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Detecting Glaucoma Using Automated Pupillography

Andrew J. Tatham, FRCOphth, Daniel Meira-Freitas, MD, PhD, Robert N. Weinreb, MD,
Linda M. Zangwill, PhD, and Felipe A. Medeiros, MD, PhD

Hamilton Glaucoma Center and Department of Ophthalmology, University of California, San
Diego, La Jolla, California

Abstract

Objective—To evaluate the ability of a binocular automated pupillograph to discriminate healthy
subjects from those with glaucoma.

Design—Cross-sectional observational study.

Participants—Both eyes of 116 subjects, including 66 patients with glaucoma in at least 1 eye
and 50 healthy subjects from the Diagnostic Innovations in Glaucoma Study. Eyes were classified
as glaucomatous by repeatable abnormal standard automated perimetry (SAP) or progressive
glaucomatous changes on stereophotographs.

Methods—All subjects underwent automated pupillography using the RAPDx pupillograph
(Konan Medical USA, Inc., Irvine, CA).

Main Outcome Measures—Receiver operating characteristic (ROC) curves were constructed
to assess the diagnostic ability of pupil response parameters to white, red, green, yellow, and blue
full-field and regional stimuli. A ROC regression model was used to investigate the influence of
disease severity and asymmetry on diagnostic ability.

Results—The largest area under the ROC curve (AUC) for any single parameter was 0.75.
Disease asymmetry (P < 0.001), but not disease severity (P = 0.058), had a significant effect on
diagnostic ability. At the sample mean age (60.9 years), AUCs for arbitrary values of intereye
difference in SAP mean deviation (MD) of 0, 5, 10, and 15 dB were 0.58, 0.71, 0.82, and 0.90,
respectively. The mean intereye difference in MD was 2.2+3.1 dB. The best combination of
parameters had an AUC of 0.85; however, the cross-validated bias-corrected AUC for these
parameters was only 0.74.

Conclusions—Although the pupillograph had a good ability to detect glaucoma in the presence
of asymmetric disease, it performed poorly in those with symmetric disease.

Glaucoma is characterized by progressive optic neuropathy, loss of retinal ganglion cells,
and associated loss of visual field.! Glaucomatous visual field loss is irreversible, and
therefore, early detection and diagnosis is important. Although standard automated
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perimetry (SAP) is the most common method for detecting glaucomatous functional
damage, it has several limitations. For example, SAP is influenced by patient fatigue,
inattention, and learning effects, with the result that test results may be unreliable.23
Furthermore, because of its variability, multiple subsequent confirmatory tests often are
required to provide confidence that a defect seen on SAP is genuine.3

An additional problem with SAP concerns the logarithmic decibel scale used for the
assessment of sensitivity thresholds and presentation of results.# The logarithmic scale leads
to compression of data in early disease, meaning large retinal ganglion cell losses may occur
before there is a significant reduction in SAP sensitivity.>:6

Previous studies have reported that patients with glaucoma frequently have abnormal
pupillary light responses. For example, a recent systematic review found that relative
afferent pupillary defect (RAPD) can be detected in one third to two thirds of glaucomatous
patients using the swinging flashlight test.”9 An RAPD is an important marker of
asymmetric impairment of the afferent visual system and, in a subject with glaucoma, is
likely to indicate significant damage to the optic nerve.10:11 Moreover, the magnitude of the
pupillary response defect has been shown to correlate with the severity of disease.12-14

The detection of pupil response abnormalities in glaucomatous subjects raises the possibility
that assessment of pupillary reactions may be a useful functional test for detecting the
disease. The swinging flashlight test is a simple method of measuring the pupillary light
response; however, it is subject to interobserver variation. Also, the RAPD, which is
primarily a measure of asymmetry, is unlikely to be of high diagnostic value in a
predominantly bilateral disease such as glaucoma.1> A more complete assessment of the
pupil response parameters is possible using computerized automated pupillography.10
Automated pupillography is objective, and it also allows averaging of multiple responses
and quantification of parameters not visible to an observer. The result is that automated
pupillography is able to detect pupil abnormalities with greater sensitivity than flashlight
examination.10.15.16 A further advantage of automated pupillography is that novel testing
strategies such as stimulation of specific parts of the retina within the same eye may be
used.1’

The aim of this study was to evaluate the ability of a new binocular automated pupillograph
(RAPDx pupillograph; Konan Medical USA, Inc., Irvine, CA) to discriminate healthy
subjects from those with glaucoma. The device measures bilateral pupil responses to
monocularly presented stimuli. Parameters evaluated included the overall pupil response to a
variety of white and colored full-field stimuli, the pupil response to stimuli directed at
different parts of the retina, and the relative difference in pupil response between eyes. The
effect of disease severity and disease asymmetry on the diagnostic ability of the pupil
response parameters also was examined.

Ophthalmology. Author manuscript; available in PMC 2015 June 01.
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Methods
Study Participants

This was a cross-sectional study involving participants from a prospective longitudinal study
designed to evaluate optic nerve structure and visual function in glaucoma, the Diagnostic
Innovations in Glaucoma Study at the University of California, San Diego (UCSD).
Methodologic details have been described previously.1® The UCSD Institutional Review
Board and Human Subjects Committee approved all protocols, and methods adhered to the
Declaration of Helsinki.

At each visit subjects underwent a comprehensive ophthalmologic examination including
visual acuity, slit-lamp biomicroscopy, intraocular pressure measurement, gonioscopy,
dilated funduscopic examination, simultaneous stereoscopic optic disc photography (Kowa
WX3D; Kowa OptiMed, Inc., Torrance, CA), and SAP (Humphrey Field Analyzer 1l-I; Carl
Zeiss Meditec, Inc., Dublin, CA) using the Swedish interactive threshold algorithm
(standard 24-2). Only subjects with open angles on gonioscopy were included. Subjects
were excluded if they had a best-corrected visual acuity of less than 20/40; spherical
refraction outside +5.0 diopters, cylinder correction outside 3.0 diopters, or both; or any
other ocular or systemic disease that could affect the optic nerve or the visual field. Details
of the methodology used to grade optic disc photographs at the UCSD Optic Disc Reading
Center have been provided elsewhere.18-20

The study included both eyes of 66 subjects with glaucoma in at least 1 eye and both eyes of
50 healthy controls. Eyes were classified as glaucomatous if they had repeatable (=2
consecutive) abnormal SAP test results or progressive glaucomatous changes on masked
grading of stereophotographs, with or without abnormal SAP results. Abnormal SAP results
were defined by a pattern standard deviation outside the 95% confidence limits or glaucoma
hemifield test results outside the reference range. Healthy subjects were recruited from the
general population through advertisements and from the staff and employees of UCSD.
Healthy eyes had intraocular pressure of less than 22 mmHg with no history of increased
intraocular pressure and normal SAP results.

Pupil responses may be influenced by medications affecting the autonomic nervous system;
therefore, patients using systemic or topical cholinergic or anticholinergic medications,
including pilocarpine and atropine, were not included in the study. We also excluded
subjects who had undergone previous intraocular surgery, with the exception of
uncomplicated cataract extraction. Each patient underwent SAP, Cirrus high-definition
optical coherence tomography (OCT; software version 6.0; Carl Zeiss Meditec, Inc.), and
automated pupillography, with each subject undergoing all tests within a 6-month period.

Standard Automated Perimetry and Imaging

All visual fields were evaluated by the UCSD Visual Field Assessment Center.2! Visual
fields with more than 33% fixation losses or false-negative errors or more than 15% false-
positive errors were excluded. The only exception was the inclusion of fields with false-
negative errors of more than 33% when the field showed advanced disease. Visual fields
exhibiting a learning effect (i.e., initial tests showing consistent improvement on visual field
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indices) also were excluded. Visual fields were reviewed further for the following artifacts:
eyelid and rim artifacts, fatigue effects, inappropriate fixation, inattention, and evidence that
the visual field results were caused by a disease other than glaucoma.

Retinal nerve fiber layer (RNFL) thickness measurements were acquired using the Cirrus
high-definition OCT optic disc cube 200x200 protocol, the details of which have been
described previously.22 The parapapillary RNFL thickness measurements were calculated
from a 3.46-mm-diameter circular scan (10.87-mm length) automatically placed around the
optic disc. The Cirrus high-definition OCT images were included if the signal strength was 7
or more, movement artifacts were absent, and there was good centering on the optic disc.

Automated Pupillography

Pupil responses were tested using the RAPDx pupillograph, a new binocular infrared
computerized pupillograph. The device measures bilateral pupil responses to a sequence of
monocularly presented visual stimuli. Stimuli are generated using a single liquid crystal
display (LCD) screen that has a central physical barrier to create 2 optical channels. The
screen displays a target (green cross) for patient fixation, and during testing, each portion
can be enabled selectively to achieve separate stimulation of each eye. The screen is viewed
at infinity through a pair of 50-mm objective lenses for a field of view of approximately 25°
in each eye. Eyes also are illuminated by a pair of infrared-emitting diodes, with peak
emission at 880 nm, mounted at a 35° angle to each other.

Under infrared conditions information regarding the so-called dark pupil diameter is
captured as the number of camera pixels, and this measurement is converted to millimeters
using a scaling factor. Stimuli then are presented to each eye, with the size, color, intensity,
and length of time of each stimulus varied automatically using proprietary software. The
device incorporates pupil tracking and blink detection systems using 60 full-frames/second
digital cameras, each with a resolution of 240x240 pixels/frame, for approximately 25
pixels/mm. If a blink obscures the pupil during recording, the test is repeated automatically.

Pupillograph Stimuli—The pupillograph LCD screen produces white, red (peak 605 nm),
green (peak 555 nm), yellow (peak 576 nm), and blue (peak 440 nm) stimuli, which are
varied to include full-field, central, peripheral, and quadrant testing of each eye. The LCD
color chromaticity coordinates are x = 0.313, y = 0.329 (white); x = 0.645, y = 0.341 (red); x
=0.312, y = 0.625 (green); and x = 0.153, y = 0.053 (blue). The background consists of a
very low white setting. Each examination is broken into subsections referred to as tests,
which are composed of a set of trials. Each trial consists of a period of stimulation followed
by a period of darkness (nominal background luminance of 0.01 cd/m?2), during which the
cameras record continuously. The total time of each trial is 2000 ms, plus a 100-ms posttrial
period during which no images are acquired (Table 1). The right eye is stimulated first,
followed by the left, then the right, with continued stimulation alternating between eyes. The
full-field white stimulus test consists of 18 trials, and this is followed by full-field trials
using the red, green, blue, and then yellow stimuli, with each full-field stimulus extending to
approximately 18° from fixation.

Ophthalmology. Author manuscript; available in PMC 2015 June 01.
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The central test consists of a small, 3° centrally aimed stimulus presented at low (dim) and
high (bright) intensities as 2 separate tests. The central test is repeated for each colored
stimulus. The peripheral test consists of a peripheral macular-sparing annulus stimulus,
ranging from approximately 10° to 25°, which is also presented at dim and bright intensities
for each colored stimulus. Finally, a pair of superior nasal quadrant and inferior nasal
quadrant tests, each with approximately a 10° macular sparing, is presented at high intensity.

Testing for this study was conducted under dark room conditions with an illuminance of less
than 0.5 lux. The full-field stimuli had luminances of 384 cd/m? (white stimulus), 88 cd/m?
(red stimulus), 27 cd/m? (green stimulus), 23 cd/m? (blue stimulus), and 380 cd/m? (yellow
stimulus), and during all tests, there was a nominal background luminance of 0.01 cd/mZ.
The white dim peripheral stimulus had a luminance of 24 cd/m?, compared with 118 cd/m?
for the white bright peripheral stimulus. The white dim central stimulus had a luminance of
0.17 cd/m?, compared with 0.28 cd/m? for the white bright central stimulus. Subjects did not
wear corrective lenses during testing.

Pupil Response Parameters—The pupillograph generates pairs of simultaneous
biometric waveforms that describe the average pupil responses (combined right and left eye)
to the monocular stimuli. Software is incorporated to parse the pupil diameter waveforms
into specific metrics. The median value from the series of repetitions is calculated to
minimize noise. Parameters measured by the pupillograph include response amplitude
(RespAmp), which is the maximum contraction of the pupil as a percentage of the
prestimulation size, that is, the prestimulus pupil diameter minus the minimum pupil
diameter, divided by the prestimulus pupil diameter; response latency (RespLat), which is
the time in milliseconds between stimulus onset and time when pupil velocity has reached
50% of the peak velocity of constriction; maximum velocity of constriction (ConMaxVel);
latency of the maximum velocity of constriction (ConMaxVelLat); maximum velocity of
dilation (DilMaxVel); and latency of the maximum velocity of dilation (DilMaxVelLat).

In this study, 13 response parameters were obtained for each stimulus; therefore, there were
a total of 65 parameters using the 5 full-field stimuli (white, red, green, blue, yellow) alone.
When reporting the results, each response parameter name was appended with the letter R or
L to indicate the value was obtained with stimulation of the right or left eye, respectively,
and with the letter W, R, G, B, or Y to indicate whether the stimulus was white, red, green,
blue, or yellow, respectively.

An index of the direction and magnitude of pupil response asymmetry, known as the RAPD
score, also is generated automatically by the pupillograph. The RAPD score is calculated as
the difference in the amplitude of pupil constriction between stimulation of the 2 eyes using
the following formula23:

RAPD score=10 X log,q (od/0s)

3

where od is the mean response amplitude of both pupils in response to right eye stimulation
and os is the mean response amplitude in both pupils in response to left eye stimulation. A
positive value indicates a relative abnormality of the left afferent system and a negative
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value indicates a relative abnormality of the right afferent system.23 The absolute value of
the RAPD score was provided as an overall marker of asymmetry, without regard to the
laterality of the defect for each stimulus.

Statistical Analysis

Receiver operating characteristic (ROC) curves were constructed to assess the ability of
each pupillograph parameter to distinguish a subject with glaucoma in at least 1 eye from a
healthy subject. A ROC curve is a plot of the true-positive rate versus the false-positive rate
for all possible cutpoints. The area under the ROC curve (AUC), adjusted for age
differences between cases and controls, was used to summarize the diagnostic accuracy of
each parameter. An AUC of 1.0 represents perfect discrimination, whereas an area of 0.5
represents chance discrimination.24 Initially unadjusted pooled AUCs were calculated for
each stimulus and pupil response parameter.

The single pooled ROC gives the average performance of the test in the population;
however, it is important to know how the test performs in subgroups of patients, for
example, those with early disease. For this purpose, a ROC regression model was fitted to
investigate the influence of disease severity (as measured by a subject’s average SAP mean
deviation [MD]) on the diagnostic ability of the best pupillograph parameter. The ROC
regression methodology was proposed originally by Pepe2® and Alonzo and Pepe26 and was
applied previously to the evaluation of glaucoma diagnostic tests by Medeiros et al?” and
Leite et al.28 The method allows evaluation of the influence of covariates on the diagnostic
performance of the test, so that ROC curves for specific values of the covariate of interest
can be obtained. Briefly, the model can be written as:

ROCX,XD (q)=2 {al+a2¢71(Q)+ﬁX+/6DXD}

where ROCy xp (q) is the probability that a subject with disease, under the effect of a
disease-specific covariate, XD, and a common covariate, X, will have results that are greater
than or equal to the gth of the distribution of test results from subjects without disease. That
is, when the specificity of the test is 1-q, ROCx xp (q) represents sensitivity. The intercept
and the slope of the ROC curve are represented by the coefficients al and a2, respectively.
® Represents the normal cumulative distribution function. If the coefficients (B) for disease-
specific (XD) or common (X) variables are more than 0, then the variable positively
influences the discrimination between subjects with disease and between normal and
diseased, respectively. A negative coefficient indicates an inverse relationship. In this study,
the ROC regression models were fitted with severity (average eye MD) and disease
asymmetry (intereye difference in MD) used as the disease-specific covariates. Estimation
of AUC:s for arbitrary values of severity and asymmetry were obtained using the formula:

1
AVC=}ROC,, (@) di=0 (M)
0

,/1—1—(1%
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Confidence intervals for regression parameters were obtained using a bootstrap resampling
procedure (n = 1000 resamples).

The pupillograph produces many potentially useful parameters, and a combination of
parameters may have better diagnostic ability than the best-performing single parameters.
Stepwise logistic regression was used to identify parameters with the best discriminatory
ability and develop a classification function.2% Only variables with a P value less than 0.05
were retained in the final model. Because of potential model overfitting, 5-fold cross-
validation was performed to obtain a bias-corrected estimate of the diagnostic ability of the
combination of pupillograph parameters, that is, the best combination of parameters was
determined using four fifths of the sample and then tested using the remaining one fifth of
the sample, repeated 5 times. All statistical analyses were performed with commercially
available software (STATA version 12; StataCorp LP, College Station, TX). The a level
(type I error) was set at 0.05.

The study included both eyes of 116 subjects, including 66 patients with glaucoma in at least
1 eye, and 50 healthy subjects. Sixty-one of 116 subjects (53%) were female and 28 subjects
(24%) were of African ancestry. Of those with glaucoma, 26 had glaucoma in both eyes, 29
had glaucoma in 1 eye and suspected glaucoma in the other, and 11 had glaucoma in 1 eye
and a healthy fellow eye. Healthy subjects were significantly younger than patients with
glaucoma (P < 0.001). The demographic and clinical characteristics of participants are
summarized in Table 2.

Subjects with glaucoma had significantly lower average MD and RNFL thickness than
healthy subjects (P < 0.001 for both comparisons) and had significantly greater intereye
differences in MD and RNFL thickness (P < 0.001 for both comparisons). The distribution
of disease severity, measured using MD, is shown for the glaucomatous eyes in Figure 1.
There was a large variation in MD in the glaucomatous eyes, ranging from —25.4to 1.2 dB.
The average of right and left eye MD for subjects with glaucoma in at least 1 eye ranged
from -24.0 to 1.1 dB.

Overall Pupil Response to White and Colored Full-Field Stimuli

Table 3 shows the pooled AUCs, adjusted for age, for the pupillograph parameters obtained
using the full-field white stimulus. Although there were significant differences in all
measured pupil parameters between healthy and glaucomatous subjects, none of the
individual parameters had particularly good diagnostic ability. The white full-field stimuli
parameter with the best AUC was constriction maximum velocity latency on left eye
stimulation (ConMaxVelLatL, 0.65), followed by response amplitude on right-eye
stimulation (RespAmpR, 0.60) and RAPD score (absolute value of the RAPD score, 0.60).
The pooled AUCs for the pupil responses to full-field red, green, blue, and yellow stimuli
are shown in Table 4 (available at http://aacjournal.org). The parameters with the best
discriminatory ability were RespLatL with the blue stimulus (AUC, 0.73), ConMaxVelLatR
with the blue stimulus (AUC, 0.74), ConMaxVelLatR with the yellow stimulus (AUC,
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0.74), ConMaxVelLat with the green stimulus (AUC, 0.75 on right eye stimulation and
AUC, 0.74 on left eye stimulation) and RespLatL with the green stimulus (AUC, 0.73).

Pupil Response to Stimuli Directed at Different Areas of the Retina

Table 5 shows the diagnostic ability of the best response parameters obtained using dim and
bright peripheral and central white stimuli. Although glaucomatous and healthy subjects had
significant differences in pupil responses obtained using these stimuli, none of the
parameters had a larger AUC than the best-performing full-field stimulus. Similar results
were found for pupil responses to stimuli directed at the superior and inferior nasal
quadrants.

Relative Difference in Pupil Response between Eyes

The diagnostic ability of the relative difference in pupil response between eyes was assessed
by generating RAPD scores for latency and amplitude of the pupil response to bright and
dim full-field, central, and peripheral stimuli for each of the colored stimuli. There was
moderate correlation between the full-field white stimulus RespAmp RAPD score and
intereye difference in RNFL thickness (R? = 0.306; P < 0.001) and intereye difference in
MD (R? = 0.431; P < 0.001). The relationship between RAPD scores using colored stimuli
and in intereye difference in RNFL thickness and MD was weaker. For example, RAPD
score for RespAmp bright full-field blue stimulus had an R2 of 0.175 and 0.153 for MD and
RNFL thickness, respectively. The parameters with the greatest AUCs were RAPD score for
RespAmp bright full-field yellow stimulus (AUC, 0.70) and RAPD score for RespAmp
bright full green stimulus (AUC, 0.69).

Effect of Disease Severity and Asymmetry

The effect of disease severity (average SAP MD) and disease asymmetry (intereye
difference in MD) on the diagnostic ability of the pupillograph was assessed using ROC
regression of the best performing full-field stimuli. Table 6 illustrates the results for the best
performing parameter using the white stimulus (ConMaxVelLatL). There was a tendency for
the pupillograph to perform better with increasing disease severity, as measured by the
average eye MD (B1 = —0.056); however, this was not statistically significant (P = 0.058).
Figure 2A shows the ROC curves for arbitrary values of average MD of -5, -10, and -15
dB with age at the sample mean (60.9 years). The AUCs for these values of average MD
were 0.68, 0.75, and 0.81, respectively. There was also no significant relationship between
average eye RNFL thickness and diagnostic ability (3; = —0.011; P = 0.305). In contrast, the
relationship between diagnostic ability and disease symmetry was significant, with an
increase in AUC with increasing disease asymmetry (; = 0.098; P < 0.001). Figure 2B
shows the ROC curves for ConMaxVelLatL for arbitrary values of intereye difference in
MD of 5, 10, and 15 dB with age at the sample mean. The AUCs for these values of intereye
difference in MD were 0.71, 0.82, and 0.90, respectively. The AUC in the presence of
symmetric disease, when the intereye difference in MD was 0 dB, was only 0.58. There was
a similar relationship between the degree of disease asymmetry and the discriminatory
ability of the other pupil response parameters.

Ophthalmology. Author manuscript; available in PMC 2015 June 01.
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Combination of Pupil Response Parameters

A discriminant function, consisting of a combination of pupil response parameters of good
diagnostic ability, was obtained using stepwise logistic regression. Twenty parameters with
P values less than 0.05 were retained in the final model: RespAmpR-W, RespAmpL-W,
ConMaxVelLatR-W, ConMaxVelLatL-W, RespAmMpR-R, RespAmpL-R, RespLatR-R,
ConMaxVelL-R, ConMaxVelR-R, DilMaxVelR-R, RespAmpR-B, RespLatR-B, DilMaxL-
B, ConMaxVelLatL-B, RespAmpL-Y, DilMaxVelL-G, DilMaxVelLatL-G,
ConMaxVelLatR-G, RespLatL-G, and absolute value of the RAPD score G. The
combination of parameters had an age-corrected AUC of 0.85 (95% confidence interval
[CI], 0.77-0.92). However, 5-fold cross-validation revealed a bias-corrected AUC estimate
of only 0.74 (range, 0.69-0.85). In these subjects, high-definition OCT average RNFL
thickness measurements had excellent ability to distinguish healthy and glaucomatous eyes
with an AUC of 0.87 (95% ClI, 0.82-0.91; Fig 2C).

Discussion

This study evaluated the ability of a new automated pupillograph to distinguish healthy
subjects from those with glaucoma. Subjects with glaucoma had significant differences in
pupil responses, including RespAmp, RespLat, ConMaxVel, and DilMaxVel, compared
with healthy controls. A large number of stimuli and response parameters were studied, with
the best individual measurements achieving an AUC of 0.75 for distinguishing between
glaucomatous and healthy subjects.

One of the best-performing measures was the ConMaxVelLat on right eye stimulation using
the blue stimulus, which achieved an AUC of 0.75 (Table 3). Although this was a relatively
well-performing parameter, it would have an expected sensitivity of only 53% for a
specificity of 80%. Therefore, if it were relied on for the detection of glaucoma, we would
expect only 53% of actual subjects with glaucoma to be identified correctly and a relatively
large number of false-positive results (20%). At a higher specificity of 95%, the sensitivity
would be even lower, only 3%. Furthermore, in practice, the specificity is likely to be lower
still because pupil response abnormalities are not specific to glaucoma. The results of this
study therefore indicate that single pupillograph parameters are unlikely to be sufficiently
accurate to be useful in the overall detection of glaucoma.

A problem with comparing AUCs from different tests is that the characteristics of the
patients being tested can influence test performance. One test may be more sensitive at early
stages of the disease, whereas another may be more sensitive at moderate or advanced
stages. Because a subject with advanced glaucoma may have a greater abnormality on
pupillography than a subject with early glaucoma, it is possible that the discriminatory
accuracy of the pupillograph parameters is greater in advanced disease. To test this
hypothesis, ROC regression was used to model the best pupil response parameter ROC
curves as a function of disease severity, measured as the average MD between left and right
eyes.2>27 Table 5 indicates that there was a trend for better diagnostic ability with
increasing average MD (B4 = —0.056), but this was not statistically significant (P = 0.058).
There was also no significant relationship between the average RNFL thickness and
diagnostic ability of the best full-field stimuli. In contrast, OCT RNFL thickness was a
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significantly better diagnostic marker in more severe disease, with an AUC of 0.99 for an
MD value of —10 dB in this sample (; = —0.055; P < 0.001).

Because the pupillograph measures binocular responses to monocular stimuli, disease
asymmetry also may have an important bearing on the diagnostic ability of the device. We
therefore performed ROC regression to model the ROC curve as a function of intereye
difference in MD. Table 5 indicates that the best response to a white full-field stimulus had
significantly better diagnostic ability in subjects with asymmetric disease ($; = 0.098; P <
0.001) compared with those with symmetric disease. Figure 2B shows the ROC curves for
arbitrary values of intereye difference in SAP MD of 5, 10, and 15 dB, with AUCs of 0.71,
0.82, and 0.90, respectively. There was a similar relationship between disease asymmetry
and diagnostic ability for each of the best performing full-field pupillograph parameters.
Although the diagnostic ability of the pupillograph was better in asymmetric disease, in
practice, large degrees of asymmetry in glaucoma are likely to be rare. Despite our sample
including 11 subjects with glaucoma in 1 eye, overall we found those with glaucoma to have
an average intereye MD difference of only 3.2 dB, and only 5 of 66 patients (8%) had an
intereye MD difference of more than 10 dB. In eyes with symmetric disease, the AUC of the
best performing full-field white stimulus parameter (Con-MaxVelLatL) was only 0.58.

An advantage of the automated pupillograph is that it is possible to obtain multiple pupil
response characteristics to multiple stimuli. Also, because the device is computerized, it
would be possible to generate an index automatically that combines the most useful
individual measures to aid glaucoma detection. We therefore constructed a classification
function using a combination of the best-performing pupillograph response parameters. The
AUC for the combination of parameters was significantly better than the AUC for the best-
performing single parameter (0.85 vs. 0.75; P = 0.015). The combination of parameters had
a sensitivity of 70% for a specificity of 80% and a sensitivity of 50% for a specificity of
95%. These results suggest that the combination of pupil response parameters has reasonable
ability to detect glaucoma; however, because there were a high number of pupil parameters
relative to the sample size, there is a risk of model overfitting. To evaluate this, we
performed a 5-fold cross-validation that resulted in a bias-corrected estimate of AUC for the
combination of pupil response parameters of only 0.74. These results suggest that the
pupillograph is less able to detect glaucoma than other devices such as OCT.24 In previous
studies, Stratus and Cirrus OCT average RNFL thicknesses both were found to have AUCs
close to 0.90.2428 This is similar to the OCT average RNFL thickness AUC of 0.87 found in
the present study. We found OCT RNFL thickness had a sensitivity of 78% for a specificity
of 80% and a sensitivity of 60% for a specificity of 95%.

The results reported should be interpreted in the context of study limitations. First, there are
many factors other than glaucoma that may affect pupil response. Systemic or topical
medications, previous ocular surgery, or the presence of an irregular pupil shape may limit
the accuracy of the device. We tested the device in a controlled population and excluded
subjects taking medications that were likely to affect the pupil response and those with
significant comorbidities such as nonglaucomatous optic neuropathies and retinal disease. In
clinical practice, the performance of the pupillograph therefore may be different. If the
device were to be used in a setting such as community screening, it is likely that the
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specificity for detecting glaucoma would be lower because many conditions can affect pupil
response. Further testing also would be needed to determine the cause of pupil response
abnormality.

Although the relationship between disease severity and diagnostic ability of the best-
performing full-field pupil response parameters did not reach statistical significance, it is
possible that other pupil response parameters may be more affected by disease severity. We
did not evaluate the effect of disease severity on the performance of every pupil response
parameter because many had poor AUCs.

A further challenge was identifying the best combination of the large number of parameters
generated by the pupillograph. In the future, when larger sample sizes are available for
study, combinations of parameters with better diagnostic ability may be identified using
techniques such as machine learning. It is also important to note that some parameters
performed better on left eye stimulation and others on right eye stimulation. This suggests
that the relatively good performance of some parameters was the result of characteristics of
study patients. Furthermore, because most patients with glaucoma have bilateral disease,
approaches that rely on the detection of asymmetry may not have high diagnostic yield. The
development of novel stimuli and assessment of individual eye pupil responses may have
improved ability to detect glaucoma. For example, multifocal pupillographic objective
perimetry, which assesses individual pupil responses to a large number of smaller size
stimuli, has been reported to have diagnostic accuracy similar to that of subjective
perimeters.39 Although we tested central and peripheral stimuli, light scatter may have
meant that the stimulus was less focal than intended. In future, adjustment of the stimuli and
testing conditions to target specific retinal ganglion cell subtypes, such as melanopsin
containing intrinsically photosensitive retinal ganglion cells, may be useful.3! For example,
Kankipati et al3! found that subjects with glaucoma have a decrease in the intrinsically
photosensitive retinal ganglion cell-mediated postillumination pupil response, which refers
to the period of sustained pupil constriction after light offset. The pupillograph used in the
current study uses a standard battery of stimuli, and at present the user is unable to easily
modify stimulus parameters.

The RAPDx pupillograph is a new device, and therefore there are few previous studies
evaluating its ability to detect glaucoma. One previous study found a combination of 5 pupil
response parameters resulting in an AUC of 0.92 (95% ClI, 0.87-0.96), giving a specificity
of 97% with a sensitivity of 80% (Invest Ophthalmol Vis Sci 53:ARVO E-Abstract 5621,
2012). Although this AUC was higher than the AUC for our combined parameter, the
quoted AUC of 0.92 is a pooled result that does not take account of disease asymmetry or
severity. Furthermore, all 5 parameters were measures of asymmetry (RAPD). We tested the
same 5 combined parameters (RAPD scores for amplitude bright full-field white stimulus,
amplitude dim central yellow stimulus, amplitude bright central green stimulus, latency
bright peripheral red stimulus, and latency dim central green stimulus) and found a pooled
AUC of only 0.67 (95% Cl, 0.60-0.74). As we have demonstrated, the difference in
performance likely reflects differences in the study populations. Chang et al (Invest
Ophthalmol Vis Sci 2012;53:ARVO E-Abstract 5621). found that measures of asymmetry
had better diagnostic ability than the measures of overall pupil response and pupil responses
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to stimuli directed at different parts of the retina, which suggests that the sample had a large
number of subjects with asymmetric damage. The difference in AUC obtained in the 2
populations also illustrates the value of validating a model using an external sample.

In conclusion, the pupil response parameters evaluated in this study had moderate ability to
distinguish healthy subjects from those with glaucoma. The performance of the pupillograph
depended on the characteristics of the population being tested and was significantly worse in
those with more symmetric disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Bar graph showing the distribution of disease severity, measured as mean deviation in

decibels (dB) in glaucomatous eyes.
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Figure2.
Receiver operating characteristic (ROC) curves showing the ability of the best white full-

field pupil response parameter (latency of the maximum velocity of constriction) to
differentiate subjects with glaucoma in at least 1 eye from healthy subjects. The ROC curves
are shown (A) for subjects with an intereye average mean deviation (MD) of -5, —10, and
-15 decibels (dB) and (B) for those with an intereye difference in MD of 5, 10, and 15 dB
for the sample mean age of 60.9 years. C, The ROC curve showing the ability of optical
coherence tomography average retinal nerve fiber layer (RNFL) thickness to discriminate
healthy and glaucomatous eyes. AUC = area under the ROC curve.
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Table 2

Demographic and Clinical Characteristics of Included Patients

Subjectswith 2 Healthy Eyes (n = 50; 100 Subjectswith Wor se Eye with Glaucoma (n

eyes) = 66; 132 eyes) P Value
Age, yrs (range)” 51.3 (35.6-61.6) 69.1 (62.2-77.5) <0.001
Female sex’ 29 (58%) 32 (48%) 0.184
Race (no.) 32 European ancestry 44 European ancestry 0.526
11 African ancestry 17 African ancestry
7 other 5 other
Mean deviation, db (range)*
Worse eye -0.2(-1.0t0 0.4) -3.3(-8.8t0 -1.3) <0.001
Better eye 0.4 (-0.3t0 1.0) -1.0(-2.8t0 -0.1) <0.001
Absolute intereye difference 0.5 (0.2-1.0) 1.3(0.6-4.8) <0.001
Intereye average 0.1(-0.6t0 0.7) -2.5(-4.9t0 -0.8) <0.001
RNFL thickness, pm (range)*
Worse eye 94 (85-103) 72 (64-80) <0.001
Better eye 95 (86-103) 81 (70-89) <0.001
Absolute intereye difference 3(1-4) 9 (5-13) <0.001
Intereye average 95 (86-102) 77 (68-84) <0.001

RNFL = retinal nerve fiber layer.

*
Median (interquartile range) and Wilcoxon signed rank test.

TFisher exact test.
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Pupil Response Parameters to Dim and Bright Peripheral and Central Stimuli Using the White, Blue, Yellow,
Green, or Red Light Stimuli

Glaucoma Subjects (n = 66)

Healthy Subjects (n = 50)

P Value"

Areaunder the Receiver Operating
Characteristic Curve (Standard Error)

Dim peripheral
DilMaxVelLatL-G
ConMaxVelLatR-W
ConMaxVellLatL-B
RespAmpL-R

Bright peripheral
ConMaxVelLatR-Y
ConMaxVelLatL-W
RespLatR-B
DilMaxVelLatR-B

Dim central
DilMaxVelLatL-W
RespAmpL-W
RespAmpL-B
RespAmpR-G

Bright central
ConMaxVelLatR-W
DilMaxVelLatR-W
DilMaxVelLatR-B
DilMaxVelLatL-B

1263 (1200-1325)
413 (375-425)
413 (388-450)

0.19 (0.15-0.22)

400 (363-425)

388 (375-425)

193 (172-210)
1213 (1150-1275)

1281 (1213-1363)
0.26 (0.21-0.28)
0.22 (0.19-0.25)
0.25 (0.21-0.29)

444 (413-463)

1241 (1138-1300)
1188 (1025-1275)
1163 (1050-1275)

1200 (1125-1250)
375 (363-413)
388 (363-400)

0.20 (0.17-0.23)

375 (363-400)

375 (363-400)

174 (164-189)
1163 (1113-1225)

1244 (1188-1325)
0.29 (0.25-0.32)
0.25 (0.21-0.29)
0.27 (0.24-0.31)

413 (388-438)
1188 (1113-1250)
1063 (988-1200)
1000 (938-1125)

<0.001
<0.001
<0.001

0.100

<0.001
<0.001
<0.001

0.001

0.043
<0.001
<0.001

0.003

<0.001
0.002
0.002
<0.001

0.75 (0.07)
0.73 (0.08)
0.74 (0.07)
0.75 (0.09)

0.73 (0.06)
0.74 (0.08)
0.75 (0.07)
0.73 (0.07)

0.70 (0.08)
0.71 (0.09)
0.72 (0.09)
0.72 (0.10)

0.71 (0.06)
0.75 (0.05)
0.72 (0.06)
0.75 (0.05)

-B = blue; ConMaxVel = maximum velocity of constriction; ConMaxVelLat = latency of the maximum velocity of constriction; DilMaxVelLat =
latency of the maximum velocity of dilation; -G = green; L = left; -R = red; R = right; RespAmp = response amplitude; RespLat = response
latency; -W = white. Only the 3 parameters for each stimulus area with the greatest area under the receiver operating characteristic curves are

shown.

*
Wilcoxon signed-rank test.

Ophthalmology. Author manuscript; available in PMC 2015 June 01.



yduasnuel Joyny Yd-HIN

Tatham et al. Page 20

Table 6

Results of the Receiver Operating Characteristic Regression Model to Evaluate the Effect of Disease Severity
and Disease Asymmetry on the Diagnostic Ability of the Best White Full-Field Pupil Response Parameter,
with Age Included as a Covariate

Parameter Coefficient Estimate 95% Confidencelnterval P Value
Severity
Intercept ay 0.346  (-0.055 to 0.746) 0.091
oY(q) ap 0.928  (0.724-1.131) <0.001
Severity (average MD) By -0.056 (-0.102 to 0.010) 0.058
Asymmetry
Intercept ay 0.265 (-0.723 to 0.603) 0.124
o7Y(q) ay 0.945 (0.771-1.118) <0.001
Intereye MD difference By 0.098 (0.050-0.145) <0.001

MD = mean deviation (decibels); ® = normal cumulative distribution function.
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