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To develop an artificial intelligence (Al) model that predicts anti-vascular endothelial growth

factor (VEGF) agent-specific anatomical treatment outcomes in neovascular age-related macular
degeneration (AMD), thereby assisting clinicians in selecting the most suitable anti-VEGF agent

for each patient. This retrospective study included patients diagnosed with neovascular AMD who
received three loading injections of either ranibizumab or aflibercept. Training was performed using
optical coherence tomography (OCT) images with an attention generative adversarial network (GAN)
model. To test the performance of the Al model, the sensitivity and specificity to predict the presence
of retinal fluid after treatment were calculated for the Al model, an experienced (Examiner 1), and a
less experienced (Examiner 2) human examiners. A total of 1684 OCT images from 842 patients (419
treated with ranibizumab and 423 treated with aflibercept) were used as the training set. Testing was
performed using images from 98 patients. In patients treated with ranibizumab, the sensitivity and
specificity, respectively, were 0.615 and 0.667 for the Al model, 0.385 and 0.861 for Examiner 1, and
0.231 and 0.806 for Examiner 2. In patients treated with aflibercept, the sensitivity and specificity,
respectively, were 0.857 and 0.881 for the Al model, 0.429 and 0.976 for Examiner 1, and 0.429 and
0.857 for Examiner 2. In 18.5% of cases, the fluid status of synthetic posttreatment images differed
between ranibizumab and aflibercept. The Al model using GAN might predict anti-VEGF agent-specific
short-term treatment outcomes with relatively higher sensitivity than human examiners. Additionally,
there was a difference in the efficacy in fluid resolution between the anti-VEGF agents. These results
suggest the potential of Al in personalized medicine for patients with neovascular AMD.

Neovascular age-related macular degeneration (AMD) is a vision-threatening disorder that can lead to severe
visual loss'. With the acceleration of global aging, the prevalence of AMD is anticipated to increase as well?,
highlighting the importance of treatment for neovascular AMD in the future.

Anti-vascular endothelial growth factor (VEGF) therapy is currently a mainstay treatment for neovas-
cular AMD?. The first widely-used, Food and Drug Administration (FDA) approved anti-VEGF agent was
ranibizumab?, followed by aflibercept®. More recently, brolucizumab® and faricimab also gained FDA approval
to treat neovascular AMD. Although all FDA-approved anti-VEGF agents are effective in treating neovascular
AMD, the efficacy between different agents differs®*.
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In particular, the difference occasionally appears immediately after the initial loading injections''~'%. Since
the initial treatment outcome is closely associated with long-term prognosis'®, an appropriate anti-VEGF agent
should be selected for patients, which might lead to good initial treatment outcomes. Moreover, since anti-VEGF
agents are generally expensive'®, selecting one that can completely resolve retinal fluid in the initial treatment
may help reduce the patient’s financial burden. To date, accurate determination of the most suitable anti-VEGF
agent for patients is challenging.

Recently, several investigators focused on artificial intelligence (AI)-based prediction of treatment outcomes
in neovascular AMD'""2!. Although their Al models provided reliable outcomes, the potential difference in the
outcomes among the different anti-VEGF agents was not evaluated. Al-assisted personalized medicine is one
of the current major issues in the field of medicine?*?. In the treatment of neovascular AMD, the first step for
personalized medicine is to select the appropriate anti-VEGF agent for the patient. Predicting treatment outcomes
specific to anti-VEGF agents can be challenging for doctors. Moreover, to our knowledge, no prior studies have
focused on this particular topic. Therefore, it would be highly beneficial if AI could assist in this prediction. In
the treatment of neovascular AMD, optical coherence tomography (OCT) is widely utilized and is likely the
most important diagnostic tool in clinical practice. Therefore, predicting post-treatment OCT images may hold
significant value for clinical practice, as well as research purposes.

The present study aimed to establish an Al model using a generative adversarial network (GAN) to predict
short-term anatomical outcomes in neovascular AMD and to evaluate whether the model could differentiate
between the outcomes of ranibizumab and aflibercept.

Materials and methods

This retrospective observational study was conducted at a single center: Kim’s Eye Hospital, Seoul, South Korea.
The study was approved by the Institutional Review Board (IRB) of Kim’s Eye Hospital and was conducted in
accordance with the tenets of the Declaration of Helsinki. Owing to the retrospective nature of this study, the
need for informed consent was waived by Kim’s Eye Hospital IRB.

Study participants and treatment. This study included treatment-naive patients who were diagnosed
with type 3 macular neovascularization (MNV) between January 2013 and December 2018, and who were ini-
tially treated with three loading injections of an anti-VEGE The exclusion criteria were as follows: (1) less than
3 months of follow-up, (2) history of vitreoretinal surgery or glaucoma surgery, and (3) low OCT image quality,
such as severe noise hindering Al learning. When both eyes of the patients met the inclusion criteria, those with
prior symptoms were enrolled in the study.

At initial diagnosis, all patients underwent fluorescein angiography and OCT. All OCT scans were per-
formed using a Spectralis device (Heidelberg Engineering, Heidelberg, Germany). To obtain high-quality OCT
images and minimize noise, the Automatic Real Time-function (ART) technique was used; at least 80 scans
were averaged to generate each OCT image. All patients underwent three monthly injections of ranibizumab
(0.5 mg/0.05 mL of Lucentis; Genentech Inc., San Francisco, CA, USA) or aflibercept (2.0 mg/0.05 mL of Eylea;
Regeneron, Tarrytown, NY, USA). One month after the third injection, OCT was repeated.

Al model learning and image synthesis. Horizontal and vertical OCT crosshair scan images taken
before treatment and after the three loading injections were used for AI model learning. There was no other
special image processing for Al learning. The original images, initially sized 1000 x 1000 pixels, were resized to
256 % 256 pixels. To compensate for pixel-wise intensity differences between pre-therapeutic and post-therapeu-
tic images that might affect model training, registration was performed using the affine registration toolbox in
SimpleElastix.

The AttentionGAN algorithm was adopted in post-therapeutic OCT image synthesis**, where the AT model
focused on changes in the area of the foreground when producing post-therapeutic OCT images. The background
image was maintained. We constructed a model based on AttentionGAN to identify differences in treatment
outcomes according to different anti-VEGF agents (Fig. 1). The AI model did not separately identify or learn
pathologic findings such as subretinal fluid (SRF) or intraretinal fluid (IRF).

To synthesize post-OCT images according to the anti-VEGF agents, generative models were separately trained
for each anti-VEGF agent; it is suitable for tasks with high overlapping similarity between the input and output
images. The attention-guided generator computes the content, foreground, and background attention masks. A
content mask is an intermediate bridge for generating post-therapeutic OCT images. The foreground attention
mask defines the partial contribution of the content mask, and the background attention mask preserves the back-
ground of a given OCT image. The images generated through the content and foreground attention masks and
those through the background attention mask were fused. This makes the post-therapeutic OCT more realistic.
The generated post-treatment OCT images were used to train another attention generator to reconstruct pre-
treatment OCT images. The two discriminators were trained to classify whether the generated post-therapeutic
and reconstructed pre-therapeutic OCT images were real. With the cycle-consistency loss, the reconstructed
pre-therapeutic OCT and generated post-therapeutic OCT images were trained to be similar to each real image.

All experiments were performed using the PyTorch deep learning framework (ver. 1.12.0) in Python (ver.
3.7.4) (Python Software Foundation, Wilmington, DE, USA) using an NVIDIA Tesla V100 (NVIDIA, Santa
Clara, CA, USA). We applied the default hyperparameters used in a previous AttentionGAN study?®, except for
three convolutional layer filter sizes.

Comparison between the Al model and human retina specialists. Testing of the performance of
the AT model was planned using horizontal and vertical cross-hair OCT images from 100 patients (50 treated
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Figure 1. Overview of the proposed post-therapeutic optical coherence tomography image synthesis model.
Models are trained with a training set of each anti-vascular endothelial growth factor agent. For ranibizumab,
the model consists of two attention-guided generators, G-ranibizumab and F-ranibizumab. For aflibercept, the
model consists of G-aflibercept and F-aflibercept. Each generator aims to detect the discriminative pixel of the
image. After that, the input image, content mask, and attention mask are mixed to manufacture the synthesized
therapeutic image or reconstructed pre-therapeutic image. Moreover, the models are constrained by cycle-
consistency loss.

with ranibizumab and 50 with aflibercept) who were not included in the AI model training. Images obtained
before and after the three loading injections were analyzed. Among these, non-interpretable synthetic images of
poor quality were excluded. The performance of the AI model was compared with that of experienced (J H.K,;
Examiner 1) and less experienced (W.T.Y.; Examiner 2) retina specialists. Residual retinal fluid was considered
to be present when SRF or IRF was noted on either horizontal or vertical OCT images. The sensitivity, specificity,
and accuracy of predicting the presence of residual retinal fluid after treatment were calculated.

Additional analysis. The logarithm of minimal angle of resolution (logMAR) best-corrected visual acuity
(BCVA) and central retinal thickness (CRT) before and after, as well as the incidence of residual fluid after the
three loading injections was compared between the ranibizumab and the aflibercept groups. Data from patients
included in the testing set was used in this analysis.

Statistical analysis. Data are presented as the mean+standard deviation or number (percentage, %),
where applicable. Differences in characteristics between the training and testing sets were compared using an
independent sample t-test or chi-square test. The independent sample t-test and chi-square test were used for
the comparison between the ranibizumab and aflibercept groups. In these analyses, Statistical Package for Social
Sciences for Windows (version 21.0; IBM, Armonk, NY, USA) was used, and statistical significance was set at
p<0.05.

Results
A total of 1684 OCT images from 842 patients were included in the training set (Table 1).

The mean age was 70.2 + 8.4 years. A total of 419 (49.8%) patients were treated with ranibizumab and 423
(50.2%) with aflibercept. When comparing the training and testing sets, there was no difference in sex (p=0.318),
the anti-VEGF agent used (p=0.965), presence of SRF (p=0.423) or IRF (p=0.400) before treatment, and com-
plete fluid resolution after treatment (p =578). The patients included in the testing set were older than those
included in the training set (p=0.013).

Performance of the Al model in predicting post-treatment OCT images. Among the images
originally selected to evaluate the performance of the Al model in predicting post-treatment OCT images, those
obtained from two patients were excluded because the quality of the synthesized images was considered non-
interpretable. The performance of the AI model was tested based on images from 98 patients (49 treated with
ranibizumab and 49 with aflibercept) (Table 1).

Table 2 summarizes the sensitivity, specificity, and accuracy in predicting the presence of residual fluid after
treatment.

In general, the AT model showed a relatively higher sensitivity than the human examiners (Fig. 2).
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Characteristics Training set (n=842) | Testing set (n=98) | p-value
Age 70.17+8.4 72.41+8.8 0.013*
Sex 0.318"
Men 506 (60.1%) 64 (65.3%)

Women 336 (39.9%) 34 (34.7%)

Anti-VEGF agent 0.965"
Ranibizumab 419 (49.8%) 49 (50%)

Aflibercept 423 (50.2%) 49 (50%)

Retinal fluid compartment before treatment

Subretinal fluid 733 (87.1%) 87 (88.8%) 0.423"
Intraretinal fluid 294 (34.9%) 37 (37.8%) 0.4007
Complete fluid resolution after treatment 647 (76.8%) 79 (80.6%) 0.578"

Table 1. Characteristics of patients included in the training and testing sets. Data are presented as
mean * standard deviation or percentage (%), where applicable. VEGE, vascular endothelial growth factor.
*Independent sample t-test. "Chi-square test.

Characteristics ‘ Al model ‘ Examiner 1 | Examiner 2

Ranibizumab group (n=49)

Sensitivity 0.615 0.385 0.231
Specificity 0.667 0.861 0.806
Accuracy 0.653 0.735 0.653
Precision 0.400 0.500 0.300
Recall 0.615 0.385 0.231
Aflibercept group (n=49)

Sensitivity 0.857 0.429 0.429
Specificity 0.881 0.976 0.857
Accuracy 0.878 0.898 0.796
Precision 0.545 0.750 0.333
Recall 0.857 0.429 0.429
Retinal fluid compartment (n=98)*

Subretinal fluid N/A N/A

Sensitivity 0.500

Specificity 0.837

Accuracy 0.760

Precision 0.300

Recall 0.500

Intraretinal fluid N/A N/A

Sensitivity 0.455

Specificity 0.897

Accuracy 0.847

Precision 0.357

Recall 0.455

Table 2. Sensitivity, specificity, and accuracy of the artificial intelligence (AI) model and the examiners
in predicting the presence of residual retinal fluid after treatment. Data are presented as percentage (%).
*Evaluation of the retinal fluid compartment was performed only for the AI model. N/A, not applicable.

In patients treated with ranibizumab (n=49), the sensitivity and specificity, respectively, were 0.615 and 0.667
for the AI model, 0.385 and 0.861 for Examiner 1, and 0.231 and 0.806 for Examiner 2 (Fig. 3).

In patients treated with aflibercept (n=49), the sensitivity and specificity, respectively, were 0.857 and 0.881
for the Al model, 0.429 and 0.976, for Examiner 1, and 0.429 and 0.857, respectively, for Examiner 2 (Fig. 3). In
all 98 patients, the sensitivity and specificity of the AI model in predicting the presence of SRF after treatment
were 0.500 and 0.837, respectively (Fig. 4). The IRF values were 0.455 and 0.897, respectively (Fig. 4).

In 18 (18.4%) of 98 patients, there was a difference in the fluid status of the Al-predicted post-treatment
synthetic images between ranibizumab and aflibercept (Fig. 5).

More specifically, the remaining fluid was predicted on post-treatment synthetic OCT images after ranibi-
zumab treatment, but not after aflibercept treatment in these patients. Figure 6 shows the difference between the
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Figure 2. A representative case showing the difference in the prediction of post-treatment retinal fluid status
between human retina specialists and artificial intelligence (AI) models. Before treatment, both subretinal fluid
and intraretinal fluid (IRF) are noted on an optical coherence tomography image (A). Two human examiners
predicted the complete resolution of retinal fluid after aflibercept treatment, whereas the AI model predicted
the remaining IRF (B, synthetic image, dotted circle). Residual IRF is noted (dotted circle) as per the Al model
prediction on a real image obtained after aflibercept treatment (C).
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Figure 3. Comparison of the performance between the artificial intelligence model (AI), experienced human
examiner (E1), and less experienced human examiner (E2) in predicting residual retinal fluid after initial
treatment. In the ranibizumab group (A, n=49), the sensitivity and specificity of the AI model are noted to be
0.615 and 0.667, respectively. In the aflibercept group (B, n=49), the values are 0.857 and 0.881, respectively.
Overall, the AT model shows comparable or relatively superior sensitivity and specificity than the human
examiners.

heatmap images of ranibizumab and aflibercept treatments, suggesting a potential difference in the AI algorithm
in post-treatment image synthesis.

In comparison between the ranibizumab (n=49) and aflibercept (n=49) groups, there was no signifi-
cant difference in the BCVA before (0.79+0.55 vs. 0.66 +£0.39; p=0.170) and after (0.66 +0.57 vs. 0.47 +0.49;
p=0.086) the three loading injections. In addition, there was no difference in the CRT before (457.4 £158.1 vs.
469.7 +134.9; p=0.679) and after (298.2+140.2 vs. 291.8 +93.0; p=0.786) the three loading injections, or the
incidence of residual fluid after the injections (24.5% vs. 14.3%; p=0.201).

Discussion
To date, various AI methods have been used to predict the response of patients with neovascular AMD to anti-
VEGEF therapy. The two main arms of these studies were predicting post-treatment visual outcome!”'® and pre-
dicting post-treatment OCT features'*~*!. Rohm et al. attempted to predict visual acuity (VA) at 3 and 12 months
using machine learning'”. For the 3-month VA forecast, the difference between the prediction and ground truth
was between 5.5 and 9 letters of mean absolute error. More recently, Yeh et al. evaluated the accuracy of a novel
convolutional neural network in predicting 12-month visual outcomes in neovascular AMD'8. The accuracy
was reported to be 0.936.

Liu et al. predicted OCT images after anti-VEGF treatment for neovascular AMD using GAN™. In their
study, 92% of the synthetic OCT images were of sufficient quality for clinical interpretation. The accuracy of
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Figure 4. Performance of the artificial intelligence model in predicting residual subretinal fluid (A) and
intraretinal fluid (B) after three loading injections of either ranibizumab or aflibercept (n =98). The sensitivity
and specificity, are noted to be 0.500 and 0.837 for SRF and 0.455 and 0.897 for IR, respectively. The
performance of the human examiners was not evaluated in this analysis.

Figure 5. A representative case showing differences in the prediction of post-treatment retinal fluid status,
according to the type of anti-vascular endothelial growth factor agent. (A) Subretinal fluid (SRF) is noted on
the optical coherence tomography image obtained before treatment. Residual SRF is noted (arrowheads) on the
artificial intelligence (AI)-synthetic image after ranibizumab treatment (B), whereas the complete resolution of
retinal fluid is noted on the AI-synthetic image after aflibercept treatment (C). Complete resolution of retinal
fluid is noted on a real image after aflibercept treatment (D).

predicting the macular status as wet or dry was 0.85. Zhao et al. attempted to predict the short-term anti-VEGF
treatment responder/non-responder for neovascular AMD based on OCT images?'. They used a novel sensitive
structure-guided network, and the accuracy to predict the response was 84.6%. This accuracy was relatively better
than that of deep learning-based methods as well as that of experienced ophthalmologists®!. In the study by Lee
et al,, post-treatment OCT images were predicted using GAN. The accuracy was improved to 80.7-96.3% by the
addition of baseline fluorescein angiography and indocyanine green angiography images®.

The performance of the Al model in predicting post-treatment OCT images. In the present study,
the AI model was established based on AttentionGAN, which has the advantage of creating post-therapeutic
OCT images by concentrating the treatment area while maintaining the unchanging background. Additionally,
the cycle-consistency loss provided by AttentionGAN generates more realistic post-therapeutic OCT images.

In general, the AI model showed a relatively superior performance to the examiners in predicting post-
treatment fluid status. In particular, the sensitivity of the Al model was markedly higher than that of the exam-
iners, suggesting that the AI model performed well in predicting “presence of residual fluid” after treatment.
Contrastingly, the performance of the AI model was similar to or relatively lower than that of the experienced
human examiner in predicting “complete resolution of retinal fluid” after treatment.

Importance of predicting the difference in post-treatment OCT images between different
anti-VEGF agents in personalized medicine.  Similar to previous studies'*%!, we attempted to generate
post-treatment OCT images by using Al The novel aspect of the present study is that we focused on the differ-
ences in post-treatment fluid status between patients treated with different anti-VEGF agents. The selection of
an anti-VEGF agent is one of the key early steps in the treatment of neovascular AMD. One of the important
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Figure 6. A representative figure of heatmap images shows that the artificial intelligence model identifies
pathologic lesions of the retina. Additionally, there is a difference in heatmap images between ranibizumab and
aflibercept treatments.

factors predictive of long-term treatment outcomes is the fluid status after initial loading injections**~?”. More
specifically, patients exhibiting retinal fluid after initial loading injection were more likely to show poor long-
term visual outcomes®* and required more intensive long-term injections® than those not exhibiting. There-
fore, it is important to select an agent that will result in the complete resolution of the retinal fluid through the
initial loading injection.

Although both ranibizumab and aflibercept are effective, some differences in efficacy exist between the two.
More specifically, aflibercept showed slightly superior efficacy in terms of anatomical improvement. In polypoidal
choroidal vasculopathy, a higher rate of resolution of polypoidal lesions and greater decrease in retinal thickness
were observed after aflibercept therapy than that after ranibizumab therapy'>*®. Additionally, switching from
ranibizumab to aflibercept may be beneficial in some patients with refractory neovascular AMD?. These findings
suggest that aflibercept may be advantageous over ranibizumab in fluid resolution after initial loading injections.

However, aflibercept has several potential drawbacks. A part of the intravitreally injected anti-VEGF agent
enters the systemic circulation, resulting in a reduction in systemic VEGF levels®. It is well known that afliber-
cept induces a more profound reduction in systemic VEGF levels than ranibizumab™®. There is controversy as
to whether this difference actually leads to a clinically significant impact®'. However, several investigators have
raised concerns regarding the potential side effects of VEGF reduction, especially in elderly patients®>-*. In fact,
several studies have suggested some impact of this concern in clinical practice’>*®.

Personalized medicine refers to customized treatment for an individual patient based on the characteristics
of the patient and the disease. When considering safety in elderly patients with neovascular AMD, ranibizumab
may be prioritized as a treatment option for its favorable systemic risk profile. However, if ranibizumab treat-
ment is not expected to be sufficiently effective in a patient, aflibercept may also be considered. In making
such choices, it is necessary to involve as detailed a prediction as possible regarding the response to treatment.
Although several biomarkers associated with response to anti-VEGF therapy have been elucidated®’, there is no
established biomarker to predict the difference in efficacy between ranibizumab and aflibercept. We believe that
our Al algorithm may help predict the efficacy of the two agents and subsequently contribute to the selection of
appropriate anti-VEGF agents for patients.

Prediction of changes in each fluid compartment after treatment. Traditionally, the presence of
retinal fluid in neovascular AMD has been considered an indicator of disease activity. Thus, fluid resolution is
one of the primary targets of anti-VEGF therapy®. However, recent investigations have elucidated the different
influences of each fluid compartment on visual outcomes®. For example, IRF is consistently associated with an
unfavorable visual prognosis, unlike SRF*. Thus, each fluid compartment should be considered separately when
determining the treatment strategy.
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In the present study, we first attempted to predict the post-treatment status of each fluid compartment using
the AT algorithm. Consequently, the performance of the AT algorithm was similar in predicting the residual SRF
and IRF. We anticipate that further training of the algorithm using larger image sets will improve the performance
of the Al-based prediction of each fluid compartment status. Furthermore, if this improved Al algorithm can be
combined with automated detection of each retinal fluid compartment, it may contribute to the establishment
of a better Al-based patient follow-up system*'.

Utilization of post-treatment OCT image prediction in the application of newly introduced
agents. The Al-based prediction of post-treatment OCT images using pre-existing agents is also useful in
selecting candidates for administering newly introduced agents to treat neovascular AMD. Drug development
for neovascular AMD is ongoing. In 2019, a new VEGF-A blocking agent brolucizumab® was introduced. In
2022, faricimab’, which blocks VEGF-A and angiopoietin-2, was approved by the FDA. Currently, novel agents
that improve the treatment outcomes of neovascular AMD, such as OPT-302% and aflibercept 8.0 mg, are under
development.

Newly introduced agents usually show similar or even superior outcomes compared to pre-existing agents®’.
However, in some instances, unexpected adverse events may occur when using new agents*’. Thus, some doctors
may take a conservative approach to using new drugs if the effect of pre-existing drugs is considered sufficient
to treat the disease. However, if the effect of pre-existing drugs is not sufficient, utilizing a new drug would be
a useful treatment option. Currently, ranibizumab and aflibercept are the two most widely used FDA-approved
agents for treating neovascular AMD. Therefore, our algorithm, which can predict the responses of the two
agents, will be of great assistance in identifying appropriate candidates for new agents.

In the past, the primary focus of AI utilization in the field of ophthalmology was the recognition of abnormal
findings and diagnosis of diseases*%. AT has been increasingly applied in other fields of medicine such as personal-
ized medicine, including treatment selection and dose determination®>*. This trend is expected to be followed
in ophthalmology. We anticipate that our study will contribute to the development of Al-based personalized
medicine in ophthalmology.

The strength of the present study is that we first attempted to predict the difference in post-treatment OCT
images according to the type of anti-VEGF. Additionally, the ability of the Al algorithm to predict the changes
in each fluid compartment was analyzed. However, this study has several limitations. First, it was a retrospective
study performed at a single center. Second, only the short-term outcomes were evaluated. Third, because only
horizontal and vertical OCT scan images were used for analysis, the outcome might differ when using raster
scan images. Fourth, in the present study, 842 patients were included in the training set. Although this number
is relatively larger than that reported in previous neovascular AMD studies'®-%, it is still far smaller than the
population included in studies in other fields of medicine*. As neovascular AMD is not a prevalent disorder,
further multicenter studies are required to include a larger study population in order to improve the accuracy of
the AT model. Fifth, there was no special process to reduce the noise in the OCT images. Sixth, we used Atten-
tionGAN in our study; GAN models are often limited in their ability to handle complex translation tasks. In
addition, there are other available options, such as CycleGAN and spatial GAN. Further studies will be necessary
to find the optimal AI model for predicting anatomical treatment outcomes specific to each anti-VEGF agent.
Finally, all the patients were Korean.

In conclusion, the GAN-based AI model demonstrated comparable or even superior performance to that of
the human examiners in predicting anatomical treatment outcomes specific to each anti-VEGF agent. Although
the overall accuracy is currently limited, improvement is possible through learning with more data, image
enhancements such as noise control, and the implementation of AI models other than AttentionGAN.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request.

Received: 11 December 2022; Accepted: 27 March 2023
Published online: 06 April 2023

References

1. Bressler, S. B. et al. Natural course of choroidal neovascular membranes within the foveal avascular zone in senile macular degen-
eration. Am. J. Ophthalmol. 93, 157-163 (1982).

2. Wong, W. L. et al. Global prevalence of age-related macular degeneration and disease burden projection for 2020 and 2040: A
systematic review and meta-analysis. Lancet Glob. Health 2, €106-116 (2014).

3. Solomon, S. D,, Lindsley, K., Vedula, S. S., Krzystolik, M. G. & Hawkins, B. S. Anti-vascular endothelial growth factor for neovas-
cular age-related macular degeneration. Cochrane Database Syst. Rev. 3, CD005139 (2019).

4. Rosenfeld, P. ]. et al. Ranibizumab for neovascular age-related macular degeneration. N. Engl. J. Med. 355, 1419-1431 (2006).

5. Heier, J. S. et al. Intravitreal aflibercept (VEGF trap-eye) in wet age-related macular degeneration. Ophthalmology 119, 2537-2548
(2012).

6. Dugel, P. U. et al. HAWK and HARRIER: Phase 3, multicenter, randomized, double-masked trials of brolucizumab for neovascular
age-related macular degeneration. Ophthalmology 127, 72-84 (2020).

7. Heier, ]. S. et al. Efficacy, durability, and safety of intravitreal faricimab up to every 16 weeks for neovascular age-related macular
degeneration (TENAYA and LUCERNE): Two randomised, double-masked, phase 3, non-inferiority trials. Lancet 399, 729-740
(2022).

8. Mantel, L, Gillies, M. C. & Souied, E. H. Switching between ranibizumab and aflibercept for the treatment of neovascular age-
related macular degeneration. Surv. Ophthalmol. 63, 638-645 (2018).

Scientific Reports |

(2023) 13:5639 | https://doi.org/10.1038/s41598-023-32398-7 nature portfolio



www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.

16.
17.

18.
19.
20.

21.

22.
23.
24.
25.

26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
. Flaxel, C.J. et al. Age-related macular degeneration preferred practice pattern®. Ophthalmology 127, P1-P65 (2020).
39.

40.

41.
42.

43.
44.

45.
46.

. Heussen, E M., Shao, Q., Ouyang, Y., Joussen, A. M. & Muller, B. Clinical outcomes after switching treatment from intravitreal

ranibizumab to aflibercept in neovascular age-related macular degeneration. Graefes Arch. Clin. Exp. Ophthalmol. 252, 909-915
(2014).

Regillo, C. et al. Fluid control in neovascular age-related macular degeneration with brolucizumab: An analysis of the HAWK and
HARRIER phase 3 trials. Ophthalmologica 245, 403-412 (2022).

Kim, J. H,, Lee, T. G., Chang, Y. S., Kim, C. G. & Cho, S. W. Short-term choroidal thickness changes in patients treated with either
ranibizumab or aflibercept: A comparative study. Br. J. Ophthalmol. 100, 1634-1639 (2016).

Cho, H. J. et al. Intravitreal aflibercept and ranibizumab injections for polypoidal choroidal vasculopathy. Am. J. Ophthalmol. 165,
1-6 (2016).

Oishi, A. et al. One-year result of aflibercept treatment on age-related macular degeneration and predictive factors for visual
outcome. Am. J. Ophthalmol. 159(853-860), €851 (2015).

Huang, Z. et al. Short-term efficacy of conbercept and ranibizumab for polypoidal choroidal vasculopathy. Retina 39, 889-895
(2019).

Nguyen, V. et al. Projection of long-term visual acuity outcomes based on initial treatment response in neovascular age-related
macular degeneration. Ophthalmology 126, 64-74 (2019).

Gong, D. et al. Comparison of United States and international ophthalmic drug pricing. Ophthalmology 126, 1358-1365 (2019).
Rohm, M. et al. Predicting visual acuity by using machine learning in patients treated for neovascular age-related macular degen-
eration. Ophthalmology 125, 1028-1036 (2018).

Yeh, T. C. et al. Prediction of treatment outcome in neovascular age-related macular degeneration using a novel convolutional
neural network. Sci. Rep. 12, 5871 (2022).

Liu, Y. et al. Prediction of OCT images of short-term response to anti-VEGF treatment for neovascular age-related macular
degeneration using generative adversarial network. Br. J. Ophthalmol. 104, 1735-1740 (2020).

Lee, H., Kim, S., Kim, M. A., Chung, H. & Kim, H. C. Post-treatment prediction of optical coherence tomography using a condi-
tional generative adversarial network in age-related macular degeneration. Retina 41, 572-580 (2021).

Zhao, X. et al. Optical coherence tomography-based short-term effect prediction of anti-vascular endothelial growth factor treat-
ment in neovascular age-related macular degeneration using sensitive structure guided network. Graefes Arch. Clin. Exp. Oph-
thalmol. 259, 3261-3269 (2021).

Bhinder, B., Gilvary, C., Madhukar, N. S. & Elemento, O. Artificial intelligence in cancer research and precision medicine. Cancer
Discov. 11, 900-915 (2021).

Jill Hopkins, J., Keane, P. A. & Balaskas, K. Delivering personalized medicine in retinal care: From artificial intelligence algorithms
to clinical application. Curr. Opin. Ophthalmol. 31, 329-336 (2020).

Tang, H., Liu, H., Xu, D., Torr, P. H. S. & Sebe, N. AttentionGAN: Unpaired image-to-image translation using attention-guided
generative adversarial networks. IEEE Trans. Neural Netw. Learn. Syst. https://doi.org/10.1109/TNNLS.2021.3105725 (2021).
Kim, J. H. et al. A real-world study assessing the impact of retinal fluid on visual acuity outcomes in patients with neovascular
age-related macular degeneration in Korea. Sci. Rep. 12, 14166 (2022).

Ohji, M. et al. Relationship between retinal fluid and visual acuity in patients with exudative age-related macular degeneration
treated with intravitreal aflibercept using a treat-and-extend regimen: Subgroup and post-hoc analyses from the ALTAIR study.
Graefes Arch. Clin. Exp. Ophthalmol. 259, 3637-3647 (2021).

Jhaveri, C. et al. Early residual fluid-free status and long-term BCVA outcomes: A treatment agnostic, post hoc analysis of pooled
HAWK and HARRIER data. Am. J. Ophthalmol. 236, 12-19 (2022).

Yamamoto, A. et al. One-year results of intravitreal aflibercept for polypoidal choroidal vasculopathy. Ophthalmology 122, 1866—
1872 (2015).

Kawashima, Y. et al. Effects of aflibercept for ranibizumab-resistant neovascular age-related macular degeneration and polypoidal
choroidal vasculopathy. Graefes Arch. Clin. Exp. Ophthalmol. 253, 1471-1477 (2015).

Avery, R. L. et al. Systemic pharmacokinetics following intravitreal injections of ranibizumab, bevacizumab or aflibercept in patients
with neovascular AMD. Br. J. Ophthalmol. 98, 1636-1641 (2014).

Maloney, M. H. et al. Risk of systemic adverse events after intravitreal bevacizumab, ranibizumab, and aflibercept in routine clinical
practice. Ophthalmology 128, 417-424 (2021).

Avery, R. L. What is the evidence for systemic effects of intravitreal anti-VEGF agents, and should we be concerned?. Br. J. Oph-
thalmol. 98(Suppl 1), i7-10 (2014).

Lee, W. A. et al. Comparative risk of arterial thromboembolic events between aflibercept and ranibizumab in patients with macu-
lopathy: A population-based retrospective cohort study. BioDrugs 35, 579-588 (2021).

Ha, D., Choi, S. R., Kwon, Y., Park, H. H. & Shin, J. Y. Pattern of adverse events induced by aflibercept and ranibizumab: A nation-
wide spontaneous adverse event reporting database, 2007-2016. Medicine (Baltimore) 98, 16785 (2019).

Barthelmes, D., Nguyen, V., Walton, R., Gillies, M. C. & Daien, V. A pharmacoepidemiologic study of ranibizumab and aflibercept
use 2013-2016. The fight retinal blindness! Project. Graefes Arch. Clin. Exp. Ophthalmol. 256, 1839-1846 (2018).

Kim, J. H., Kim, J. W. & Kim, C. G. Investigation of the trend of selecting anti-vascular endothelial growth factor agents for the
initial treatment of neovascular age-related macular degeneration and polypoidal choroidal vasculopathy. J. Clin. Med. 10, 3580
(2021).

Bobadilla, M. et al. Biomarkers as predictive factors of anti-VEGF response. Biomedicines 10, 1003 (2022).

Chaudhary, V., Matonti, E, Zarranz-Ventura, J. & Stewart, M. W. Impact of fluid compartments on functional outcomes for patients
with neovascular age-related macular degeneration: A systematic literature review. Retina 42, 589-606 (2022).

Keenan, T. D. L., Chakravarthy, U., Loewenstein, A., Chew, E. Y. & Schmidt-Erfurth, U. Automated quantitative assessment of
retinal fluid volumes as important biomarkers in neovascular age-related macular degeneration. Am. J. Ophthalmol. 224, 267-281
(2021).

Potapenko, I. et al. Automated artificial intelligence-based system for clinical follow-up of patients with age-related macular
degeneration. Acta Ophthalmol. 100, 927-936 (2022).

Dugel, P. U. et al. Phase 1 study of OPT-302 inhibition of vascular endothelial growth factors C and D for neovascular age-related
macular degeneration. Ophthalmol. Retina 4, 250-263 (2020).

Rosenfeld, P. J. & Browning, D. J. Is this a 737 max moment for brolucizumab?. Am. J. Ophthalmol. 216, A7-A8 (2020).

Gulshan, V. et al. Development and validation of a deep learning algorithm for detection of diabetic retinopathy in retinal fundus
photographs. JAMA 316, 2402-2410 (2016).

Bhalla, S. & Lagana, A. Artificial intelligence for precision oncology. Adv. Exp. Med. Biol. 1361, 249-268 (2022).

Shreve, J. T., Khanani, S. A. & Haddad, T. C. Artificial intelligence in oncology: Current capabilities, future opportunities, and
ethical considerations. Am. Soc. Clin. Oncol. Educ. Book 42, 1-10 (2022).

Author contributions
Involved in conception and design (J.H.K.); acquisition of data (J.H.K., W.T.Y,, C.G.K., JW.K.); analysis and
interpretation (S.M., Y.L., J H., JH.K,, W.T.Y,, C.G.K, JW.K.); drafting the article (.M., Y.L,, J.H,, JH.K,, W.T.Y.);

Scientific Reports|  (2023) 13:5639 | https://doi.org/10.1038/s41598-023-32398-7 nature portfolio


https://doi.org/10.1109/TNNLS.2021.3105725

www.nature.com/scientificreports/

revising the article critically for important intellectual content (J. H. K.); and final approval of the article (S.M.,
Y.L, J.H, JHK, WTY, C.GK, JJWK.). S.M. and Y.L. contributed equally to this work and are considered
co-first authors.

Funding
This study was supported by Kim’s Eye Hospital Research Center.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.T.Y. or J.H.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:5639 | https://doi.org/10.1038/s41598-023-32398-7 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Prediction of anti-vascular endothelial growth factor agent-specific treatment outcomes in neovascular age-related macular degeneration using a generative adversarial network
	Materials and methods
	Study participants and treatment. 
	AI model learning and image synthesis. 
	Comparison between the AI model and human retina specialists. 
	Additional analysis. 
	Statistical analysis. 

	Results
	Performance of the AI model in predicting post-treatment OCT images. 

	Discussion
	The performance of the AI model in predicting post-treatment OCT images. 
	Importance of predicting the difference in post-treatment OCT images between different anti-VEGF agents in personalized medicine. 
	Prediction of changes in each fluid compartment after treatment. 
	Utilization of post-treatment OCT image prediction in the application of newly introduced agents. 

	References


