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We describe potential improve-
ments and barriers to data

FAIRness in glaucoma testing
and imaging, aiming to inform

future efforts to standardize and
enhance data availability for

research.
Glaucoma is a progressive optic
neuropathy and is the leading cause
of irreversible blindness globally
with nearly 95 million people
affected by the disease world-
wide.1,2 As the global population
ages, the prevalence of glaucoma
is anticipated to increase in the
coming decades.3,4 The significant

prevalence and elevated incidence of blindness due to
glaucoma raises the condition as a public health concern.5

Leveraging big data sources to investigate novel
therapeutic approaches, understand disease processes,
identify risk factors, and more, presents an avenue for
exploring comprehensive ways to tackle this condition.

Ophthalmology has been pioneering research in big data
and artificial intelligence (AI), due to the widespread
availability of noninvasive, rapid, and cost-effective
ophthalmic imaging and accumulation of data through
electronic health records.6,7 Additionally, various
ophthalmic big data sources, such as the American
Academy of Ophthalmology IRIS� (Intelligent Research
in Sight) Registrydthe world’s largest eye disease clinical
registry managed by the American Academy of
Ophthalmologyd8,9along with administrative and health
insurance databases, national biobanks, crowd-sourced
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data, and international epidemi-
ology consortia, further contribute
to advancing this field.8,10,11

Diagnosing and monitoring
glaucoma requires a combination
of data sources aside from the
clinical examination of the optic
nerve head, such as fundus photo-
graphs and/or OCT images, intra-
ocular pressure, visual fields (VFs), and relevant factors
such as family history and medical history.12 Historically,
lack of standards adoption and interoperability has
impeded imaging and testing data from being included in
big data sources, which are limited to diagnosis codes,
procedure codes, and medications. Lack of large datasets
with OCT and VF data, nonstandardized imaging or
postprocessing protocols between devices, and
inconsistency in the reporting metrics are major hurdles in
using these data for analyses.12 Analyzing testing and
imaging data at scale is critical for advancing glaucoma
research. In particular, there is currently a gap in linking
systemic or primary care health data with ophthalmic
phenotypes due to the lack of ophthalmic data in large
databases; for example, the National Institutes of Health
(NIH) All of Us Research Program includes extensive
systemic data but limited ophthalmic data, whereas the
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IRIS Registry has abundant ophthalmic data but limited
systemic data.8,13e15 This is important in glaucoma given
that there is strong interest in identifying modifiable risk
factors besides intraocular pressure that may become addi-
tional therapeutic targets.

The FAIR (Findable, Accessible, Interoperable, and
Reusable) data principles, introduced in a 2016 article in
Scientific Data,16 were developed by the international
research community to enhance machine-actionability,
enabling computational systems to autonomously find, ac-
cess, interoperate, and reuse data, and have since been
widely accepted by research institutions globally. To ach-
ieve findability for both humans and machines, datasets
require clear descriptions, identification, and registration or
indexing. This includes having sufficiently detailed
descriptive metadata as well as a unique and persistent
identifier such as a digital object identifier. Accessibility
demands that datasets be available through defined access
procedures, preferably automated, with consistently acces-
sible metadata, even if the actual data are restricted. Inter-
operability is facilitated by adhering to common, published
standards, when available, for the conceptualization,
expression, and structure of both data and metadata,
ensuring that they can integrate seamlessly with other
datasets. Reusability entails detailed descriptions of data
characteristics and their provenance according to relevant
community standards, accompanied by transparent and
accessible usage conditions.16,17

Adoption of the FAIR principles is an area of emphasis
for the NIH and was included as part of the NIH Strategic
Plan for Data Science, which includes incentivizing FAIR
digital data deposition in NIH-funded repositories.18

Additionally, NIH supports the NIH Common Data
Elements Repository that aligns with FAIR data
principles, enabling interoperability across datasets and
facilitating efficient research practices. Common data
elements reduce the workload for planning data collection
often undertaken by clinical trial coordinating centers by
minimizing the need for data collection design and
consensus building and post hoc harmonization efforts.19

Given the growing focus on aligning data with FAIR
principles, we evaluated current workflows for extracting
glaucoma testing data. Here, we describe potential im-
provements and barriers to data FAIRness in glaucoma
testing and imaging, aiming to inform future efforts to
standardize and enhance data availability for research.

We represent a group of glaucoma researchers and
informatics experts from 10 United States academic in-
stitutions who convened an online half-day workshop in
February 2024 to share practices for large-scale extraction of
VF and OCT data for glaucoma research (Fig 1). We
included industry representatives to discuss current and
future data extraction methods, share cross-institutional in-
sights, and engage with vendors on tools to enhance data
collection and sharing strategies. Details provided included
devices used, use of Picture Archiving and Communication
Systems, file types used, need for additional software
licenses for access, and batch export functionality. Each
institution shared challenges and socio-technical consider-
ations, including collaborations with device manufacturers
2

and information technology teams. Industry representatives
were queried about standards conformance and future tools
development.

The following barriers in extracting and harmonizing
glaucoma imaging and testing data were identified based on
consensus review. There was a wide range of approaches to
extracting VF and OCT data for research, including manual
transcription, optical character recognition of PDF docu-
ments, exporting structured data in various file formats (e.g.,
PDF, XML, JSON, DCM, VOL, and IMG), or exporting
raw test or pixel data (Table 1). Many institutions employed
multiple approaches simultaneously. Key challenges
identified included the lack of standardized Digital
Imaging and Communications in Medicine (DICOM)
conformance for some modalities, dependence on
proprietary Picture Archiving and Communication systems
and additional licenses to access or export data, limited
functionality in some cases to batch export data for a large
number of patients, lack of familiarity among researchers
with manufacturers’ export options, and dependence on
enterprise information technology support. The
interoperability of data across organizations is also limited
due to nonstandardized methods of representing VF
pointwise data for varying grids and the lack of coverage
of glaucoma imaging data elements among standardized
medical terminologies. These issues represent gaps in
alignment with FAIR principles (Table 2).

The challenges in extracting and harmonizing glaucoma
testing and imaging data have significant implications for
both clinical practice and research. In the clinical context,
difficulty in transferring VF and OCT data from devices or
Picture Archiving and Communication systems to electronic
health records and other practices hampers the seamless
coordination of care between health care providers.20,21

From a research perspective, these barriers complicate the
inclusion of detailed ophthalmic data in large-scale ana-
lyses that could otherwise enhance our understanding of
glaucoma progression and treatment responses. Studies that
attempt to correlate systemic conditions and medications
with glaucoma outcomes often rely on proxies like using
procedure codes from insurance claims,13,14,22 but this is an
imperfect approximation, and it would be ideal to correlate
these associations with structural or functional progression
using imaging data. The overarching move towards
enhanced clinical interoperability, as emphasized by the
United States Department of Health and Human Services,
Office of the National Coordinator for Health Information
Technology,20 further highlights the necessity for
overcoming these data barriers to enhance clinical
interoperability and the availability of comprehensive,
standardized datasets for advancing biomedical research.

Achieving accurate and reliable communication of
image-based data proves challenging in environments
employing multiple proprietary devices and data storage
methods. The DICOM standard, recognized globally as a
preferred medical imaging standard, offers a detailed
framework for formatting and exchanging images along
with associated information.23 This specification
encompasses various data, including image descriptions,
patient demographics, capture protocols, and study



Figure 1. Overview of glaucoma imaging data extraction processes used by the institutions represented in this workshop.
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outcomes. The American Academy of Ophthalmology has
urged ophthalmic imaging device manufacturers to adopt
standardized image formats conformant with DICOM,
emphasizing the inclusion of raw images and metadata in
standardized DICOM format for enhanced interoperability
and data sharing.24 Although DICOM has seen
widespread adoption in radiology, cardiology, and
Table 1. Methods of Glaucom

Method of Data Extraction Descript

Manual review A team of researchers m
values in PDF docume
transcribes them

OCR of PDF documents or images of
documents

Several institutions use c
leveraging regular exp
secondarily parse data
documents or images o
printouts and output th
amenable to downstre
CSV files)

Export structured data (i.e., XML, FDA, vol,
proprietary DICOM files, or standard
DICOM files)

This approach directly e
data associated with th
avoids tedious manual
external workaround p

Can be done on an indi
or batches of multiple

Can be done using propri
by locating and copyin
database of the device
line.

Export “raw” data This entails exporting th
pointwise or pixel dat

Useful for developing art
models/deep learning

DICOM ¼ Digital Imaging and Communications in Medicine; OCR ¼ optic
systems; VF ¼ visual field.
radiotherapy, conformance remains inconsistent in
ophthalmic imaging technologies.24,25

To advance the efficacy of clinical care and research and
fully harness the potential of big data and AI in ophthal-
mology, several advancements are needed. First, there must
be widespread full implementation of the DICOM standards
across all imaging device vendors to ensure data from any
a Imaging Data Extraction

ion Challenges

anually reviews the
nts or printouts and

Highly labor-intensive and time-consuming
Substantial risk for transcription errors

omputational scripts
ressions to
from PDF
f structured reports/
em in formats more
am analysis (i.e.,

Faster and more accurate than manual review
but does not directly utilize the underlying
data

Essentially a “workaround”
Risk for OCR errors and sensitivity to

formatting/font changes

xports structured
e VF or OCT and
review or an
rocess
vidual patient level
patients
etary export tools or
g the DICOM
s using command

Typically requires vendor-specific PACS and
additional licensing of manufacturer-
developed export tools

Batch export functionality not available for
all imaging modalities (particularly raw
images)

Even when batch export functionality is
available, size of batches (e.g., number of
patients whose data can be exported at
once) can be limited

Potential impact on PACS performance
when trying to export from the same
database that is being used for daily
clinical care

e underlying
a in the image
ificial intelligence
applications

Similar to the above, often needs vendor-
specific PACS and additional licensing to
allow export

Batch export functionality not available for
all imaging modalities

Even when batch export functionality is
available, size of batches (e.g. number of
patients whose data can be exported at
once) can be limited

Potential impact to PACS performance
when also used for daily clinical care

al character recognition; PACS ¼ picture archiving and communication
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Table 2. Gaps in FAIRness for Glaucoma Imaging

Principle Current Gaps Strategies for the Future

Findable Glaucoma imaging data are not typically included in many
large “big data” resources; often siloed in individual
institutions

Some institutions also have multiple PACS (each focusing
on 1 manufacturer’s data), causing patient data to be
spread across multiple systems and less findable

Improve pathways for data sharing
Assign persistent identifiers for imaging metadata and index

into searchable resources

Accessible Access is limited by requirements for proprietary PACS and
need for additional licenses to export data

Some batch export options are not currently available or
have limited capabilities

Access to these data also often depends on enterprise IT
support, which can be variable

Encourage open access and removal of licensing
requirements

Data should be accessible and exportable from any PACS
Develop data access workflows that are less dependent on

enterprise IT

Interoperable Current device manufacturers are at varying levels of
DICOM conformance with most lacking adoption of
existing standards that include data needed for research

Lack of representation of data elements in standardized
terminologies

Workflows within institutions are not built to accept
DICOM files, and modifying them could be resource-
intensive

Advocate for DICOM conformance and data export
functionality to be continued priorities for manufacturers

Develop standard concepts for data elements relevant for
glaucoma imaging

Reusable Multiple, competing schema for representing VF pointwise
data (e.g., sequential numbering vs. x-y coordinates)
make data difficult for reuse and limits ability to conduct
cross-institutional analyses

Develop standard schema for pointwise representation that
are applicable to multiple grids

Develop scripts to convert legacy schema to the standard
schema

DICOM ¼ Digital Imaging and Communications in Medicine; FAIR ¼ Findable, Accessible, Interoperable, and Reusable; IT ¼ information technology;
PACS ¼ picture archiving and communication systems; VF ¼ visual field.
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device are viewable across different image viewers, and not
limited by proprietary constraints. Despite this need, many
researchers continue to use workaround methods such as
optical character recognition or XML due to a lack of fa-
miliarity with the benefits that DICOM tools have to offer. If
researchers become aware of and utilize DICOM’s advan-
tages, it could significantly reduce errors associated with
these alternative methods. Another critical aspect is ensuring
that data accessibility for physicians and patients is readily
available without restrictions from proprietary licenses,
facilitating both individual care and bulk data analysis.
Additionally, there is a pressing need for additional stan-
dardization and sharing of common labels and definitions,
data variables, as well as data sharing procedures.
Embracing standardization would serve the interests of
ophthalmologists, patients, and clinical care quality by
promoting interoperability, facilitating comprehensive
dataset creation for research, and advancing machine
learning and AI algorithms.

The National Eye Institute, the Food and Drug
Administration, and the Office of the National Coordinator
for Health Information Technology are key organizations
4

collaborating to improve the adoption of standardized
imaging practices in ophthalmology.20 The National Eye
Institute is advancing this effort by integrating DICOM
compliance into funding criteria and developing an open-
access GitHub repository for shared coding scripts. The
Food and Drug Administration supports these initiatives
by formally recognizing the DICOM standard for ocular
imaging devices, which allows manufacturers to streamline
premarket submissions by declaring conformance with this
standard. The Office of the National Coordinator for
Health Information Technology is leveraging its regulatory
and coordination authority to drive the integration of
ocular imaging data into electronic health records, thereby
facilitating easier and more consistent access to imaging
data across health care systems.20 In parallel, as AI models
grow more prevalent, market pressure for standardization
and interoperability may rise, driven by patient demands
for transparency and data access, similar to how patient
portals led to widespread note-sharing adoption.26

Continued multi-institutional collaborative efforts and
ongoing engagement with manufacturers are needed in the
pursuit of making these data more FAIR.
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