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Purpose: To evaluate the ability of chromatic pupillometry to reveal abnormal pupillary responses to light in
patients with early-stage primary open-angle glaucoma (POAG) and to test whether the degree of pupillometric
impairment correlates with structural hallmarks of optic nerve damage in the disease.

Design: Cross-sectional study.
Participants: Forty-six patients with early-stage POAG (63.4�8.3 years, 63% male, 87% ethnic-Chinese)

and 90 age-matched healthy controls (61.4�8.6 years, 34% male, 89% ethnic-Chinese). Patients with POAG
had a visual field mean deviation (VFMD) of �6 decibels or better on automated perimetry.

Methods: Each participant underwent a monocular 2-minute exposure to blue light (462 nm) followed by
another 2-minute exposure to red light (638 nm) using a modified Ganzfeld dome equipped with a light-emitting
diode lighting system. The light stimuli intensity was increased logarithmically to evaluate the combined extrinsic
and intrinsic response of intrinsically photosensitive retinal ganglion cells (ipRGCs). Light-induced changes in
horizontal pupil diameter were assessed monocularly using infrared pupillography.

Main Outcome Measures: Baseline-adjusted, light-induced pupillary constriction amplitudes were calcu-
lated, and individual irradiance-response curves were constructed for each stimulus. Pupillary constriction am-
plitudes were compared between groups and across light intensities using a linear mixed model analysis. The
linear relationship between pupillometric parameters and different structural and functional features of glaucoma
was assessed using Pearson’s correlation analysis.

Results: Light-induced pupillary constriction was reduced in patients with early-stage POAG compared with
controls at moderate to high irradiances (�11 Log photons/cm2/s) of blue (P ¼ 0.003) and red (P < 0.001) light.
Maximal pupillary constriction amplitude was correlated with retinal nerve fiber layer thickness (RNFL) thickness
(blue: r ¼ 0.51, P < 0.001; red: r ¼ 0.45, P ¼ 0.002) in patients with POAG but not in controls. Conversely,
pupillometric parameters were not correlated with visual field scores in patients with early-stage POAG.

Conclusions: Patients with early-stage POAG exhibit reduced pupillary responses to moderate and high
irradiances of blue and red lights. This wavelength-independent functional alteration correlates with structural
thinning of the RNFL and could be the consequence of dysfunction or loss of melanopsin expressing ipRGCs in
the early stages of the disease. Ophthalmology 2018;125:1362-1371 ª 2018 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Supplemental material available at www.aaojournal.org.
Glaucoma is the leading cause of irreversible blindness, with
a global prevalence of 3.5% and an expected increase rate of
74% between 2013 and 2040.1 Primary open-angle glau-
coma (POAG) accounts for the majority of glaucoma cases
worldwide.1 It is characterized by a progressive and painless
loss of retinal ganglion cells and their axons, leading to a
gradual, yet irreversible, visual field (VF) loss.2 Early
detection of POAG is critical for vision preservation and
consequently reduction of health economic burden,3,4 yet
even in developed countries such as Singapore, 81.6% of
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patients with primary glaucoma are unaware of their
condition.4

Although OCT is efficient in detecting early structural
changes associated with the onset of POAG,5 VF testing by
standard automated perimetry (SAP) remains the sole
functional and clinically adopted assessor of vision loss
and progression of the disease.6 Although SAP is essential
to evaluate visual declines associated with POAG, the test
remains subjective and demanding in time and effort for
patients and medical personnel alike,7 and does not always
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reflect the severity of structural decrements observed in
glaucoma.8,9

Retinal photoreception is not exclusive to rods and cones
but is also dependent on intrinsically photosensitive retinal
ganglion cells (ipRGCs) expressing the blue-sensitive
photopigment melanopsin.10 The ipRGCs integrate inputs
from rods and cones,11 along with their sluggish intrinsic
photo-responses to moderate and high intensities of light
(above 11 Log photons),12 and convey the nervous signal to
brain regions such as the suprachiasmatic nucleus for
circadian photo-entrainment,13 the olivary pretectal nuclei
controlling the pupillary light response (PLR),11 and other
image-forming and nonimage-forming structures.14 The
discovery of these inner retina photoreceptors offers a
potential way for glaucoma screening with animal and
human histological and electrophysiological studies asserting
a loss or disruption of ipRGCs in this disease.15-17

Pupillometry is a simple, noninvasive, and objective
procedure that consists of measuring pupil size and reactivity.
Pupillary light responses are dependent on the integrity of
ipRGC projections and the interplay between the outer (red/
green-shifted peak sensitivity) and inner (blue-shifted peak
sensitivity) retinal photoreception.18 Such interplay lays the
foundation for the use of chromatic pupillometry as a tool to
evaluate the integrity of visual functions and localize retinal
dysfunctions in various ocular diseases,19-21 including
glaucoma.22-25

Whether using direct or consensual pupillometry,26,27

concomitantly with full-field, regional, or multifocal chro-
matic illumination paradigms,22-25,27,28 previous studies
have shown that the PLR, and particularly the intrinsic
melanopsin-mediated postillumination pupillary response
(PIPR), is altered in moderate and advanced stages of
glaucoma. These pupillometric alterations correlate with
structural (e.g., cup-to-disc ratio) and functional (e.g., VF
mean deviation [VFMD]) defects across disease sever-
ities.24,26,27 Recently, Adhikari et al25 reported a
dysfunction in the PIPR subsequent to a 1-second high-
intensity light pulse of blue light delivered in the super-
onasal quadrant field of patients with early-stage glaucoma
and glaucoma suspects.

With the use of chromatic pupillometry and ramping-up
lighting stimuli designed to sequentially test the functional
integrity of retinal photoreceptors without isolating the
melanopsin-mediated pupillary response, previous research
from our group revealed a reduction in PLR to both blue and
red lights in patients with moderate and severe POAG.27

Using a similar light stimulation design, we evaluate the
ability of chromatic pupillometry to reveal abnormal
pupillary responses to light in patients with early-stage
POAG and test whether the degree of pupillometric
impairment correlates with structural and functional markers
of glaucomatous optic nerve damage.

Methods

Participants

A total of 136 participants (46 patients with bilateral or unilateral
early-stage POAG and 90 age-matched healthy controls) took part
in this cross-sectional study. Patients with POAG were recruited
from the glaucoma clinics at the Singapore National Eye Center,
whereas control participants were recruited from the general pop-
ulation through local advertisement and word-of-mouth referrals.
All participants underwent a comprehensive ophthalmological
assessment that comprised slit-lamp and gonioscopic examinations,
best-corrected visual acuity (BCVA) (logarithm of the minimum
angle of resolution chart, Lighthouse International, New York,
NY), color vision testing (Ishihara plates, Kanehara & Co, Tokyo,
Japan), automated refraction (Canon RK 5 Auto Ref-Keratometer,
Canon, Tochigiken, Japan), ocular biometry (IOLMaster, Carl
Zeiss Meditec, Jena, Germany) to measure ocular axial length
(AxL) and anterior chamber depth (ACD), intraocular pressure
(IOP) measurement using Goldmann applanation tonometry, and
peripapillary retinal nerve fiber layer (RNFL) thickness assessment
via high-definition OCT (Cirrus version 6.0, Carl Zeiss Meditec,
Dublin, CA). The OCT results were validated only if the recorded
signal strength had a value of 6 or better. Participants also
underwent SAP (Humphrey VF analyzer II model 750, Carl Zeiss
Meditec). The Humphrey VF testing was performed with near
refractive correction using the 24-2 Swedish Interactive Thresh-
olding Algorithm (Fast) with stimulus size III. Repeat testing was
performed if false-positive or false-negative responses exceeded
33% or if the fixation loss rate was greater than 20%. Subjects who
could not achieve these reliability criteria were excluded. Patients
were diagnosed as having POAG, in the absence of any other
causes of secondary optic neuropathy, on the basis of abnormal
optic disc cupping (vertical cup-to-disc ratio over 0.7 or an inter-
eye asymmetry over 0.2) or neuroretinal rim notching, with
thinning of the RNFL on high-definition OCT, compatible
glaucomatous VF defect based on the criteria reported by Hodapp
et al,6 and open angles on gonioscopy. Patients with VFMD scores
of �6 decibels or better were graded as having early-stage POAG.6

Patients and controls were excluded if they had any associated
ophthalmic conditions such as myopia worse than �6 diopters,
dense cataracts, retinopathies, other causes of optic neuropathy and
ocular motor disorders, or pupillary abnormalities except for rela-
tive afferent pupillary defects. Patients with clinically diagnosed
psychiatric or neurologic disorders, including cognitive impairment
or dementia, were also excluded, as were patients who had previ-
ously undergone intraocular surgery or were taking psychotropics
or other medications that could affect the PLR or alertness.
Demographic information and medication and smoking history
were collected using interviewer-administered questionnaires. The
study was approved by the SingHealth Centralized Institutional
Review Board, and written informed consents were obtained from
all participants. Research procedures adhered to ethical principles
outlined in the Declaration of Helsinki.

Chromatic Pupillometry

Subsequent to ophthalmic examinations, participants’ PLRs were
evaluated in a dedicated dark room at the Singapore Eye Research
Institute clinics. Each subject underwent two 4-minute pupillary
assessment blocks that consisted of 1 minute of darkness to measure
baseline pupil size followed by 2 minutes of light exposure and
another 1minute of darkness to assess pupillary redilation to baseline
(Fig 1). Participants were first exposed to a blue light stimulus (peak
wavelength¼ 462 nm, full width at half maximum¼ 25.2 nm) then
to a red light stimulus (peak wavelength¼ 638 nm, full width at half
maximum ¼ 15.5 nm). The order of light exposures was fixed
because our intent was to evaluate the usefulness of our protocol
as a standardized clinical screening procedure. Light was
administered to the study eye, with the fellow eye covered by an
eye patch, using a modified Ganzfeld dome (Labsphere, Inc, North
Sutton, NH) equipped with narrow-bandwidth light-emitting
1363



Figure 1. Chromatic pupillometry protocol. After ophthalmic examination, each participant underwent a 2-minute full-field exposure to blue light (462
nm) followed by another 2-minute exposure to red light (638 nm) using a modified Ganzfeld dome equipped with a light-emitting diode lighting system. The
light stimuli intensity increased logarithmically from 8.5 to 14.5 Log photons/cm2/s for blue light and from 8.5 to 14.0 Log photons/cm2/s for red light. Both
blue and red light stimulations were preceded and followed by 1 minute of darkness. Horizontal pupil diameter was monitored during both 4-minute blocks
with a head-mounted monocular infrared pupillometer. lmax ¼ peak wavelength; min ¼ minute(s).
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diodes (Nichia Corporation, Tokushima, Japan) controlled using a
function generator (Keithley Instruments Inc, Cleveland, OH).
Current was applied to the light-emitting diodes over a 2-minute
period (14 400 steps) using a logarithmic function, thus generating
gradually increasing light stimuli ranging from 8.5 to 14.5 Log
photons/cm2/s for blue light and from 8.5 to 14 Log photons/cm2/s
for red light (Figs 1 and 2A). The 2 pupillary assessment blocks were
separated by a 1-minute period of darkness, during which the patient
remained seated in darkness with his/her head in the Ganzfeld dome.
These increasing light regimens were intended to assess the
combined extrinsic (rods- and cones-mediated) and intrinsic (mel-
anopsin-mediated) inputs of ipRGCs to the PLR and were not
intended to isolate and measure the intrinsic melanopsin-dependent
response. During both blocks, patients wore a head-mounted
monocular infrared eye-tracking device that recorded horizontal
pupil diameter with a sampling rate of 120 frames per second (ETL-
100H Pupillometry Lab, ISCAN Inc, Woburn, MA). Pupillometric
traces underwent a quality-control check at the end of each session to
ensure appropriate pupil detection and infrequency of blinks. In the
event where artifacts affected pupillometric traces, participants
underwent a third light exposure sequence. Light levels and spectra
were calibrated with the sensor placed at the patient’s eye position
using a calibrated radiometer (ILT1700, International Light Tech-
nologies, Peabody, MA) and spectroradiometer (ILT950, Interna-
tional Light Technologies), respectively.

Data Analysis and Statistics

Horizontal pupil diameter measurements were processed for blink
artifact removal, smoothed using a locally weighted scatterplot
smoothing (span¼ 0.09), and then expressed as a percentage change
from baseline pupil size (Fig 2B, C). Baseline pupil size was
calculated as the median of horizontal pupil diameters assessed in
darkness 30 seconds before each light onset. The normalization of
pupil diameter to baseline accounted for baseline pupil size
differences between participants and groups. Irradiance response
curves were constructed for each participant for both light
exposures. Pupil sizes were expressed as a function of 13
irradiances separated by an interval of 0.5 Log photons/cm2/s
ranging from 8.5 to 14.5 Log photons/cm2/s for blue light, and 12
irradiances separated by an interval of 0.5 Log photons/cm2/s
ranging from 8.5 to 14.0 Log photons/cm2/s for red light. Baseline-
adjusted pupillary constriction amplitudes were examined using a
linearmixedmodel with irradiance and group as within- and between-
subject factors, respectively. For those comparisons in which the
omnibus test reached statistical significance, pairwise multiple com-
parison procedures were performed using the HolmeSidak method.
Pupillary constriction thresholdwas defined as the irradiance at which
1364
the pupil reached 10% of constriction from baseline. Individual
constriction slopes were analyzed for the log-linear portion of the
irradiance response curves between 11.5 and 14 or 14.5 Log photons/
cm2/s. Individual redilation slopes were analyzed after light offset
betweenmaximal pupillary constriction and 10% of baseline-adjusted
pupil size.

Demographics and ophthalmologic examination outcomes are
represented as median (interquartile range) and compared between
groups using a nonparametric ManneWhitneyU test or a chi-square
test (Table 1). Pupil baseline, constriction thresholds, maximum
constriction, and constriction and redilation slopes are presented as
average (standard deviation) and were compared between groups
using a Student t test (Table 2). The linear relationship between
pupillary constriction parameters and different clinical features of
glaucoma29 was assessed using Pearson’s correlation analysis. The
threshold for significance for all statistical tests was set at a ¼
0.05, and Sidak correction was applied for all post hoc pairwise
comparison. Statistics were performed using SPSS 22 software
(IBM Corp, Armonk, NY). Figures were plotted using Sigmaplot
12.0 (Systat Software, Inc, San Jose, CA).
Results

Participants

Forty-six patients (63.4 [8.3] years, 63% male, 87% ethnic-Chinese)
with bilateral or unilateral early-stage POAG and 90 age-matched
healthy controls (61.4 [8.6] years, 34% male, 89% ethnic-Chinese)
were included in this study. The POAG patient group comprised a
greater proportion of male participants (c2 ¼ 8.97, P ¼ 0.003) and a
higher family history of glaucoma incidence (20%) compared with
controls (0%) (c2¼ 15.82,P< 0.001). Patients and controls were not
different in terms of refractive spherical equivalent, BCVA,ACD, and
IOP because patients with POAG were receiving glaucoma medica-
tions (primarily prostaglandin analogs; only 6 of 46 patients were
treated with a2-adrenergic agonists). Compared with controls, pa-
tientswith POAGalso displayed increased cup-to-disc ratio (U¼ 109,
P< 0.001) and AxL (U¼ 1549, P¼ 0.02), worse VFMD (U¼ 866,
P< 0.001), pattern standard deviation (PSD) (U¼ 799.5,P< 0.001),
and VF index (VFI) (U ¼ 773.5, P < 0.001) scores, and an overall
reduced RNFL thickness (U ¼ 220, P < 0.001) particularly in the
inferior (U ¼ 238, P < 0.001), superior (U ¼ 477, P < 0.001), and
temporal (U¼ 1159, P< 0.001) quadrants. A detailed description of
the demographics and clinical appraisals of all participants is provided
in Table 1.

Of the 109 consenting healthy controls, 19 were excluded
because of an underlying ophthalmic condition (e.g., severe



Figure 2. Average baseline-adjusted pupillary light responses (PLRs) in
patients with primary open-angle glaucoma (POAG) and controls. A, The
light stimuli intensity increased logarithmically from 8.5 to 14.5 Log pho-
tons/cm2/s for blue light and from 8.5 to 14 Log photons/cm2/s for red light.
Both blue and red light exposures were preceded and followed by 60 sec-
onds (1 minute) of darkness. Pupil size was normalized to baseline assessed
in darkness 30 seconds before light onset. Pupil size decreased progressively
as a function of the gradually increasing light exposure (A). Compared with
controls, patients with POAG exhibited a significant reduction in pupillary
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cataracts, primary angle-closure suspect, or ocular hypertension).
Pupillometric findings under red light exposure were discarded in 4
control participants because of an aberrant return of pupil size to
10% of baseline after 1 minute of darkness.

Deficits in Pupillary Constriction to Blue Light in
Patients with Early-Stage POAG

Baseline pupil size measured in darkness before blue light onset was
reduced in patients with early-stage POAG compared with controls
(7.2% reduction, t ¼ 2.46, P ¼ 0.02) (Table 2). Baseline pupil size
did not differ between light conditions (blue and red) in both
groups (controls: t ¼ �0.91, P ¼ 0.36; POAG: t ¼ 0.04,
P ¼ 0.96). There was a significant effect of irradiance on pupil
size in both groups, with pupils displaying a gradual constriction
as the intensity of blue light increased (F(12, 134) ¼ 1113.6,
P < 0.001) (Figs 2B and 3A). Pupillary constriction threshold was
not significantly different in patients with POAG (12.03 [0.83]
Log photons/cm2/s) compared with controls (11.80 (0.89) Log
photons/cm2/s) (t ¼ �1.47, P ¼ 0.14) (Table 2). The overall
amplitude of baseline-adjusted pupillary constriction was reduced
in patients with early-stage POAG compared with controls (F(1,
134)¼ 9.48, P¼ 0.003) (Fig 3A). This reduction was dependent on
the irradiance of the light exposure (F(12, 134) ¼ 5.79, P < 0.001)
and was particularly pronounced at moderate to high irradiance
levels of blue light (above 11 Log photons/cm2/s) (Fig 3A). To
address the possibility that the observed reductions in pupillary
responses in patients with POAG might be driven by differences
in AxL and gender between groups (Table 1), we performed a post
hoc analysis taking into account AxL measurements and gender
differences as covariates. The reduction in pupillary constriction
remained significant between groups after adjusting for AxL and
gender differences (F(1, 132) ¼ 14.32, P < 0.001). Maximum
amplitude of pupil constriction was reduced by 6.67% under blue
light (t ¼ 5.16, P <0.001) in patients with POAG compared with
controls. The slopes of constriction and redilation were reduced in
patients with POAG compared with controls (constriction slope:
t ¼ 2.12, P ¼ 0.04; redilation slope: t ¼ �2.28, P ¼ 0.02;
Table 2). The exclusion of the 6 patients with POAG treated with
a2-adrenergic agonists, known to cause mild miosis,30 did not
affect any of our aforementioned findings.

Deficits in Pupillary Constriction to Red Light in
Patients with Early-Stage POAG

Baseline pupil size measured in darkness before red light onset was
reduced in patients with early-stage POAG compared with controls
(9.3% reduction before red light, t ¼ 3.23, P ¼ 0.002; Table 2).
There was a significant effect of irradiance on pupil size in both
groups, with pupils displaying a gradual constriction as the
intensity of red light increased (F(11, 130) ¼ 1011.2, P < 0.001;
Figs 2C and 3B). Pupillary constriction threshold was increased
in patients with POAG (12.03 [0.66] Log photons/cm2/s)
compared with controls (11.59 [0.90] Log photons/cm2/s)
(t ¼ �2.89, P ¼ 0.005; Table 2). The amplitude of light-induced
pupillary constriction from baseline was reduced in patients with
early-stage POAG compared with controls (F(1, 130) ¼ 19.86,
P < 0.001). This reduction was dependent on the irradiance of the
constriction to blue (B) and red (C) lights. Data are presented as average �
standard deviation. Averages are represented by full lines for controls (black
line) and patients with POAG (blue or red line) and standard deviations as
gray shaded area downwards for controls and upwards for patients with
POAG. s ¼ seconds.
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Table 1. Demographics and Ocular Characteristics of the Study
Eye in the Control and Early-Stage POAG Groups

Controls Early-Stage POAG

Sample size 90 46
Age (yrs) 61.4 (8.6) 63.4 (8.3)
Gender (% male) 34.4 63.0**,y

Ethnicity (% Chinese) 88.9 87.0y

Family history (% with) 0.0 20.0***,y

Spherical equivalent (D) 0.0 (3.1) �1.2 (3.3)
BCVA (logMAR) 0.1 (0.2) 0.2 (0.1)
IOP (mmHg) 15.0 (2.8) 15.0 (2.0)
CDR 0.5 (0.2) 0.8 (0.1)***
AxL (mm) 24.1 (1.2) 24.7 (1.9)*
ACD (mm) 3.1 (0.4) 3.2 (0.5)
VFMD (dB) �1.2 (2.3) �3.7 (2.4)***
PSD (dB) 1.8 (0.8) 2.9 (2.4)***
VFI (%) 98.0 (2.8) 93.5 (6.5)***
RNFL-T Average (mm) 94.0 (14.0) 70.0 (16.5)***
RNFL-T-Inf (mm) 120.0 (19.0) 79.5 (20.0)***
RNFL-T-Sup (mm) 117.5 (23.8) 85.5 (26.3)***
RNFL-T-Nas (mm) 64.5 (11.0) 64.0 (11.8)
RNFL-T-Tem (mm) 69.5 (17.8) 58.0 (19.0)***

ACD ¼ anterior chamber depth; AxL ¼ axial length; BCVA ¼ best-
corrected visual acuity; CDR ¼ cup-to-disc ratio; D ¼ diopters; dB ¼
decibels; HVF ¼ Humphrey visual field; inf ¼ inferior quadrant; IOP ¼
intraocular pressure; logMAR ¼ logarithm of minimum angle of resolution;
nas ¼ nasal quadrant; POAG ¼ primary open-angle glaucoma; PSD ¼
pattern standard deviation; RNFL-T ¼ retinal nerve fiber layer thickness;
sup ¼ superior quadrant; tem ¼ temporal quadrant; VFI ¼ visual field
index; VFMD ¼ visual field mean deviation.
Data are represented as median (interquartile range) and compared using
the ManneWhitney U test. yStatistics done using a chi-square test. Dif-
ference between participant groups is indicated as * for P< 0.05, ** for P<
0.01, and *** for P < 0.001.

Table 2. Pupillometric Parameters in the Control and Early-Stage
POAG Groups

Controls
Early-Stage
POAG

Blue light
Baseline pupil size (mm) 5.52 (0.86) 5.13 (0.93)*
Constriction threshold

(Log photons/cm2/s)
11.80 (0.89) 12.03 (0.83)

Maximum pupil constriction (%) 55.21 (6.21) 48.55 (8.67)***
Constriction slope

(%/Log Photons/cm2/s)
15.60 (3.93) 14.14 (3.50)*

Redilation slope (%/s) �2.81 (0.94) �2.41 (1.05)*
Red light
Baseline pupil size (mm) 5.64 (0.86) 5.12 (0.92)**
Constriction threshold

(Log photons/cm2/s)
11.59 (0.90) 12.03 (0.66)**

Maximum pupil constriction (%) 55.95 (7.71) 49.19 (8.25)***
Constriction slope

(%/Log Photons/cm2/s)
19.81 (5.34) 19.56 (4.97)

Redilation slope (%/s) �2.38 (1.26) �2.19 (0.96)

POAG ¼ primary open-angle glaucoma.
Constriction slope is calculated between 11.5 and 14 (red) or 14.5 (blue)
Log photons/cm2/s. Data are represented as average (standard deviation)
and compared using a Student t test. Difference between participant groups
is indicated as * for P < 0.05, ** for P < 0.01, and *** for P < 0.001.
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light exposure (F(11, 130) ¼ 8.41, P < 0.001) and was particularly
pronounced at moderate to high irradiance levels above 11.5 Log
photons/cm2/s (Fig 3B). This reduction in pupillary constriction
remained significant between groups after adjusting for AxL and
gender differences (F(1, 128) ¼ 16.64, P < 0.001). Maximum
amplitude of pupil constriction was reduced by 6.76% under red
light (t ¼ 4.68, P < 0.001) in patients with POAG compared
with controls. The slopes of constriction and redilation were not
different between groups (constriction slope: t ¼ 0.26, P ¼ 0.80;
redilation slope: t ¼ 0.96, P ¼ 0.34; Table 2). Excluding the 6
patients with POAG treated with a2-adrenergic agonists did not
affect our findings.

Correlations between Pupillometric Parameters
and Ophthalmic Features in POAG

Average RNFL thickness was positively correlated with the
amplitudes of pupil constriction under high irradiances of light (above
12.5 Log photons/cm2/s). The highest correlation coefficients were
between average RNFL thickness andmaximal pupillary constriction
obtained at the maximal irradiances of blue (r¼ 0.51, P< 0.001; Fig
4A) and red (r ¼ 0.45, P ¼ 0.002; Fig 4B) lights in patients with
POAG, but not in controls. Considering the linear relationship
between pupil constriction to maximal irradiances of blue light and
RNFL thickness (linear model: y¼0.40xþ20.14; where y is pupil
constriction and x is the average RNFL thickness), an average
RNFL thickness of 83.46 mm (99% confidence interval [CI],
75.24e91.71 mm) or less would yield a higher probability of
1366
reduced pupillary constriction to blue light in patients with POAG
(i.e., constriction below the lower limit of the 99% CI of the control
group: 53.52%). Likewise, patients with an average RNFL
thickness of 84.40 (78.07e90.68) mm or less are more likely to
exhibit a reduction in pupil response to maximal irradiance of red
light (linear model: y¼0.34xþ25.11) (Fig S5, available at
www.aaojournal.org). Conversely, in patients with POAG, changes
in VF scores were not correlated with pupillometric parameters,
including maximal pupil constriction amplitude to blue (VFMD:
r ¼ 0.04, P ¼ 0.80; Fig 4C; VFI: r ¼ 0.06, P ¼ 0.68; PSD:
r ¼ 0.12, P ¼ 0.43) and red (VFMD: r ¼ 0.02, P ¼ 0.86; Fig 4D;
VFI: r ¼ 0.08, P ¼ 0.58; PSD: r ¼ �0.04, P ¼ 0.81) lights, nor
with changes in RNFL thickness (VFMD: r ¼ 0.22, P ¼ 0.14;
VFI: r ¼ 0.136, P ¼ 0.37; PSD: r ¼ 0.04, P ¼ 0.79). No
correlations were found with VF scores even after pupillometric
parameters were log-transformed. Other ophthalmic parameters,
such as cup-to-disc ratio, IOP, BCVA, ACD, AxL, and spherical
equivalent, were not significantly correlated with maximal pupillary
constriction to blue or red light. Maximum pupillary constriction
under blue light was inversely correlated with age in both controls
(r ¼ �0.36, P < 0.001) and patients with POAG (r ¼ �0.32,
P ¼ 0.03). This inverse correlation with age was not observed for
maximal constriction to red light and could be due to subtle spectral
transmittance changes in the ocular media of older patients without
clinically significant cataract.31

Discussion

In this study, we demonstrate that early-stage POAG is
associated with reduced pupillary constriction amplitudes to
moderate and high irradiances of blue and red lights. This
wavelengtheindependent alteration suggests attenuated
ipRGC signaling in the early stages of the disease. In
addition, we also highlight a close relationship between
pupillary constriction amplitude under high irradiances of

http://www.aaojournal.org


Figure 3. Irradiance response curves in patients with primary open-angle
glaucoma (POAG) and controls. A, Baseline-adjusted pupillary constric-
tion to ramping-up blue light was reduced in patients with early-stage
POAG compared with controls (F(1, 134) ¼ 9.48, P ¼ 0.003). This
reduction was dependent on the irradiance of the light exposure (F(12,
134) ¼ 5.79, P < 0.001) and was particularly pronounced at moderate to
high irradiance levels above 11 Log photons/cm2/s. B, Baseline-adjusted
pupillary constriction to ramping-up red light was reduced in patients
with early-stage POAG compared with controls (F(1, 130) ¼ 19.86, P <

0.001). This reduction was dependent on the irradiance of the light
exposure (F(11, 130) ¼ 8.41, P < 0.001) and was particularly pronounced
at moderate to high irradiance levels above 11.5 Log photons/cm2/s. Data
are presented as average � standard deviation. Averages are represented by
full lines for controls (black line) and patients with POAG (blue or red line)
and standard deviations as gray vertical bars downwards for controls and
upwards for patients with POAG. Difference between groups is indicated as
* for P < 0.05, ** for P < 0.01, and *** for P < 0.001.
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light with changes in anatomic correlates of optic nerve
damage (i.e., RNFL thinning) within the group of patients
with early-stage POAG.

Pupillary responses to light are dependent on the func-
tionality of photoreceptors within the inner and outer retina,
as well as on the integrity of their neural circuitry.18 We
have previously demonstrated that irradiance-response
curves can quickly be established for PLR using logarith-
mic ramping-up light paradigms.27 In principle, this
approach, combined with chromatic light stimulations,
elicits a sequential activation of rods, cones, and ipRGCs,
and evaluates the functional integrity of the retina across a
wide range of irradiances.27 Although such a pupillometric
screening method may not allow an isolated evaluation of
the melanopsin-dependent intrinsic response of ipRGCs, it
is not affected by mild and moderate cataracts,32 and may
provide a more detailed insight on the origin and
magnitude of underlying neuroanatomic abnormalities, and
detects subtle physiologic deficits that previous studies
using continuous or pulses of full-field light stimulations
failed to uncover in early-stage glaucoma.22,24

In this study, the reduction in pupillary constriction
amplitudes to moderate and high irradiances of blue light
(above 11.0 Log photons/cm2/s) corresponding to the range
of activation of ipRGCs12 is indicative of altered intrinsic
photosensitivity or a degeneration of these cells in early-
stage POAG. Our findings are in agreement with recent
studies showing altered electrophysiologic responses of
ipRGCs in patients with glaucoma17 and with earlier reports
in rodent models of chronic ocular hypertension showing a
reduction of ipRGCs and their brain projections.15,33 Recent
histologic findings in glaucomatous human retinas have
suggested significant loss of ipRGCs in the severe stages of
the disease, but earlier alterations were not clearly docu-
mented in this article.16 Disrupted ipRGC signaling in early-
stage POAG suggests that ipRGCs may be more vulnerable
in glaucoma compared with other ocular conditions.34 The
reduced slope of redilation subsequently to blue light in
the POAG group was unexpected. Although we do not
have a tangible explanation for this phenomenon yet, it
might be due to the nature of the light exposure paradigm.
Further investigations are needed to confirm and interpret
this finding.

The increase in threshold and reduction in pupillary
constriction amplitudes to moderate to high irradiances of
red light (above 11.5 Log photons/cm2/s) are suggestive of
altered synaptic transmissions to ipRGCs or reduced outer
retina photoresponsiveness in early-stage POAG. It is not
clear yet if outer retina photoreception remains intact in
glaucoma, but electrophysiologic studies have suggested a
loss of rods and cones, in conjunction with retinal ganglion
cell damage.35,36 Furthermore, histologic reports in humans
and animal models have shown cone swelling and loss,37

and reduced dendritic branching of ipRGCs in the early
stages of glaucoma.38 Interestingly, irradiance response
curves to ramping up red light in patients with POAG
display a similar pattern, notably an increase in threshold
and decrease in the amplitude of constriction, as those
derived from investigations using pharmacologic synaptic
blockade of outer retina signal in nonhuman primates.18
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Figure 4. Correlations between pupillary responses and structural and functional features of glaucoma in patients with early-stage primary open-angle
glaucoma (POAG). Decreased average retinal nerve fiber layer (RNFL) thickness in patients with early-stage POAG was associated with a decreased
pupillary constriction to maximal irradiances of blue (r ¼ 0.51, P < 0.001) (A) and red (r ¼ 0.45, P ¼ 0.002) (B) lights. Conversely, the severity of visual
field (VF) loss was not correlated with pupillary constriction to maximal irradiances of blue (r ¼ 0.04, P ¼ 0.80) (C) and red (r ¼ 0.02, P ¼ 0.002) (D)
lights. dB ¼ decibels; VFMD ¼ visual field mean deviation.
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Although our findings support outer retina dysfunctions in
early-stage POAG, given that rod- and cone-mediated
PLRs are dependent on the integrity of the afferent path-
ways originating from the ipRGCs to the olivary pretectal
nuclei,39 reduced pupillary responses to red light could also
arise from ipRGC degeneration, if present in the early stages
of the disease.

Whether stemming fromouter or inner retinal dysfunctions,
or both, our findings are consistent with the current literature
associating glaucoma to PLR impediments in moderate and
advanced stages of the disease.22-24,26-28 Until recently, how-
ever, there was no tangible evidence of altered PLR in early-
stage glaucoma. In a recent study, Adhikari et al,25 reported
that the PIPR, a proxy of melanopsin photoresponsiveness, is
decreased in response to a 1-second high intensity (15.5 Log
photons/cm2/s) light pulse of blue light delivered regionally
in the superonasal quadrant field of patients with mild
glaucoma and glaucoma suspects. However, the amplitudes
1368
of pupillary constriction to full-field light stimulation were
not altered in this group of patients. Such discrepancy with our
findings can be due to light paradigm differences as our long
duration ramping-up stimuli are most likely to illicit different
photoreceptor contribution and important photoreceptor
adaptation effects compared with short duration light pulses.
Notwithstanding the innovative aspect of this investigation,
exemplified by regional chromatic light stimulations targeting
RNFL loss patterns in the early stages of the disease, precise
quadrant stimulations require the full cooperation of patients,
as well as good fixation aptitudes. Furthermore, PIPR often
requires the administration of amydriatic agent to the study eye
and the consensual assessment of the PLR,40,41 which may be
problematic if pupillometric screening is to take place at a
wider community level. While Adhikari et al25 have shown
melanopsin dysfunction in patients with early-stage glau-
coma and glaucoma suspects using quadrantfield stimulations,
in this study we show that a nonmydriatic full-field light
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stimulation delivered in a logarithmic ramp-up fashion that
tests the gradually integrated extrinsic and intrinsic ipRGCs
response can be used in direct pupillometry to detect ipRGC
dysfunction in early-stage POAG. Furthermore, irradiance-
response curves drawn from this light regimen may allow for
a broader characterization of pupillometric features in various
retinal and optic nerve diseases, including other types of
glaucoma.

The VF examination is clinically accepted as the functional
marker of glaucoma severity and progression.6 Although linear
and nonlinear models were used to describe a relationship
between pupillometric and VF variables in groups of patients
with POAG with various disease severity,25,27 in our study,
VF parameters (i.e., VFMD, VFI, and PSD) did not correlate
with pupillometric features or with average RNFL thickness
within the group with early-stage POAG with similar magni-
tudes of VF loss (VFMD>�6 decibels). The absence of linear
correlation between VFMD and RNFL thickness is not sur-
prising given that patients with POAG may exhibit structural
changes in the optic nerve before VF changes detectable on
SAP.42 Of note, pupillary constriction amplitudes to high
irradiances of blue and red lights displayed a linear
correlation with RNFL thickness. These findings, as well as
previous reports in groups with patients at different stages of
the disease,27,43,44 insinuate that some nonimage-forming re-
sponses to light, such as PLR, may offer less variable, more
sensitive correlates of structural glaucomatous damage
compared with VF parameters. This statement is in agreement
with recent reports showing PIPR deficits in glaucoma suspects
(i.e., those with preperimetric glaucoma).25

Study Limitations

Our study has a few limitations. First, because participants
were only briefly (w2 minutes) dark-adapted before blue
light exposure, we assume that rhodopsin was not fully
regenerated to optimally capture light and rods’ contribution
to the pupillary responses to light may have been suboptimal.
Therefore, we cannot exclude that a reduction in pupil
constriction to dimmer irradiances of blue light or an
increased threshold of constriction to this wavelength of light
could be observed in patients with POAG after being fully
dark adapted. A dark adaptation of 30 to 45minutes is usually
required to fully regenerate rhodopsin. Such a procedure is
cumbersome in a clinical setting, but could be replaced by a
partial dark adaptation period of at least 5 minutes (w50% of
regenerated rhodopsin).45 Second, we acknowledge that our
paradigm may not allow us to fully disentangle the disease-
dependent pupil responses from direct pupillometric
changes resulting from the lower retinal illumination induced
by the gradual pupil constriction. In fact, we likely under-
estimated the pupillary response to both blue and red lights,
especially in healthy controls, because participants’ pupils
were not dilated pharmacologically. Nevertheless, given the
potential effect of antimuscarinics on the physiologic prop-
erties of retinal ganglion cells,46 we believe that the use of
such agents would generate greater uncertainty when
testing retinal integrity. Conversely, adopting a Maxwellian
view optical system may improve the control of retinal light
exposure during the ramping-up light regimen and across
age groups. Third, PIPR metrics (slope of redilation, ampli-
tudes) were unconventional in our study. This could be due to
the duration and pattern of our light exposure paradigm, in
addition to the gradual constriction of the pupil and the
reduction in the amount of light reaching the retina.
Conventionally, optimal PIPR is induced by short bright
stimulations47 to a dilated pupil40 and is reduced under blue
background,48 or subsequently to blue light exposure.49

The dynamics of the light stimulation used in our study do
not necessarily allow for a direct and isolated assessment
of the melanopsin-based response and may have led to
gradual light adaptation and to less discernible PIPRs under
blue light. Although PIPR is a proxy to assess the integrity of
the melanopsin-signaling pathway, melanopsin is not
exclusively affected in glaucoma but rather the ipRGCs
expressing the photopigment. In this study, we show that the
amplitudes of pupil constriction during a nonmydriatic full-
field light stimulation delivered in a logarithmic ramping-up
fashion can be used to detect ipRGC dysfunction in early-
stage POAG. Further experiments in melanopsin knock-
out animal models are required to discern the melanopsin-
dependent pupillometric component in our ramping-up
paradigm. Finally, given that our pool of participants
included mainly ethnic Chinese individuals, it will also be
important to determine whether our findings are generaliz-
able to other ethnic groups.

In conclusion, our study shows that early-stage POAG is
associated with altered pupillary responses to ramping-up
full-field light stimulations. These wavelength-independent
deficits in pupillary constriction to high irradiances of
light correlate with subtle changes in RNFL thickness and
are indicative of ipRGC dysfunction or loss early in the
disease. Our findings also add to the body of evidence
supporting chromatic pupillometry as an objective, func-
tional, and fast method that does not require clinical
expertise to evaluate retinal integrity in ophthalmic diseases
such as glaucoma. Although our pupillometric findings
show promise for detecting POAG, further improvements
are required to render this approach more viable in a clinical
setting. With modern technologic advancements,
pupillometry-based methods can potentially be refined and
adapted into reliable population-based ocular screening
tools for early POAG detection.
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