (A), Pix2PixHD (B), and Pix2Pix (C). Results shown in the overall performance tab
shows that the proposed method is statistically superior to all 3 state-of-the-art, as the 90% confidence interval is not crossing the 0 mean difference
threshold, and the upper 90% confidence bound is lower than the upper equivalence bound (þd). FA ¼ fluorescein angiography; GAN ¼ generative
adversarial network; PSNR ¼ peak signal-to-noise ratio; SANS ¼ spaceflight associated neuro-ocular syndrome.
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intracranial pressure compared with intraocular pressure
leading to a negative translaminar pressure gradient
(TLPG) which may be a cause of SANS. Scott et al50

observed that application of goggles during a SANS
terrestrial analog led to an increase in TLPG, suggesting
that goggles may be utilized as a SANS countermeasure by
attenuating the negative TLPG shift during spaceflight.
Lower body negative pressure (LBNP) has also been an
area of high interest in SANS mitigation.51,52 This
countermeasure aims to reduce cephalad fluid shifts that are
observed in microgravity which have been proposed as a
contributory factor to SANS pathogenesis.52 Given that
LBNP has been utilized during spaceflight for other
physiological systems,53 this technique serves as a
relatively translatable countermeasure for SANS in-flight.
Hearon et al52 observed in a randomized crossover trial
that nightly LBNP at �20 mmHg attenuated the increase in
8

choroidal volume and area normally seen when subjects
laid supine. The authors suggested that nightly LBNP may
be an effective countermeasure for SANS. B-vitamin
supplementation, modulation of the TLPG with goggles,
and LBNP can all be titrated in dosage/length of
application accordingly. Thus, this GAN technology may
provide additional insights into the ocular vasculature and
SANS signs that can help determine whether additional
countermeasures and/or an increase in titration of a
countermeasure is necessary. Furthermore, this GAN
technology may help to further elucidate the effects of
specific countermeasures on ocular vasculature to further
understand SANS pathogenesis.

Before in-flight integration of FA4SANS-GAN, this ar-
chitecture will benefit from testing with a terrestrial analog
for SANS. Given the nature of spaceflight and the limited
number of astronauts, ground-based testing with available



Figure 6. Inferential statistics based on two 1-sample tests procedure to compare Kernal Inception Distance equivalence, superiority, and noninferiority of the
proposed method FA4SANS-GAN compared with GANgio (A), Pix2PixHD (B), and Pix2Pix (C). Results shown in the overall performance tab shows that
the proposed method is statistically superior to all 3 state-of-the-art, as the 90% confidence interval is not crossing the 0 mean difference threshold, and the
upper 90% confidence bound is lower than the upper equivalence bound (þd). FA ¼ fluorescein angiography; GAN ¼ generativ adversarial network; PSNR ¼
peak signal-to-noise ratio; SANS ¼ spaceflight associated neuro-ocular syndrome.
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ground-truth imaging modalities will be a valuable future
direction. Head-down tilt bed rest is a terrestrial analog that
mimics the cephalad fluid shifts during microgravity and has
become a promising analog for SANS.54 Sixty days of strict
head-down tilt bed rest has been observed to produce optic
disc edema and chorioretinal folds, signs of SANS.55 Thus,
testing this architecture on healthy subjects in head-down tilt
bed rest for extended of periods time will allow for further
understanding of this architecture’s application in
monitoring the development of pathological signs of
SANS.56,57 Additionally, this GAN architecture will likely
have terrestrial applications on Earth in underresourced
austere areas that do not have access to MRI or FA.58,59

By generating GAN-based synthetic images with cost
effective, less-invasive imaging modalities, individuals may
be able to have increased accessibility with synthetic mo-
dalities in the future.
One of the limitations of our study is the missing SANS
data for evaluating our model. By assessing the extrater-
restrial SANS data, we can further improve our GAN model
to accommodate changes needed to improve its image
synthesis pipeline. Additionally, patient-specific information
can also help synthesize FA images containing the pro-
gression of disease or degradation of macula over time. A
future direction is to conduct experiments with such meta-
information to extend our work further.

FA4SANS-GAN is a novel, first of its kind, machine
learning GAN architecture designed to address the unique
spaceflight challenges to further understand SANS. The
results from FA4SANS-GAN showed that our model
showcases an improved overall performance compared
with other state-of-the-art GAN architecture for FA syn-
thesis both quantitatively and qualitatively. Moreover, the
testing demonstrates the statistical significance of the
9



Ophthalmology Science Volume 4, Number 4, August 2024
results produced by our model and can robustly generate
useful and relevant imaging for SANS that is unavailable
on the ISS. This deep learning framework may help deepen
humanity’s understanding of this microgravity-induced
10
phenomenon and help to advance countermeasure devel-
opment for optimal human safety and performance for
spaceflight.
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