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Abstract

IMPORTANCE: Healthcare systems worldwide are challenged to provide adequate care for the 200 million
individuals with age-related macular degeneration (AMD). Artificial intelligence (Al) has the potential to make a
significant positive impact on the diagnosis and management of patients with AMD. However, the development of
effective Al devices for clinical care faces numerous considerations and challenges, a fact evidenced by a current
absence of FDA-approved Al devices for AMD.

OBJECTIVES: To delineate the state of Al for AMD including current data, standards, achievements, and challenges.

EVIDENCE Members of the Collaborative Community on Ophthalmic Imaging working group for Al in AMD
attended an inaugural meeting on September 7, 2020 to discuss the topic. Subsequently, they undertook a
comprehensive review of the medical literature relevant to the topic. Members engaged in meetings and
discussion through December 2021 to synthesize the information and arrive at consensus.

FINDINGS: Existing infrastructure for robust Al development for AMD includes several large, labeled datasets of
color fundus photography (CFP) and optical coherence tomography (OCT) images. However, image data often does
not contain meta-data necessary for the development of reliable, valid, and generalizable models. Data sharing for
AMD model development is made difficult by restrictions on data privacy and security, although potential solutions
are under investigation. Computing resources may be adequate for current applications, but knowledge of
machine learning (ML) development may be scarce in many clinical ophthalmology settings. Despite these
challenges, researchers have produced promising Al models for AMD for screening, diagnosis, prediction, and
monitoring. Future goals include defining benchmarks to facilitate regulatory authorization and subsequent real-
world generalization.

CONCLUSIONS AND RELEVANCE: Delivering an FDA-authorized, Al-based device for clinical care in AMD involves
numerous considerations including the identification of an appropriate clinical application, acquisition and curation
of a large, high-quality data set, development of the Al architecture, training and validation of the model, and
functional interactions between the model output and clinical end-user. The research efforts undertaken to date
represent starting points for the medical devices that will eventually benefit providers, healthcare systems, and
patients.



Age-related macular degeneration (AMD) is the leading cause of legal blindness in developed countries. As the
average age of the global population rises, AMD is an increasingly urgent matter of public health. However, the
specialized training necessary for the diagnosis and management of AMD challenges healthcare systems to deliver
appropriate care to the 200 million affected individuals worldwide *.

In the past decade, artificial intelligence (Al), particularly the subset of machine learning (ML) known as deep
learning (DL), has made significant advances that have the potential to transform clinical care for AMD.
Nevertheless, no Al-based medical device has yet been authorized for market distribution in the United States for
clinical management of AMD. Delivering a production-level Al-based software as a medical device (SaMD) for
clinical care involves numerous considerations including the identification of an appropriate clinical application,
acquisition and curation of a large, high-quality data set, development of the Al architecture, training and
validation of the model, and useful interactions between the model output and clinical end-user.

Recognizing the dearth of clinically impactful Al for AMD, the Collaborative Community on Ophthalmic Imaging
(CCOl) convened a working group to address the challenges facing the field. The CCOI is comprised of diverse
stakeholders including clinicians, patients, researchers, medical device manufacturers, not-for-profit organizations,
and government entities such as the US Food and Drug Administration (FDA) and the National Eye Institute.
Through ongoing dialog, the CCOI seeks to identify obstacles, best practices, strategies, and standards to
accelerate innovation in ophthalmic imaging that improves patient outcomes. This manuscript presents the
perspective of the CCOI working group on Al in AMD on how to navigate the path from patient data to an
authorized, Al-based SaMD.

Infrastructure

Effective Al is built on a foundation of robust, reliable data arising from appropriate infrastructure. Large
ophthalmic image data sets exist for the development of Al, but each has shortcomings. An ideal data set would be
large, diverse, representative, and well labeled. Efforts to achieve this through data-sharing are challenged by
issues of data privacy, but several solutions may mitigate these risks.

Data

Current Practices

To date, the majority of Al research in AMD has employed supervised learning, thus requiring large sets of labeled
data. Because AMD is a chorioretinal disease diagnosed by visible signs of pathology, research has predominantly
involved the two most prevalent modalities of posterior segment imaging, color fundus photography (CFP) and
optical coherence tomography (OCT) (Figure 1). CFP involves the acquisition of a two-dimensional image of the
fundus through the pupil by analog or digital photography. The longstanding use of CFP and its ability to capture
numerous anatomical structures within the posterior segment in a representation similar to a clinical fundoscopic
exam has resulted in its basis for many clinical standards in ophthalmology. Consequently, CFP is widely used
within eye care clinics, as well as some general medical practices and emergency rooms. The large number of CFP
images and devices make it an attractive modality for ML-based screening.

For example, one widely used data set in ML is derived from the Age-Related Eye Disease Study (AREDS), which
includes more than 120,000 cataract and fundus images from 4,757 participants from 11 clinical centers collected



annually over 10 years from 1992 to 20052. Although the AREDS image data represents a large, well-labeled
training set, it poses several issues in producing models that will generalize well to real-world clinical settings. First,
the data were collected 10-30 years ago using 30-degree fundus cameras with Kodachrome or similar film, rather
than the digital fundus photography equipment currently in use. Second, the data were acquired in a clinical trial
setting by highly trained personnel working under a uniform protocol, which may differ from the conditions in
which data are acquired during routine eye care in the community. Additionally, anti-VEGF therapy was not
available at the time of the study, resulting in differences in disease phenotypes. Finally, the ethnic and
socioeconomic makeup of the patient population enrolled in the trial does not fully represent the demographic
makeup of the United States or global populations.

The images from the subsequent AREDS2 are currently submitted to dbGaP (database for Genotype and
Phenotype) for public access®. AREDS2 enrolled 4203 participants who were followed from 2006 to 2012 for a
randomized trial of oral supplements. These participants had annual digitized color fundus photographs while a
subset had ocular images at year 10. A subset of AREDS2 participants also had fundus autofluorescence images
and ultra-widefield fundus photographs as well as spectral domain OCT in a longitudinal fashion during the clinical
trial. The AREDS2 images carry the same limitations as those of the AREDS images except that they are all original
digital images taken during the period in which anti-VEGF therapies were approved as the standard of care.

At more than 30 million imaging procedures per year in the US alone, OCT has also found widespread use in
ophthalmology offices and rapid access clinics*. This non-invasive imaging method uses near-infrared light to
acquire a series of two-dimensional cross-sectional images across several millimeters of the posterior pole. The
micrometer-resolution of the modality captures the major pathological characteristics of AMD including the retinal
fluid that is characteristic of neovascular AMD (nAMD). Consequently, OCT has also been instrumental in several
major clinical trials investigating anti-VEGF agents including HARBOR, which collected more than 50,000 OCTs from
its participants®. Notably, Kermany and colleagues have assembled a database of 109,000 OCT scans from eye
clinics in the US and China that are available for public use®.

Obstacles

A recent effort by Khan and colleagues to exhaustively identify publicly available ophthalmic imaging data sets
cataloged 18 data sets involving AMD patients including 11 CFP data sets with a median of 601 images and 7 OCT
data sets with a median of 3,231 images’. However, among these data sets, as well as 79 more representing
ophthalmic diseases other than AMD, there was a concerning dearth of metadata. Although every data set
reported the imaging modality, total number of images, and image format, and a majority reported country of
origin and acquisition device, fewer than 20% reported on demographic data including age, sex, or ethnicity.
Likewise, only 15% described the inclusion and exclusion criteria for the data. The absence of these metadata
increases the risk of poor model generalizability due to spectrum bias, differences such as disease prevalence
between the population in which a model was developed and the one to which it is applied.

Finally, although nearly two thirds of the data sets included diagnostic or feature labels, few specified the origin of
the labels. Among those that did report the source of the labels, the labelers included ophthalmologists,
researchers, optometrists, medical students, general medical doctors, and reading-center technicians. The process
for consensus and adjudication of labeling decisions was rarely disclosed. Since ground truth is of great importance
to the accurate training and testing of Al models, details about labeling are essential. Image data is often
insufficient for ML applications in the absence of image metadata, which as yet, most public data sets lack.



Strategies

The Digital Imaging and Communications in Medicine (DICOM) standard is a set of globally adopted specifications
for how image data and metadata are formatted and exchanged. In radiology, radiation oncology, and cardiology
imaging device manufacturers have a high degree of compliance with the DICOM standard. In addition to
improving patient access to data and interoperability for efficient continuity of care, the uniform data structure
has supported the rapid development of ML applications in these fields. DICOM has established specifications for
ophthalmic imaging devices, however, manufacturer compliance with the standards is low in ophthalmology. Thus,
different imaging devices will produce different digital representations of the same fundus?. Recently, the
American Academy of Ophthalmology along with the National Eye Institute called for ophthalmic device makers to
standardize their data formatting °. The adoption of these standards would ensure that pixel data, acquisition
information, patient information, demographics, and other essential data would be uniformly formatted for the
benefit of ML and other data analysis applications.

In addition to data standardization, it is also essential to carefully consider exclusion criteria of training and testing
data. Al models must be robust to the degree of quality and variation that they will encounter after real-world
deployment. Research endeavors that exclude a significant proportion of images due to quality or employ a data
set of only a few pathological classes without comorbidities are unlikely to perform adequately in a real-world
setting. Authors of the CONSORT-AI extension guidelines recommend that clinical trial investigators offer a
rigorous explanation for the exclusion of participants and data 1% 1%,

Data sharing and data security
Current Practices

Al development efforts for AMD have employed data sets ranging from hundreds to hundreds of thousands of
images. These figures are modest in comparison to the data used for general image analysis applications, which
often extend into the tens or hundreds of millions of images. Although few ophthalmic researchers are able to
obtain such numbers of images within their individual institutions, collaboration across healthcare systems has the
potential to achieve data on this scale. Each year, tens of millions of OCT and CFP images are acquired and labeled
yet remain siloed in individual healthcare systems. Often, the data are made nearly inaccessible because of
administrative and paperwork barriers, even to researchers affiliated with the healthcare system, let alone to
those outside it.

Some efforts at data sharing are under way. The UK National Health Service, which captures 25 million ophthalmic
images each year, has created the INSIGHT Health Data Research Hub for Eye Health to facilitate data-sharing with
research partners®?. A key aspect of the organization is the involvement of the public, patients, clinicians, and
other stakeholders in a data trust advisory board to determine by whom and how the data may be used. The board
determines the purpose, value, and public benefit of data sharing and considers the ‘five safes framework’ of data
storage and access. The advisory board will publish as much information as possible including the intended aims of
the partners, except where there are competitive or other sensitive interests, for public accountability.

When multiple healthcare systems are each contributing data, the partners must verify that the clinical and data-
collection protocols are uniform. This includes having agreed clinical definitions for diagnoses, disease stages, and
pathologic features, standardized clinical metadata, and consistent procedures for labeling. Image reading centers



or a centralized coordinating center similar to those found in multi-center clinical trials may be useful to
maintaining uniform collection and treatment of the data.

Obstacles

Nevertheless, data across institutions may widely vary. One major challenge to uniform data is the pervasive
unreliability of electronic health record documentation. A recent study by Henriksen found that 45-75% of all text
in a patient note is copied into the document®3. Documentation styles and patterns may differ between individual
providers and across institutions. This may not only make extraction of clinical labels and other metadata
challenging by natural language processing of electronic health record, but may even mean that no valid metadata
exists for extraction even if reviewed by a human expert. Since the issue arises from the idiosyncratic
documentation habits of individuals, a solution would likely require a major behavioral change across providers.
Finally, as mentioned previously, in the absence of DICOM compliance different institutions or even different
clinics within an institution may not share image standards.

The sharing of data across institutions also brings up issues of data security and ownership. This is made
additionally challenging due to evolving definitions of biometric data as protected health information under HIPAA
guidelines, recommendations by the National Institute of Standards and Technology, and institutional policies
within individual healthcare systems. Moreover, an additional challenge in the US is a state-by-state treatment of
health data ownership, including many states without any applicable law.

Strategies

Several possible technological approaches to minimizing data-sharing risk have been proposed. First, institutions
could contribute to a ‘data mart’, a secure, cloud-based server that can be accessed by partners through a virtual
private cloud. The user’s code base would be transferred to the server and the result of the analysis transferred
back, without any distribution of raw data from the data mart. Verana Health has established a similar computing
backend for partners accessing deidentified tabular clinical data derived from the IRIS Registry4.

Two additional options include transfer learning and federated learning. In transfer learning, a ML model is trained
with a large data set to establish general network parameters, before the model is transferred to a local machine
where the training is refined with data more representative of the anticipated distribution. Similarly, in a federated
learning paradigm, an Al model is sequentially trained on several local databases, transferring the model but not
the data. Mehta and colleagues, for example, trained a modified U-Net autoencoder to perform semantic
segmentation of intraretinal fluid using 1289 OCT scans with sparse manual segmentation. Although the resulting
model performed the task with high accuracy on a test set of images acquired at the same institution with the
same type of device, it performed poorly on an independent data set from a second university medical center
acquired on a different device. However, after the model underwent a brief period of retraining using 400
annotated images from the second clinical site using the compute of a single desktop processor, the accuracy of
the model’s segmentation output showed no statistically significant difference to the performance of retinal
specialists?®.

Finally, a third approach to addressing data security is to share derived data rather than raw data. As one example,
a DL network from DeFauw and colleagues generated exhaustive semantic segmentation maps from OCT images
that were, in turn, used to train a second DL model to triage AMD. The group found that the performance of the
triage model did not improve when trained with the raw image data, compared to the segmentation maps. This



data representation has the added benefit of enhancing a clinician’s ability to interpret the model’s output®®.
Synthetic data produced by generative algorithms may also offer valid, deidentified training data, although its use
in regulated devices currently lacks FDA guidance®” 18,

Although health data privacy and security are areas of active discussion, one guiding principle is transparency.
Patients should be informed of how their data is being used and by whom. Although obtaining verbal or written
consent from every patient in a retrospective database may be infeasible, patients seen prospectively should have
a mechanism for opting out of non-clinical use of their data. The UK NHS already makes such a service available to
all of its patients?®. Ultimately, though no system can be completely secure, the risk of a data breach must be
balanced against the public health cost of failing to utilize available data. Therefore, the paperwork and committee
approval required of researchers to access data should be reduced to the minimum needed to provide rapid,
ethical decision-making.

Compute
Current Practices

With a data set in hand, one must next consider the compute and human resources needed to turn it into a
clinically meaningful model. Although state-of-the-art models outside of healthcare run by commercial enterprises
have trained models with up to 1.6 trillion parameters, ML models in AMD have shown sufficient accuracy with a
fraction of the complexity?. Many efforts have been undertaken with a scientific computing workstation or even
consumer-grade desktop computers. With the availability of cloud-computing services from Amazon, Google, and
Microsoft, among others, applying significant compute to ML problems may be within the budget of well-
resourced academic departments and research grants.

Obstacles

Although some ophthalmologists have the technical knowledge to develop Al models, computer science and
machine learning expertise remains, in general, a scarce resource within ophthalmology. Researchers within
academic ophthalmology departments who possess domain knowledge but lack the technical knowledge to
develop ML algorithms for scientific research may look to their local computer science department for masters and
doctoral students who are interested in joining a project.

Strategies

AutoML tools available from several major technology companies may offer one solution to accelerate the
development of clinical Al models. AutoML allows a clinician with a data set to train a DL model without any coding
knowledge. Although there is no regulatory precedent for FDA clearance of a device based upon an AutoML-
generated model, it nevertheless offers a way for domain experts to rapidly experiment with DL before additional
resources are put toward development. Several studies have demonstrated the ability of AutoML platforms to
produce accurate models for ophthalmic data?! 22 23, There have also been recent calls to provide more physicians
with computer programming skills, although, if action is taken, a labor pool will likely not be manifest for several
years?,

Best Practices for Data Collection



ImageNet, a set of 14 million photographs labeled across 20,000 nested categories, was critical to the
development of commercial applications in computer vision for both training and benchmarking. No similar data
set yet exists in ophthalmology, let alone for AMD. What would a data set that catalyzed the development of Al for
AMD look like?

The ideal data set for AMD would be large, on the order of ten million images from a million or more patients, and
across a year or more of clinical encounters. Although low-shot learning aspires to train ML models with a fraction
of the training examples, as yet it has not been demonstrated to yield the accuracy needed for the healthcare
setting. Additionally, although few models have incorporated time series data, it is expected that it would improve
model accuracy compared to a prediction from a single time point. The data would contain paired right and left
eyes, since findings in one eye are often informative of the state of the fellow eye. The data would be acquired
across multiple geographic regions with demographically diverse patient populations (age, sex, race, ethnicity,
socioeconomic status, etc.) and in multiple practice settings including community hospitals, academic medical
centers, private ophthalmology and optometry practices, primary care clinics, and emergency rooms. The data
would be well-labeled by a validated process using standard disease definitions. Additional metadata would be
uniformly attached to each image including demographic information, clinical data, and device information. In
order to analyze response to treatment and other longitudinal trends, the metadata should contain the date of the
encounter, treatment information, and a unique patient identifier to track patients across time and to prevent
train-test leakage. The data set would be freely accessible, and transparent with clearly enumerated inclusion and
exclusion criteria. The size and diverse sources of the data set would minimize the potential for patient
reidentification through metadata. Patients would be aware of their data’s inclusion in the database and would be
able to opt out of usage.

The data would ideally come from OCT, CFP, or both, since the technologies are sufficiently mature as well as
prevalent (Figure 1). The OCT data would preferably be three-dimensional, in order to preserve information about
neighboring sections and acquired by a standard imaging protocol (6 mm x 6 mm 25-line raster scan). Since the
predominant findings of AMD are concentrated in the posterior pole, standard 50-degree CFP would likely be
sufficient and thus a data set could be comprised of images from traditional fundus cameras as well as cropped
and scaled widefield devices.

Other less common imaging modalities are likely to be useful for certain applications in AMD or to establish a
reliable ground truth. Fundus autofluorescence was traditionally used to track the progression of geographic
atrophy (GA), though increasingly OCT offers higher resolution of the retinal pigment epithelium (RPE). Fluorescein
angiography, ICG angiography, OCT angiography, and near-infrared reflectance all produce complex data that
many comprehensive ophthalmologists and optometrists are not well trained to interpret and therefore could be
democratized by assistive or autonomous Al. If home-use OCT is authorized by the FDA and becomes widely
adopted for AMD monitoring, Al would be invaluable for analyzing the large data volume that it produces [Keenan
et al, in review].

Finally, although the foregoing discussion of data describes the ideal data set for model training and testing,
further validation would ideally arise from prospective collection and analysis of patient data rather than only
retrospective analysis. Like other clinical trials, such studies would benefit from masked randomization and patient
enrollment through consortia of multiple hospitals.

Clinical applications
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Several key events in the clinical course of AMD would benefit from the application of ML and Al methods, namely
screening, diagnosis, prediction, and monitoring (Figure 2). To date, researchers have applied ML to each of these
key clinical stages.

Screening

Fundus photography

The first step in the initiation of eye care for AMD is the identification of individuals with the condition. A shortage
of ophthalmologists has resulted in many adults receiving routine eye care by non-ophthalmologists, who lack
advanced training in the diagnosis and management of AMD. Even among primary eye care providers like
optometrists and comprehensive ophthalmologists, up to 25% of eyes with AMD fail to be diagnosed?>. Al devices
may enhance the capability of primary eye care providers to address this gap in screening.

As described above, the prevalence of CFP, as well as its ability to capture much of the posterior segment anatomy,
makes it an excellent modality for community-level screening. In one example of a ML analysis of CFP, Burlina and
Bressler used 130,000 CFP from 4613 patients enrolled in AREDS to train a DL algorithm to perform two-class
classification of images into no AMD/early AMD, which does not require treatment, and intermediate/late AMD,
which should be referred to a specialist for treatment. The model, based on the AlexNet convolutional neural
network (CNN), performed with 88.4-91.6% accuracy in the referral decision, when compared with the labels
applied by AREDS reading center graders?.

Since AMD has a worldwide prevalence of 2-4% and is often not visually significant until late in the disease course,
most patients undergoing AMD screening in the primary eye care setting will be asymptomatic and negative. Thus,
an efficient and economically viable screening product should ideally have the capability to detect at least several
of the most common disorders of the retina and optic nerve. As one example of achieving this through multiclass
output, Ting and colleagues trained a DL model to detect diabetic retinopathy and AMD as well as possible
glaucoma from CFP using 494,661 images from the Singapore National Diabetic Retinopathy Screening Program.
The model achieved AUROC (area under the receiver-operator characteristic curve) for AMD of 0.931, for DR of
0.936, and for glaucoma risk of 0.942, when compared with experienced reading center graders without medical
training?’.

Like other medical applications of Al, these multiclass classifiers are best evaluated by a confusion matrix weighted
by the cost of a clinical error, which in the case of AMD differs by stage. A false negative result in the detection of
early AMD has a low cost to the patient since treatment is not recommended at this stage and the patient would
likely be reevaluated before the disease progresses. A missed diagnosis of intermediate AMD would have greater
consequence since the initiation of AREDS supplements decreases the likelihood of disease progression. A failure
to identify nAMD would be associated with the greatest clinical cost, since the prompt initiation of intravitreal anti-
VEGF agents affects visual prognosis very substantially. GA, although often vision threatening, would be associated
with a lower cost, since there is no currently approved therapy for the condition. Hence the best general screening
programs are those with higher sensitivity and lower specificity as a trade-off to avoid missing the more severe
forms of AMD.
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In the European Union, RetCAD (Thirona, Nijmegen, Netherlands) is a CE-certified software product for the
automated detection of AMD from CFP. The model enlists an ensemble of three CNNs to analyze RGB channels of
the photograph, as well as an additional three CNNs to analyze contrast-enhanced images. The device outputs a
score from 0-100 that represents the likelihood of referable AMD, with each quartile score corresponding
approximately to the 4-step Beckman AMD Severity Scale?® [Thirona whitepaper]. Application of the RetCAD model
to two publicly available data sets, DR-AMD derived from multiple European university medical centers and the
AREDS data set, yielded an AUROC of 94.9% and 92.7% for the detection of referable AMD?. There is currently no
FDA-authorized Al-based SaMD for the screening of AMD.

Optical Coherence Tomography (OCT)

Although OCT of the macula has more limited availability, is more expensive, and captures a smaller area of the
posterior segment compared to fundus photography, it depicts the main pathologic lesions of AMD in high-
resolution and in three-dimensions. In particular, OCT can identify trace amounts of subretinal and intraretinal
fluid indicative of NAMD, which would necessitate more urgent evaluation and treatment by a retinal specialist.
Considering that just 12% of US counties have a retinal specialist, a second screening step by optometrists and
comprehensive ophthalmologists using OCT-based Al may be needed in order to reduce the number of false
positives cases and further stratify the true positive cases generated by fundus photograph screening 3.

DeFauw and Ronneberger demonstrated a proof-of-concept OCT-based Al screening system for several macular
conditions including AMD, using 14,884 OCT scans collected from 7,621 patients at multiple clinical sites associated
with Moorfields Eye Hospital. Using 877 images with sparse manual segmentation of normal and pathologic
features, the group trained a U-Net architecture to perform semantic segmentation on 6 normal and 9
pathological OCT features. The model yielded nearly 15,000 segmented OCT studies that then served as inputs to a
second DL model, which labeled each segmented OCT as requiring urgent, semi-urgent, or routine referral, or
observation. Ground truth labels for the DL model were assigned by eye care providers with retinal training who
reviewed patients’ clinical data and images. The model achieved a 5.5% error rate with 96-99% AUROC for each
pathology, which matched or outperformed each of the 4 retinal specialists and 4 optometrists with medical retina
training against whom the model was benchmarked. Moreover, when the error rate was weighted by the clinical
costs of an incorrect referral decision, the model outperformed the human evaluators, and it made no severe
errors (i.e. recommending observation for a patient requiring urgent referral)®®,

For any Al SaMD, particularly in the primary eye care setting, it is essential to consider the action-outcome pairing.
Specifically, a product should be designed with a clear understanding for each of the SaMD’s outputs of what
action is consequently performed, by whom, and when in order to maximize its utility for the care provider who
receives it. Moreover, the significance of information provided by SaMD to the healthcare decisionmaker in
combination with the state of healthcare situation or condition determines risk categorization of SaMD3!. For
instance, many providers at the screening level may not know the next appropriate step in clinical management if
a model outputs the segmentation of pathologic features in a retinal image or even produces a diagnostic label. By
definition, an autonomous diagnostic Al system may evaluate for the presence of a disease or condition and notify
the user whether the disease or condition is present without showing how the Al system arrived at the decision.
Since community providers may lack the knowledge and training to make an accurate disease assessment,
autonomous Al is the preferred system for screening in a non-specialist use-case setting3?.

Diagnosis
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For patients who have been elevated to the specialist, the diagnosis of AMD should be ascertained, in particular by
excluding a variety of clinical entities that mimic AMD or are AMD subtypes that deviate from the typical natural
history of the disease. Whereas during screening, community providers may best interface with a fully
autonomous decision tool, the specialist may desire a model that is assistive. Utilizing an assistive diagnostic Al
model, a clinician receives specific aspects of the inputs that indicate disease specific abnormalities or their
absence, and the clinician determines the final diagnosis by their own clinical assessment?2,

Al models, including assistive models, that identify known pathologic features of AMD within routine imaging
studies could improve the efficiency of image interpretation and aid clinicians in the extraction of insights from the
data. To date, numerous studies have been published that apply ML methods to CFP, OCT, OCT-A, indocyanine
green (ICG), or FA, to segment pathologic features including drusen, subretinal and intraretinal fluid, reticular
pseudodrusen, GA, hyperreflective foci, subretinal hyperreflective material, and pigment epithelial detachment33 34
3536 37,38 As a representative example, Moraes and colleagues extended the three-dimensional U-Net architecture
for OCT scans created by DeFauw and Ronneberger as described previously to perform voxel-level multiclass
semantic segmentation of seven pathologies characteristic of AMD including fibrovascular PED, serous PED,
drusen, SRF, IRF, SHRM, HRF, and central subfield thickness3? 16

A clinically useful segmentation model would have the ability to identify at a minimum the lesions necessary for
application of the Beckman classification and the AREDS simplified severity scale, both of which are in widespread
clinical use to quantify patients’ risk of progression to late AMD?2. AMD staging is also important for clinical trial
enrollment since therapeutic approaches differ by stage. Peng and colleagues used 58,402 CFP to train
DeepSeeNet, a combination of two CNN sub-networks for the classification of soft drusen (none/small, medium,
large) and pigmentary abnormalities, the lesions used for the AREDS simplified scale, as well as a third sub-network
to identify late AMD*. The model exceeded the accuracy of retinal specialists for classification on the AREDS
simplified severity scale and had comparable performance to retinal specialists for the detection of late AMD.
Increasingly, additional lesions like reticular pseudodrusen or subretinal drusenoid deposits are also being
recognized for their prognostic value including for development of late AMD, particularly GA*,

AMD Mimics and Subtypes

A variety of clinical entities mimic AMD or represent subtypes of the disease that differ in their natural history and
response to treatment. These include polypoidal choroidal vasculopathy (PCV), retinal angiomatous proliferation,
adult-onset vitelliform macular dystrophy, central serous chorioretinopathy, pathologic myopia, macular
telangiectasia type 2, angioid streaks, pentosan, hydroxychloroquine maculopathy, posterior uveitis, and ABCA4-
related retinopathy, pattern dystrophies, and other inherited retinal diseases. Yang and Yu used 475 images from
indocyanine green angiography (ICG), the gold-standard test for the diagnosis of PCV, to train a two-step classifier
created by Google Cloud AutoML. The model performed with accuracy of 0.83 along with sensitivity of 0.87 and
specificity of 0.80*2. Xu and Chen similarly curated a data set of OCT and CFP images depicting either dry AMD,
nAMD, PCV, or a normal fundus. A CNN trained on these four classes had an 87.4% accuracy in labeling subsequent
images, a performance that exceeded that of three retinal experts performing the same task®. It is important to
note that it is unlikely that all diagnoses on the differential can be made solely by unimodal DL analysis of image
data: some AMD mimics are, to current clinical knowledge, phenotypically indistinguishable, and the diagnosis is
determined by the clinician with knowledge of the patient’s history and observed across time.
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In addition to mimics of AMD, unsupervised ML may be useful to further subdivide AMD into novel disease
entities. Hosoda and Tsujikawa used unsupervised deep learning to identify patients with a pachychoroid
neovasculopathy variant of AMD*4. Using k-means clustering with 61 diverse feature inputs including multimodal
imaging, clinical and demographic data, past medical history, biometry, and environmental factors, the cohort of
537 Japanese patients were assigned to one of two clusters, pachychoroid-variant AMD or non-pachychoroid AMD.
The model achieved 89% agreement with the assessment of human experts. Their work additionally suggested that
the patients with pachychoroid-variant disease may differ in their early response to anti-VEGF therapy®. Similarly,
a study by Treder and Eter used a deep CNN to perform two-step binary classification of fundus autofluorescence
(FAF) images to identify the rapidly progressive diffuse-trickling subtype of GA. Accuracy of the model was 77%
when tested on an independent validation set of 20 images*®.

Finally, although there has been no published research to date investigating the use of ML-based anomaly
detection to flag possible misdiagnosed cases or AMD mimics, such an approach may have the potential to identify
atypical individuals who could benefit from greater clinical scrutiny. For instance, an anomaly detection model
trained on gold-standard examples of AMD may be able to identify patients with outlying phenotypes. Such an
application could inform the clinician about the need to order additional testing like ICG or FA, or could draw
attention to salient features of the image that deviate from typical features.

Prediction

An important event in the natural history of AMD is the transition to late disease, which includes the two disease
phenotypes of GA and nAMD. To predict the likelihood of progression to late disease, AREDS CFP data was used to
produce a 9-stage manual classification of AMD based upon six grades of drusen size and five grades of abnormal
pigmentation. Longitudinal outcomes of AREDS patients established a risk of progression to late AMD that ranged
from less than 1% in stage 1 to 50% in stage 9 #’. Although the system provided prognostic insight, it was difficult
to perform particularly for non-specialists. Al could assist clinicians to carry out this classification system or give
rise to a novel prediction model either of which could inform the interval of the patient’s follow up examination,
the use of ancillary testing, or decisions about treatment.

Burlina and Bressler, for instance, used more than 65,000 CFP from the AREDS trial to train ResNet50 CNNs to label
images with either an AREDS 4-step or 9-step severity scale score. For the 4-step classification, the model had a
mean estimation error for 5-year risk of 3.5% to 5.3% and a classification accuracy of 75.7%, which exceeded the
performance of human graders*®. AREDS severity scale has clinical acceptance as well as biological plausibility
allowing the model to avoid providers’ discomfort about working with ‘black-box’ predictions.

Peng and colleagues built a two-step prediction model to perform survival analysis for time to development of GA
or to nAMD annually from one to ten years from the time of analysis. The first step used the previously described
DeepSeeNet CNN to classify pathologic features in CFP from AREDS and AREDS2, and then the 16 highest-weight
features from DeepSeeNet, along with age and smoking status (with or without genotype information) were used
to train a Cox proportional hazards model. The model produced a C-statistic for 5-year prediction of late AMD of
86.4, a figure that exceeded that of retinal specialists performing predictions from commonly used progression-risk
calculators. Importantly, the model was trained using time to disease progression on the level of individual
patients rather than from 4- or 9-stage patient classes. Additionally, the model showed its robustness by
maintaining its predictive accuracy when trained on data from AREDS and then tested on AREDS2 data®.
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In another example, Banergee and Rubin trained a recurrent neural network (RNN), a DL architecture suitable for
sequential data, with best-corrected visual acuity (BCVA), demographic data, and 21 engineered radiomic features
derived from the size, shape, and position of drusen in OCT data from the HARBOR trial. The network predicted
conversion to nAMD at 3- and 21-months after an encounter. When applied to an external data set from a
university medical center, the model performed with AUROC of 0.82 at 3 months and 0.68 at 21 months®°.

It is as yet unclear whether the current known single nucleotide polymorphisms (SNPs) associated with AMD make
a significant improvement to model prediction beyond what is possible with image data. In the report from Peng
and colleagues described above, neither the variants at CFH/ARMS2 nor a 52-SNP-based AMD genetic risk score
substantially enhanced the prediction of NnAMD or GA at 5 years*. Likewise, Yan and colleagues found that using
the output from the Inception v3 CNN trained with CFP from the AREDS study along with the 52 risk variants as
inputs to a second CNN only modestly improved the model’s ability to predict AMD progression over 2 to 7 years
from 0.81 to 0.84 on the AUROC>!. Genome-wide ML analyses have not yet been reported in the literature. It is
likely that this additional data may benefit model accuracy to the extent that imaging data is deficient in quality or
label accuracy. Interestingly, since genotype data is unavailable for most patients, a non-reliance of genomic data
on DL models for AMD may actually improve adoption and accessibility.

A subset of AMD patients may also deserve special attention: individuals with nAMD in one eye, have an 18% risk
of development of nAMD in the fellow eye within one year and a 45% risk of conversion within five years, a clinical
event that is made even more undesirable since it affects the patient’s remaining “good” eye®? [Lechanteur and
Klaver, ARVO 2021]. To address this occurrence, Yim and colleagues identified 2795 patients from Moorfields Eye
Hospital who had a first eye with nAMD and a fellow eye without nAMD. They trained a CNN with OCT images
from the fellow eye that were obtained every 1-12 months to output a score representing the likelihood of
conversion to nAMD within six months. The authors identified two operating points on the receiver-operator
characteristic curve that may be employed in different clinical scenarios: a liberal operating point with 80%
sensitivity and 55% specificity, and a conservative operating point with 34% sensitivity and 90% specificity. This
performance was sufficient to exceed 5 out of 6 retinal specialists and was non-inferior to the 6th provider. The
work also identified a potentially clinically meaningful gap between the date of likely conversion and the date of
the patient’s first intravitreal anti-VEGF injection underscoring the importance of automated, longitudinal
surveillance®.

Monitoring

Patients with nAMD require regular monitoring to determine the need for retreatment with anti-VEGF medication,
a regimen that may last for many years. Studies have shown that real-world outcomes with anti-VEGF therapies
frequently fall short of those reported in clinical trials, in part, because of the difficulty of adherence to the
appropriate treatment schedule by both patients and physicians®*. Al may be a useful tool in the longitudinal
surveillance of these patients.

Several research efforts have produced ML models for the segmentation of retinal fluid, a principal pathologic
feature that guides clinicians’ decision to administer anti-VEGF therapy. As one example, Keenan and colleagues
applied a ML model to the detection of intraretinal fluid and subretinal fluid from OCTs generated from AREDS2
10-year visit. A ground truth label for the presence or absence of each fluid type had been assigned to each OCT by
reading center graders. The algorithm achieved a sensitivity of 0.76 and specificity of 0.92 for the detection of IRF
(compared to 0.40 and 0.97 by retinal specialists), and 0.94 and 0.85 for SRF (compared to 0.58 and 0.97 for
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reading center graders). The algorithm’s superior ability to detect retinal fluid compared to retinal specialists was
in large part due to relatively low sensitivity among retinal specialists®®.

One potential commercial application for retinal fluid detection may be home-use OCT in which nAMD patients
perform regular imaging on a consumer grade OCT device that is monitored with Al. However, this technology has
not received FDA authorization®®. With increasing interest in teleophthalmology and fewer barriers to practice,
home-monitoring is likely to grow in demand in the future.

Monitoring may also be aided by a prediction of the future need for retreatment. One research example involved
the classification of patients into a high (greater than 16) or low (less than 5) treatment requirement for
ranibizumab therapy during the two years following three initial loading doses. The study used demographic
features, BCVA, and 525 automatically acquired features from OCT data collected during the HARBOR trial to train
a random forest classifier. Prediction of high- and low-treatment patients had an AUROC of 0.77 and 0.70, and
better sensitivity but lower specificity compared to a human grader>” %2,

Clinical trials

Apart from routine clinical care, Al can also make an important impact in clinical trials for AMD through advances
in recruitment, data collection, and cohort identification. As one example, GA is an advanced form of AMD
characterized by loss of photoreceptors, RPE, and choriocapillaris. Despite the visual devastation rendered by
these changes, there is an incomplete understanding of its pathogenesis as well as challenges of patient selection
and primary outcomes for clinical trials. Currently, there are no FDA-authorized disease-modifying treatments for
GA.

In two-thirds of cases, GA initially affects the perifovea and later affects central vision®°. As such, microperimetry, a
testing modality that can be used to measure central retinal sensitivity, has served as a secondary outcome
measure in the phase-3 studies of Lampalizumab for GA®. However, the testing regimen is time consuming and
may be difficult for patients. A ML approach sought to predict visual function, as represented in mesopic, dark-
adapted cyan, and dark-adapted red microperimetry, from retinal anatomy alone, specifically using macular OCT
features, infrared reflection intensity images, and fundus autofluorescence images. On a cross-validation design,
the model achieved mean absolute error (MAE) of 3.94 dB for mesopic, 4.93 dB for dark-adapted cyan, and 4.02 dB
for dark-adapted red testing. When the patient underwent an abbreviated 5-minute microperimetry examination
the predicted pointwise MAE significantly improved®:.

In addition to functional assessment, automated anatomical analyses may also benefit investigators seeking to
establish secondary endpoints, identify patient subpopulations, or make early predictions of treatment success or
failure. Zhang and colleagues used a U-Net archtecture trained on 5049 manually segmented OCT B-scans from
patients enrolled in a clinical trial for the treatment of GA. Three independent models recognized RPE loss,
hypertransmission, or photoreceptor degeneration with median Dice similarity coefficient

greater than 0.95, which exceeded human assessment®2.

Finally, Al may accelerate GA research by identifying for inclusion in clinical trials patients who are at highest risk of
converting to GA. This could involve large-scale screening of databases for patients with intermediate AMD for
rapid enrollment of a large sample of patients. Additionally, it is possible that Al could identify AMD patients who
are at high risk of conversion to GA so that therapeutics could be tested for efficacy in a shorter timeframe.
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Clinical validation of Al models

Benchmarking

Validation of an Al model is possible to the extent that a ground truth can be assigned. For some tasks like feature
segmentation, the ground truth is well-founded on the representation of anatomy in image data. On the other
hand, a diagnosis or disease stage is subject to greater perceptual variability and occasional change in how the
entity is categorized. Thus, a valid algorithm will approximate the output of a human expert, or in some cases, the
average or majority consensus of multiple experts.

Studies to date have employed humans with a variety of experience levels to provide data labeling including
fellowship-trained vitreoretinal specialists, comprehensive ophthalmologists, optometrists, reading center
technicians, and medical students. They have also used different amounts of grading redundancy and strategies for
arriving at consensus. One study by Maloca and Scholl compared the labeling of the internal limiting membrane,
choriocapillaris boundary, and choroid-sclera interface in OCT images across three groups of graders, expert
ophthalmologists, reading center graders, and lay persons with basic instructions. There was no statistically
significant difference in the accuracy of the graders, when judged against the ground truth of three expert
ophthalmologists. However, the lay annotators had greater inter-rater variability, particularly for labeling the
choroid-scleral interface, which was considered less distinct than the other boundaries. This suggests that, for
some labeling tasks, multiple non-specialists may provide adequate ground truth labeling but that, for more
heuristic tasks like labeling the presence of RPE changes, multiple specialists or subspecialists will likely be required
to perform redundant labeling with an adjudication strategy to reach consensus®.

Interesting but also as yet unstudied is benchmarking the performance of a combined human and Al model
workflow. There is a wide range of outputs that clinicians can receive from an Al model, including feature
segmentation, differential diagnoses with confidence levels, saliency maps, and more. The extent to which the
performance of a clinician using an Al model may be augmented or worsened has not yet been assessed in AMD
but will be important, since implementations of Al in the clinical setting are likely to interface with human
providers.

In terms of validating SaMD algorithms, although metrics like the AUROC can be useful for guiding development,
ultimately the judgment of a success is the extent to which it makes a positive impact on patients’ lives. If a device
is screening for critical illness, a favorable high-sensitivity operating point may be selected over an alternative
algorithm with a higher AUROC. With this in mind, the true characteristic of a clinically meaningful SaMD is
whether it improves clinical outcomes like visual acuity when it is applied to patients in a particular healthcare
setting. This result would be best demonstrated in a prospective or randomized clinical trial.

Equity

The accurate diagnosis of AMD with ML may be challenged by racial and ethnic differences in prevalence and
phenotype of the disease. GA is much more frequent in individuals of European ancestry than those of African or
Asian ancestry despite similar levels of soft drusen in both populations, and PCV may be three to five times more
likely in African and Asian populations compared to those of European ancestry’ %4, These differences in
prevalence exist against the backdrop of documented anatomical differences in retinal characteristics, including
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retinal thickness and retinal pigmentation, among individuals with different ethnic backgrounds®. Even beyond
biases in data sets due to geographic, economic, and sociological factors, these differences in prevalence may be a
hindrance to classification parity of fairness and other strategies that seek to achieve similar predictive
performance across demographic groups.

Some researchers have utilized synthetic data from generative adversarial networks (GANs) to address a dearth of
data for demographic minority groups. A recent study found that a progressive growing GAN modeled on the
ResNet50 CNN architecture and trained on CFP images from AREDS could produce synthetic fundus images that
were nearly indistinguishable from real images by retinal specialists. Moreover, a CNN trained to classify images as
having referable versus non-referable AMD performed with an AUROC of 0.9706 when trained with real images
and 0.923 when trained with synthetic images'’. A subsequent study by the same group focusing on diabetic
retinopathy rather than AMD found that using a GAN to expand EyePACS with synthetic data from the latent space
of racial and ethnic minority groups improved the disparity of model performance trained on the new data set
from 12.5% to 0.5%'2. These results suggest that accruing images of rare AMD mimics and variants as well as
patients from underrepresented demographic groups could be used to generate a much larger set of images that
may help in the development and training of more accurate ML algorithms.

In the recently published Artificial Intelligence/Machine Learning (Al/ML)-Based Software as a Medical Device
Action Plan®, the FDA recognized the crucial importance for medical devices to be well suited for a racially and
ethnically diverse intended patient population and the need for improved methodologies for the identification and
development of ML robust algorithms. The FDA committed to support regulatory science efforts to develop
methodology for the evaluation and improvement of ML algorithms, including for the identification and
elimination of bias, and for the evaluation and promotion of algorithm robustness.

Additionally, in 2017, the FDA issued an Evaluation and Reporting of Age-, Race-, and Ethnicity-Specific Data in
Medical Device Clinical Studies Guidance®’. In this Guidance, the Agency outlined expectations and provided
recommendations for the evaluation and reporting of age-, race-, and ethnicity-specific data in medical device
clinical studies. The guidance encourages the collection and consideration during the study design stage of relevant
age, race, ethnicity, and associated covariates for devices for which safety, effectiveness or benefit-risk profile is
expected to vary across these groups. This guidance is intended for all devices that include clinical information in
support of a marketing submission. Thus, clinical validation trials of SaMD for AMD should include diverse
populations that reflect the intended use population.

Regulation

Al-based SaMD for AMD is currently uncharted territory and the regulatory treatment by the FDA would, naturally,
depend on many factors including the indication for use, operator and clinical setting, and other sources of risk and
benefit. Although not a predicate, one touchstone is the IDx-DR, an Al-based device for the autonomous screening
of diabetic retinopathy. The IDx-DR SaMD was authorized for marketing through the De Novo process, which also
resulted in creating a new regulation (21 CFR 886.1100) that applies to any device that is intended for use as a
prescription software device that incorporates an adaptive algorithm to evaluate ophthalmic images for diagnostic
screening to identify retinal diseases or condition. Later, a similar device, EyeArt, was approved through the 510(k)
pathway as a class Il device using IDx-DR as a predicate device. Therefore, while there are currently no FDA-
authorized Al-based SaMD indicated to screen for AMD, any future SaMD for this indication would likely fall within
the scope of this new regulation and require marketing clearance through the premarket notification (510(k))
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pathway prior to commercial distribution in the United States®®. However, non-screening applications or those
involving novel technology are unlikely to be able to consider IDx-DR as a predicate device.

Also of note, Al-based devices must be approved for a specific imaging hardware make and model. For instance,
IDx-DR was approved for use with the TopCon NW400 fundus camera. In January 2021, the FDA published the
Al/ML SaMD Action Plan where the agency committed to issuance of Draft Guidance on the Predetermined
Change Control Plan to update the previously proposed framework for Al/ML-based SaMD. This will help to

delineate a path for extending an approved SaMD’s use with other imaging devices 6% 70,

The same FDA guidance also addresses a pathway to continuous learning. ML models can be locked, such that
after regulatory clearance, their parameters are no longer updated, or they can undergo continuous learning, in
which the model is periodically retrained with new data. Continuous learning models have the potential to
improve in accuracy and may even be necessary to prevent degradation of performance over time due to changes
in workflow or patient population. Although continuous ML exists in many commercial Al applications from self-
driving cars to movie recommendations, all FDA-approved SaMD to date are locked. One concern with continuous
learning is catastrophic forgetting, a phenomenon in which new data interferes with previous learning and the
model performance decreases as it is updated. For supervised learning, continuous learning would also require
that a qualified human label new training data in a way that is consistent with prior data labeling.

Al used for scientific research may meet the definition of a medical device, but because the product is not offered
for sale (i.e., commercial distribution), it may not need FDA marketing authorization. Marketing authorization
notwithstanding, there may still be a need for FDA oversight through the investigational device exemption (IDE)
pathway. If, however, a health care provider self-develops and uses an Al in their practice without offering the Al
for sale, these ‘homebrew’ Al systems may be used by the clinicians who developed it under the umbrella of
“practice of medicine.” Even greater technical validation efforts are required to attain marketing authorization for
Al systems that meet the definition of a regulated medical device. Those that do meet the definition of a medical
device and that are actively regulated by FDA must meet applicable pre- and post-market requirements for safety,
effectiveness, and performance monitoring by the overseeing regulatory agencies in the intended marketing
countries.

Data to Deployment
Characterizing a clinical problem and its Al-based solution

In summary of the preceding discussion, what does the roadmap look like for someone who is interested in
developing Al-based SaMD for AMD (Figure 3)? The first and most fundamental step in the development of an Al-
based SaMD is to identify a genuine clinical need that is best solved by a feasible Al-based solution. As stated by
Paul Yock, founder of the Stanford Byers Center for Biodesign, “A well-characterized need is the DNA of a great
invention.” The clinical need should delineate a problem in a specific patient population and a desired outcome
after intervention. Additionally, the Al solution should have a defined user in a specific care setting in the patient’s
specific phase of care (screening, diagnosis, prediction, monitoring), and the device output should allow that user
to address the clinical need (action-outcome pairing). Will the device segment SRF to assist an ophthalmologist in
treatment decisions, flag likely AMD mimics for further work-up, or predict conversion to nAMD from home OCT
data? A initial need supported by the authors is for the autonomous screening of vision-threatening AMD requiring
further evaluation by an ophthalmologist, similar to the path traversed by Al-based screening for more-than-mild
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(referable) diabetic retinopathy. Starting with a useful and tractable end in mind is essential for structuring the Al
development process.

Once a clinical need and potential solution are delineated, one should evaluate whether data will support the
proposed application. This includes having data modalities that represent a strong ground truth for the clinical
condition. For instance, how can the investigator be sure that macular conditions that mimic AMD, such as
inherited retinal diseases with macular atrophy, are excluded from a database of AMD patients? The careful
selection of validated databases or a process for de novo validation is thus crucial for the ground truth.
Additionally, one must carefully determine which other diseases states to include in the data set in order to train
the Al algorithm to recognize what is not the disease state, both normal eyes and disease states with similar
phenotypes.

Finally, the investigator should decide on the broad training approach needed. Supervised and semi-supervised
learning rely on varied levels of human-labeling of the data, whereas unsupervised learning does not. A final broad
category of Al is reinforcement learning, which models sequential actions by an agent to maximize a reward
determined by the system.

Data-set curation

Next, a data set must be assembled for training and testing the Al model. In general, retrospective analysis of
existing data is the faster and cheaper than prospective collection. Many data sets can be downloaded from public
websites, and additional data can be acquired from health systems and community practices through research
collaborations or financial arrangements. The post-market performance of a production-level Al model is related to
the extent to which the development data set represents the patient population for which the device is used. To
cover as much of the potential clinical population as possible, the investigator should likewise seek a large and
diverse development data set from multiple clinical sites and settings through data sharing agreements or
federated learning. In light of the decrease in performance across different makes and models of imaging
hardware, and since during the regulatory process, an image-based Al model must be paired with a single piece of
imaging hardware, the data set should reflect the final intended image acquisition use case. As data is obtained
from multiple sources, the investigator should preserve data provenance by retaining metadata like unique patient
ID, demographic information, date of service, and acquisition hardware.

Some applications may require prospective data collection either because the needed data does not exist, may not
be reliable, or may not be accessible. Although greater time and resources are required to collect prospective data
sets, there can be significant benefit in the performance of Al models trained with data collected with an exact use
in mind.

Data cleaning and manipulation

Having assembled a data set, the investigator next investigates the data for quality. Although cases of AMD with
comorbid retinal disease can confound the model, it is recommended not to exclude such cases since they will
inevitably be encountered in the real world. Al-based SaMD can contain a module that initially evaluates new
patient data for quality, so excluding noisy or erroneous data from a training data set may be appropriate;
nevertheless, the data should reflect the anticipated level of data quality that the model will encounter in the real
world.
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Additional preprocessing and data curation steps will be specific to the AMD application. For instance, OCT data
could be analyzed as individual B-scans or as three-dimensional image data; further, the three-dimensional data
can be greyscale data or rendered as a semantic segmentation map; and further still, the segmentation map may
have variable types of normal and abnormal feature classes trained by distinct approaches to human-generated
labeling. Class imbalance should be corrected by putting each label category into approximate parity. Data
augmentation can make the model more attuned to biological features than idiosyncratic features of image
acquisition.

At this stage, exploratory data analysis may help the investigator further refine the approach before committing
additional time and resources to model development. AutoML platforms may be a convenient way for
investigators to get preliminary feedback on the feasibility of their approach before ML programming is
undertaken.

Model training and testing

The ultimate goal of Al model training is to arrive at a function, as represented by the ML parameters, that
minimizes error in its approximation of real-world clinical data. For model training, the data set is generally split
into either a training, validation, and testing samples (70%, 15%, and 15% are accepted divisions) or a k-fold cross
validation strategy is used. All data arising from a single patient, including time series data, should fall into one split
rather than being divided to prevent data leakage.

A description of Al architectures is beyond the scope of the manuscript and given the pace of the field is subject to
continued change in the near future. Broadly, CNN, RNN, support vector machines, random forest, decision trees,
K-means, Bayesian deep learning, graphical models, and transformers are all examples of relevant ML methods
that Al-based SaMD may contain. Based on the application, the model may address a regression task that outputs
a continuous variable or a classification task that outputs a categorical label; among classification tasks there may
be binary classification or multi-class classification. The end-to-end algorithm may include an ensemble of models,
especially if more than one mode of data contributes to the output. As previously mentioned, architectures may
be developed for training on two-dimensional or three-dimensional image data. Finally, sets of labeled general
images and ophthalmology-specific images are publicly available for transfer learning, and a variety of publicly
available DL models come already pretrained.

During training, incomplete convergence of model performance over time may indicate underfitting and prompt
the investigator to collect more data. After convergence to a reliable set of hyperparameters, model performance
is evaluated on a test set (or derived from multiple test sets on k-fold cross validation) by plotting a receiver-
operating characteristic (ROC) curve. Markedly poorer performance on the test set compared to the training set is
characteristic of overfitting and may be addressed by reducing model complexity and imposing regularization
methods.

From the ROC, an operating point should be calculated that has a clinically meaningful sensitivity and specificity.
For the desired application, what is an acceptable false positive or false negative rate? What are the clinical
consequences of each, and outside of the Al device, are safeguards in place that will mitigate these errors? These

choices should reflect a clinical reference standard based on published literature or consensus in the field.

Regulation
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Any medical device marketed in the United States must receive clearance from the U.S. FDA. As discussed
previously, the regulation established by De Novo Pathway clearance of the IDx-DR (and that also includes EyeArt
through 510(k) clearance) for a prescription software device that incorporates an adaptive algorithm to evaluate
ophthalmic images for diagnostic screening to identify retinal diseases or condition (21 CFR 886.1100) may pertain
to similar diagnostic screening devices for AMD. However, there is no exact regulatory precedent for Al-based
SaMD for AMD. In addition to special regulatory considerations, Al-based devices face the same general
regulations that pertain to all other SaMD. Finally, a device maker may consider submitting a pre-determined
change control plan to try to create a flywheel effect: large amounts of data are obtained from real-world use of
the device that, in turn, improves model performance through retraining, which further increases clinical
utilization of the device, which generates even more training data. Finally, the FDA mandates that companies
conduct post-market surveillance of SaMD and may require training and ongoing customer support.

Of interest, there are other reporting standards for Al studies published recently, including Consolidated Standards
of Reporting Trials-Artificial Intelligence (CONSORT-AI) and Al extension to the Standards for Reporting of
Diagnostic Accuracy Studies that are currently under development!® 7. While potentially beneficial, it is not yet
proven that such standards may provide sufficient information for regulatory oversight as the FDA and other
regulatory bodies have not yet evaluated them. However, when possible, it would be beneficial to align with these
other standards such as the Clinical Evaluation of SaMD, STARD, CONSORT-AI, the American Telemedicine
Association Telehealth Practice Guidelines for Diabetic Retinopathy, Digital Communications in Medicine (DICOM)

and FDA’s “Software as A Medical Device: Clinical Evidence Guidelines”*% 774,

Implementation

The real-world financial viability of an Al model will likely depend on whether the device is covered under a
reimbursement code. Two reimbursement codes may be relevant to the screening and monitoring of AMD, 92227
and 92228. FDA-approved devices for diabetic retinopathy screening are covered under the unique reimbursement
code 92229, and future AMD devices may prompt the creation of unique codes as well.

Conclusion

Although no artificial intelligence device for AMD has been approved for clinical use in the United States, the
research efforts undertaken to date represent starting points for the devices that will eventually benefit AMD
patients. These benefits may include: scaling access to diagnosis and monitoring through the empowerment of
non-specialists; increasing specialists’ insights into clinical and imaging data for greater efficiency of monitoring or
efficacy of treatment regimen, potentially leading to better patient outcomes at a lower cost; improved reliability
and validity across patterns of management by aggregating data from large patient populations to aid in clinical
decision-making; and the automation of rote tasks to decrease clinician fatigue and improving the doctor-patient
relationship. Although numerous data types may support the development of models for AMD, CFP and OCT image
data will likely be foundational for many applications given their widespread clinical use and high-quality depiction
of AMD pathology. Realizing the potential of Al for AMD will require robust infrastructure and continued efforts
within the Al and ophthalmology communities.
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Précis:
The Collaborative Community on Ophthalmic Imaging working group for artificial intelligence (Al) in age-related
macular degeneration discusses the state of the current data, standards, achievements, and the challenges to the

development of effective Al.






