
Plus disease in retinopathy of prematurity: a continuous 
spectrum of vascular abnormality as basis of diagnostic 
variability

J. Peter Campbell, MD, MPH1,*, Jayashree Kalpathy-Cramer, PhD2,*, Deniz Erdogmus, PhD3, 
Peng Tian, BE3, Dharanish Kedarisetti, MSc3, Chace Moleta, MS1, James D. Reynolds, MD4, 
Kelly Hutcheson, MD5, Michael J. Shapiro, MD6, Michael X. Repka, MD, MBA7, Philip 
Ferrone, MD8, Kimberly Drenser, MD9, Jason Horowitz, MD10, Kemal Sonmez11, Ryan 
Swan11, Susan Ostmo, MPH1, Karyn E. Jonas, RN12, R.V. Paul Chan, MD12, and Michael F. 
Chiang, MD1,11 on behalf of the i-ROP research consortium
1Department of Ophthalmology, Casey Eye Institute, Oregon Health & Science University, 
Portland, OR, USA

2Athinoula A. Martinos Center for Biomedical Imaging, Department of Radiology, Massachusetts 
General Hospital, Charlestown, MA, USA

3Cognitive Systems Laboratory, Northeastern University, Boston, MA, USA

4Department of Ophthalmology, Ross Eye Institute, State University of New York at Buffalo, 
Buffalo, NY, USA

5Department of Ophthalmology, Sidra Medical & Research Center, Doha, Qatar

6Retina Consultants, Chicago, IL

7Wilmer Institute, Johns Hopkins University School of Medicine, Baltimore, MD

8Long Island Vitreoretinal Consultants, Great Neck, NY

9Associated Retinal Consultants, Oakland University, Royal Oak, MI

10Columbia University, New York, NY

11Department of Medical Informatics and Clinical Epidemiology, Oregon Health & Science 
University, Portland, OR, USA

12Department of Ophthalmology and Visual Sciences, Illinois Eye and Ear Infirmary, University of 
Illinois at Chicago, Chicago, IL, USA

Abstract

Address for reprints: Michael F. Chiang, MD, Departments of Ophthalmology & Medical Informatics and Clinical Epidemiology, 
Oregon Health & Science University, 3375 SW Terwilliger Boulevard, Portland, OR 97239, Tel: 503-418-3087 | Fax: 503-494-5347 | 
chiangm@ohsu.edu.
*Drs. Campbell and Kalpathy-Cramer contributed equally to the development of this manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Ophthalmology. Author manuscript; available in PMC 2017 November 01.

Published in final edited form as:
Ophthalmology. 2016 November ; 123(11): 2338–2344. doi:10.1016/j.ophtha.2016.07.026.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Objective—To identify patterns of inter-expert discrepancy in plus disease diagnosis in 

retinopathy of prematurity (ROP).

Design—We developed two datasets of clinical images of varying disease severity (100 images 

and 34 images) as part of the Imaging and Informatics in ROP study, and determined a consensus 

reference standard diagnosis (RSD) for each image, based on 3 independent image graders and the 

clinical exam. We recruited 8 expert ROP clinicians to classify these images and compared the 

distribution of classifications between experts and the RSD.

Subjects, Participants, and/or Controls—Images obtained during routine ROP screening in 

neonatal intensive care units. 8 participating experts with >10 years of clinical ROP experience 

and >5 peer-reviewed ROP publications.

Methods, Intervention, or Testing—Expert classification of images of plus disease in ROP.

Main Outcome Measures—Inter-expert agreement (weighted kappa statistic), and agreement 

and bias on ordinal classification between experts (ANOVA) and the RSD (percent agreement).

Results—There was variable inter-expert agreement on diagnostic classifications between the 8 

experts and the RSD (weighted kappa 0 – 0.75, mean 0.30). RSD agreement ranged from 80 – 

94% agreement for the dataset of 100 images, and 29 – 79% for the dataset of 34 images. 

However, when images were ranked in order of disease severity (by average expert classification), 

the pattern of expert classification revealed a consistent systematic bias for each expert consistent 

with unique cut points for the diagnosis of plus disease and pre-plus disease. The two-way 

ANOVA model suggested a highly significant effect of both image and user on the average score 

(P<0.05, adjusted R2=0.82 for dataset A, and P< 0.05 and adjusted R2 =0.6615 for dataset B).

Conclusions and Relevance—There is wide variability in the classification of plus disease by 

ROP experts, which occurs because experts have different “cut-points” for the amounts of vascular 

abnormality required for presence of plus and pre-plus disease. This has important implications for 

research, teaching and patient care for ROP, and suggests that a continuous ROP plus disease 

severity score may more accurately reflect the behavior of expert ROP clinicians, and may better 

standardize classification in the future.

INTRODUCTION

Retinopathy of prematurity (ROP) is a leading cause of childhood blindness in the United 

States and throughout the world.1 The Cryotherapy for ROP (CRYO-ROP) and Early 

Treatment for ROP (ETROP) studies demonstrated that appropriate identification and timely 

treatment of ROP can reduce the risk of adverse outcomes and vision loss.2–4 Those 

investigations also showed that, among all parameters in the International Classification of 

ROP (ICROP), presence of plus disease is the most critical feature for identifying infants 

with severe disease who require treatment to prevent blindness. Thus, accurate and 

consistent identification of plus disease is essential for ROP management.

Plus disease is defined by a standard published photograph, which was selected by expert 

consensus during the 1980’s.3,5 This standard photograph represents the minimum amount 

of arterial tortuosity and venous dilation in the central retina that is required for the presence 

of plus disease. In 2005, an intermediate classification called “pre-plus” disease was 
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introduced and was defined as more venous dilation and arterial tortuosity than normal, but 

less than the standard photograph.2 Importantly, it is well established that there is significant 

inter-expert variability in diagnosis.6–9 Several possible explanations exist for this inter-

expert variability. Available evidence suggests that some clinicians may focus on wider 

fields of view than shown in the standard photograph,10–12 that clinicians may focus on 

different vascular features (such as venous tortuosity)13,14 which were not included in the 

standard definition of plus disease, that experts may be unable to readily identify which 

vascular features are most important to them in diagnosis,15 and that experts may have 

different “cut points” for vascular abnormality required for diagnosis of plus disease. 

Overall, the underlying basis for variability in plus disease diagnosis is not well understood. 

Addressing this gap in knowledge will allow creation of better diagnostic and educational 

methods, which will lead to improved ROP management and prevention of visual 

impairment in children.

The current method of clinical plus disease diagnosis is based on delineating “cut points” in 

vascular abnormality between either a two-level (plus or normal) or three-level (plus, pre-

plus, or normal) classification system.2,5 Since 2010, our group has conducted the Imaging 

& Informatics in ROP (i-ROP) study, which includes a goal of developing and validating 

computer-based methods for quantitative ROP diagnosis. Through this work, we have 

collected multiple expert diagnoses from large numbers of ROP examinations and images. 

The purpose of this paper is to analyze these data to determine the underlying basis of inter-

expert variability in ROP diagnosis. We show that there is a continuous spectrum of vascular 

abnormality in ROP from very normal to very abnormal vessels, show that ROP experts have 

different cut points between categories on this continuous spectrum of disease, and propose 

consideration of a more continuous quantitative severity scale for vascular abnormalities in 

ROP.

METHODS

This study was approved by the Institutional Review Board at Oregon Health & Science 

University, and followed the tenets of the Declaration of Helsinki. Written informed consent 

was obtained from parents of all infants in the “Imaging and Informatics in Retinopathy of 

Prematurity” (i-ROP) study

Description of datasets

We developed 2 data sets of wide-angle retinal images acquired during routine clinical care. 

For each image, we established a reference standard diagnosis (RSD: plus, pre-plus, or 

normal), using previously published methods that combines the classifications of three 

expert ROP image graders (independent, masked classifications from two ophthalmologists 

and one non-physician ROP study coordinator) and the actual clinical diagnosis.16 The first 

dataset (A) was designed to represent the full range of disease severity and included 100 

images, of which 15 had a RSD of plus disease, 31 had pre-plus disease, and 54 were 

normal. The second dataset (B) was designed to represent infants with more clinically-

significant disease and included 34 images, of which 20 had an RSD of plus disease, 13 had 

pre-plus disease, and 1 was normal.
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Expert classification

Each of the images was reviewed by 8 ROP experts and classified as plus, pre-plus, or 

normal, which was coded as “3,” “2,” or “1,” respectively in the database. Participating 

experts were all practicing clinicians with a minimum of 10 years experience in ROP 

screening. Five experts served as Principal Investigators at ETROP study centers, and one 

served as a certified ETROP Investigator. All 8 experts had published a minimum of 5 peer-

reviewed ROP journal publications.

Data analysis

Statistical analysis was performed using Excel 2016 (Microsoft, Redmond, WA), Stata v.

11.0 (College Station, TX), and R v3.2.2.17 The average score for each image was 

calculated, and the images were ranked from most severe to least severe based on these 

scores. The average score of all the images was calculated for each expert, and experts were 

ranked from highest average score to lowest. The “bias” of each expert was calculated using 

the average difference between each expert’s classification and the RSD, and inter-expert 

agreement was calculated using a weighted kappa function, and interpreted using a 

commonly accepted scale: 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 1.00, near perfect 

agreement.18,19 A two-way ANOVA model (image, expert) without replication was used to 

model the effect of the user and the image without interactions. Pearson’s correlation 

coefficient was calculated to determine relative ordering of experts between datasets.

RESULTS

Table 1 displays the distribution of plus disease classification (plus, pre-plus, or normal) for 

all 8 experts (labeled 1–8) and the RSD, ranked from least severe average grade (top) to 

most severe average grade (bottom) for dataset A (100 images). The 8 experts are displayed 

in the same order for dataset B (34 images). The average percent RSD agreement was higher 

in dataset A (82%, range 77–94%) than dataset B (65% range 29–91%) due to the large 

number of normal images with good agreement, demonstrating the effect of the population 

studied on the percent agreement as an outcome.

There was a systematic tendency to relatively over-call or under-call for each expert, which 

was consistent between datasets A and B (Pearson’s correlation coefficient 0.90 for 

correlation of average image score for each expert between datasets). For example, Expert 

#1 diagnosed plus disease in 6/100 (6%) images in dataset A, whereas Expert #7 diagnosed 

plus disease in 29/100 (29%) images in the same dataset. Similarly, Expert #1 diagnosed 

plus disease in 6/34 (18%) images in dataset B, whereas Expert #7 diagnosed plus disease in 

30/34 (88%) images in the same dataset. Weighted kappa statistics were calculated between 

each pair of experts. For dataset A the mean weighted kappa was 0.67 (range 0.48 – 0.88), 

whereas for dataset B mean weighted kappa was 0.30 (range 0.00 – 0.75). The two-way 

ANOVA model suggested a highly significant effect of both image and user on the average 

score (P<0.05, adjusted R2=0.82 for dataset A, and P< 0.05 and adjusted R2 =0.6615 for 

dataset B).
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Figure 1 displays the range of diagnoses for individual images, ordered by the average 

classification from most severe (left) to least severe (right) for both datasets. In the dataset of 

100, 3/100 images (3%) were classified as plus disease by all 8 experts (dark blue), and 

33/100 (33%) images were classified as normal by all 8 experts (light blue, 32 were 

excluded from right side of the Figure 1A for space limitations). In 64/100 (64%) images, 

there was disagreement among experts as to the disease classification. In the set of 34, 2/34 

(6%) were classified as plus by all experts, and in 32/34 (94%) there was disagreement. The 

distribution of the classifications of 8 experts reveals a wide transition zone between 

majority vote agreement for both the classification of pre-plus and plus disease for both 

datasets, suggesting that experts have systematic differences in “cut points” for the border 

between pre-plus vs. plus and between normal vs. pre-plus. As shown in Figure 1, the RSD 

cut points between transitions are in the middle of the range of the 8 experts, and differences 

in percent RSD “agreement” from Table 1 reflect systematic differences in cut-points (bias) 

rather than random error, with good overall agreement on the relative severity of images.

Figure 2 displays a representative range of images within each category of disease (plus, pre-

plus, normal), and the range of expert diagnostic classifications for each image. This 

graphically depicts the continuous spectrum of severity of vascular abnormality severity 

within each discrete ICROP diagnostic category (plus, pre-plus, or normal), from most 

severe (left) to least (right). In addition to demonstrating the spectrum of vascular 

abnormality within each ordinal classification, this shows that different experts appear to 

have different cut-offs for the transitions between diagnostic classifications.

DISCUSSION

This study analyzes the classification of plus disease by ROP experts, with the goal of 

examining the pattern of diagnostic discrepancies. Key findings from this study are: (1) Even 

among ROP experts, there is limited agreement on diagnostic classification of plus disease, 

(2) diagnostic discrepancy in plus disease reflects consistent systematic biases for each 

expert as to the appropriate cut points for plus and pre-plus disease, (3) a continuous severity 

score, instead of discrete classifications of plus, pre-plus, and normal, may more accurately 

model the real world behavior of experts and the range of vascular abnormalities in ROP 

than the current discrete ICROP classification (plus disease, pre-plus disease, or normal).

The first key finding is that that even among experts in ROP there is poor agreement on what 

constitutes plus disease (Table 1 and Figure 1). This suggests that there may be variation in 

treatment recommendations for the same infant between different examiners, despite an 

international standard for the ROP classification. Thus, despite the evidence from CRYO-

ROP and ETROP on evidence-based thresholds for intervention, there may be infants who 

are undertreated and at higher than necessary risk of blindness. Similarly, other infants may 

be over-treated and subjected to unnecessary treatment with associated morbidity of laser 

and/or anti-vascular endothelial growth factor treatment. This is consistent with previously-

published studies that have shown diagnostic inconsistency among experts,6,7,15,20–23 and 

reinforces the importance of developing methods to improve the accuracy and consistency of 

plus disease diagnosis. We feel that computer-based image analysis methods14,24–26 and 

tele-education27,28 are two promising approaches to address this issue.

Campbell et al. Page 5

Ophthalmology. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The second key finding is that these diagnostic discrepancies among experts can be largely 

explained by systematic biases, i.e. some experts tend to “over-call” compared to the overall 

group, whereas others tend to systemically “under-call” (Table 1 and Figure 1), compared to 

the RSD. The results of ANOVA modeling suggest that the response of a given expert is 

almost completely predictable given the response of another expert, because of these 

systematic differences. The clinical significance of this variability is unknown, as all of the 

pivotal clinical trials3,4 would have the same inherent limitation: inter-expert variation in the 

diagnostic classification of plus disease. Therefore, it is unclear whether the less aggressive 

experts are “under-treating,” or whether the more aggressive experts are “over-treating.” 

This would require some understanding of the prognostic significance of these various 

thresholds, which is beyond the scope of this study.

In this study, the use of two datasets to explore these trends strengthens the findings in 

several ways. First, we were able to demonstrate consistent diagnostic trends supporting the 

concept of systematic bias in two different populations, with similar relative ordering 

between experts (Figure 1 and Table 1). Second, as computer-based image analysis is 

developed as a diagnostic tool, it will require validation across populations with different 

underlying disease prevalence, as the predictive value of any diagnostic test is dependent on 

the underlying population. Third, in the accompanying paper we use both datasets to 

demonstrate the utility of pairwise comparison testing and computer-based image analysis to 

produce a relative ordering of disease severity that works in both datasets over the full range 

of disease, as well as over the more clinically relevant severe disease end of the spectrum.26

Virtually all published clinical, telemedicine, and computer-based image analysis studies in 

ROP rely on findings from a single clinical expert as a “gold standard”.7,25,29–34 This raises 

important questions about the external validity of those results because of the significant 

variations in cut points for plus disease and pre-plus disease (e.g. Figure 2) between experts. 

To address this problem, our group has developed a methodology for determining consensus 

reference standard diagnoses in ROP that utilizes the classifications of three expert image 

graders (two physicians and one study coordinator), together with the clinical 

ophthalmoscopic exam diagnosis.16 At the very least, this process assures a “regression to 

the mean,” as the average score from a randomly selected group of these 8 experts would be 

very close to our RSD classification, as demonstrated in a recent publication comparing 

expert diagnosis with computer-based image analysis (computer-based image analysis) 

diagnosis.14 We advocate for the incorporation of a similar consensus RSD for future ROP 

research.

Our third key finding is that diagnostic behavior of experts in this study suggests that 

vascular abnormality in plus disease runs on a continuum (Figure 1 and Figure 2). For that 

reason, we believe that development of a more continuous quantitative severity score for 

ROP may better model the nature of vascular abnormality, more closely reflect the behavior 

of experts in the real world, and improve standardization of clinical plus disease diagnosis in 

the future. Such a scale would create improved opportunities for identifying clinical change 

in vascular abnormality beyond the current 3-level discrete scale (plus, pre-plus, 

normal)35,36 which could have profound implications for clinical care, prospective outcomes 

research, and telemedicine validation.26 This also has implications for the design of clinical 
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trials in ROP that may require determination of whether patients are “improving” or 

“worsening”. For example, images such as those in Figure 2 may be used in multi-center 

ROP trials to standardize the clinical diagnoses of study investigators, and measure clinical 

outcomes, beyond the granularity available in a 3-level scale (plus, pre-plus, or normal).37

Computer-based image analysis systems may be applied to sort images into disease severity, 

and may be validated by constructing receiver operating characteristic (ROC) curves against 

a reference standard diagnosis. Two such systems, ROPTool and the i-ROP system, have 

been used to effectively generate a continuous “plus” scale to complement the clinical 

exam.24,38 Based on findings from this current study, we believe that future computer-based 

image analysis systems may be used to generate quantitative, reproducible, continuous 

scales representing vascular abnormality, rather than attempting to classify disease into 

ordinal categories (e.g. using ROC curves against one expert’s standard with cut points that 

may not reflect the behavior of other experts). This might require development and 

calibration of a more continuous severity scale (e.g. 1–9 from least severe to most severe) to 

reflect the phenotypic continuum of plus disease and provide a more objective measure of 

disease severity. We are developing tools on our website (http://www.i-rop.com) to facilitate 

determination of relative disease severity using both computer-based image analysis and 

pairwise comparison with study images.26

There are some limitations to this study. First, as mentioned, these results are based on 

expert interpretation of fundus images, and may not reflect what that expert would have 

classified using binocular indirect ophthalmoscopy (BIO), the gold standard for ROP 

diagnosis, for a number of reasons including image quality, incomplete field of view, and 

magnification differences. However, for one study expert (MFC) with available comparison 

data from the i-ROP study, the intra-grader agreement between BIO and image classification 

was 563/616 (91%, kappa 0.76, unpublished data). Moreover, since fundus photography is 

being increasingly employed for telemedicine30,39–43 and computer-based image analysis 

development,14,24,25,32,44 an understanding of the range of agreement of experts using this 

modality is critical. Second, these analyses did not explore how previously hypothesized 

reasons for inter-expert variability (e.g. field of view, attention to non-ICROP features such 

as venous tortuosity, etc.)10–12,15 may relate to the apparently different cut points between 

experts. Computer-based image analysis systems may be able to help us better understand 

the relationships of all of these factors to expert behavior.11,14,45,46 Third, the implications 

of these findings are limited to the diagnostic discrepancy in plus disease diagnosis in a 

single posterior pole image, and do not address other ICROP categories (e.g. zone and 

stage), or peripheral vascular features, which can influence overall disease severity in the 

current ICROP classification scheme.2,9 The RSD was developed using a standard set of 

images including the posterior pole and peripheral sweeps, and it is unclear whether 

providing access to these peripheral images would impact these results. Fourth, the 

generalizability of these findings to the entire community of practicing ROP clinicians is 

unknown. We limited these analyses to 8 experts with extensive clinical and research 

experience to minimize any criticism of the credibility of our findings. We suspect that, on 

average, there may be equal or higher variation within the overall population of ROP 

clinicians. We hope that both the qualitative description of the variation (Figure 2) as well as 

the quantitative analysis of the disease severity (through computer-based image analysis 
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systems) will improve this variability in the future. In that sense, these findings have 

important implications for ROP education, as we have previously demonstrated that trainees 

often perform poorly in clinical diagnosis of ROP.47–50 We have developed a website (http://

www.i-rop.com) to provide reference images along with common areas of disagreement and 

reference standard classifications for zone, stage, and plus disease diagnosis to improve 

trainee education and hopefully provide a reference for practicing clinicians that may 

improve standardization of plus disease diagnosis in the future.

These findings have important implications for ROP research, education, and clinical care. 

From the research perspective, we demonstrate that given the wide variability in plus disease 

diagnosis, careful consideration must be made of any “gold standard” for clinical research 

(e.g. evaluation of ROP telemedicine or image analysis programs), and that continued 

research using computer-based image analysis systems may yield an automated severity 

scale that reflects the continuous nature of the disease phenotype. In terms of education, 

Figure 2 and http://www.i-rop.com may be used to help trainees better understand the range 

of disease severity within each ordinal ICROP category. With regard to clinical care, these 

results may help standardize the management of infants with plus disease, to ensure a 

common community standard as we prospectively evaluate the clinical significance of the 

practice pattern variation among experts.
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Variability in expert classification of plus disease in retinopathy of prematurity (ROP) is 

related to systematic differences in the individual cut-points for defining plus disease 

along the spectrum of vascular abnormalities in ROP.
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Figure 1. 
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Figure 2. 
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