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Abstract
Purpose—To develop and validate an associative model using pupillography that best
discriminates those with and without glaucoma.

Design—A prospective case-control study.

Methods—148 patients with glaucoma (mean age 67±11) and 71 controls (mean age 60±10)
were enrolled in a clinical setting. This prototype pupillometer is designed to record and analyze
pupillary responses at multiple, controlled stimulus intensities, while using varied stimulus
patterns and colors. We evaluated three approaches: 1) comparing the responses between the two
eyes, 2) comparing responses to stimuli between the superonasal and inferonasal fields within
each eye, and 3) calculating the absolute pupil response of each individual eye. Associative
models were developed using stepwise regression or forward selection with Akaike information
criterion and validated with 5-fold cross validation. We assessed the associative model using
sensitivity, specificity and the area under the receiver operating characteristic curve (AUROC).

Results—Persons with glaucoma had a more asymmetric pupil response between the two eyes
(p<0.001), between superonasal and inferonasal visual field within the same eye (p=0.014), and
also had a smaller amplitude, slower velocity and longer latency of pupil response compared to
controls (all p<0.001). A model including age and these three components resulted in an AUROC
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of 0.87 (95% CI 0.83 to 0.92) with 80% sensitivity and specificity in detecting glaucoma. This
result remained robust after cross-validation.

Conclusions—Using pupillography, we were able to discriminate persons with glaucoma from
those with normal eye exams. With refinement, pupil testing may provide a simple approach for
glaucoma screening.

INTRODUCTION
Glaucoma is the second leading cause of blindness worldwide, affecting 60 million people,
8.4 million of whom are blind.1,2 Population based surveys indicate that glaucoma remains
undiagnosed in 90% of affected people globally and in 50% of those in developed
countries.1,3 There is a need to improve on screening and case detection, especially to
develop methods that can be applied worldwide and in less developed countries.4

Unlike visual field testing, the assessment of pupillary response to light does not require a
subjective patient response. Abnormalities in the pupillary light reflex can be detected by
alternately illuminating each eye while comparing the change in pupil size.5 Asymmetry in
this response is referred to as a relative afferent pupillary defect (RAPD) and indicates
asymmetric disease of the anterior visual system. As glaucoma is frequently more severe in
one eye, an RAPD is often clinically detectable in persons with glaucoma.6,7

An RAPD can be quantified by sequentially placing optical filters of increasing density in
front of the normal eye as a light source alternatively illuminates each eye.5 By using this
technique, an RAPD can be detected when there is approximately 25%–50% unilateral loss
of retinal ganglion cells in monkeys.8 Compared to this method, high-resolution infrared
pupillography allows for more precise quantification of the pupillary response using
controlled stimulus intensities and this has improved our ability to detect and objectively
quantify subtle RAPDs. 9,10

Glaucoma does not result in uniform loss of ganglion cells across the retina.11 This
asymmetry is detectable by comparing the pupil response between superior versus inferior
quadrants or peripheral versus central parts of the visual field.12,13 This is similar to the
glaucoma hemifield test, which also tests for asymmetry between the superior and inferior
visual fields.14 In addition, it is likely that pupil responses in glaucoma may be generally
diminished when compared to normal subjects,15 which can also help with detection.

The purpose of this study was to use pupillography to compare how pupils respond to
stimuli of varied patterns, colors, and intensities in normal subjects and glaucoma patients.
Further, we developed and validated an associative model that best discriminates those with
and without glaucoma by combined use of 1) between-eye pupil response 2) pupil responses
in different parts of the visual field within the same eye, and 3) the absolute response of
individual eyes.

METHODS
Subjects and Eye Examinations

In this prospective case-control study, we enrolled a total of 243 participants, including 165
glaucoma patients and 78 normal subjects. All participants were enrolled between March
2011 and June 2012. To be eligible for participation, participants had to be 40 years or older
at enrollment, have presenting visual acuity better than 20/100 in both eyes and have not had
ocular surgery within 3 months. All subjects provided informed consent to participate in the
study and the Institutional Review Board of the Johns Hopkins University School of
Medicine approved the protocol prospectively.
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We enrolled patients with glaucoma of any cause in at least one eye, defined by having both
optic disc or retinal nerve fiber layer structural abnormalities and a visual field abnormality
consistent with glaucomatous damage. We included a full spectrum of glaucoma disease
severity and excluded patients with other macular or retinal comorbidities. All glaucoma
patients had visual acuity assessed with habitual correction, intraocular pressure measured
by Goldman applanation tonometry, fundus examination by slit lamp biomicroscopy, visual
field testing with standard automated perimetry (Humphrey Field Analyzer, Carl Zeiss
Meditec, Inc., Dublin, CA) using the Swedish Interactive Threshold Algorithm (SITA)
standard strategy and 24-2 pattern,16 and retinal nerve fiber layer thickness (RNFL)
measured by a circumpapillary scan at 3.45 mm from the center of the disc using Spectral
Domain Optical Coherence Tomography (SD-OCT, Spectralis, Heidelberg Engineering,
Heidelberg, Germany).

We enrolled normal subjects who were at the Wilmer Eye Institute accompanying patients
attending examinations. All normal subjects underwent an undilated fundus exam, visual
acuity testing, intraocular pressure measurement using the Icare tonometer (Icare, Finland),
and RNFL measurement with SD-OCT. We also assessed their visual field using frequency-
doubling technology (FDT - Humphrey Matrix Perimeter, Carl Zeiss Meditec, Dublin, CA).
We excluded normal subjects with a cup to disc ratio greater than 0.7, signs of retinal or
optic nerve structural abnormalities, or abnormal visual field results in either eye. When
analyzing the FDT results, we minimized the false negative rate by using the N-30-5
screening protocol.17 The test was considered reliable if false positives and fixation losses
were less than 30%. A subject was considered eligible if there was no abnormal point in the
central locations and no more than 2 abnormal points at any probability level (p<5%, 2%,
1% or <0.5%) at any of the peripheral locations.18

Pupillometer and waveform analysis
We used a prototype automated pupillometer (prototype of RAPDx, Konan Medical USA,
Inc., Irvine, CA) to record and analyze the pupillary light reflex. Each subject was dark-
adapted for one minute before the test. While the patient was viewing binocularly,
monocular stimuli were presented on the LCD panel, alternating between eyes (similar to
the swinging flashlight test). We applied stimuli of varied colors: white, red, green, blue and
yellow, of varied patterns: full field, peripheral (28° with 10.5° macular sparing), central
(2.9°), and superior and inferior nasal quadrant arcs (21° with 11.7° macular spacing), and of
varied intensities: 35 lux (bright) and 25 lux (dim) (Figure 1). All stimulus cycles add up to
2.1 seconds, with full field stimulations of 200ms long followed by 1900ms dark and
patterned stimulations of 600 ms long followed by 1500ms dark. The entire exam lasted
approximately 7 minutes.

The device records pupil diameter over time and calculates six metrics (response amplitude,
latency, maximum constriction velocity, maximum dilation velocity, and time to peak
constriction and dilation). The amplitude of pupil constriction is calculated by the
percentage change in pupil diameter (PD) between constriction onset and peak constriction
in response to each stimulus [(PDresting – PDconstricted)/PDresting]. By using the first-order
and second-order derivatives of the pupil diameter over time, two additional metrics,
maximum constriction velocity and maximum dilation velocity, were calculated. We defined
the onset of pupil constriction when the velocity first crosses a threshold of 50% of the
maximum contraction velocity and then calculated the latency using the time from the onset
of stimulation to the onset of pupil constriction. We also calculated the time from stimulus
onset to the time of these maximal velocities.

The between-eye score is defined as the log of the relative ratio of a given pupil metric
between the right and left eye multiplied by 10. Similarly, the within-eye score was defined
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by taking the log of the relative ratio of the given pupil metric between the superonasal and
inferonasal field and multiplying by 10.

Statistical analysis
Differences in characteristics and pupil metrics between glaucoma patients and normal
subjects were compared using Student’s t test and the Chi-square test. We used Pearson
correlation to assess the asymmetry of pupil response between the two eyes or between
superior and inferior stimuli within each eye. For analyses performed at the level of
individual eyes, we used the eye with the higher within-eye score or eyes with lower
response amplitude. To avoid multi-collinearity in a regression model, we assessed the
correlation between responses under different colors, between responses under different
patterns, and between pupil metrics of the same pupil response. We then built models only
with variables that are less correlated with each other (R<0.6).

We used univariate and multivariate logistic regression models to assess the association
between each pupil metric and glaucoma. The five models included 1) a univariate model
with the between-eye score of response amplitude as the sole predictor 2) a multivariable
model using four variables: age, between-eye score, within-eye score, and the absolute value
of response amplitude 3) a model with variables selected using stepwise forward regression
(p-value<0.1 to be included to the model and p-value>0.2 to be excluded) 4) a model with
variables determined using forward selection using Akaike information criterion and 5) a
model using all variables.

We determined the ability of the model to discriminate glaucoma from normal by
calculating the area under the receiver operating characteristic curve (AUROC) with a non-
parametric approach. We used bootstrap resampling to calculate pointwise confidence
intervals for the ROC curve at the false positive rate of 0.2 and the true positive rate of 0.2.
The resampling was done separately for case and control strata with 1,000 replications. We
also assessed the performance of each model among patients who had a visual field mean
deviation (MD) worse than −5 dB and those who had an MD of −5 dB or better. Finally, we
validated the results by spiting the data randomly into quintiles, with model development in
four of the five and testing in one of the five, which was repeated five times (five-fold cross
validation). Statistical analyses were performed using STATA 12.0 (StataCorp LP, College
Station, TX).

RESULTS
A total of 236 eligible participants were enrolled in our study and 219 (93%) of them
completed the pupillographic examination. Of the 17 incomplete examinations, 4 were due
to frequent blinking, 3 were due to software errors and the pupil waveforms of the other 10
were unanalyzable. Among 219 subjects who successfully completed the pupillographic test,
148 cases have glaucoma in at least one eye (93% primary open angle glaucoma, 3%
primary angle closure glaucoma, and 4% secondary glaucoma) and 71 controls don’t have it
in either eye. Compared to controls, glaucoma patients were significantly older (67±11
versus 60±10 years old) and were more likely to be male (51% versus 32% - Table 1).
Glaucoma patients had greater between-eye differences in intraocular pressure and RNFL
thickness but had similar baseline pupil diameters when compared to controls.

The correlation of each pupil metric was lower between eyes of glaucoma patients than
controls across different stimuli (Table 2). The absolute value of the between-eye scores was
generally higher in glaucoma patients, suggesting greater between-eye asymmetry (Table 2).
However, many patients with glaucoma also had a between-eye score close to zero (Figure
2). When looking at within-eye response to stimuli, the correlation between superonasal and
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inferonasal stimuli was lower in glaucoma patients and their absolute within-eye scores were
higher, suggesting greater within-eye asymmetry (Table 3). We summarize the absolute
values of each pupil metric under varied stimuli for each individual eye in Table 4. Eyes
with glaucoma had smaller response amplitude, slower velocities and longer latency than
control eyes (all p < 0.05).

We found strong correlations between response amplitude and constriction and dilation
velocities (R=0.69–0.81). Latency and time to maximum contraction velocity were also
strongly correlated (R=0.89 in normal subjects and R=0.78 in glaucoma patients), Figure 3.
To avoid multi-colinearity, we selected three out of six pupil metrics that were less
correlated (R<0.6, amplitude, latency and time to maximum dilation velocity) to develop the
model. In addition, pupil metrics using different stimulation colors and patterns were also
correlated with each other (Supplemental Table 1–2). We therefore only selected pupil
metrics under white light and full field stimulation to develop the final model. The final list
of nine variables included was age and the between-eye, within-eye, and individual-eye
value of the amplitude, latency, and time to maximum dilation (Table 5).

Using univariate logistic regression, age, between-eye scores, within-eye scores, and
pupillary light reflexes of each individual eye were all significant predictors for glaucoma.
Using the between-eye score of response amplitude alone, the AUROC was 0.78 (95%
confidence interval [CI]: 0.73–0.84) with 68% sensitivity and 80% specificity in predicting
glaucoma (Table 5). By including three additional variables (age, the amplitude of within-
eye score and the amplitude of each individual eye), the AUROC of this combined model
increased to 0.84 (95% CI: 0.79–0.91) with higher sensitivity and specificity. Using forward
stepwise selection, five variables were selected and the AUROC increased to 0.86 (95% CI:
0.82 to 0.91). Forward selection with Akaike information criterion produced a model that
included 6 variables and resulted in an AUROC of 0.87 (95% CI: 0.82–0.91). When
including all 10 variables, the AUROC of this full model was the highest (0.87, 95% CI:
0.83 to 0.92).

We stratified glaucoma cases into 2 groups based on the severity of visual field defect (cut
off at mean deviation of −5 dB) and compared the ability of each model in separating them
from controls. All five predictive models performed better in detecting patients with more
severe visual field loss (MD<−5dB) from controls (Table 5). The AUROC of the full model
increased to 0.90 with 84% sensitivity and 80% specificity in detecting glaucoma patients
with greater visual field loss. We validated these five models by five-fold cross validation
and the results remained robust (Table 5).

The combined, stepwise, Akaike information criterion and full models had significantly
higher AUROC values than the univariate model (p<0.001). The full model was also
significantly better than the combined model (Chi-square=4.39 with 1 degree of freedom,
p=0.04) but it was not significantly different from the stepwise model (Chi-square=1.45 with
1 degree of freedom, p=0.23) or the Akaike information criterion model (Chi-square=1.36
with 1 degree of freedom, p=0.25).

DISCUSSION
The asymmetry of the pupillary light reflex between eyes (a surrogate for an RAPD)
differed significantly when comparing glaucoma patients to those without evidence of
retinal or optic nerve disease. However, nearly half of those with glaucoma were missed
when just comparing the between-eye responses. Noting this limitation, we compared the
pupil responses for corresponding superonasal versus inferonasal fields and observed greater
within-eye asymmetry of those patients who did not have an RAPD. These patients also had
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a smaller and slower pupil contraction, accompanied by a slower recovery from stimulation
at different intensities, colors and patterns. By combing all information, the pupillary light
reflex assessed by pupillography discriminates those with glaucoma from controls with 80%
sensitivity and 80% specificity.

Based on previous systematic reviews, the pooled estimate of the sensitivity of the tests in
detecting glaucoma ranged from 46% (Goldmann Applanation Tonometry, GAT) to 92%
(Frequency doubling technology perimetry, FDT C20-1), while specificity ranged from 75%
(FDT C20-5) to 95% (GAT). 4,19 As compared to those screening devices, the pupillometer
has good accuracy in detecting glaucoma. The detection rate may be improved by refining
the cutoff values and algorithms or by combining other screening modalities such as FDT or
OCT. However, the accuracies were estimated from a clinical-based study and the
performance of the pupillometer may be reduced in a community setting where there are
more glaucoma suspects and mild glaucoma patients. We attempted to reduce this bias by
enrolling patients with a full spectrum of disease severities but larger scale population based
studies are needed for better estimation. Also, external validation and calibration of this
associative model would be an important next step before applying in any clinical settings.
The seven-minute stimulation sequence was developed for research purposes and it may be
further reduced to a 2-minute test based on the selective stimulations included in this
associative model. The shorter stimulation test will be more suitable for a community based
screening strategy.

Glaucoma is most often bilateral, and on average there is asymmetric damage between
eyes.20 Due to this asymmetry, an RAPD can be detected using the swinging flashlight test
in 9–34% of glaucoma patients.21–24 With the introduction of infrared video pupillography,
studies have generally reported a detection rate of 29–68% overall, and of 82% for
asymmetric glaucoma.25–28 In our study, the mean absolute between-eye score for controls
was 0.14, and 0.34 was the cutoff at 2 standard deviations. At this cutoff, an RAPD was
present in 47% of glaucoma patients and 3% of controls, suggesting that the amount of
asymmetry needed to segregate the two groups may be too large and therefore using just an
RAPD between eyes will miss nearly half the individuals with glaucoma.

We also assessed the relative pupillary responses comparing superonasal to inferonasal field
stimulation within the same eye. The pupillary light reflex measured when stimulating the
superior visual field was greater than that measured from the inferior field stimulation in
normal subjects. This normal asymmetry may limit the interpretation of a subtle reduction in
pupillary light reflex in the inferior field (false negative). We conducted a sensitivity
analysis by centering the within-eye score value at the mean of normal subjects (positive if
higher than the normal mean, negative if lower than the normal mean). This approach did
not improve the accuracy significantly (Supplemental Table 3). Despite this, we still
observed a significantly higher within-eye asymmetry among glaucoma patients who had an
RAPD (1.73 units versus 1.36 in controls, p=0.02) and among those who did not have an
RAPD (1.72 units versus 1.36 in controls, p=0.03). Therefore, sensitivity was improved by
adding within-eye score to the model without reducing specificity.

We analyzed the waveform of the pupillary light reflex using six metrics. Glaucoma patients
had significantly smaller amplitude, longer latency, slower constriction and dilation
velocities, and longer time to maximum constriction and dilation as compared to controls
(all p < 0.05). However, the measurements of amplitude, constriction velocity, and dilation
velocity are highly correlated. This relationship is unaffected by disease status. In other
words, the pupil is expected to constrict and dilate slowly whenever the response is small.
Similarly, the latency of pupil responses is also highly correlated with time to maximum
contraction velocity. Collinearity limited our ability to develop stable regression coefficients
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when using correlated variables, so we reduced the model from six metrics to three less
correlated ones (amplitude, latency, time to maximum dilation velocity).

It has been reported that a blue-and-yellow pattern visual evoked potentials test is more
sensitive than black-and-white stimulation in detecting early glaucoma. 29,30 Short-
wavelength automated perimetry has been claimed to predict conversion to glaucoma 3 to 4
years before standard automated perimetry defects occur.31–33 These techniques used blue
light to stimulate short wavelength sensitive cones preferentially and a yellow background
light to adapt the medium and long wavelength sensitive cones as well as simultaneously to
saturate the rods. However, using stimuli of different colors did not improve the
discrimination of the pupillary light reflex testing in our population. Other studies reported
reduced sustained pupil contraction (>30 seconds) to blue light in glaucoma, suggesting a
dysfunction of the intrinsically photosensitive retinal ganglion cells. We did not test this
phenomenon and focused on pupil response to short duration (0.2–0.6 seconds) stimuli to
avoid noise introduced by blinking.

One limitation for pupillography is that abnormal pupillary light reflexes may be present in
other ocular or neurological diseases such as macular degeneration and diabetic
retinopathy.34–36 This may lead to “false positive” test results in persons with other eye
diseases. However, the ability to detect multiple eye diseases may be an advantage for a
screening tool. In any case, the definitive diagnosis of glaucoma still requires detailed
examination of optic nerve appearance and visual field testing. Another limitation of this
study is the age difference between the glaucoma and control groups. We adjusted for age in
all models even if it was not significant in the multivariate analysis for this reason. It is
possible that residual confounding due to age may have affected our outcomes. In addition,
we explored possible interaction between age and pupillary light reflex but the odds ratios
were similar between strata with age older and younger than 65 years old (data not shown).
Finally, certain systemic medications (e.g. alpha-blockers), glaucoma medications (e.g.
brimonidine), ocular surgery (e.g. previous cataract surgery, iridotomy) or comorbidities
(e.g. diabetes) may affect pupillary response. This may hamper the generalizability of our
results and it is important to externally validate this model and assess its performance in an
independent cohort in community settings.

In summary, we assessed pupillary response in a large group of subjects in a clinical setting
and found that an automated testing device can detect glaucoma patients using the pupillary
response. Glaucoma patients had more asymmetric pupil response between the two eyes and
more asymmetric response between superior and inferior stimulation within the same eye. In
addition, they also had a smaller and slower pupil contraction and a delayed recovery time
when looking at individual eyes with glaucoma. By combining those findings, we developed
an associative model that separated glaucoma patients from control subjects. This may
provide a simple and inexpensive approach for glaucoma screening but additional study is
warranted to validate these findings in a community-based population and to determine if
further refinements can be made to improve performance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The pupillography provided light stimuli of varied patterns, colors, and intensities.
Patterns: Full field (F), peripheral (P), central (C), superionasal (Snq) and inferonasal (Inq)
quadrant arcs.
Intensities: Bright (Br) and dim (Di).
Colors: White (W), red (R), green (G), yellow (Y) and blue (B)
Nine stimuli sequences used in this study:
1. FBrW→ FBrW→FBrW→FBrW→FBrW→FBrW→ FBrW
2. FBrW→FBrR →FBrG→FBrB→FBrY
3. FBrW→FBrR →FBrG→FBrB→FBrY
4. PDiW→ PDiR→ PDiG→ PDiB→ PDiY
5. CDiW→ CDiR→ CDiG→ CDiB→ CDiY
6. PBrW→ PBrR→ PBrG→ PBrB→ PBrY
7. CBrW→ CBrR→ CBrG→ CBrB→ CBrY
8. SnqBrW→ SnqBrR→SnqBrG→SnqBrB→SnqBrY
9. InqBrW→InqBrR→InqBrG→InqBrB→InqBrY

Chang et al. Page 11

Am J Ophthalmol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Distribution of the between-eye score of the pupillography in glaucoma patients and
controls.
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Figure 3.
Correlation of pupil metrics for full field white stimulation of the pupillography between
glaucoma patients and controls.

Chang et al. Page 13

Am J Ophthalmol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chang et al. Page 14

Table 1

Baseline characteristics of study population in glaucoma detection using pupillography.

Glaucoma (n=148) Control (n=71)

Age, year* 67.4 ± 10.7 60.4 ± 9.6

Female, no. (%)* 72 (49) 48 (68)

Race, no. (%)

 Non-Hispanic white 121 (81.8) 51 (71.8)

 Black 20 (13.5) 12 (16.9)

 Asian 7 (4.7) 7 (9.9)

 Hispanic 0 (0) 1 (1.4)

Baseline pupil diameter, mm

 Average between the two eyes 4.10 ± 0.81 4.17 ± 0.71

 Absolute difference between the two eye 0.05 ± 0.04 0.05 ± 0.04

Intraocular pressure, mmHg

 Average between the two eyes 14.1 ± 3.5 13.6 ± 3.9

 Absolute difference between the two eye* 2.8 ± 3.2 1.1 ± 0.9

Visual field mean deviation (dB)

 Average between the two eyes* −7.35 (6.24) −0.72 (0.78)

 Absolute differences between the two eyes* 5.81 (5.69) 0.69 (0.53)

Retinal nerve fiber layer thickness, μm

 Average between the two eyes* 65.8 ± 15.7 93.6 ± 9.6

 Absolute difference between the two eye* 13.4 ± 12.3 4.2 ± 4.9

Plus-minus values are means ± standard deviation.

*
p-value <0.05.
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Table 2

Between eye symmetry of pupillary light reflex measured by pupillography in patients with glaucoma
(N=148) and controls (N=71)

Correlation coefficient Absolute between-eye score Mean ± SD

Glaucoma Control Glaucoma Control

White, Full field, Bright

Amplitude* 0.76 0.96 0.47 ± 0.51 0.14 ± 0.10

Latency* 0.83 0.93 0.23 ± 0.21 0.15 ± 0.14

Max constriction velocity* 0.89 0.98 0.36 ± 0.36 0.12 ± 0.11

Time to max constriction velocity* 0.86 0.92 0.16 ± 0.13 0.11 ± 0.08

Max dilation velocity 0.76 0.77 0.42 ± 0.53 0.30 ± 0.49

Time to max dilation velocity* 0.74 0.88 0.24 ± 0.19 0.12 ± 0.11

Red, Full field, Bright

Amplitude* 0.66 0.91 0.68 ± 0.72 0.28 ± 0.25

Latency 0.73 0.85 0.31 ± 0.26 0.25 ± 0.23

Max constriction velocity* 0.79 0.90 0.50 ± 0.50 0.36 ± 0.28

Time to max constriction velocity* 0.80 0.81 0.23 ± 0.23 0.17 ± 0.13

Max dilation velocity 0.73 0.83 0.55 ± 0.49 0.47 ± 0.52

Time to max dilation velocity* 0.65 0.74 0.30 ± 0.25 0.20 ± 0.19

Green, Full field, Bright

Amplitude* 0.74 0.94 0.57 ± 0.57 0.22 ± 0.19

Latency 0.82 0.87 0.24 ± 0.25 0.24 ± 0.20

Max constriction velocity* 0.83 0.96 0.49 ± 0.44 0.21 ± 0.18

Time to max constriction velocity 0.73 0.79 0.22 ± 0.20 0.19 ± 0.14

Max dilation velocity 0.66 0.48 0.55 ± 0.63 0.51 ± 0.68

Time to max dilation velocity 0.66 0.59 0.29 ± 0.24 0.25 ± 0.20

Blue, Full field, Bright

Amplitude* 0.76 0.92 0.60 ± 0.58 0.28 ± 0.20

Latency* 0.74 0.92 0.33 ± 0.27 0.18 ± 0.14

Max constriction velocity* 0.84 0.92 0.45 ± 0.43 0.33 ± 0.23

Time to max constriction velocity 0.77 0.77 0.23 ± 0.22 0.19 ± 0.15

Max dilation velocity 0.68 0.69 0.59 ± 0.64 0.46 ± 0.52

Time to max dilation velocity* 0.61 0.68 0.34 ± 0.24 0.22 ± 0.19

Yellow, Full Field, Bright

Amplitude* 0.75 0.93 0.59 ± 0.55 0.23 ± 0.19

Latency* 0.85 0.91 0.27 ± 0.19 0.20 ± 0.17

Max constriction velocity* 0.86 0.96 0.46 ± 0.41 0.23 ± 0.17
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Correlation coefficient Absolute between-eye score Mean ± SD

Glaucoma Control Glaucoma Control

Time to max constriction velocity* 0.66 0.86 0.25 ± 0.24 0.16 ± 0.15

Max dilation velocity 0.75 0.79 0.48 ± 0.57 0.40 ± 0.42

Time to max dilation velocity* 0.60 0.69 0.31 ± 0.25 0.23 ± 0.21

White, Peripheral, Bright

Amplitude* 0.62 0.85 0.81 ± 0.63 0.46 ± 0.33

Latency* 0.61 0.75 0.41 ± 0.36 0.27 ± 0.26

Max constriction velocity* 0.75 0.88 0.73 ± 0.53 0.47 ± 0.43

Time to max constriction velocity* 0.58 0.59 0.37 ± 0.29 0.28 ± 0.22

Max dilation velocity* 0.60 0.65 0.75 ± 0.78 0.52 ± 0.68

Time to max dilation velocity 0.57 0.43 0.32 ± 0.28 0.31 ± 0.24

White, Peripheral, Dim

Amplitude* 0.68 0.75 0.77 ± 0.63 0.54 ± 0.45

Latency 0.61 0.75 0.45 ± 0.39 0.42 ± 0.31

Max constriction velocity* 0.78 0.85 0.71 ± 0.54 0.58 ± 0.49

Time to max constriction velocity 0.38 0.55 0.42 ± 0.43 0.33 ± 0.28

Max dilation velocity 0.48 0.39 0.71 ± 0.83 0.67 ± 0.85

Time to max dilation velocity 0.50 0.26 0.33 ± 0.30 0.28 ± 0.22

White, Central, Bright

Amplitude* 0.54 0.57 1.52 ± 1.42 1.04 ± 0.80

Latency 0.35 0.32 0.73 ± 0.67 0.67 ± 0.60

Max constriction velocity 0.70 0.66 0.99 ± 0.98 0.78 ± 0.64

Time to max constriction velocity 0.27 0.49 0.54 ± 0.64 0.40 ± 0.32

Max dilation velocity 0.10 0.19 1.18 ± 1.53 1.30 ± 1.80

Time to max dilation velocity 0.40 0.26 0.51 ± 0.42 0.46 ± 0.38

White, Central, Dim

Amplitude* 0.61 0.62 1.54 ± 1.72 1.00 ± 0.89

Latency 0.31 0.11 0.91 ± 0.81 0.88 ± 0.84

Max constriction velocity 0.70 0.75 1.02 ± 0.89 0.81 ± 0.64

Time to max constriction velocity 0.29 0.49 0.60 ± 1.16 0.45 ± 0.42

Max dilation velocity 0.42 0.46 0.93 ± 0.97 0.91 ± 0.84

Time to max dilation velocity 0.45 0.25 0.46 ± 0.35 0.50 ± 0.40

SD, standard deviation.

*
p-value<0.05 calculated with Student’s t-test.
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Table 3

Within-eye symmetry of pupil response to superonasal versus inferonasal stimulation measured by
pupillography in patients with glaucoma (N=148) and controls (N=71).

Correlation coefficient Absolute within-eye score Mean ± SD

Glaucoma Normal Glaucoma Normal

White

Amplitude* 0.62 0.64 1.63 ± 1.23 1.20 ± 0.78

Latency 0.30 0.43 0.93 ± 0.70 0.78 ± 0.60

Max constriction velocity 0.72 0.70 1.17 ± 0.75 1.01 ± 0.56

Time to max constriction velocity 0.08 0.26 0.71 ± 0.96 0.51 ± 0.47

Max dilation velocity 0.13 0.52 1.29 ± 1.29 0.97 ± 0.72

Time to max dilation velocity* 0.26 0.24 0.54 ± 0.35 0.41± 0.26

Red

Amplitude* 0.41 0.54 2.97 ± 2.48 2.28 ± 1.63

Latency 0.10 0.32 1.11 ± 0.80 0.99 ± 0.64

Max constriction velocity* 0.45 0.63 1.90 ± 1.39 1.47 ± 0.92

Time to max constriction velocity 0.22 0.39 0.72 ± 0.50 0.60 ± 0.39

Max dilation velocity 0.02 0.05 1.97 ± 1.50 2.19 ± 2.00

Time to max dilation velocity 0.07 0.08 0.82 ± 0.47 0.85 ± 0.52

Green

Amplitude* 0.63 0.59 1.70 ± 1.14 1.31 ± 0.92

Latency 0.40 0.50 0.90 ± 0.63 0.78 ± 0.45

Max constriction velocity 0.73 0.69 1.18 ± 0.82 1.05 ± 0.66

Time to max constriction velocity 0.31 0.27 0.67 ± 0.86 0.53 ± 0.35

Max dilation velocity 0.07 0.05 1.57 ± 1.25 1.66 ± 1.69

Time to max dilation velocity* 0.26 0.07 0.61 ± 0.37 0.74 ± 0.42

Blue

Amplitude 0.62 0.60 1.99 ± 1.91 1.51 ± 1.10

Latency* 0.20 0.53 0.98 ± 0.74 0.74 ± 0.46

Max constriction velocity 0.70 0.67 1.37 ± 1.05 1.16 ± 0.87

Time to max constriction velocity* 0.25 0.47 0.64 ± 0.48 0.50 ± 0.36

Max dilation velocity 0.06 0.38 1.75 ± 1.62 1.47 ± 1.16

Time to max dilation velocity 0.28 0.13 0.68 ± 0.38 0.79 ± 0.43

Yellow

Amplitude* 0.62 0.58 1.87 ± 1.37 1.51 ± 1.16

Latency* 0.31 0.55 0.88 ± 0.62 0.71 ± 0.48

Max constriction velocity 0.63 0.68 1.35 ± 1.01 1.14 ± 0.76

Time to max constriction velocity* 0.21 0.38 0.70 ± 0.58 0.46 ± 0.43
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Correlation coefficient Absolute within-eye score Mean ± SD

Glaucoma Normal Glaucoma Normal

Max dilation velocity 0.03 0.30 1.72 ± 1.59 1.57 ± 1.42

Time to max dilation velocity 0.29 0.03 0.61 ± 0.36 0.61 ± 0.37

SD, standard deviation.

The eye with greater within-eye asymmetry of each pupil metric was selected for each individual.

*
p-value<0.05 calculated with Student’s t-test.
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