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Abstract: This study reports on the development and validation of an automated system for screening
four of the top causes of irreversible blindness worldwide: diabetic retinopathy, age-related macular
degeneration, diabetic macular edema, and pathological myopia. This study is the first in Latin
America to develop models for those retinal diseases, and the first study worldwide to demonstrate
high accuracy on screening for such diseases with a focus on primary care populations and using
images collected with portable, non-mydriatic cameras. Image recognition models were developed
using deep multi-task learning and deep transfer learning approaches. For all four diseases, we
achieved sensitivities above 90% for cases with above-mild severity levels, and above 83% for all cases
including mild severities; all while maintaining specificity levels above 95%, and ROC-AUCs above
98%. Combining single-disease models, we propose a multi-disease referral strategy that achieves
sensitivities above 95% for above-mild cases of all four diseases, while maintaining a PPV of 90%
for the presence of retinal lesions. These results are relevant to health systems, as they constitute the
first study with ideal properties for conducting multi-disease retinal screening campaigns at scale in
low-resource environments: high accuracy, focusing on primary care population, and using portable
and cost-efficient devices.

Keywords: retinal screening; diabetic retinopathy; age-related macular degeneration; diabetic macu-
lar edema; pathological myopia
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1. Introduction

The leading causes of vision impairment and blindness worldwide are uncorrected
refractive error, cataract, glaucoma, age-related macular degeneration (AMD), diabetic
retinopathy (DR), corneal oppacities, and trachoma [1]. In Latin America these are also the
most common ophthalmic problems [1,2], excluding trachoma [3]. Thus, AMD and DR
are the two most common retinal diseases in Latin America and worldwide; and detecting
them would substantially help decrease cases of avoidable and irreversible blindness.

Through retinal screening AMD and DR can be detected along with other retinal
diseases such as pathological myopia (PM), which is a degenerative process that may occur
in patients with high myopia and therefore refractive error; and diabetic macular edema
(DME), which is considered within the diabetic eye disease [4].

In the past years, the development of deep learning models to automatically detect
multiple retinal and ophthalmic diseases has increased [4-24]. Moreover, datasets such
as Retinal Fundus Multi-Disease Image Dataset (REMiD, India) [25] and Ocular Disease
Intelligent Recognition (ODIR-2019, China)[26], which contain labels for multiple diseases,
have been made public through challenges. Leading to an increase of works focused on
detecting multiple retinal diseases [5,15,17,19,20].

Before using the models in real-life scenarios it is important to evaluate performance
on a population as similar as possible to the one in which models are going to be used,
for example on screening campaigns. Considering specifically retinal screening programs,
a larger impact is expected if screening is done outside of eye-clinics or eye hospitals,
since patients have higher opportunities to be diagnosed on earlier stages. The results
shown by Lin et al [13], demonstrate that the performance of retinal disease detection
models varies depending whether the data came from eye hospitals, community hospitals
or primary care. Therefore, if the aim is to use machine learning models to detect retinal
diseases on screening campaigns and reach a broader population, model performance
should be evaluated on data coming from general population or from population found on
primary care. Furthermore, base population characteristics vary across regions. However,
most works have used data from Asian countries such as China, Korea, and India, [4-18].
Only Arenas-Cavalli et al. [21] and Argueta-Santillan et al. [22] used Latin American data
when evaluating performance of models that detected multiple retinal diseases. Arenas-
Cavalli et al detected DR and DME in Chilean population, achieving an area under the
receiver operating characteristic curve (ROC-AUC) of 0.924. While Argueta-Santillan et al
considered different ophthalmic diseases, including AMD and DR, for which they achieved
ROC-AUC values ranging from 0.572 to 0.866 on Mexican data.

Another aspect to consider in screening programs, is fundus camera portability.
Portable fundus cameras are easier to transport outside of eye clinics and hospitals, than
desktop cameras. Furthermore, most portable cameras have a field of view (FoV) between
40° and 45° leading to images with sufficient area to diagnose the most relevant retinal
diseases. However, few works within the context of multiple disease detection work with
portable cameras [16,23].

With the aim of reducing cases of avoidable and irreversible blindness due to retinal
diseases in Latin America, the purpose of this work was to develop a referral system that
used deep learning models to detect the presence of DR and AMD, which are the most
prevalent retinal diseases in the region and worldwide. As well as DME and PM, due to
their relation with DR and refractive error, respectively. Moreover, the system included an
additional model to detect the presence of important retinal lesions (RL) of other retinal
diseases. This system was evaluated considering the ideal characteristics for conducting
retinal screening campaigns at scale in Latin America on limited-resource environments,
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where having a portable and cost-efficient solution focused on primary care population
is key. Thus, the performance of each model and of the referral system was evaluated
on a subset of images taken with a hand-held portable fundus camera on primary care
population from Latin America. The latter conditions reflect those that are expected on a
real-life screening campaign.

1.1. Key contributions of this work

Even though, several works have developed deep learning models to detect reti-
nal diseases on fundus images [4-24], other properties, such as population and camera
characteristics, number of images, and performance are also important to consider before
implementing a model in real-life screening campaigns. In this section, we review previous
works aimed to detect multiple retinal diseases with fundus images on adult population,
as well as works detecting at least one retinal disease with fundus images on adult Latin
American population.

Table 1 shows the number of papers which fulfill the following characteristics: multiple
disease detection; usage of portable cameras; whether the data came from general popu-
lation or primary care; whether more than 1,000 images were used; and if the ROC-AUC
for all the models covering retinal diseases was at least 0.95. The number of papers that
included specific detection of DR, DME, AMD, and PM is also shown. Furthermore, combi-
nations of characteristics are included to show the number of papers that simultaneously
fulfilled them.

Table 1. Number of publications found that have the following characteristics: multiple disease
detection; inclusion of DR, DME, AMD, and PM; use of portable cameras; whether the data came from
general population or primary care; whether more than 1,000 images were used; and if the ROC-AUC
for all the models included was at least 0.95. Works with Latin American data are [21,22,27-34], and

papers from data in other parts of the world are [4-20,23,24].

Latin

Rest of the

Characteristics present in related work America World This work
Total 10 19 -
Multiple disease detection 2 19 v
Diabetic Retinopathy (DR) 6 17 v
Age Macular Degeneration (AMD) 1 15 v
Diabetic Macular Edema (DME) 1 7 v
Pathological Myopia (PM) 0 10 v
Portable Camera 2 2 v
Primary Care 3 5 v
Images > 1000 4 17 v
ROC-AUC > 0.95 4 9 v
DR & DME 1 7 v
DR & AMD 1 13 v
DR & DME & AMD 0 4 v
DR & AMD & PM 0 10 v
DR & DME & AMD & PM 0 4 v
ROC-AUC > 0.95 & Multiple disease detection 0 9 v
ROC-AUC > 0.95 & Images > 1000 1 9 v
ROC-AUC > 0.95 & Images > 1000 & Primary Care 1 2 v
ROC-AUC > 0.95 & Images > 1000 & Portable Camera 0 1 v
ROC-AUC > 0.95 & Images > 1000 & Primary Care & Portable Camera 0 0 v
Multiple disease detection & Primary care & Portable Camera 0 1 v
DR & DME & AMD & PM & Primary Care 0 1 v
DR & DME & AMD & PM & Portable Camera 0 0 v
DR & DME & AMD & PM & Primary Care & Portable Camera 0 0 v
DR & DME & AMD & PM & Primary Care & Portable Camera & ROC-AUC > 0.95 & 0 0 v

Images > 1000
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In total we identified 21 works, from 2020 on wards, which developed models for
detecting multiple diseases in retina using fundus images [4-24], only two of those were
evaluated on Latin American data [21,22]. We also found ten works in total, whose aim
was retinal disease detection in adult population, that used Latin American data either for
training or evaluation [21,22,27-34].

Even though, several works already consider DR, DME, AMD, and PM detection
within the same work [7,12-14], none of those use Latin American data on any part of the
training and evaluation process. Moreover, they do not use portable fundus cameras for
image acquisition and only Lin et al [13] evaluated model performance on primary care
data.

In terms of camera portability and primary care data, only the work by Zapata et al
reported on the development of a model for multiple retinal disease detection [23]. Zapata’s
models detect AMD with a ROC-AUC of 0.936. However, DR, DME, and PM were not
considered.

Our work proposes the development of a system to detect multiple retinal diseases
including DR, DME, AMD, and PM. The system has been evaluated on data from primary
care population, whose images were taken with portable devices. These characteristics
correspond to those of a screening setting. Moreover, our test data comes from Latin
American population. Hence, our work is framed on a context that had not been previously
addressed.

This work is structured as follows. Section 2 describes details on data acquisition,
distribution and grading. This section also includes the description of the methods used
for model training. Section 3 shows the most important results, Section 4 presents the
discussion, and Section 5 states the most important conclusions.

2. Materials and Methods

To generate the models we annotated over 20,000 images from different sources, where
80% of the data came from Mexican population. For the annotation process, we defined a
labeling approach, where fundus images were labeled by the presence of retinal lesions
instead of doing it by disease and severity scale.

Section 2.1 presents the data sources and its corresponding characteristics. Section
2.2 defines the criteria established to determine presence and severity stages of DR, DME,
AMD, and PM. It also provides details on the grading process. Section 2.3 describes the
multi-task learning and transfer learning approaches used to train the classification models,
as well as the criteria used for the referral system.

2.1. Data

We used 20,017 retinal fundus images from different data sources and cameras.

From Prosperia’s screening program to detect diabetic retinopathy, a subset of 8,168
images with sufficient quality from 4,138 patients were used for this project. These images
were taken in primary care clinics, pharmacies, and optical shops from October 2020 to
January 2022. Most patients were from Mexico City (46%) and Mexico State (41%), 65%
of them were female, and the mean age was 50 years old (SD: 16.7). Their images were
taken with two different cameras, 5,547 images from 2,570 patients were taken with the
Horus 45° auto focus portable fundus non-mydriatic camera from Jedmed (Horus). The
other 2,621 images from 1,568 patients were taken with DRS 45° Non-Mydriatic Digital
Fundus Camera from Centervue (DRS).

Additionally, we used another 7,902 retinal images from Mexican population found
on primary care clinics and on eye-clinics. These images were taken with three different
fundus cameras: 1,865 with ZEISS VISUSCOUT 100 Handheld Fundus Camera (Zeiss);
2,581 images with Forus Digital Non-mydriatic Fundus Camera from 3nethra (Forus); and
3,456 with Pictor Plus Fundus camera from Volk optical (Pictor).

Furthermore, a subset of the EyePACS dataset from Kaggle [35] of 3,947 images was
used to increase the number of images in the training set.
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The distribution of images by disease and severity grades by camera is shown in Table
2. In total there are 20,017 images, 2,465 with some degree of DR, 2,281 with DME, 1,858
with some degree of AMD, and 4,605 with PM.

Table 2. Image distribution across cameras including number of images per disease and severity

grade.
DRS Forus Horus Pictor Zeiss EyePACS Total
Total - 2,621 2,581 5,547 3,456 1,865 3,947 20,017
Retinal Lesions 1 524 789 1,273 1,194 614 2,533 6,927
(20.0%) (30.6%) (22.9%) (34.5%) (32.9%) (64.2%) (34.6%)
Mild 34 (1.3%) 34 (1.3%) 76 (1.4%) 61 (1.8%) 22 (1.2%) 220 (5.6%) 447 (2.2%)
Diabetic o 261 o o 202 532 1656
Retinopathy Moderate 108 (4.1%) (10.1%) 219 (3.9%) 334 (9.7%) (10.8%) (13.5%) (8.3%)
Severe 30 (1.1%) 21 (0.8%) 29 (0.5%) 23 (0.7%) 15 (0.8%) 13 (0.3%) 131 (0.7%)
Proliferative 66 (2.5%) 21 (0.8%) 17 (0.3%) 15 (0.4%) 75 (4.0%) 37 (0.9%) 231 (1.2%)
o 337 o 433 314 802 2,465
Total — 2B8OI%) 300  BTEIR) ose)  168%)  @03%)  (12.3%)
Diabetic Macular Central 64 (2.4%) 152 (5.9%) 144 (2.6%) 260 (7.5%) 97 (5.2%) (132720/) (é’;ff)
Edema Non- 519 1142
central 121 (4.6%) 96 (3.7%) 99 (1.8%) 156 (4.5%) 151 (8.1%) (13.1%) (5.7%)
. . . 416 248 941 2,281
Total 185 (7.1%) 248 (9.6%) 243 (4.4%) (12.0%) (13.3%) (23.8%) (11.4%)
Mild 88 (34%)  88(34%) 358 (65%) 197 (5.7%) 48 (2.6%) 651 1430
Age Macular (16.5%) (7.1%)
Degeneration Intermediate 39 (1.5%) 62 (2.4%) 163 (2.9%) 63 (1.8%) 23 (1.2%) 51 (1.3%) 401 (2.0%)
Advanced 8 (0.3%) 1 (0.0%) 9 (0.2%) 1 (0.0%) 5(0.3%) 3(0.1%) 27 (0.1%)
o o o o o 705 1,858
Total 135 (5.2%) 151 (5.9%) 530 (9.6%) 261 (7.6%) 76 (4.1%) (17.9%) 9.3%)
o 507 1068 965 255 808 3753
! 150 (5.7%) (19.6%) (19.3%) (27.9%) (13.7%) (20.5%) (18.7%)
Pathological 2 42 (1.6%) 165 (6.4%) 144 (2.6%) 169 (4.9%) 30 (1.6%) 71 (1.8%) 621 (3.1%)
Myopia 3 14 (0.5%) 18 (0.7%) 24 (0.4%) 18 (0.5%) 14 (0.8%) 15 (0.4%) 103 (0.5%)
4 8 (0.3%) 17 (0.7%) 22 (0.4%) 11 (0.3%) 5(0.3%) 12 (0.3%) 75 (0.4%)
PLUS 2 (0.1%) 13 (0.5%) 13 (0.2%) 13 (0.4%) 5(0.3%) 7 (0.2%) 53 (0.3%)
o 720 1,271 1,176 309 913 4,605
Total - 21662%) (5799 (22.9%)  (34.0%) (16.6%) 231%)  (23.0%)

1 This excludes cases with tessellated fundus only, since having a tessellated fundus only is not pathological, and
is unlikely to progress to more severe stages [36].

2.2. Image grading

Here we define the labeling methodology, including the criteria for quality grading,
the process of labeling by lesions; the guidelines used to define the main diseases of interest
(DR, DME, AMD, and PM); and additional details on the grading process.

2.2.1. Quality

To determine which images had sufficient quality we had two main criteria. The first
criterion was the percentage of the image in which the retina was visible. We determined
a threshold of 70%, if less than 70% of the retinal image was visible, then the image had
insufficient quality. The other criterion, was in terms of definition. An image was classified
with insufficient definition if the visible part of the retina was blurry, and it was not possible
to determine whether or not a lesion was present. If visibility was less than 70% or the
image definition was insufficient, then the image had insufficient quality.

2.2.2. Disease labeling

To have more homogeneous labels in terms of presence and severity of DR, DME,
AMD, and PM, we proposed a labeling strategy in which all lesions found on the retina
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were annotated. Afterwards, a set of rules was used to determine the presence of retinal
diseases as well as the severity grades.

The lesions that were annotated are shown in Table A1 on Appendix A. The severity
scale used for DR was the International Clinical Diabetic Retinopathy and Diabetic Macular
Edema Disease Severity Scales (ICDR) [37]. For DME we used the presence of hard exudates
as a proxy for DME presence [38,39]. The grading for AMD was done according to the
criteria of Flaxel et al [40]. Finally, to classify pathological myopia we used the categorization
by Ohno-Matsui et al [41], images with tessellated fundus only were not considered within
the pathological myopia model, since in most cases it is a stable condition and only 13.4%
progress to more severe stages [36]. Appendix B further describes the grading scales used.

2.2.3. Grading process

Before labeling the presence of lesions, quality was graded according to the criteria
defined on Section 2.2.1.

Only images with sufficient quality were labeled by either a retina expert or an
ophthalmologist trained by the retina expert. They annotated the presence of lesions in each
image according to Table Al on appendix A. Agreement between labelers was evaluated
on a set containing 500 images. At a disease level average percentage of agreement was
90.3% and the average Cohen’s kappa was 0.695, which corresponded to a substantial
agreement [42]. Since a substantial agreement was achieved, the rest of the images were
divided between the ophthalmologist and the retina expert.

Labelers were shown simultaneously the original image and an enhanced version.
This was done to ease the detection of lesions. As an example, Figure 1 shows both the
original and the enhanced version, microaneurysms are seen more clearly in the latter.

Figure 1. Example of an image shown to labelers which includes the original image and an enhanced

version.

2.3. Model training

Here we describe the model architecture as well as data processing and separation.
We also show how we constructed the patient referral decision by using the outputs of DR,
DME, AMD, PV, and RL models.

2.3.1. Architectures and training

The models trained for this project were convolutional neural networks, where the
convolutional base corresponded to the the Inception V3 architecture [43]. We used a
transfer learning approach, the initial weights for the convolutional base were those from
ImageNet, these were fine tuned by training a multi-task model that detected the presence
of each lesion. The resulting weights from the lesions model were then frozen for the
models that detected the presence of each pathology.
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Inception V3

Average Pooling + Dropout + Fully

connected layers

Inception V3 model for

ImageNet

The lesions model was a multi-task network that detected the presence of each lesion.
For each lesion the model had three dense layers of 64, 32 and one units, where the output
unit had a sigmoid activation.

The models for DR, DME, AMD, PM and RL used the resulting convolutional base
from the lesions model and only the upper layers were trained. The upper layers of those
models had a layer of 2,048 units and the output layer of one unit with sigmoid activation.

Figure 2 shows a diagram of the transfer learning steps and the architectures for the
models trained in this work.

S-AT-1: S-AT-2: S-0T-14:
N Diffuse . Patchy .. ?tt‘e"_ ) Pathological  Lesion in
] p i i § Myopia  Retina (more
atrophy atrophy signs in retina Diabetic (more than than
Diabetic Macular Age Macular tessellated tessellated

Retinopathy Edema Degeneration fundus only) fundus only)

32
units

64 2,048 2,048 2,048 2,048
units oee units units units units

Inception V3 convolutional base

Inception V3 convolutional base Fine tuned for retinal lesions
Trained with ImageNet detection, using ImageNet

weights as initial weights.

Inception V3 convolutional base
Frozen from the retinal lesions
model

Retinal lesions model Pathology model

Figure 2. Model architectures for the retinal lesions model and for DR, DME, AMD, PM and RL
models. The transfer learning process of weights in convolutional layers is also shown.

2.3.2. Data Preprocessing

The pre-processing consisted on resizing to 299 x 299, and on image enhancement
using the method suggested by Graham [44].

2.3.3. Data Separation

Some considerations were taken when dividing data into train, validation, and test
sets. First, to avoid data filtration, all images taken from a unique patient were assigned to
the same subset.

Since our goal was to have a good performance mainly on Latin American data, all
data from Mexican population was divided as follows: 70% for training, 15% for validation,
and 15% for testing. All images from the EyePACS dataset were used for training only. The
resulting data separation is shown in Table 3.

Table 3. Number of images from each camera in train, validation, and test sets.

DRS Forus Horus Pictor Zeiss EyePACS
Train 1,844 1,819 3913 2423 1,292 3,947
Valdiation 389 361 793 516 275 0
Test 388 401 841 517 298 0

2.3.4. Referral system

In a real-life scenario all models would be used to determine whether a patient needs
to be referred to ophthalmic care. We defined a threshold of 0.5 for DR, DME, AMD, and
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PM models, and a threshold 0.9 for RL model. If the threshold for any model was surpassed,
then the patient would be referred. Figure 3 shows how the reference system works.

Preprocessed image Model evaluation Model ensemble Final output

Diabetic retinopathy model

Refer to

DR model > 0.5 OR ophthalmic care
DME model > 0.5 OR
kg AMD model > 0.5 OR
PM model > 0.5 OR
RL model > 0.9

—> Diabetic macular edema model

mma Age macular degeneration model

Do not refer to
ophthalmic care

Pathological myopia model

Retinal Lesion model

Figure 3. Pathway of the reference system including model evaluation and referral decision.

3. Results

All five models were evaluated on different subsets of the test set, according to whether
images came from patients in primary care and if they had been taken with a portable
camera. The first test set contained all 2,245 test images, the second set contained 1,229
images from patients in primary care, and the final test set contained 841 images from
patients in primary care, that were taken with a portable camera.

When evaluating sensitivity, we considered two levels of detection for DR, AMD and
PM; a general level that includes all stagesl, and a level that considers cases above mild
stagesz.

Table 4 shows the performance for each model on the different test sets, the metrics
included are ROC-AUC, accuracy, sensitivity for all cases, sensitivity for cases above mild
stages, specificity and positive predictive value (PPV).

We exclude detection of cases that only have tessellated fundus.

2 For DR cases above mild stages exclude mild DR; for AMD we exclude cases with mild AMD that do not have
retinal pigmentary epithelium changes; and for PM we exclude those cases on stages 1 and 2.
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Table 4. Metrics for each model evaluated on different subsets, the first includes all test data, the
second includes only data acquired in primary care, finally, the last subset contains images from
primary care taken with a portable camera. All images used for evaluation correspond to Mexican
data.

Sensitivity ~ Sensitivity

ROC-AUC Accuracy including  above mild Specificity PPV
mild stage
All test data (2,245)
Retinal Lesions 0.953 92% 83% 90% 95% 88%
Diabetic Retinopathy 0.970 95% 87% 92% 96% 70%
Diabetic Macular Edema 0.985 96% 94% 94% 96% 68%
Age Macular Degeneration 0.970 94% 86% 91% 95% 62%
Pathological Myopia 0.973 95% 80% 91% 96% 58%
Primary Care (1,229)
Retinal Lesions 0.967 94% 87% 94% 96% 87%
Diabetic Retinopathy 0.973 95% 85% 90% 95% 59%
Diabetic Macular Edema 0.991 96% 94% 94% 96% 53%
Age Macular Degeneration 0.977 94% 86% 94% 95% 65%
Pathological Myopia 0.986 95% 90% 100% 95% 53%
Portable Camera & Primary Care (841)
Retinal Lesions 0.962 93% 86% 93% 95% 86%
Diabetic Retinopathy 0.983 95% 85% 90% 95% 54%
Diabetic Macular Edema 0.993 96% 96% 96% 96% 46%
Age Macular Degeneration 0.982 95% 85% 100% 96% 70%
Pathological Myopia 0.982 95% 83% 100% 96% 56%

The ROC-AUC surpassed 0.95 for all models in all test sets. The minimum ROC-AUC
was 0.953 which corresponded to the detection of RL evaluated on all test data. In general
ROC-AUC values for RL were lower than those for specific diseases on all test subsets. In
contrast, the best ROC-AUC across all test sets was the one related to DME detection.

The values reported were constrained above a 95% specificity. All sensitivities had
values of at least 80% for DR, DME, AMD, PM, and LR for all test subsets. Previously, it
had been stated that for DR screening values for sensitivity and specificity should be at
least 80% sensitivity and 95% specificity [45]. Therefore, this minimum benchmarks are
surpassed for all diseases even considering mild cases. Moreover, for cases that have above
mild stages the sensitivity is at least 90%.

Considering the performance on primary care population using portable cameras,
we achieved ROC-AUC values over 0.982 for DR, DME, AMD, and PM, and of 0.962 for
any retinal disease detection. Given a specificity of at least 95%, sensitivities for each of
the five models was at least 83%. Moreover, for cases that have above mild stages, where
ophthalmic care becomes more necessary, the sensitivity was at least 90% .

The receiver operating characteristic curves for all test sets are shown in Figure 4,
where all possible combinations of sensitivity and (1-specificity) values are shown for DR,
DME, AMD, PM and RL on the different test sets.
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Receiver Operating Characteristic Curves Receiver Operating Characteristic Curves
All test data Primary Care
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S 034 Retinal Lesions, ROC-AUC: 0.953 S 034 Retinal Lesions, ROC-AUC: 0.967
a Diabetic Retinopathy, ROC-AUC: 0.97 3 Diabetic Retinopathy, ROC-AUC: 0.973
= % —— Diabetic Macular Edema, ROC-AUC: 0.985 = —— Diabetic Macular Edema, ROC-AUC: 0.991
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(a) (b)

Receiver Operating Characteristic Curves
Primary Care & Portable Camera
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0.9 1
0.8 1
0.7 1
0.6
0.5 1

0.4
Retinal Lesions, ROC-AUC: 0.962

Diabetic Retinopathy, ROC-AUC: 0.983

tha —— Diabetic Macular Edema, ROC-AUC: 0.993
0.1 - —— Age Macular Degeneration, ROC-AUC: 0.982
—— Pathological Myopia, ROC-AUC: 0.982

0.3 1

True Positive Rate (Sensitivity)

0.0 1

0.0 0.1 O.IZ D.|3 D.I4 D.IS 0:6 O.I? 0:8 0.9 1.0
False Positive Rate (1-5Specificity)

Figure 4. ROC curves for RL, DR, DME, AMD, PM for all test sets. (a) All test data; (b) Primary Care;
(c) Portable Camera & Primary Care.

In contrast to results shown in Table 4, Table 5 shows the expected results of the
referral decision, where the sensitivities for each disease of interest are shown, as well as
the sensitivity of retinal diseases not specifically considered within this work. The overall
specificity and PPV values are also shown.
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Table 5. Results of all models working simultaneously with the given thresholds

Sensitivit Sensitivit i s
Threshold including m};ld above mild si,age Specificity PPV
All test data (2,245)
Retinal lesions 0.9 80% 88% 96% 90%
Diabetic Retinopathy 0.5 90% 95% - -
Diabetic Macular Edema 0.5 93% 93% - -
Age Macular Degeneration 0.5 83% 90% - -
Pathological Myopia 0.5 68% 91% - -
Other retinal diseases - 80% 80% - -
Primary Care (1,229)
Retinal lesions 0.9 81% 91% 98% 92%
Diabetic Retinopathy 0.5 92% 97% - -
Diabetic Macular Edema 0.5 96% 96% - -
Age Macular Degeneration 0.5 85% 94% - -
Pathological Myopia 0.5 65% 89% - -
Other retinal diseases - 81% 81% - -
Portable Camera & Primary
Care (841)
Retinal lesions 0.9 82% 93% 97% 90%
Diabetic Retinopathy 0.5 94% 95% - -
Diabetic Macular Edema 0.5 100% 100% - -
Age Macular Degeneration 0.5 87% 100% - -
Pathological Myopia 0.5 66% 100% - -
Other retinal diseases - 74% 74% - -

For all test sets PPV was at least 90% and specificity was 96%. Sensitivity of all retinal
lesions was 80% and for those cases above mild stages sensitivity was at least 88%. The
least sensitivity was for PM that included stage 2, where sensitivity was as low as 66%,
however considering cases in stage 3 and above, sensitivity ranged from 89% to 100%.
Thus, the most severe cases are detected correctly. For all DR cases sensitivity was at least
90% even when including mild cases, and was at least 95% for cases in moderate, severe
or proliferative stages. Sensitivity of DME was also above 90%. Sensitivity of AMD was
above 80% for all cases and above 90% for intermediate and advanced stages and for those
in mild stages that have RPE changes.

Evaluating on the subset where data came from primary care population and portable
cameras, we achieved a specificity of 97% and a PPV of 90%, which means that 90% of the
cases that would be referred to ophthalmic care would have a retinal disease. Also, the
sensitivity for the four main diseases for cases above mild stages was at least 95%, hence
the models are properly detecting cases above mild stages. However, those cases with mild
stages are not neglected, since detection for all cases of DR and AMD have a sensitivity of
87%. Sensitivity is lower on detecting mild cases of pathological myopia, however this is
also related to the difficulty to differentiate mild cases of diffuse chorioretinal atrophy with
tessellated fundus only.

4. Discussion

In this work we developed models to detect DR, DME, AMD and PM as well as the
general presence of retinal diseases using primarily Latin American data and we evaluated
them on different subsets, including one that considers only data from Latin American
population on primary care, whose images were acquired with portable non-mydriatic
fundus cameras. This work is the first to consider those four retinal diseases in a Latin
American context, furthermore, it is the first to detect them on data from primary care
population taken with portable fundus cameras. These can be seen on Table 1.

Moreover, all models have a ROC-AUC above 0.95 on all test sets. These models can
be used for retinal disease detection in a real-life scenario for all outputs including DR,
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DME, AMD, PM, and RL. Since, the resulting sensitivities and specificities surpass the
minimum benchmarks of 80% sensitivity and 95% specificity established in [45].

The performance obtained on primary care data taken with portable cameras for DR,
DME, AMD, and PM had ROC-AUC values of at least 0.982, achieving a sensitivity of at
least 83% and specificity values of at least 95%. Furthermore, excluding mild cases, the
models achieved a sensitivity of at least 90%.

On a real-life scenario all models would interact jointly to refer patients to ophthalmic
care, evaluating the resulting referrals, we established thresholds of 0.5 for the four diseases
and 0.9 for general retinal lesions. With these thresholds, a PPV of 90% would be achieved,
this PPV value means that 90% of patients that arrive to ophthalmic care have a retinal
disease. The performance of referral in terms of sensitivity guarantees that 95% of patients
with cases of moderate, severe, and proliferative DR would be referred. Also, all cases of
DME, of mild AMD with EPR changes, or of intermediate and advanced AMD, and of
PM over stage 3 would be referred to ophthalmic care. Additionally, 74% of patients that
have other retinal diseases would be properly detected. Hence, using this referral strategy
would lead to retinal screenings with high sensitivity on cases above mild stages (above
95%) for DR, DME, AMD, and PM, an overall high specificity (97%) and an overall high
PPV (90%).

The previous metrics correspond to the evaluation on the subset containing primary
care data taken with a portable camera, therefore, the models can be used in retinal
screening programs with the prior characteristics. Thus, the models developed in this
work can be used as a tool to detect retinal diseases and help prevent avoidable blindness.

Future work may include efforts to detect other retinal diseases such as epirretinal
membranes, retinal detachment, and macular holes. In terms of DR, AMD, and PM future
work may include differentiation between severity stages, which may be useful to guide
patients” care.

5. Conclusions

In this work we developed models that detect DR, DME, AMD, and PM with sensitivity
over 90% for cases above mild severity stages and of at least 83% for all cases, while
maintaining a specificity of at least 95% evaluated on Latin American population in primary
care, whose images were taken with a portable camera. No previous works developed and
evaluated models for those four diseases simultaneously for those conditions.

Moreover, we evaluated models jointly, as they would be used on a real life-scenario,
and we were able to define thresholds that guarantee a PPV of 90% in terms of presence of
retinal disease and a specificity of 97% achieving high sensitivities of at least 95% for the
four main retinal diseases on cases above mild severity stage.

Given the previous results these models can be used for screening programs on
primary care population using portable cameras to help detect retinal diseases and prevent
avoidable and irreversible blindness due to the most common retinal diseases.
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