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Abstract

Purpose: To assess changes in retinopathy of prematurity (ROP) diagnosis in single and serial
retinal images.

Design: Cohort study.

Participants: Cases of ROP recruited from the Imaging and Informatics in Retinopathy of
Prematurity (i-ROP) consortium evaluated by 7 graders.

Methods: Seven ophthalmologists reviewed both single and 3 consecutive serial retinal images
from 15 cases with ROP, and severity was assigned as plus, preplus, or none. Imaging data were
acquired during routine ROP screening from 2011 to 2015, and a reference standard diagnosis was
established for each image. A secondary analysis was performed using the i-ROP deep learning
system to assign a vascular severity score (VSS) to each image, ranging from 1 to 9, with 9

being the most severe disease. This score has been previously demonstrated to correlate with the
International Classification of ROP. Mean plus disease severity was calculated by averaging 14
labels per image in serial and single images to decrease noise.

Main Outcome Measures: Grading severity of ROP as defined by plus, preplus, or no ROP.

Results: Assessment of serial retinal images changed the grading severity for > 50% of the
graders, although there was wide variability. Cohen’s kappa ranged from 0.29 to 1.0, which
showed a wide range of agreement from slight to perfect by each grader. Changes in the grading
of serial retinal images were noted more commonly in cases of preplus disease. The mean severity
in cases with a diagnosis of plus disease and no disease did not change between single and serial
images. The ROP VSS demonstrated good correlation with the range of expert classifications of
plus disease and overall agreement with the mode class (= 0.001). The VSS correlated with
mean plus disease severity by expert diagnosis (correlation coefficient, 0.89). The more aggressive
graders tended to be influenced by serial images to increase the severity of their grading. The VSS
also demonstrated agreement with disease progression across serial images, which progressed to
preplus and plus disease.

Conclusions: Clinicians demonstrated variability in ROP diagnosis when presented with both
single and serial images. The use of deep learning as a quantitative assessment of plus disease has
the potential to standardize ROP diagnosis and treatment.

Ophthalmol Retina. Author manuscript; available in PMC 2023 June 19.
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Methods

Retinopathy of prematurity (ROP) is a leading cause of childhood blindness worldwide.1-3
Proper screening and timely treatment of ROP are essential for successful anatomical

and functional outcomes. Current screening and treatment guidelines are based on the
Cryotherapy for ROP and the Early Treatment for ROP trials.2# Treatment should be
considered for any eye with type 1 ROP. For type 2 ROP, continued close retinal
examinations should be primarily recommended, and treatment should be performed if
progression to type 1 disease is detected. Plus disease is defined as arteriolar tortuosity and
venous dilation within the posterior pole greater than that found in a standard published
photograph.® Although the presence of plus disease is the most critical parameter for
determining treatment-requiring ROP, the assessment of plus disease is currently subjective
and qualitative with significant variability in diagnosis even among ROP experts.5-12

Retinopathy of prematurity is a disease with a continuous spectrum of retinal vascular
abnormalities.}! Early vascular dilation and tortuosity have been associated with worse
structural outcomes, with the clinical implication that the identification of preplus disease
can identify high-risk infants who will develop severe vision-threatening ROP even in eyes
with vascular changes insufficient for a diagnosis of plus disease.13-20 Many clinicians

who manage ROP compare vascular changes through retinal drawings or photographs taken
during screening without the systematic evaluation of serial retinal photographs.

Wide-angle digital photography has enabled the objective documentation of disease findings
in ROP, creation of digital libraries for education and research, improvement in the accuracy
and standardization of ROP diagnosis, and development of telemedicine programs for
ROP.21-23 Digital imaging has allowed the serial comparison of vascular changes of fundus
images over time; however, there are little data on how serial retinal images may guide the
modern management of ROP. The purpose of this study was to examine how serial color
fundus photographs affected the diagnosis of ROP by ophthalmologists.

This study was approved as a prospective study by the Institutional Review Board at the
University of Illinois at Chicago. Clinical data and images for this study were obtained
from infants who underwent serial ROP screening examinations in accordance with current,
evidence-based guidelines by participating ophthalmologists at 8 participating institutions:
(1) Oregon Health & Science University; (2) Weill Cornell Medical College; (3) University
of Miami; (4) Columbia University Medical College; (5) Children’s Hospital Los Angeles;
(6) Cedars-Sinai Medical Center; (7) William Beaumont Hospital; and (8) Asociacion para
evitarla Ceguera en Mexico. Written informed consent for the study was obtained from the
parents of all infants enrolled in this study, and a waiver of consent was obtained for the use
of deidentified retinal images. This study was conducted in accordance with the tenets of the
Declaration of Helsinki.

Ophthalmol Retina. Author manuscript; available in PMC 2023 June 19.
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Image Acquisition and Selection

Wide-angle fundus photographs were acquired during routine ROP screening examinations
from 2011 to 2015 using the RetCam (Natus Medical Systems) at 8 participating academic
institutions. For each image set, a reference standard diagnosis (RSD) of ROP was
established using the previously published methods.24 The RSD was determined by
combining the clinical diagnosis at the time of ROP screening with the masked and
independent interpretation of images performed by 3 expert graders (2 ophthalmologists

and 1 ROP study coordinator: M.F.C., R.V.P.C., and S.0.). Fifteen eyes were selected for
this study, with an RSD of 4 with plus disease, 9 with preplus disease, and 2 normal

images. Each eye was required to have = 3 consecutive wide-angle retinal photographs

to demonstrate vascular progression over time with the following requirements: (1) serial
images were 1—3 weeks apart; (2) sufficient image quality to demonstrate vascular changes;
and (3) similarities in the field of view centered on the posterior pole. Each eye had an
image set, which consisted of 3 sequential wide-angle retinal images labeled with the date of
image acquisition.

Survey Participants

All 7 eligible graders for this study were board-certified practicing retinal specialists who
have regularly performed ROP care at their institution and met = one of the following
criteria: (1) principal investigator or certified investigator for the Cryotherapy for ROP study
or Early Treatment for ROP study; and/or (2) published > 2 peer-reviewed ROP-related
articles. These participants are further referred to as experts in this study.

Study Design

Each expert who agreed to provide informed consent was given an individual electronic
link to the survey website. Baseline demographic data were initially collected, including
the length of time in practice and type of fellowship completed (pediatric ophthalmology,
medical retina, or surgical retina). Seven graders were presented with single retinal images
from 15 cases with ROP. The single retinal image presented was the most recent image for
that case. For each case, experts were asked to choose the ROP diagnosis (plus, preplus,

or neither), follow-up and management plan based on vascular appearance (follow-up in

2 weeks, 1 week, < 1 week, treat, or other), and level of confidence in determining the
clinical diagnosis based on the image presented (confident, somewhat confident, or not
confident). Then, a second set composed of 3 serial retinal images was presented for each of
15 eyes. The series of images from the 15 eyes were displayed in the same sequential order.
The graders were not permitted to review the previous images or change their responses.
Experts were again asked to choose a diagnosis, management plan, and level of confidence
in determining the clinical diagnosis. Additionally, graders were asked if serial images
influenced their diagnosis or follow-up assessment.

Statistical Analysis

Data analysis was performed using IBM SPSS statistics, version 24 (IBM). Three-level
plus diagnosis (plus, preplus, or neither) was used for statistical analysis. The intragrader
agreement between 2 assessments and intergrader agreement of 7 graders when viewing

Ophthalmol Retina. Author manuscript; available in PMC 2023 June 19.
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single versus serial images were analyzed using kappa statistics. Interpretation of the kappa
statistic Cohen’s and Fleiss’ kappa statistic were used to assess agreement between 2 graders
and between > 2 graders, respectively. Interpretation of the kappa statistic used a commonly
accepted scale as follows: 0 to 0.20, slight agreement; 0.21 to 0.40, fair agreement; 0.41 to
0.60, moderate agreement; 0.61 to 0.80, substantial agreement; and 0.81 to 1, near-perfect
agreement.?’> A Pvalue of < 0.05 was considered statistically significant.

Deep Learning Analysis

Results

A secondary analysis was performed using the previously validated Imaging and Informatics
in Retinopathy of Prematurity (i-ROP) deep learning system to assign a vascular severity
score (VSS) to each image. The i-ROP deep learning system was developed by the i-ROP
consortium and has demonstrated expert-level classification of plus disease. In addition to
classifying plus disease, the system has introduced a quantitative scale for ROP severity—
the VSS—uwhich ranges from 1 to 9, with 9 being the most severe disease. This score

has been previously demonstrated to correlate with expert diagnosis and the International
Classification of ROP. 26-30 The \/SS for each image in this study was determined using the
i-ROP deep learning system. The mean plus disease severity was calculated by averaging 14
labels per image in both serial and single images to decrease noise.

All 7 experts had completed a surgical retinal fellowship and had been practicing
ophthalmology for a mean of 15 years (range, 2—32 years) since the completion of training.
Analysis of intragrader agreement between single and serial image assessment demonstrated
a Cohen’s kappa with a range of 0.29—1.0, which showed a wide range of agreement from
slight to perfect by each grader. There was noted variability in the aggressiveness of the
graders, defined as a tendency to assign a more severe ROP diagnosis. This was assessed by
comparing serial and single mean severity of all images across 7 graders. There was a range
of 4.20—6.07 for serial mean severity and 3.67—5.80 for single mean severity. Four of the 7
graders were significantly more aggressive when assessing both serial (P = 0.004) and single
(P=0.0001) images. The confusion matrices for the assessment of serial and single images
are shown in Figure 1.

There was a nonsignificant difference in the mean grader-assigned severity in cases with

no ROP and plus disease (£ = 0.1) The mean severity in the 10 cases showed an average
increase in the classification of disease severity with serial images (P = 0.08). Therefore,
there was a nonsignificant tendency to increase classification label for preplus images with
the use of serial images. The mode diagnosis changed in only 1 case from preplus to plus
disease. Figure 2 demonstrates the mean and mode severity in single and serial images. The
numerical scale correlates with disease severity, with 1 indicating no disease, 5 indicating
preplus disease, and 9 indicating plus disease.

When viewing serial images, a diagnostic change from preplus to plus disease was the most
common finding, and 7 eyes were given the diagnosis of treatment-requiring disease. Among
the 15 eyes, 12 (80.0%) eyes had a change in the diagnosis or management of ROP after
viewing serial images. There were 13 changes from preplus to plus disease, which represents

Ophthalmol Retina. Author manuscript; available in PMC 2023 June 19.
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a change warranting treatment. Notably, a change in preplus to plus disease occurred in >
50% of the graders. Graders with a lower threshold to diagnose the more severe disease
(more aggressive graders) tended to be influenced by serial images to make a change in
diagnosis; 15 of the 24 total diagnostic changes occurred in the 2 most aggressive graders.
Figure 3 displays all changes in diagnosis across all graders after viewing serial images,
organized from the least to the most aggressive graders (left to right). Representative cases
showing changes toward more and less severe disease when viewing serial retinal images are
described in Figure 4.

Analysis of the VSSs demonstrated good overall agreement with the mode class as assigned
to no ROP, preplus, and plus disease (P=0.001), as demonstrated in Figure 5A. The VSS
also correlated with the range of disease severity, as determined by averaging clinician
responses of disease severity (no plus disease =1, preplus =5, and plus disease = 9) with a
correlation coefficient of 0.8 (Fig 5B).

When assessing single images, in 81 (77.1%) of the images, graders reported that they were
confident and for 24 (22.9%) images the graders reported that they were somewhat confident
in their clinical diagnosis. With serial retinal images, in 85 (81.0%) of the images, graders
reported that they were confident and for 20 images (19.0%), the graders reported that they
were somewhat confident. There was no statistically significant difference in confidence

in diagnosis between single and serial images (£ = 0.435). Graders were asked whether

the serial images influenced their diagnosis or follow-up. For thirty-five (33.3%) images,
graders felt that their clinical decision-making was affected. In a total of 25 (23.8%) images,
graders felt that follow-up was the most affected, in 6 images (5.7%), graders felt that

both follow-up and diagnosis were affected, and in 4 images (3.8%), graders felt that only
diagnosis was affected.

Discussion

The key findings from this study are as follows: (1) exposure to serial images at the time of
plus disease classification changed the diagnosis of borderline cases from preplus to plus for
more than half of the graders in = 1 case. This may have implications for the treatment and
application of evidence-based medicine; (2) graders who tended to have a lower threshold
for the diagnosis of preplus and plus were more likely to be influenced by serial progression
images; and (3) the use of a deep learning—derived quantitative VSS may standardize the
assessment of plus disease among experts and may facilitate a better understanding of the
role that disease progression plays in treatment decisions, which has not been evaluated in
clinical trials.

The first key finding of this study is that exposure to serial images at the time of plus
disease classification changed the diagnosis of borderline cases from preplus to plus for
more than half of the graders in = 1 case. Overall, most changes in diagnosis in our study
(18 of 24 [75%]) were toward more severe disease, although clinicians were inconsistent in
whether serial versus single image review changed their diagnosis. It has been well known
that interexpert agreement in ROP classification varies with a single image because of
differences among cut points of vascular abnormality required for plus disease, differences

Ophthalmol Retina. Author manuscript; available in PMC 2023 June 19.
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in the field of view considered, identification of different vascular parameters by different
clinicians, and differences in training and education.®12 Serial images have been previously
used as a tool in telemedicine to assess follow-up after intravitreal anti-VEGF injection.3!
A single retinal image may be insufficient to understand the patient’s individual disease
progression, especially with regard to the tempo of disease progression.32 There has been a
large amount of interobserver variability in the assessment of plus and preplus disease with
single retinal photographs, which was also noted in the current study.57 A previous study
by our group demonstrated that ROP experts correctly identified the vascular progression
of ROP with an accuracy of approximately 76% with static side-by-side presentation of
image pairs.33 These findings imply that serial images might provide more contextualized
information to decide the need for treatment compared with single images alone.®

The second key finding is that the graders who tended to have a lower threshold for
diagnosis of preplus and plus were more likely to be influenced by serial progression
images. Our previous study revealed that ROP experts occasionally recommended ROP
treatment in eyes with disease milder than type 1 mainly for structural changes,

prompting concern about future anatomic complications, active ROP disease at an advanced
postmenstrual age, and logistical, systemic, and other diagnostic concerns.32 Although
graders were not provided with additional demographic information when viewing the
images, experts are more likely to diagnosis plus disease if demographic characteristics
suggest a higher pretest probability for more severe disease.3* Further studies are required to
better understand variability in graders’ threshold to diagnose plus disease.

The third key finding is that deep learning can measure disease severity that corresponds
with expert agreement and disease progression. The use of a deep learning—derived
quantitative VSS may standardize the assessment of plus disease among experts and

may facilitate a better understanding of the role disease progression ought to play in
treatment decisions, which has not been evaluated in clinical trials. This represents an
area of opportunity for the use of artificial intelligence as an adjunct to clinical decision-
making when viewing serial images in ROP. Numerous computer-based image analysis
programs have been developed for the quantification of vascular features related to plus
disease using different algorithms for measuring vascular dilation and tortuosity.19:20.35.36
ROPTool and Retinal Image multiScale Analysis have provided objective measurement of
the changes in retinal vascular dilation and tortuosity in individual eyes over time,35:36:37
The i-ROP consortium has demonstrated expert-level classification of plus disease. The
i-ROP deep learning system has introduced a quantitative scale for ROP severity (1—09) that
has been shown to correlate with the International Classification of ROP. The integration
of a quantitative severity score may assist in providing a more consistent and precise
identification of retinal vascular progression in conjunction with qualitative assessment by
readers.

This study should be viewed in the light of some limitations: (1) The sample size for both
image analysis and number of graders was relatively small, with 7 graders and 15 cases.
Future research with additional standardized cases and participants may provide more clear
and generalizable answers on the role of serial retinal images in ROP surveillance; (2)

the RSD was determined by a single “latest” image, not by serial images. This makes it

Ophthalmol Retina. Author manuscript; available in PMC 2023 June 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cole et al.

Page 8

difficult to directly compare the accuracy of ROP classification using single versus serial
images; (3) readers were not informed of the infants’ birth weight, gestational age at birth,
postmenstrual age, and findings from previous examinations, which does not represent
current clinical practice in which these factors are considered together with retinal findings
when determining management;21:34 (4) the image-based diagnosis of ROP in this study
limits its generalizability primarily to a telemedicine setting and may not reflect grading
practices via binocular indirect ophthalmoscopy. However, if an image-based diagnosis is
routinely performed, examiners may be able to use serial images to assess progression; (5)
the images in this study were collected in a standardized fashion at regular time points.
However, in clinical practice, there may be variability in the frequency of imaging and
follow-up examination based on screening criteria and other considerations; and (6) experts
who participated in the study were also part of the i-ROP consortium. This could have
potentially caused bias by the experts and therefore influenced the results of the study.

The images, however, were presented in a deidentified and randomized fashion so that the
graders would be less likely to recognize cases. Despite the limitations we present here, our
study provides some evidence to support the use of incorporating the concept of dynamic
disease progression into ROP assessments.

Currently, there has been no consensus on how to integrate information regarding retinal
vascular progression into the diagnosis and management of ROP and how it can best be
used in clinical practice. Future studies are needed to assess how a quantitative VSS can
play an adjunctive role in the diagnosis and management of ROP, how this may change
the decision to treat or not, and how clinicians interact with this quantitative diagnosis in
the clinical setting. Recognizing vascular progression toward more or less severe disease
with serial images affected classification of ROP severity as well as their follow-up and
management decisions. These findings suggest the potential role of using serial retinal
images in the current management of ROP, as well as the promising role of a quantitative
VSS in standardizing ROP diagnosis.
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Figure 1.

The confusion matrices and weighted kappa values for the assessment of single images
versus the same image presented at the end of a series of images (serial), for each grader.
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Figure 2.
The mean and mode severity of single and serial images. Using a humeric scale which

corresponds to the color spectrum (1 = no plus = green, 5 = preplus, and 9 = plus = red),
the above table demonstrates the mean (left) and mode (right) values for each image for
the group of experts presented with the single image and serial image set. Qualitatively, the
mean severity was higher when the images were presented in series.
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Figure 3.
Compared with the standard single image grading, this figure presents the changes in

diagnosis across all graders after viewing serial images, organized from least to most
aggressive graders (left to right). Graders are presented in the order of least (A) to most
aggressive (G) grading. Grayscale boxes indicate images with no change in single versus
serial images (white = no retinopathy of prematurity [ROP], light gray = preplus, dark gray
= plus). The red boxes indicate a change in diagnosis toward more severe disease with serial
image viewing (light red = no ROP to preplus, dark red = preplus to plus). The blue boxes
indicate a change in diagnosis toward less severe disease (dark blue = plus to preplus, light
blue = preplus to no disease).
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Figure 4.
Two sets of serial images of cases with a reference standard diagnosis of preplus disease.

For single images, graders viewed only the last image in the series. In set (A), the graders
showed diagnostic changes toward more severe disease with serial images. In set (B), the
graders showed clinical diagnostic changes toward less severe disease.
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Figureb.
A, Vascular severity scores demonstrated good overall agreement with the mode class as

assigned to no plus, preplus, and plus disease (P=0.001). B, The retinopathy of prematurity
(ROP) vascular severity score correlated with the range of disease severity, as determined by
averaging the clinician responses of disease severity (no plus disease = 1, preplus = 5, plus
disease = 9) with a correlation coefficient of 0.8.
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