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Abstract
Purpose—To examine the diagnostic reasoning process of experts for plus disease in retinopathy
of prematurity (ROP) using qualitative research techniques.

Methods—Six experts were video-recorded while independently reviewing seven wide-angle
retinal images from infants with ROP. Experts were asked to explain their diagnostic process in
detail (think-aloud protocol), mark findings relevant to their reasoning, and diagnose each image
(plus vs. pre-plus vs. neither). Subsequently, each expert viewed the images again while being
asked to examine arteries and veins in isolation, and answer specific questions. Video-recordings
were transcribed and reviewed. Diagnostic process of experts was analyzed using a published
cognitive model.

Results—Based on the think-aloud protocol, 5/6 experts agreed on the same diagnosis in three
study images, and 3/6 experts agreed in three images. When experts were asked to rank images in
order of severity, the mean correlation coefficient between pairs of experts was 0.33 (range - 0.04–
0.75). All experts considered arterial tortuosity and venous dilation while reviewing each image.
Some considered venous tortuosity, arterial dilation, peripheral retinal features, and other factors.
When experts were asked to re-review images to diagnose plus disease based strictly on
definitions of sufficient arterial tortuosity and venous dilation, all but 1 expert changed their
diagnosis compared to the think-aloud protocol.

Conclusions—Diagnostic consistency in plus disease is imperfect. Experts differ in their
reasoning process, retinal features that they focus on, and interpretations of the same features.
Understanding these factors may improve diagnosis and education. Future research defining more
precise diagnostic criteria may be warranted.
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INTRODUCTION
Retinopathy of prematurity (ROP) is a vasoproliferative disease affecting low birth-weight
infants. An international classification for ROP (ICROP) has been developed to standardize
clinical diagnosis.1 Multi-center randomized trials such as the Cryotherapy for ROP
(CRYO-ROP) and Early Treatment for ROP (ETROP) studies have found that severe ROP
may be treated successfully by laser photocoagulation or cryotherapy.2,3 Pharmacological
treatments are being studied.4 Despite these advances, ROP continues to be a leading cause
of childhood blindness throughout the world.

“Plus disease” is a critical component of the ICROP system, and is defined as arterial
tortuosity and venous dilation in the posterior pole greater than or equal to that of a standard
photograph selected by expert consensus during the 1980s.1,2 More recently, the revised
ICOP system defines “pre-plus disease” as vascular abnormalities insufficient for plus
disease but with more arterial tortuosity and venous dilation than normal.1 Presence of plus
disease is a necessary feature for threshold disease and a sufficient feature for type 1 ROP,
both of which have been shown to warrant prompt treatment. Therefore, accurate diagnosis
of plus disease is essential.

However, there are limitations regarding the definition of plus disease. Studies have found
diagnostic inconsistency, even among experts.5–7 The standard published photograph has a
larger magnification and narrower field of view than clinical evaluation tools such as
indirect ophthalmoscopy and wide-angle retinal imaging, and this difference in perspective
may cause difficulty for ophthalmologists.8,9 Vessels in the standard published photograph
have varying degrees of tortuosity and dilation, creating uncertainty regarding which vessels
to focus on during examination. Finally, although plus disease is defined solely from
arteriolar tortuosity and venous dilation within the posterior pole, it is possible that other
vascular features or the rate of vascular change are relevant for diagnosis.9,10 Better
understanding of the examination features characterizing plus disease may improve
diagnostic accuracy and consistency.

It has been our observation that many ophthalmologists who trained within the past 25 years,
after dissemination of ICROP and the CRYO-ROP study findings,1,2 perform ROP
examination predominantly by classifying the zone, stage, and presence of plus disease
based on “venous dilation and arteriolar tortuosity of the posterior vessels.” The premise of
this study is that reliance only on this classification system, without attention to description
of rich underlying retinal features, may over-simplify the characterization of clinically-
significant findings. This study is designed to encode detailed qualitative thoughts of experts
during plus disease diagnosis, using research methods from cognitive informatics.11 The
overall goals are to ascertain levels of agreement as well as to better understand underlying
reasons for diagnostic discrepancy among experts, and to obtain more precise information
about specific retinal features of plus disease.

METHODS
This study was approved by the Institutional Review Boards at Columbia University (New
York, NY) and Oregon Health & Science University (Portland, OR). Informed consent was
obtained from all expert participants, and waiver of consent was obtained for use of de-
identified retinal images.

Expert Participants
The authors assembled a panel of international ROP experts who had the experience of
using qualitative retinal features as their primary basis for clinical diagnosis. In our view,
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this could be accomplished by identifying experts who had practiced ophthalmology before
publication of the CRYO-ROP findings,2 who participated as CRYO-ROP principal
investigators, or who participated on national ROP standards committees. The rationale was
that this would identify a small number of experts with the background and perspective to
articulate their underlying qualitative reasons for diagnosis.

Image Selection
A set of 7 wide-angle retinal images (RetCam; Clarity Medical Systems, Pleasanton, CA)
was captured from premature infants during routine clinical ROP care. Each image showed
the posterior retina, and reflected some degree of vascular abnormality in the opinion of the
authors. Images were printed on high-resolution photo paper (Kodak; Rochester, NY) in a 5”
×7” format.

No additional information such as birth-weight, systemic findings, or post-menstrual age
was provided. This was to ensure that experts focused only on retinal features, without
potential confounding factors. Neither the standard photograph nor any definitions of plus or
pre-plus disease were provided to experts. This was to simulate a real-world examination
scenario and avoid biasing expert opinions. We believed that study experts would be
intimately familiar with these definitions through previous experiences, and through
contributing to the creation of those definitions in many cases.

Think-aloud protocol and specific image questions
This study was conducted in two rounds, in which each study expert was asked a series of
scripted questions (Appendix) by a co-author (NJH): (1) Round 1 (“think-aloud protocol”).
The 7 retinal images were shown individually and in the same order to each expert, who was
asked to diagnose each image as either “plus disease,” “pre-plus disease,” or “neither plus
nor pre-plus.” Each expert was asked to verbalize thoughts while reviewing the image, to
explain the process that led to the final diagnosis, and to annotate the most important
findings on the printed image using a marking pen. Finally, each expert was asked to rate the
degree of confidence in the diagnosis for each image (certain, somewhat certain, or
uncertain). Experts were encouraged by the observer (NJH) to verbalize all of their thoughts,
but were not otherwise interrupted or coached during the think-aloud protocol. (2) Round 2
(“specific questions”). The 7 study images were displayed again in the same order, and each
expert was asked a series of specific questions about each image. For each image, experts
were asked whether the arteriolar tortuosity was sufficient for plus disease, whether the
venous dilation was sufficient for plus disease, and whether the overall image reflected plus
disease, pre-plus disease, or neither. Experts were asked to rank the 7 images in order of
increasing arteriolar tortuosity, increasing venous dilation, and increasing overall severity of
vascular abnormality. Additional specific questions were custom-tailored to each image
regarding features used by experts to identify severe ROP, perceptions about the nature and
location of vascular abnormalities, and other diagnostic heuristics (Appendix).

Each of the expert sessions was recorded using a video camera (Handycam; Sony, Tokyo,
Japan). A digital recorder (Garage Band; Apple, Cupertino, CA) was used as a backup. The
video camera was directed to record the retinal images and hands of each expert. Personal
features of experts were not recorded, and experts were identified only by a study number.

Data analysis
In Round 1 (think-aloud protocol): Digital files were processed using video editing software
(iMovie; Apple, Cupertino, CA). All video and audio files were manually transcribed for
analysis. A modified protocol of the Hassebrock coding-scheme was used to analyze the
transcribed files.12 The scheme was designed to analyze medical reasoning and coding of
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verbal think-aloud protocols. Inter-expert agreement was examined based on overall
diagnosis provided after the think-aloud protocol. Specific examples were identified to
represent differences in underlying qualitative diagnostic rationale among experts.

In Round 2 (specific questions): inter-expert agreement was examined by calculating
correlation coefficients among each pair of experts who were asked to rank the 7 retinal
images from least to most severe based on arterial tortuosity alone, venous dilation alone,
and overall severity of vascular abnormalities related to plus disease. A published scale was
used to interpret correlation coefficients: 0–0.30, small correlation; 0.31–0.50, medium
correlation; 0.51–1.00, strong correlation.13

Intra-expert agreement in plus disease diagnosis was calculated. As described above, each
expert initially provided a diagnosis (plus, pre-plus, or neither) in Round 1 while “thinking
aloud” to explain their rationale. Each expert then provided a diagnosis in Round 2 after
responding to a series of questions about specific image features. Absolute intra-expert
agreement and weighted kappa (k) statistic were calculated for each expert using these
diagnoses. A published scale was used to interpret k values: 0–0.20, slight agreement; 0.21–
0.40, fair agreement; 0.41–0.60, moderate agreement; 0.61–0.80, substantial agreement; and
0.81–1.00, near-perfect agreement.14

Finally, data from Rounds 1 and 2 were analyzed to identify qualitative retinal features
contributing to the ROP diagnostic process by experts, and to identify the relationship
among individual retinal features and overall diagnosis.

RESULTS
Characteristics of Study Experts

Six ROP experts participated: 5/6 (83%) were principal investigators in the CRYO-ROP
and/or ETROP studies, 5/6 (83%) published ≥5 peer-reviewed ROP papers, 5/6 (83%)
practiced ophthalmology before publication of initial CRYO-ROP findings, and 5/6 (83%)
contributed to expert consensus activities such as selection of the standard published
photograph, development of ICROP, or creation of screening guidelines.15,16 All experts
met ≥2 of these criteria.

Inter-Expert Agreement
Table 1 summarizes inter-expert agreement in plus disease diagnosis among the 6 experts
based on the Round 1 think-aloud protocol. In particular, 5/6 (83%) experts agreed on the
same diagnosis in three images, 4/6 (67%) experts agreed in one image, and 3/6 (50%)
agreed in three images. Several images were diagnosed differently by experts. For example,
image #2 was diagnosed as plus disease by 3/6 (50%) experts, as pre-plus disease by 1/6
(17%) experts, and as neither by 2/6 (33%) experts.

In Round 2, experts were asked to rank all 7 images in order of increasing overall severity of
vascular abnormality related to plus disease, in order of increasing arterial tortuosity alone,
and in order of increasing venous dilation alone. The correlation in ordering of arterial
tortuosity among pairs of experts was strong (mean [range] correlation coefficient 0.89
[0.80–1.00]), whereas there was only small correlation in ordering of venous dilation (mean
[range] correlation coefficient 0.27 [−0.04–1.00]) (Table 2).

Example of Qualitative Analysis of Diagnostic Discrepancy
To examine differences in underlying diagnostic process that may have led to discrepancies
among experts, transcripts of think-aloud protocols were examined and compared. For
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example, image #5 was diagnosed as plus disease by 2/6 (33%) experts, pre-plus by 3/6
(50%) experts, and neither by 1/6 (17%) expert. The Figure displays examples of differences
in key retinal features that were discussed and annotated in that image by three different
experts.

Intra-expert Agreement
Table 3 summarizes intra-expert agreement between plus disease diagnosis provided in the
think-aloud protocol from Round 1 and the diagnosis provided after responding to a series of
specific questions about image features in Round 2. Absolute intra-expert agreement ranged
from 4/7 (57%, 1 expert) to 7/7 (100%, 1 expert), and weighted k ranged from 0.30 (fair
agreement, 1 expert) to 1.00 (perfect agreement, 2 experts).

Retinal Features of Plus Disease
In specific questions of Round 2, experts were asked to characterize arterial tortuosity
sufficient or insufficient for plus disease, characterize venous dilation sufficient or
insufficient for plus disease, and provide an overall diagnosis (Table 4). Five individual
ratings were excluded because an expert provided no response about arterial tortuosity or
venous dilation; therefore, there were 37 total ratings by the 6 experts for the 7 images. In
5/37 (14%) ratings, there was inconsistency between the expert diagnostic process and
published definitions of plus disease (which requires both sufficient arterial tortuosity and
venous dilation).1 In another 5/37 (14%) ratings, there was inconsistency with the published
definition of pre-plus disease (which requires arterial tortuosity and venous dilation which is
insufficient for plus disease).1

Table 5 displays retinal features considered by experts in plus disease diagnosis during the
think-aloud protocol of Round 1. In addition to retinal features mentioned in the published
definition of plus disease (sufficient arterial tortuosity and venous dilation within ≥2
quadrants of the central retina),1 experts cited many different features such as venous
tortuosity, arterial dilation, peripheral retinal features, and vascular branching.

DISCUSSION
To our knowledge, this is the first study using qualitative research methods to examine the
process of plus disease diagnosis by ROP experts. Key findings are that: (1) There are
inconsistencies in plus disease diagnosis among experts, (2) Some diagnostic discrepancies
may occur because experts are considering different retinal features, and (3) The current
concept of plus disease as arteriolar tortuosity and venous dilation within the posterior pole
appears over-simplified based on expert behavior.

Our results regarding inter-expert disagreement in plus disease diagnosis support findings
from previous studies involving image-based diagnosis,5,6 and from a previous study
showing that certified CRYO-ROP experts performing unmasked ophthalmoscopic
examinations to confirm presence of threshold disease disagreed with the first expert
diagnosis in 12% of cases.7 One demonstration of inter-expert inconsistency in the current
study is shown in Table 1. Another demonstration is summarized in Table 2, showing that
correlation among experts for ranking severity of arterial tortuosity (mean correlation
coefficient 0.89) was much higher than correlation for ranking severity of venous dilation
(mean correlation coefficient 0.27) or overall vascular severity (mean correlation coefficient
0.33). This suggests that arterial tortuosity is easier for experts to recognize and order
visually. Conversely, venous dilation may be more difficult to identify visually, more
subjective, or perhaps more difficult to represent using wide-angle images. There are several
possible reasons explaining the low inter-expert correlation for overall severity, including
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the fact that there are differences in retinal features considered by different experts. Other
possibilities are that there are differences in the interpretation of the same retinal features by
different experts, or that the significance of particular features is weighted differently among
experts (Figure). A final demonstration of variability is summarized in Table 3, showing
intra-expert differences in plus disease diagnosis using different methods. Taken together,
these findings suggest that there are significant inconsistencies, and that experts appear to
consider different retinal features and interpret the same features differently.

The traditional definition of plus disease was created by expert consensus during the 1980s,
and has been used for major multi-center trials.2,3 However, another key finding from the
current study is that experts consider retinal features beyond arterial tortuosity and venous
dilation within the posterior pole when diagnosing plus disease. As shown in Table 5,
experts explicitly mentioned many additional factors while explaining their diagnostic
rationale during the think-aloud protocol. These included retinal features such as venous
tortuosity and vascular branching, as well as anatomic factors such as peripheral retinal
appearance and macular features, none of which are described in the published definition of
plus disease.1,2 Furthermore, as shown in Table 4, there were 10/37 study ratings in which
expert diagnoses of plus or pre-plus disease were inconsistent with published definitions.1

Overall, these findings suggest that plus disease diagnosis is considerably more complex
than current rules which combine arterial tortuosity and venous dilation in the posterior pole,
and that experts do not appear to consider the same retinal features even when examining the
same images.

Qualitative cognitive research methods have been used to characterize complex processes
pertaining to visual diagnosis in fields such as dermatology, pathology, and radiology.17–19

The premise of this study is that current ROP management strategies are based on an
international classification system,1 along with diagnosis and treatment guidelines resulting
from groundbreaking multi-center trials.2,3 By nature, this translates the qualitative nuances
of retinal examination into discrete evidence-based rules. Findings from the current study
support the notion that plus disease diagnosis is over-simplified by these rules involving
only central arterial tortuosity and venous dilation. In particular, most study experts had
practice experience before publication of these definitions and rules, and might therefore
have greater insight about ROP diagnosis based on qualitative retinal characteristics.
Follow-up research to encode the diagnostic methods and heuristics used by these experts
may improve standardization and education in ROP care.20,21 Evidence-based protocols
provide enormous benefits through guidelines to improve clinical management, and methods
from this study can complement these protocols by providing additional information about
subtle diagnostic factors.

Computer-based image analysis is an emerging method for improving accuracy and
reproducibility of plus disease diagnosis using quantitative retinal vascular
parameters.8,10,22–35 Development of these systems requires identification of the relevant
vascular features to analyze (e.g. arterial tortuosity); definition of algorithms for quantifying
these features; selection of the appropriate vessels for analysis (e.g. all vessels, worst
vessels); and combination of individual feature values into an overall diagnosis.34 Currently,
there are no standard methods for performing most of these tasks. This study provides
information about the diagnostic process used by experts, which may eventually provide a
scientific basis for developing computer algorithms that better mimic expert diagnosis.

Several additional study limitations should be noted: (1) Wide-angle retinal images were
used for expert review, rather than ophthalmoscopic exams. This may have biased findings
to the extent that examiners were less familiar with image-based diagnosis. However, we
note that all study experts had experience with ROP imaging, and that multiple studies have
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shown that image-based ROP diagnosis agrees closely with ophthalmoscopic diagnosis.36–44

We felt that image review was the best study design to allow multiple experts to analyze the
exact same retinal features. (2) Retinal images were reviewed by experts with no clinical
information. This may have affected study findings to the extent that experts interpret retinal
findings in the context of clinical data. However, the purpose of this study was to understand
the significance of qualitative retinal features and the expert diagnostic process, not to
simulate the process of ophthalmoscopic examination. (3) The number of study experts was
limited. This may affect the generalizability of study findings to the extent that these 6
academic experts may not be representative of the larger group of clinical ROP specialists.
However, we note that the foundation of qualitative research is to collect detailed verbal
descriptions to portray varying perspectives about complex phenomena.45 (4) This study
focused only on identifying factors relevant to plus disease diagnosis. Other potentially-
relevant factors, such as location of retinal disease, were not explicitly asked about but were
noted if mentioned by experts (e.g. Table 5). New research, such as studies relating vascular
appearance with zone, may be useful.

In summary, this study suggests that agreement in plus disease diagnosis among experts is
imperfect, and that there are differences in the underlying diagnostic reasoning process and
the retinal features examined. This study provides evidence that plus disease diagnosis is
based on multiple factors, which may depend on the specific examiner. Updated definitions
based on detailed analysis of expert behavior, using qualitative research methods such as
those used in this study, may lead to improved diagnostic accuracy and standardization. This
may have implications for future definitions of plus disease, for education and consistency
of care, and for development of computer-based diagnostic tools.
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Figure. Example of differences in diagnostic process among experts reviewing the same image
independently
Experts were asked to provide a diagnosis (plus, pre-plus, or neither) and annotate key
findings, while being videotaped “thinking aloud” to describe their reasoning. Videotapes
were transcribed, coded, and analyzed to examine qualitative diagnostic process. (A) was
diagnosed as plus disease by Expert #1: “…looks like a very low gestational age baby, it's
taken quite a long time to get to this stage. There is a lot of arterial tortuosity [annotated],
there is a little bit of venous congestion in the superior temporal and superior nasal quadrant,
more in the superior half of the retina [annotated]. By definition I think this has to be plus,
because it's two quadrants at least, and even the other quadrants aren't normal…” (B) was
diagnosed as pre-plus disease by Expert #2: “…there is a lot of tortuosity of the arteries, the
veins are about 2 to 1. This could either be a pre-plus eye or a normal variant, depending on
a quick look to the periphery. Curiously, there is a lot of tortuosity down here [annotated], it
looks like there is disease up here [annotated].” (C) was diagnosed as neither by Expert #4:
“…vessels seem to be branching excessively in that region [superonasal area annotated] and
some increased tortuosity [superotemporal area annotated] as well, and this vein looks too
fat [superotemporal area annotated]. If all the quadrants were like this quadrant
[superotemporal] then it would be at least pre-plus and verging on plus, but since it's only
one quadrant that's highly questionable. Would not classify it as plus, I could see why some
would call it pre-plus … I would call it no plus.”
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Table 1
Inter-expert agreement in plus disease diagnosis by 6 retinopathy of prematurity (ROP)
experts from reviewing 7 wide-angle retinal images

Experts were asked to provide a diagnosis (plus, pre-plus, or neither) while “thinking aloud” to describe their
underlying reasoning process.

Image
Diagnosis

Plus Pre-Plus Neither

1 0/6 (0%) 4/6 (67%) 2/6 (33%)

2 3/6 (50%) 1/6 (17%) 2/6 (33%)

3 3/6 (50%) 2/6 (33%) 1/6 (17%)

4 5/6 (83%) 1/6 (17%) 0/6 (0%)

5 2/6 (33%) 3/6 (50%) 1/6 (17%)

6 5/6 (83%) 1/6 (17%) 0/6 (0%)

7 5/6 (83%) 1/6 (175) 0/6 (0%)
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Table 2
Inter-expert agreement among experts ranking severity of overall vascular abnormality,
arterial tortuosity alone, and venous dilation alone in retinopathy of prematurity (ROP)

Six experts were asked to rank 7 wide-angle retinal images from least to most severe, and correlation
coefficient for rank ordering was compared among each pair of experts for each parameter (overall vascular
abnormality, arterial tortuosity alone, venous dilation alone). Mean, highest, and lowest correlation
coefficients among pairs of experts are displayed.

Parameter
Correlation coefficient among pairs of experts

Lowest Mean Highest

Overall vascular abnormality −0.04 0.33 0.75

 Arterial tortuosity alone 0.80 0.89 1.00

  Venous dilation alone −0.04 0.27 1.00
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Table 3
Intra-expert agreement in plus disease diagnosis by 6 retinopathy of prematurity (ROP)
experts from reviewing 7 wide-angle retinal images

Each expert was initially asked to provide a diagnosis (plus, pre-plus, or neither) while “thinking aloud” to
explain their underlying rationale. Experts were subsequently asked to provide a diagnosis after responding to
a series of questions about specific features of each image. Intra-expert agreement is represented as absolute
agreement and weighted kappa (κ) statistic.

Intra-expert agreement metric

Expert Absolute Weighted κ

1 6/7 (86%) 0.78

2 7/7 (100%) 1.00

3 5/7 (71%) 0.36

4 4/7 (57%) 0.36

5 5/7 (71%) 0.30

6 6/7 (86%) 0.78
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Table 4
Relationship between perceived vascular abnormality and overall plus disease diagnosis

Experts were asked to review wide-angle retinal images in detail, provide an overall diagnosis (plus, pre-plus,
or neither), characterize arterial tortuosity (AT, sufficient or insufficient for plus disease), and characterize
venous dilation (VD, sufficient or insufficient for plus disease). Shaded cells represent inconsistencies
between expert diagnostic process and published definitions. Six experts reviewed 7 wide-angle images, for a
total of 42 ratings. Five ratings were excluded because experts provided no response for AT or VD.

Sufficient AT or VD for plus disease?

Diagnosis Both AT and VD Only AT Only VD Neither AT nor VD

Plus 15/37 5/37 0/37 0/37

Pre-Plus 5/37 3/37 3/37 0/37

Neither 0/37 3/37 1/37 2/37
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Table 5
Retinal features considered by experts during plus disease diagnosis

Experts were asked to review wide-angle retinal images in detail, while “thinking aloud” to describe their
underlying reasoning process. Six experts reviewed 7 wide-angle images, for a total of 42 ratings. Shaded cells
represent features explicitly mentioned in published definitions.

Retinal feature Mentioned in image ratings

Arterial tortuosity 42/42 (100%)

Arterial dilation 8/42 (19%)

Venous tortuosity 10/42 (24%)

Venous dilation 42/42 (100%)

Central vessels 8/42 (19%)

Peripheral vessels 14/42 (33%)

Number of quadrants of abnormality 23/42 (55%)

Vascular branching 8/42 (19%)

Macular features 3/42 (7%)

Other retinal vascular features 7/42 (17%)
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