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Abstract
Purpose—To examine the relationship between rate of vascular change and plus disease diagnosis.

Design—Retrospective observational case-control study.

Methods—Wide-angle images were taken bilaterally from 37 infants at 31–33 and 35–37 weeks
post-menstrual age (PMA). The semi-automated Retinal Image multiScale Analysis system was used
to measure parameters for all arteries and veins: integrated curvature, diameter, and tortuosity index.
A reference standard diagnosis (plus vs. not plus) was defined for each eye by consensus of five
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experts at 35–37 weeks PMA. Weekly rate of change in parameters was compared in eyes with plus
vs. not plus disease. Receiver operating characteristic area under the curve (AUC) was calculated
for plus disease detection based on: 1) weekly rates of parameter change between 31–33 and 35–37
weeks PMA, and 2) parameter values at 35–37 weeks only.

Results—Weekly rates of change in all venous parameters were significantly different in eyes with
plus vs. not plus disease, particularly for tortuosity index (p<0.0004) and diameter (p=0.018). Using
weekly rate of change, AUC for plus disease detection was highest for venous tortuosity index (0.819)
and venous diameter (0.712). Using the 35–37 week PMA image only, AUC was highest for venous
integrated curvature (0.952) and diameter (0.789).

Conclusion—Rate of change in venous, but not arterial, parameters is correlated with plus disease
development in this data set. This did not appear to contribute information beyond analysis of an
image at 35–37 weeks PMA only.

INTRODUCTION
Retinopathy of Prematurity (ROP) is characterized by abnormal retinal vasoproliferation in
low birth weight infants, and is a leading cause of childhood blindness worldwide.1 The multi-
center Cryotherapy for ROP (CRYO-ROP) and Early Treatment for ROP (ETROP) studies
demonstrated the benefits of appropriate detection and treatment.2,3 Published consensus
guidelines state that all infants with birth weight <1500 grams or gestational age ≤30 weeks
require screening examination for ROP.4

“Plus disease” was described by the international classification of ROP as a component of
severe disease, and is defined as venous dilation and arterial tortuosity greater than that of a
published photograph which was selected by expert consensus.2,5,6 The CRYO-ROP and
ETROP studies showed that presence of plus disease is a necessary component of threshold
disease and a sufficient component of type-1 ROP, both of which have been found to benefit
from treatment with laser photocoagulation or cryotherapy.2,3 However, previous studies have
shown that there may be significant variability in plus disease diagnosis among different
experts,7–10 and that computer-based image analysis systems which quantify vascular features
have potential to perform comparably to or better than experts in plus disease diagnosis.10,11

This suggests that there may be advantages of quantitative, objective methods for plus disease
diagnosis.

The standard photographic definition of plus disease depicts vascular appearance at a single
point in time.2,3 However, vascular abnormalities actually evolve over time. Previous studies
have found that faster change in vessel appearance may be a prognostic indicator of worse
disease outcome and more rapid progression toward treatment-requiring disease.12–17 The
revised international classification of ROP created a new “pre-plus” designation to account for
the fact that vascular dilation and tortuosity occur over a range of levels.6 However, little
previous work to our knowledge has examined the value of analyzing the rate of vascular
change over time in clinical diagnosis of plus disease.

The purpose of this pilot study was to examine the feasibility of quantitative plus disease
diagnosis based on analysis of the rate of vascular change over time compared to analysis at a
single point in time. Posterior retinal images were interpreted by a group of ROP experts to
develop a reference standard (“plus” vs. “not plus”) diagnosis, and a computer-based image
analysis system was used to measure quantitative vascular features.
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DESIGN AND METHODS
Source of Data

Wide-angle images of the posterior retina were captured bilaterally from 37 infants during
routine ROP care using a commercially-available device (RetCam-II, Clarity Medical Systems,
Pleasanton, CA). Images were captured from each infant at two sessions: the first between 31–
33 weeks post-menstrual age (PMA), and the second between 35–37 weeks PMA. Eyes with
good quality posterior pole images at both sessions were included in the study.

Image Interpretation: Experts
Five recognized ROP experts interpreted images. All experts had either been a Principal
Investigator or certified investigator in the CRYO-ROP or ETROP studies, or had co-authored
at least three peer-reviewed manuscripts involving ROP. Experts designated each image as
“plus” or “not plus.” Each image was given a final diagnosis based on the response given by
the majority of experts.

Image Interpretation: Computer-Based System
Retinal vessels in each of the 148 images were analyzed using a computer-based system,
Retinal Image multiScale Analysis (RISA), using previously-described methods.18,19 This
system defines three parameters to quantify the degree of vascular thickness and nonlinearity:
diameter, tortuosity index, and integrated curvature. This computer-based system operates by
constructing 1-pixel skeletons of the selected vessel, and then calculating geometric properties.
Diameter is defined as total area of the vessel, divided by its length. Tortuosity index is the
length of the vessel divided by the length of the straight line connecting the start and end points
of the vessel. Integrated curvature is defined as the sum of the angles along the skeleton,
normalized by the length of the vessel.

Data Analysis
Values for the computer-based image analysis parameters were calculated separately for all
vessels present in both the first and second sessions in each eye. Average arterial and venous
values were calculated for each parameter: arterial diameter, arterial tortuosity index, arterial
integrated curvature, venous diameter, venous tortuosity index, and venous integrated
curvature. Rate of vascular change between the first and second sessions in each eye was
calculated in two ways: (1) as the change per week in the single vessel in each eye with the
highest change between the two sessions for each computer-based system parameter, and (2)
as the mean change per week in computer-based system parameters for all vessels present in
images from both sessions.

Receiver operating characteristic areas under the curve (AUC) were calculated for use of the
computer-based system to detect plus disease. This was performed by plotting sensitivity vs.
(1-specificity) compared to the reference standard, while varying hypothetical cutoff thresholds
separating “plus” from “not plus.”20–22 This was done by considering all individual computer-
based system parameters separately at the first session, all individual computer-based system
parameters separately at the second session, change per week in the vessel with highest change
between sessions for each parameter, and mean change per week in all vessels present in images
from both first and second sessions. P-values were computed to test the hypothesis that
diagnostic performance of the computer-based system was better than chance (i.e. AUC=0.5).
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RESULTS
Characteristics of Data

Retinal images from 37 infants were captured bilaterally during a first session at 31–33 weeks
PMA, and a second session at 35–37 weeks PMA. This resulted in a total of 148 images (37
infants * 2 eyes * 2 sessions). Mean gestational age of infants was 26 weeks, and mean birth
weight was 787 grams.

Image Interpretation: Experts
All 148 images were interpreted by 5 experts, and given a reference standard diagnosis of
“plus” or “not plus” based on the response provided by the majority of experts (Table 1).
Thirteen (8.8%) of the 148 images were given a reference standard diagnosis of “plus” based
on expert consensus. All images with a reference standard diagnosis of “plus” were from the
second session at 35–37 weeks PMA.

Image Interpretation: Computer-Based System
All 148 images were analyzed for the 6 individual computer-based system parameters (arterial
diameter, arterial tortuosity index, arterial integrated curvature, venous diameter, venous
tortuosity index, and venous integrated curvature). A total of 463 arteries (mean 3.13 arteries/
image) and 513 veins (mean 3.47 veins/image) were analyzed for a total of 976 analyzed
vessels. This resulted in a total of 1,389 (=463×3) system responses for arteries (diameter,
tortuosity index, integrated curvature), and 1,539 (=513×3) system responses for veins. Eighty-
five (8.7%) of the 976 vessels could not be analyzed by the computer-based system because
of inadequate image quality.

Computer-Based Plus Disease Diagnosis
Table 2 summarizes accuracy of computer-based plus disease diagnosis using image analysis
from a single session (35–37 weeks PMA), compared to the rate of vascular change between
two sessions (31–33 weeks to 35–37 weeks PMA). Receiver operating characteristic curves
for plus disease diagnosis using individual computer-based image parameters from a single
session (35–37 weeks PMA) are displayed in Figure 1. Using data from the second session
only, receiver operating characteristic AUCs for plus disease detection were statistically better
than chance performance (p<0.05), for all vessel parameters except arterial diameter (p=0.08).
Among individual parameters at a single session, diagnostic performance was highest for
venous integrated curvature (AUC=0.952, p<0.001) and venous diameter (AUC=0.789,
p=0.001).

Examples of images showing different rates of vascular change are shown in Figure 2. Receiver
operating characteristic curves for plus disease diagnosis based on rate of vascular change
between the two sessions (31–33 weeks to 35–37 weeks PMA) are displayed in Figure 3 using
the single vessel in each eye found to undergo greatest change between the two sessions. Using
this method for analysis of rate of vascular change, diagnostic performance was highest for
venous tortuosity index (AUC=0.819, p=0.000376) and venous diameter (AUC=0.712,
p=0.018). Receiver operating characteristic curves for plus disease diagnosis based on the rate
of vascular change between the two sessions are displayed in Figure 4 using the mean rate of
change among all vessels present in images at both sessions for each eye. Using this method
for analysis of rate of vascular change, diagnostic performance was statistically better than
chance performance only for venous tortuosity index (AUC=0.802, p=0.001).
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DISCUSSION
This study was designed to assess the accuracy of computer-based diagnosis of plus disease
using quantitative vascular parameters computed at a single session (35–37 weeks PMA),
compared to the rate of vascular change between two sessions (31–33 weeks to 35–37 weeks
PMA). The key findings were that: (1) Computer-based image analysis has potential to
diagnose plus disease based on individual vascular features, and (2) Analyzing rate of change
in vascular parameters between these two sessions has potential to identify plus disease,
although this did not appear to contribute information beyond analysis of a single session.

Our findings are consistent with earlier work suggesting that computer-based image analysis
can identify plus disease based on quantitative vascular features.9–12,14,16,23–26 In this study,
all vascular parameters except for arterial diameter were significantly different in images with
plus disease by expert consensus compared to images without plus disease. Using the 35–37
week PMA image only, diagnostic accuracy was highest for venular IC (AUC=0.952) and
diameter (AUC=0.789). One earlier study using the same computer-based system as the current
study found that, for both arteries and veins, all three system parameters were significantly
larger in eyes with plus disease than those with no plus disease.24 In that earlier study, integrated
curvature had highest accuracy for diagnosis (AUC=0.911 for arteries, 0.824 for veins).
Another study using this same computer-based image analysis system found that arterial
tortuosity index (but not arterial or venous diameter) was significant higher in images with
ROP than in images without ROP.16 Finally, a study involving a different computer-based
system found that images with plus disease had greater average tortuosity and dilation than
images without plus disease, but that this difference was statistically-significant only for
tortuosity.25

The current study also shows that weekly rate of change in venular parameters was significantly
different for eyes which developed plus disease compared to those which did not. AUC for
plus disease detection was highest for weekly rate of change of venular tortuosity index (0.819)
and diameter (0.712) (Table 2 and Figure 3). This suggests that rate of change in venular
parameters is correlated with plus disease development, and that analysis of change in vascular
parameters between examination sessions has potential to identify plus disease. However, the
AUC for rate of change in vascular parameters was not higher than that for the value of vascular
parameters at the second examination session (35–37 weeks PMA) alone, indicating that this
did not appear to contribute information beyond analysis of a single image at 35–37 weeks
PMA.

Previous research has suggested the potential utility of analyzing the rate of vascular change
for identifying severe ROP. Data from the CRYO-ROP study regarding the natural course of
disease showed that faster rate of progression to prethreshold disease was associated with worse
structural outcomes.15 Wallace et al found faster rate of disease progression in infants who had
early vascular changes designated “pre-plus disease,” which indicated a greater likelihood of
development of severe ROP.13 Henegan et al found absolute change in vascular diameter, but
not tortuosity, to be correlated with clinical diagnosis of plus disease.12 The latter study differed
from our current study in that it examined average change in vascular parameters for all vessels,
rather than only those vessels present in both images, and in that it did not differentiate between
arteries and veins. In this study, we show that change in a greater number of vascular parameters
over time is significantly correlated with diagnosis of plus disease. Having said that, we
emphasize that plus disease is currently defined by comparison to a standard photograph at a
single point in time, and this study did not provide evidence that rate of change in vessel
parameters is better at identifying plus disease.
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Faster rate of anatomic change has been found useful for guiding treatment in other
ophthalmologic diseases and in other fields of medicine. Several glaucoma staging systems
allow for measurement of quantitative change in optic disc parameters,27 and faster rate of
change in cup-to-disc ratio has been correlated with higher average intraocular pressure.28 In
cardiology, one study showed that side-by-side interpretation of echocardiograms, which allow
for quantified analysis of parameter change, had higher specificity than interpretation of
independent echocardiograms for identifying change in valve regurgitation.29 Another study
found that the increase in QRS duration over time was a better predictor of adverse cardiac
outcome than a single measurement of QRS duration.30 For ROP, future studies involving the
predictive value for rate of vascular change to identify risk of poor outcomes, compared to
traditional methods based on findings at individual exams, may be warranted.

A key limitation of this study is that the reference standard was considered to be presence of
plus disease at single points in time (either 31–33 weeks or 35–37 weeks PMA). This was done
because the current definition of plus disease is based on individual ophthalmoscopic
examinations, without regard to temporal progression. Previous studies involving computer-
based plus disease diagnosis have used similar reference standards for comparison.10,11,13,
25,26,31 Because our reference standard was obtained during a static examination, this study
design may significantly bias toward showing that computer-based analysis at single points in
time perform better than analysis of rates of vascular change for plus disease diagnosis. Larger
studies, in which experts and automated image analysis systems are asked to review serial
images and provide overall diagnostic impressions regarding disease progression and
prognosis, would produce additional insights. We suspect that important information would
be gained by considering the temporal progression of vascular change in ROP, and previous
work has suggested that video documentation of retinal vascular evolution may contribute
diagnostic and educational value.31 If baseline rates of vascular development can be
characterized in normal premature infants, then future ROP classification systems might
incorporate these data so that abnormal rates of change could be detected using computer-based
methods.

Additional study limitations should be noted: (1) There was variation in quality among study
images. This may have affected quantitative measurements of dilation and tortuosity,
particularly if vessel margins were indistinct because of blurring. Among all study images,
13.6% of arteries were of insufficient quality to be analyzed by the computer-based system,
whereas only 4.3% of veins could not be analyzed. It is possible that this may have introduced
a systematic bias which led to rate of change in arterial parameters being less associated with
plus disease than rate of change in venous parameters (Table 2). However, because rates of
vascular change were always calculated within the same patients, other possible confounding
factors such as image magnification would be expected to remain consistent. (2) Because the
first imaging session was between 31–33 weeks PMA and the second was between 35–37
weeks PMA, the number of weeks between examination sessions was not consistent. Although
this was addressed by calculating the rates of change per week, understanding the precise time
course of vascular evolution in ROP may require further research. (3) Only 8.8% of study
images had a reference standard diagnosis of “plus disease” based on expert consensus.
Therefore, future studies examining a larger number of eyes with plus disease will have greater
power for examining the rate of vascular change on clinical plus disease diagnosis.

In summary, computer-based image analysis has potential to identify plus disease based on
individual vascular features. Analysis of temporal change in vascular parameters has potential
to provide information regarding plus disease diagnosis beyond what is available during a
single examination. Because retinal vessels in ROP evolve significantly within a short time,
future research may be warranted to examine the role for creating new indices for disease
classification based on rate of vascular change. Disease classification incorporating
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quantifiable measures such as rate of change may help to decrease subjectivity in plus disease
diagnosis.
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Figure 1.
Receiver operating characteristic (ROC) curves for detection of plus disease, in infants at risk
for retinopathy of prematurity, using a computer-based image analysis system to analyze
arteries (left) and veins (right) during a single session at 35–37 weeks post-menstrual age.*
*For each system parameter (diameter, tortuosity index [TI], integrated curvature [IC]),
sensitivity is plotted against (1-specificity) over a range of cutoff values separating “plus” from
“not plus.” Diagonal line represents chance performance (area under curve = 0.5).
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Figure 2.
Representative images showing different rates of vascular change in two infants screened for
retinopathy of prematurity. *
*First infant had greater weekly change in venous tortuosity index (TI, 0.1063 pixels/week)
and venous integrated curvature (IC, 0.0052 pixels/week) from 31 weeks post-menstrual age
(PMA) (top left) to 35 weeks PMA (top right), and was clinically diagnosed as “plus” at 35
weeks PMA. Second infant had less weekly change in venous TI (0.0015 pixels/week) and
venous IC (0.0002 pixels/week) from 32 weeks PMA (bottom left) to 36 weeks PMA (bottom
right), and was clinically diagnosed as “not plus” at 36 weeks PMA.
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Figure 3.
Receiver operating characteristic curves for detection of plus disease, in infants at risk for
retinopathy of prematurity, using a computer-based system to analyze rate of change in vascular
parameters of arteries (left) and veins (below) between a first session at 31–33 weeks post-
menstrual age (right) and a second session at 35–37 weeks post-menstrual age. *
*Rate of change in vascular parameters (diameter, integrated curvature [IC], tortuosity index
[TI]) is computed as change per week in the single vessel in each eye found to have undergone
highest change for each parameter between sessions. Sensitivity is plotted against (1-
specificity) over a range of cutoff values separating “plus” from “not plus.” Diagonal line
represents chance performance (area under curve = 0.5).
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Figure 4.
Receiver operating characteristic curves for detection of plus disease, in infants at risk for
retinopathy of prematurity, using a computer-based system to analyze rate of change in vascular
parameters of arteries (left) and veins (right) between a first session at 31–33 weeks post-
menstrual age (PMA) and a second session at 35–37 weeks PMA. *
*Rate of change in vascular parameters (diameter, tortuosity index [TI], integrated curvature
[IC]) is computed as mean change per week in all vessels present in images from both sessions.
Sensitivity is plotted against (1-specificity) over a range of cutoff values separating “plus” from
“not plus.” Diagonal line represents chance performance (area under curve = 0.5).
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