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Abstract

Purpose—To measure accuracy of plus disease diagnosis by recognized experts in retinopathy of
prematurity (ROP), and to conduct a pilot study examining performance of a computer-based image
analysis system, Retinal Image multiScale Analysis (RISA).

Methods—Twenty-two ROP experts independently interpreted a set of 34 wide-angle retinal
images for presence of plus disease. A reference standard diagnosis based on expert consensus was
defined for each image. Images were analyzed by the computer-based system using individual and
linear combinations of system parameters for arterioles and venules: integrated curvature (IC),
diameter, and tortuosity index (T1). Sensitivity, specificity, and receiver operating characteristic areas
under the curve (AUC) for plus disease diagnosis compared to the reference standard were determined
for each expert, as well as for the computer-based system.

Results—Expert sensitivity ranged from 0.308-1.000, specificity ranged from 0.571-1.000, and
AUC ranged from 0.784-1.000. Among individual computer system parameters, venular IC had
highest AUC (0.853). Among all computer system parameters, the linear combination of arteriolar
IC, arteriolar TI, venular IC, venular diameter, and venular T1 had highest AUC (0.967), which was
greater than that of 18 (81.8%) of 22 experts.

Conclusions—Accuracy of ROP experts for plus disease diagnosis is imperfect. A computer-based
image analysis system has potential to diagnose plus disease with high accuracy. Further research
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involving RISA system parameter cut-off values from this study are required to fully validate
performance of this computer-based system compared to that of human experts.

INTRODUCTION

Retinopathy of prematurity (ROP) is a leading treatable cause of childhood blindness
throughout the world.1=3 Plus disease is a major component of the international classification
for ROP,4‘5 and is characterized by arteriolar tortuosity and venous dilation within the
posterior pole. The minimum amount of vascular abnormality required for plus disease is
defined by a standard photograph, which was selected by expert consensus.8 Recent major
clinical trials have explicitly required >2 quadrants of this amount of vascular change for the
diagnosis of plus disease.”~8 Accurate assessment of plus disease is critical in clinical ROP
management. The Cryotherapy for Retinopathy of Prematurity (CRYO-ROP) and Early
Treatment for Retinopathy of Prematurity (ETROP) studies have established that plus disease
is a necessary feature of threshold disease and a sufficient feature for diagnosis of type-1 ROP,
both of which have been shown to warrant treatment with cryotherapy or laser
photocoaguIation.6v8‘9

Dilated indirect ophthalmoscopy by an experienced examiner is considered the gold standard
for ROP management.5 Because the definition of plus disease is based on a photographic
standard with descriptive qualifiers, clinical diagnosis may be heavily subjective. We have
previously shown imperfect agreement in plus disease diagnosis among a group of recognized
ROP experts reviewing wide-angle images.10 These factors raise concerns about diagnostic
consistency, because errors in classification may result in over-treatment or under-treatment.
This has important implications for ROP treatment and research.

Computer-based image analysis has potential to provide quantifiable, objective measurements
to support the diagnosis of plus disease. Several studies have explored the possibility of
automated plus disease detection by determining the diagnostic performance of image analysis
algorithms comfared to a reference standard of dilated ophthalmoscopy by an experienced
examiner.11-14 yet no previous studies to our knowledge have attempted to measure the
accuracy of experts for plus disease diagnosis, and to use this as a basis for analyzing
performance of computer-based systems.*

The purposes of this paper are to measure the accuracy of plus disease diagnosis by a group of
recognized ROP experts, and to describe a pilot study exploring the diagnostic performance
of a computer-based image analysis system, Retinal Image multiScale Analysis (RISA).15‘
16 This study utilizes the same data set from 22 graders interpreting 34 wide-angle retinal
images as our previously-published work involving inter-expert agreement of plus disease
dia\gnosis.1 Expert and computer-based system performance were compared against a
reference standard that was defined by expert consensus.

METHODS

This study was approved by the Institutional Review Board at Columbia University Medical
Center, was conducted in compliance with Health Insurance Portability and Accountability
Act (HIPAA) guidelines, and included waiver of consent for use of de-identified retinal images.
Informed consent was obtained from all expert participants using an online click-through form
before any images were displayed.

*PubMed search (covering 1980-2007) for “plus disease AND (accuracy OR reliability OR agreement OR reproducibility OR
consistency).”
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Image Interpretation by Experts

A set of 34 digital retinal images was compiled from premature infants during routine ROP
care. Each image was a photograph of the posterior retina obtained using a wide-angle imaging
device (RetCam-I1I; Clarity Medical Systems, Pleasanton, CA). Any visible peripheral ROP
disease was cropped-out to decrease bias to graders.

A group of ROP experts was invited to participate. Eligible experts were defined as practicing
pediatric ophthalmologists or retina specialists who met >1 of three criteria: having been a
study center principal investigator for the CRYO-ROP or ETROP studies, having been a
certified investigator for either study, or having co-authored >5 peer-reviewed ROP
manuscripts. Each participant provided one of four mutually-exclusive diagnoses (“plus,” “pre-
plus,” “neither,” “cannot determine”) for each image, using web-based software developed by
the authors. For data analysis, diagnoses of “pre-plus” or “neither” were considered to be “not
plus,” and diagnoses of “cannot determine” were excluded. Participants were not provided with
references or standards for plus disease, although it was assumed that they would be intimately
familiar with these definitions. A reference standard diagnosis was defined for each image
based on the response (“plus” or “not plus”) given by the majority of experts. In cases of ties,
the more severe diagnosis was selected as the reference standard. Identities of all participating
experts were anonymized by prior agreement.

” @

Computer-Based Image Analysis

All retinal vessels were identified and classified by consensus of four co-authors (RG, LJ, JTF,
MFC) as arterioles or venules, and analyzed by the computer-based system.11 Three
continuous-scale system parameters were calculated for all vessels in each image: diameter,
tortuosity index (T1), and integrated curvature (IC). Mean diameter (pixels) is the total area of
the vessel divided by its length; TI (unit-less) is the length of the vessel divided by the length
of a line segment connecting its end points (Figure 1A); and IC (radians/pixel) is defined as
the sum of angles along the vessel, normalized by its length (Figure 1B). For a perfectly-straight
vessel, Tl would have a minimum value of 1, and IC would have a minimum value of 0. The
difference between Tl and IC is illustrated in Figure 1C.

Data Analysis: Experts

The validity of plus disease diagnosis for each expert was measured using sensitivity and
specificity compared to the reference standard. Receiver operating characteristic (ROC)
curves, which illustrate discriminative ability of diagnostic tests by plotting sensitivity against
(1-specificity) over a range of cutoff thresholds, were constructed for each expert. 718 Thjs
was done using an ordinal-scale of “plus,” “pre-plus,” and “neither” diagnoses. ROC areas
under the curve (AUC) were calculated nonparametrically as a measure of diagnostic
performance for each expert. McNemar’s test was used to detect systematic tendencies of each
expert to under-call or over-call plus disease compared to the reference standard.

Data Analysis: Computer-Based System

The mean value of each individual system parameter (IC, diameter, T1) was calculated in every
image. Arterioles and venules were analyzed separately. Median values for each parameter
were compared between images that were considered to be “plus” and those that were “not
plus” according to the reference standard, using the Mann-Whitney test. Logistic regression
was used to model 26 possible linear combinations of parameters, taken two or more at a time.

9 For each individual parameter and linear combination, sensitivity and specificity of the
computer-based system was plotted as a function of threshold used to separate “plus” from
“not plus.” ROC curves were plotted for individual parameters and linear combinations. AUCs
were calculated nonparametrically, and were statistically compared among individual
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parameters, linear combinations, and experts using the Delong approach.20 Analysis was
performed using statistical and computational software (Minitab version 13, Minitab Inc., State
College, PA; SPSS version 14, SPSS Inc., Chicago, IL; R programming language version 2.4.0,
Free Software Foundation, Boston, MA).

All 34 images were reviewed by 22 experts, for a total of 748 responses. A diagnosis of “cannot
determine” was made in 18 (2.4%) of the 748 cases. According to the consensus reference
standard, 13 (38.2%) of the 34 images represented “plus” disease, whereas 21 (61.8%)
represented “not plus.”

Expert Performance

Table 1 summarizes sensitivity, specificity, and AUC of each expert compared to the reference
standard. Thirteen (59.0%) of the 22 experts had sensitivity >80%, and 18 (81.8%) had
specificity >80%. According to the McNemar test of bias, 2 (9.1%) experts had a statistically-
significant tendency to under-call plus disease (p=0.016 for Expert #1, p=0.004 for Expert #5),
and 2 (9.1%) had a statistically-significant tendency to over-call plus disease (p=0.016 for
Expert #4, p=0.004 for Expert #21).

AUC for experts ranged from 0.784 to 1.000. Two (9.1%) experts had AUC between 0.701-
0.800, 8 (36.4%) experts had AUC between 0.801-0.900, and 12 (54.5%) had AUC between
0.901-1.000. AUC:s for all experts reflected diagnostic performance that was significantly
better than chance (p<0.006 for all experts).

Computer-Based System Performance

From the 21 images without plus disease according to the reference standard, 67 arterioles (39
temporal and 28 nasal) and 83 venules (47 temporal and 36 nasal) were analyzed. From the 13
images with plus disease, 51 arterioles (22 temporal and 29 nasal) and 55 venules (28 temporal
and 27 nasal) were analyzed. The mean (range) number of vessels analyzed per image was
3.47 (1-7) arterioles and 4.03 (2—6) venules.

Figure 2 shows that the median value of each individual system parameter, with the exception
of arteriolar diameter, was significantly higher in “plus” images than in “not plus” images.
These 5 significant system parameters were modeled with logistic regression, resulting in 26
linear combinations. The two linear combinations with highest accuracy are displayed in Figure
2: linear combination | (arteriolar IC, venular IC, venular diameter); and linear combination Il
(arteriolar IC, arteriolar TI, venular IC, venular diameter, venular TI).

Sensitivity and specificity curves for plus disease detection based on individual and combined
system parameters are plotted in Figure 3. AUCs are displayed in Table 2, along with sensitivity
and specificity values for the computer-based system at the intersection of these curves. All
individual and linear combinations of parameters had AUCs significantly better than chance
(p<0.05), except arteriolar diameter (p=0.559). The AUC of linear combination Il was higher
than that of any individual parameter (p=0.107 vs. arteriolar IC, p<0.05 vs. all other individual
parameters), was higher than that of any other linear combination, and was higher than that of
18 (81.8%) of 22 experts (p<0.05 for 4 of these 18 experts). Linear combinations I and 1l had
the highest sensitivity and specificity (0.938). In comparison, 3 (13.6%) of 22 experts had both
sensitivity and specificity greater than linear combinations | or Il (Table 1).

J AAPOS. Author manuscript; available in PMC 2008 December 1.
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DISCUSSION

This is the first study to our knowledge that has systematically measured performance of plus
disease diagnosis by multiple human experts and a computer-based image analysis system.Jr
Three key findings from this pilot study are that: (1) Performance of plus disease diagnosis by
experts is imperfect; (2) Modeling of computer-based system parameters shows diagnostic
performance which has potential to be comparable to that of single human experts; and (3)
Cutoff values for RISA system parameters from this study may be used for future validation
studies involving independent image sets.

Accurate and reliable detection of plus disease has an increasingly critical role in identification
of treatment-requiring ROP. This is particularly relevant because the ETROP trial recently
determined that presence of plus disease is sufficient for meeting the definition of type-1 ROP,
which benefits from early treatment.8 As shown in Table 1, sensitivity, specificity, and AUC
of recognized experts in discriminating plus disease are imperfect. Moreover, the finding that
4 of 22 study participants had statistically-significant tendencies to under- or over-diagnose
plus disease supports the notion that experts may have differing subjective interpretations for
vascular “dilation” and “tortuosity.” We previously showed that agreement in plus disease
diagnosis among ROP experts is imperfect,10 and the CRYO-ROP study found that 12% of
eyes diagnosed as threshold disease by one certified examiner were diagnosed as less-than-
threshold during confirmatory examination by a second certified examiner.21 Taken together,
these findings raise concerns about the accuracy and reliability of ROP diagnosis and treatment.

As shown in Figure 2, the computer-based RISA system appears to have strong ability to
differentiate between “plus” and “not plus” disease. Based on sensitivity, specificity, and area
under ROC curves, the highest measures of validity and diagnostic performance for mean
individual blood vessel parameters were achieved with venular integrated curvature (I1C),
venular diameter, and arteriolar IC (Table 2). This is consistent with previously-published
findings involving the RISA system for plus disease detection,11 and strengthens other work
involving automated image analysis for ROP diagnosis.l?’_l“’22 As shown in Table 2, the use
of linear combinations of system parameters results in better performance than the use of
individual parameters. This is not surprising, given that the clinical diagnosis of plus disease
is presumably based on a combination of multiple retinal vascular characteristics.

Findings from this study suggest that it may be possible for a computer-based system to detect
plus disease, with performance that appears comparable to that of individual recognized
experts. We note that the sensitivity or specificity of the computer system may be improved
by adjusting the cutoff threshold for any given parameter, and that an increase in one inevitably
causes a decrease in the other (Figure 3). From a practical standpoint, a computer-based image
analysis system could be used to provide real-time decision support for ophthalmologists
managing ROP.23-24 we emphasize that this study relied on a single set of images used by
both experts and the computer-based system. Because the computer system cut-off points for
individual and linear combinations of parameters were determined using this single set of
images, this design biases toward optimizing system performance. For example, the pooled
parameter values in Figure 2 could not necessarily be used to exclude or confirm plus disease
in an individual infant’s eye. Future studies involving independent image testing sets using
these established cut-off points (Figure 3), or involving cross-validation techniques, will be
required for complete evaluation and rigorous comparison with expert perform.smce.25‘2

FPubMed search (covering 1980-2007) for “plus disease AND (accuracy OR reliability OR agreement OR reproducibility OR

consistency).”
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Our results support the notion that interpretation of the standard photographic definition of
plus disease may be subjective and variable, even by recognized experts. Development of a
quantifiable, objective definition of plus disease could eventually result in improved diagnostic
validity and reliability. This would be analogous to widely-used methods for computer-based
interpretation of electrocardiograms and Papanicolaou smears.27=28 |t would be feasible to
create a quantitative definition of “plus disease,” using methods described in this study, by
selecting computer system parameters at cutoff thresholds that meet or exceed the performance
of most experts. The current photographic standard was developed before the CRYO-ROP
study, and has been successfully used in numerous clinical trials and shown to have prognostic
significance, despite its potential limitations.6:8 Creation of an entirely new quantitative
definition from first principles would likely require either prospective validation in a clinical
study, or retrospective validation using a library of retinal images from infants with ROP whose
untreated natural histories are known. Finally, we note that different comguter-based image
analysis systems have been applied for detection of plus disease,11-14,29-30 and future
studies comparing these various algorithms for quantifying curvature of retinal vessels may be
informative.

The reference standard diagnosis in this study was defined as majority vote among 22 ROP
experts who interpreted images independently. It could be argued that this majority-vote
reference standard may be influenced by small differences of expert opinion in borderline cases.
To investigate this possibility by eliminating photographs that were apparently the most
“borderline,” we calculated results using alternative scenarios in which the reference standard
required consensus by larger groups of experts. Sensitivity/specificity for diagnosis of plus
disease ranged from 33.3%/57.1% to 100%/100% using a reference standard requiring
agreement by >13/22 experts (1 borderline image excluded), and from 36.4%/57.1% to 100%/
100% using a reference standard requiring agreement by >14/22 experts (2 borderline images
excluded). We believe this suggests that our findings regarding expert validity are robust; in
fact, it is precisely these borderline cases in which an objective computer-based diagnosis
system might provide most added-value for clinicians. A related issue is that experts in this
study were compared against a reference standard which each of them contributed toward
establishing. To explore the impact of potential circularity, an alternative reference standard
was defined separately for each expert as the majority-vote of all other experts for every image
— this provided the same diagnosis as the majority-vote reference standard in all cases.
Additional studies involving alternative methods for obtaining consensus reference standards,
such as the Delphi technique,31 may be informative.

While designing this study, the decision was made not to provide specific images or instructions
to experts regarding definitions of “plus” or “pre-plus” disease. For example, recent ROP
clinical trials have required that the minimum level of vascular change must be present in >2
quadrants, but participants were not explicitly instructed to conform to this guideline. It is
possible that some disagreement among experts may have been prevented if we had provided
representative images and definitions. However, we believe that our study design better
simulates real-world diagnosis by expert ophthalmologists, who are presumably already very
familiar with these definitions and typically do not refer to the standard “plus disease”
photograph while making clinical decisions at the bedside. If we were to have provided
instructions or example photographs to experts for comparison purposes, we felt that this would
introduce a significant confounding factor — i.e. we would be testing the ability of experts to
visually match study images with the instructional images, rather than testing the expert’s actual
diagnostic performance under simulated real-world conditions. Although we believe that the
objectivity and standardization of image analysis systems may be inherently superior to that
attainable by experts, we certainly acknowledge that some nuances of clinical care could be
better understood by physicians than by computer systems.

J AAPOS. Author manuscript; available in PMC 2008 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gelman et al.

Page 7

Additional study limitations should be noted: (1) Each image was a wide-angle posterior pole
photograph with peripheral ROP cropped-out, and without any other patient information.
Although plus disease is defined only by a standard photograph of the central retina,® examiners
might be influenced by peripheral retinal findings or patient demographics while diagnosing
plus disease. (2) Study images were captured using a wide-angle camera, whereas indirect
ophthalmoscopy provides a smaller field-of-view. It is not clear whether review of these wide-
angle images could bias toward systematic over-diagnosis or under-diagnosis by experts,
compared to ophthalmoscopic examinations.10 Similarly, it is possible that increased
intraocular pressure from a contact retinal camera could alter the appearance of retinal vessels
compared to ophthalmoscopy. (3) System parameters were computed using all identifiable
vessels in each image. It is possible that including all vessels could cause a wash-out effect if
images had a mix of “normal” and “abnormal” vessels. Although determination of computer-
based system parameter values based on the two most abnormal arterioles and venules in each
image showed no significant difference in diagnostic performance (data not shown), further
investigation may be warranted. (4) Experts graded images using an ordinal-scale, whereas the
computer-based system utilized a continuous-scale for each parameter. This decision was made
because experts in real-world situations use an ordinal-scale (“plus,” “pre-plus,” “neither”),
and there is no numeric scale available for describing vascular appearance in ROP. This may
create bias in comparing AUCs between experts and the computer-based system, although
previous work has suggested no significant differences in accuracies between discrete and
continuous scales in image-evaluation studies.32 ROC analysis provides an advantage over
reporting only sensitivity and specificity, because the former reflects performance of the overall
test whereas the latter reflects performance at a single particular cut-off point. (5) Experts were
given the option of diagnosing plus disease as “cannot determine,” and these responses were
excluded from further analysis. However, we do not feel that this had any impact on the
consensus reference standard because only 18 (2.4%) of the 748 responses from 22 experts
were “cannot determine,” and because none of the 34 images received more than two “cannot
determine” responses.

Based on results from this study, further refinement and validation of computer-based diagnosis
systems for plus disease may be performed, with comparison to expert interpretation. This may
provide opportunities to improve clinical care, support new health care delivery strategies such
as telemedicine,33-36 and enhance research infrastructure.
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Figure 1. Parameters of computer-based Retinal Image multiScale Analysis (RISA) system

(A) Tortuosity index (TI) is defined as the length of a vessel divided by a line segment
connecting the end points. (B) Integrated curvature (IC) is computed by forming vectors along
the vessel, calculating cumulative sum of angles 6 between vectors, and normalizing by vessel
length. If a vessel is perfectly straight, then IC has a minimum value of zero and T1 has a
minimum value of one. (C) Tl vs. IC. Departures from linearity, such as the vessel depicted
on right, are captured both by IC and T1. However, multiple changes in vessel depicted on left
are better captured by IC. Tl is similar for the two shapes (5% difference), whereas IC is higher
for the vessel depicted on left (50% difference).
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Figure 2. Box plots of computer-based system parameter values in images with “not plus” compared
to “plus,” based on reference standard diagnosis

Individual parameters of (A) integrated curvature (IC), (B) diameter and (C) tortuosity index
(T1) for arterioles and venules; as well as combined parameters of (D) Linear combination |
(arteriolar IC, venular IC, and venular diameter), and (E) Linear Combination Il (arteriolar IC,
arteriolar T1, venular IC, venular diameter, and venular TI) are displayed. Boxes represent the
25t 50t and 75t percentile values of parameters. Whiskers represent 10t and 90t percentile
values. Asterisks represent outlier values. P-values indicated are for Mann-Whitney tests
between “not plus™ and “plus” groups.
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Figure 3. Sensitivity and specificity of individual computer system parameters and linear
combinations of parameters for plus disease diagnosis, compared to the reference standard of
majority vote among 22 recognized ROP experts

Curves are displayed as a function of parameter cutoff criteria for detection of plus disease:
(A) arteriolar integrated curvature (IC), (B) arteriolar diameter, (C) arteriolar tortuosity index
(T1), (D) venular IC, (E) venular diameter, (F) venular Tl, (G) Linear Combination | (arteriolar
IC, venular IC and venular diameter) and (H) Linear Combination Il (arteriolar IC, arteriolar
TI, venular IC, venular diameter, and venular TI).
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ROP expert sensitivity, specificity, and receiver operating characteristic area under the curve (AUC) for detection

of plus disease, compared to the reference standard of majority vote among 22 recognized ROP experts.

Expert # Sensitivity Specificity AUC (SE*)
1 0.462 1.000 0.859 (0.063)
2 0.615 1.000 0.982 (0.018)
3 0.615 1.000 0.890 (0.057)
4 1.000 0.667 0.833 (0.070)
5 0.308 1.000 0.951 (0.035)
6 0.846 0.714 0.784 (0.082)
7 0.846 0.952 0.921 (0.052)
8 0.923 0.905 0.921 (0.052)
9 0.923 0.905 0.921 (0.052)
10 0.778 1.000 0.918 (0.065)
11 0.538 0.857 0.885 (0.061)
12 0.769 1.000 0.956 (0.032)
13 0.692 1.000 0.934 (0.041)
14 1.000 1.000 1.000 (0.000)
15 0.750 0.952 0.899 (0.058)
16 0.923 0.810 0.879 (0.061)
17 0.846 1.000 0.967 (0.029)
18 1.000 0.750 0.875 (0.080)
19 0.923 0.857 0.896 (0.059)
20 1.000 0.952 0.976 (0.028)
21 1.000 0.571 0.786 (0.077)
22 1.000 0.952 0.976 (0.028)

*
SE, Standard error.
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Computer-based system sensitivity, specificity, and receiver operating characteristic area under the curve (AUC)
for detection of plus disease, compared to the reference standard of majority vote among 22 recognized ROP

experts.
Lk K t t
System Parameter Sensitivity Specificity AUC (SE") AUC p-value
Arteriolar Integrated Curvature 0.760 0.760 0.817 (0.085) 0.002
Avrteriolar Diameter 0.590 0.590 0.560 (0.102) 0.559
Acrteriolar Tortuosity Index 0.700 0.700 0.707 (0.099) 0.045
Venular Integrated Curvature 0.760 0.760 0.853 (0.072) 0.001
Venular Diameter 0.760 0.760 0.821 (0.082) 0.002
Venular Tortuosity Index 0.640 0.640 0.744 (0.089) 0.018
Linear Combination | 0.938 0.938 0.956 (0.036) <0.001
Linear Combination 11 0.938 0.938 0.967 (0.0310) <0.001

*
For the computer-based system, values at the intersection points of the sensitivity and specificity curves in Figure 3 are displayed in this table.

fSE, Standard Error.

;‘Null hypothesis: true area = 0.5 at level of significance 0.05.

§Comprising arteriolar integrated curvature (IC), venular IC, and venular diameter.

Comprising arteriolar integrated curvature (1C), arteriolar tortuosity index (TI), venular IC, venular diameter, and venular TI.
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