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Purpose: We improve pupillary responses and diagnostic performance of flicker pupil perimetry through alterations in global and
local color contrast and luminance contrast in adult patients suffering from visual field defects due to cerebral visual impairment
(CVD).

Methods: Two experiments were conducted on patients with CVI (Experiment 1: 19 subjects, age M and SD 57.9 + 14.0; Experiment
2: 16 subjects, age M and SD 57.3 + 14.7) suffering from absolute homonymous visual field (VF) defects. We altered global color
contrast (stimuli consisted of white, yellow, cyan and yellow-equiluminant-to-cyan colored wedges) in Experiment 1, and we
manipulated luminance and local color contrast with bright and dark yellow and multicolor wedges in a 2-by-2 design in
Experiment 2. Stimuli consecutively flickered across 44 stimulus locations within the inner 60 degrees of the VF and were offset to
a contrasting (opponency colored) dark background. Pupil perimetry results were compared to standard automated perimetry (SAP) to
assess diagnostic accuracy.

Results: A bright stimulus with global color contrast using yellow (p= 0.009) or white (p= 0.006) evoked strongest pupillary
responses as opposed to stimuli containing local color contrast and lower brightness. Diagnostic accuracy, however, was similar across
global color contrast conditions in Experiment 1 (p= 0.27) and decreased when local color contrast and less luminance contrast was
introduced in Experiment 2 (p= 0.02). The bright yellow condition resulted in highest performance (AUC M = 0.85 + 0.10,
Mdn = 0.85).

Conclusion: Pupillary responses and pupil perimetry’s diagnostic accuracy both benefit from high luminance contrast and global but
not local color contrast.
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Introduction

Pupil perimetry utilizes pupillary responses to light stimuli as a measure of visual field sensitivity. The greater the
amplitude (or shorter the peak response latency) of a pupil response, the greater the chance that the stimulus was properly
seen and processed by the observer.! Pupil perimetry produces an objective, continuous and graded response, while
standard automated perimetry (SAP) outputs a subjective threshold that measures the light intensity required to trigger
sensory perception. As such, pupil perimetry could be useful for patients unable to reliably provide verbal and/or motor

feedback during SAP (ie young or neurologically impaired individuals).®’
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Traditionally, pupil perimetry uses presentations of white stimuli with high brightness to evoke pupil responses. The
reasoning behind this goes as follows: the brighter the stimulus, the more robust (ie, high signal-to-noise ratio) the pupil
response, and the better the diagnostic performance. Interestingly, the pupil not only responds to luminance when
a luminance contrast is created between a bright stimulus and a dark background. It also responds to other physiological,
psychological, neurological factors and sensory modalities.* '® In line with this, the pupil has been shown to respond to

a multitude of contrast modalities, such as changes in luminance,'” spatial frequency,'® and color contrast.'® %

3 seem to scale with stimulus

Moreover, the speed and amplitude of these so-called pupil orienting responses'
saliency.”* 2’ Hence, increased saliency through combined color and luminance contrast between stimulus and back-
ground results in stronger pupil responses because a substantial component of pupillary responses consists of color
processing.”® Following this rationale, saliency of a stimulus can be increased by introducing an additional stimulus-
background and intra-stimulus color contrast component. When salience improves, pupil responses are also expected to
improve, and potentially the diagnostic accuracy of pupil perimetry may also be enhanced.?®

Here we focus on assessing color pupil perimetry on patients with homonymous hemianopia caused by cerebral
damage to the visual cortex. While hemianopic patients often suffer from large and mostly absolute scotomas, they are
known to experience difficulties in reliably performing SAP tests.® Only few studies showed that pupils of patients with
homonymous hemianopia are unresponsive to color stimuli in their damaged hemifield.?’ Most studies, however, showed
reduced pupillary responses to white stimuli in the damaged visual field (VF).>° It is also important to stress that it is
currently unclear whether better diagnostic performance of pupil perimetry can be achieved by enhancing pupil responses
through stimulus enhancements like adding color. Conversely, while pupillary responses generally benefit from strong
luminance contrasts by showing highly luminant stimuli superimposed on dark backgrounds,’° recent developments in
pupil perimetry advocate less luminant stimuli with reduced blue content (ie yellow) to increase test performance of
multifocal pupil perimetry in healthy subjects and patients with glaucoma and age-related macular degeneration.®'**
Between-subject variance to blue-containing stimuli is hypothesized to stem from lens brunescence and the variable
density of blue-blocking macular pigment.3 3735 Despite these great efforts to improve multifocal pupil perimetry, it is still
unclear how luminance and color independently affect the diagnostic performance of flicker pupil perimetry in
neurologically impaired individuals.

In this paper we report on a study that tested whether alterations to global and local color contrast and to luminance
contrast affect not only pupil responses but also the diagnostic accuracy of pupil perimetry in patients suffering from
cerebral visual impairment (CVI), a patient population in which SAP is not always suited. More specifically, the goal of
this study is to investigate whether stimulus color, stimulus intra-color and stimulus luminance contrast effects positively
impact diagnostic accuracy of pupil perimetry in patients suffering from homonymous visual field defects due to
neurological impairment.

Methods

Participants

All participants (Experiment 1: 19, of which 4 female, age M and SD 57.9 = 14.0; Experiment 2: 16, of which 3 female,
age M and SD 57.3 + 14.7) suffered from absolute homonymous visual field defects (VFDs) due to neurological
impairment. This sample size was determined based on previous studies that showed significant effects of flicker pupil
perimetry. See Table S1 for patient demographics. Two more participants were invited but were excluded because their
VFDs were of a relative nature. Some participants did not complete both experiments due to personal reasons.

The experiments were approved by the local ethics committee of Utrecht University (approval number FETC19-006)
and conformed to the tenets of the Declaration of Helsinki. Participants gave written informed consent prior to
participation. Furthermore, they received financial reimbursement for participation (€12,50 per hour) and travel costs.
Patients were requested to refrain from alcohol or caffeine consumption at least 2 hours before each session.
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Apparatus and Stimuli

All experiments were conducted in a darkened room without ambient light. Stimuli were generated on a Dell desktop
computer (Dell Technologies, Round Rock, TX) with the Windows 7 operating system (Microsoft, Redmond, WA), using
MATLAB (MathWorks, Natick, MA) and the Psychtoolbox 3 and Eyelink toolbox extensions.**>° We used a 143 by
63 cm LG OLED65B8PLA (LG Electronics, Seoul, South Korea) monitor with a resolution of 1920 by 1080 and
a refresh rate of 60 Hz to display stimuli. Stimulus luminance was measured with a PR-650 SpectraScan Colorimeter
(Photo Research Inc., Chatsworth, CA, USA). Pupil size and gaze angle were tracked with an EyeLink 1000 eye-tracker
(SR Research, ON, Canada; 0.5-degree accuracy of gaze angle), which recorded only the right eye from above through
a hot (infra-red reflecting) mirror (tower mount). The EyeLink toolbox extension for the Psychtoolbox®’ on the
presentation computer enabled communication and stimulus presentation synchronization with the pupil size recordings
on the eye-tracking computer. Start and stop triggers and stimulus presentation messages were sent from the presentation
computer to the eye-tracking computer by means of an Ethernet cable with negligible latency (for more details, see the
SR Research manual). A participant’s head and viewing distance were fixed using a forehead- and chinrest at a 75-cm
distance from the monitor. The eye-tracker calibration procedure consisted of a five-point grid and took ~1 min. The
Eyelink tracker software outputs pupil size in arbitrary units rather than absolute pupil diameter in millimeters, and we
refrained from converting the units as the current study only concerns within-subject comparisons.

Experiment | — Stimulus Color Contrast

The stimuli consisted of white, yellow, cyan and yellow-equiluminant-to-cyan (equi-yellow) colored wedges with 100%
brightness (212 cd/m2, x, y: 276, 285; 212 cd/m2, x, y: 406, 554; 134 cd/m2, x, y: 179, 235, respectively, the equi-yellow
differed per participant), each presented consecutively at one of the 44 stimulus locations (see Figure la and b).
Subjectively equal brightness (equiluminance) between yellow and cyan was established using a flicker fusion calibration
before start of the experiment; a cyan screen was presented continuously while a yellow color flickered on top of the
background at a 30 Hz frequency. The luminance of the yellow color was adjusted until the flickering was the least
noticeable. Subsequently, this yellow color was used as the yellow-equiluminant-to-cyan color condition. This equilu-
minance was introduced to control for the effect of the higher luminance of the yellow stimuli on the pupil when
compared to the cyan stimuli. During the experiment, the size of a wedge was increased as a function of eccentricity

using a cortical magnification factor (radial width = eccentricity'-'2

in degrees) to activate approximately equal numbers
of neurons by both central and peripheral stimuli (eg, see40). Stimuli flickered between colored and black at 2 Hz for 5
s per trial, and a red fixation point was placed at the center of the presentation monitor (see Figure 1b). A flicker
paradigm was used as it is known to produce oscillatory pupil orienting responses with amplitudes reflecting the degree

. . . . . . . 41
to which a stimulus onset is visually processed (ie, stimulus salience; ="

). The stimuli were superimposed on an
opponency colored (ie, as modelled by the CIELAB color space, a three-dimensional color space that covers the entire
gamut of human color perception, such as a yellow/ocher stimulus on a dark cyan background) background with 28%

saturation.”® The pupil response thus consisted of both luminance and color components.

Experiment 2 — Stimulus Luminance and Intra-Stimulus Color Contrast

The aim of Experiment 2 was to explore the effect of (i) local (intra-stimulus) color contrast (as opposed to global color
contrast between stimulus and background) and (ii) stimulus luminance on pupillary responses and diagnostic accuracy.
Experiment 2 was similarly set-up to Experiment 1 but the stimulus differed: a 100% (bright) and 75% (dark) brightness
yellow and multicolor wedge flickered between colored and black (Figure 2a and b). The multicolor wedge consisted of
nine smaller wedges colored white, red, green and yellow in a semirandom pattern that changed for every new
appearance. All wedges were superimposed on a 28% brightness blue background.

Procedure

Participants were instructed to continuously gaze at the red fixation point in the middle of the screen. We additionally
instructed participants to covertly attend the flickering stimuli, each presented in a gaze-contingent manner (see
Figure 1c), and report the appearance of cues because attention to stimuli has been shown to evoke stronger pupil
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Figure | Four stimulus color conditions (ie, white, cyan, yellow-equiluminant-to-cyan, and yellow) were tested, each with 44 different stimulus locations distributed across
the inner 60-degrees of the visual field (a). On every stimulus location a wedge flickered color-to-black at a 2 Hz frequency for 5 seconds (b). To ensure accurate retinotopic
stimulation, a gaze-contingent stimulus presentation was used (c), ie, online correction of stimulus locations for saccades from fixation target. Participants were instructed to
report the appearance of cues around stimuli which appeared in ~40% of the trials for 0.25 seconds (d).

responses.”*> These cues consisted of thin red edges around the flickering stimuli that appeared in ~40% of the trials for
0.25 s (see Figure 1d). If the eye tracker recorded less than 80% of the available data in a 5-s trial (eg, due to excessive
blinking), the trial was recycled at the end of the experiment block. Participants were tested at varying times of the day.
Only the right eye was recorded, the left eye was patched with an (adhesive) eye patch. Test duration for each stimulus
variant was 220 s (5-s stimulus presentation, 44 stimulus regions). Recalibrations were performed after each block. Each
experiment lasted 880 s (44 stimulus locations * 5 s per location * 4 stimulus colors), excluding (re)calibration and
breaks.

Analysis

The continuous pupil recordings were analyzed in an event-related manner with the first stimulus onset per new location
as start events. Blinks were detected and filtered using a speed threshold of 4 standard deviations (SD) above the mean.
The detected blink periods shorter than 600ms were interpolated with a Piecewise Cubic Hermite Interpolating
Polynomial (PCHIP) method (interpl MATLAB function). Trials with less than 80% data were removed from analysis.
To filter out low-frequency noise and create baseline corrected traces showing pupillary oscillation patterns around zero,
we subtracted pupil traces filtered with a 2nd-order Butterworth filter with a 1 Hz cut-off frequency (ie, we applied
a high-pass filter). High-frequency noise was removed by filtering the high-pass filtered pupil traces with a Sth-order
Butterworth filter with a 15 Hz cut-off frequency. Pupil traces were filtered per event (ie, per stimulus location). Pupil
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a Color and brightness conditions
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Figure 2 Four color and brightness conditions of Experiment 2: yellow and multicolor stimulus wedges at 100% and 75% brightness (a). Experiment set-up did not differ
from Experiment |; the same stimulus locations, gaze-contingent stimulus presentation and attention task were used. For the multicolor conditions, wedge color
composition was comprised of smaller white, yellow, red and green wedges which semi-randomly varied at every appearance within a trial (b).

traces were then converted to power spectral density estimates in the frequency domain using a fast Fourier transform
(FFT) per trial. The power measurement at 2 Hz reflected the amplitude of the pupil oscillation pattern evoked by
a stimulus and served as the main dependent variable. We now refer to this measurement as the pupil response amplitude.
To determine statistical significance of differences in pupil response amplitudes across stimulus color conditions and
stimulus luminance, we performed one- and two-way repeated-measures analyses of variance (ANOVA). Post-hoc paired
double-sided t-tests were performed to test for differences in pupil response amplitudes and discriminative power across
conditions.

Performance of each stimulus color and luminance condition was based on how well it distinguished between seen or
not seen stimuli. Most recent standard automated perimetry (SAP) results served as ground truth to create subjective
perimetry maps per subject; all stimulus locations were scored (0 = invisible, 1 = visible) to create a dichotomous
outcome for analysis. Performance was then evaluated through calculation of the area under the curve (AUC) of the
receiver operating characteristics (ROC) with visibility as dichotomous dependent variable and pupil oscillation power as
independent variable. Using signal detection theory, the degree of overlap between pupil response amplitudes distribu-
tions of the intact versus defect visual field locations could be estimated. An AUC of 0.5 means that the compared
distributions are not dissociable (ie low sensitivity), while an AUC of 1.0 means that the distributions do not overlap (ie
high sensitivity). Normalized two-dimensional pupil sensitivity maps were created to graphically visualize visual field
defects as measured with pupil perimetry. Experiment data and analysis files are available on https://osf.io/ujdgr
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Results

Experiment |

For Experiment 1, the aim was to assess the effect of four global color contrast conditions (ie white, yellow, cyan and
yellow-equiluminant-to-cyan; see Figure la) on pupillary responses and discriminative power in CVI patients. First,
pupil responses to on- and offsets of the 2 Hz flickering stimuli were inspected. Figure 3a shows the averaged pupillary
response across all 44 stimulus locations for an exemplary subject when stimulated in the intact (black line) and damaged
(red line) VF. For this particular subject, the oscillation amplitude appears greater for the intact as compared to the
damaged VF. To estimate whether this effect generalized across color conditions, we computed pupil response amplitudes
based on the FFT-estimated oscillation power at 2 Hz as a measure of pupil sensitivity per condition (for FFT-based

power density estimates of the exemplary subject, see Figure 3b). When plotting the average pupil response amplitudes

a = |ntact VF b Yellow C Yellow
== Damaged VF = Equi-yellow - == Equi-yellow
3000 == Cyan =] == Cyan
50 == \White © e == White
:: -I— == Damaged VF
. o]
,:é i 000l :3 3000
& Q.
) = €
No £ & 2000
—- [}
3 1000 } &
& 81000
wv
g
-50 : : . . ) 0 . . , =,
0 1 2 3 4 5 1 15 2 2.5 3 S W K]
. . ) 4 ) NO 20 e
Time (ms) Frequencies (Hz) & ‘le\\g&;\%e SN
Color conditions
d Pupil perimetry heatmaps e HFA 30-2
Yellow Equi-yellow e
False POS Errors: 0% Ground truth

False NEG Errors: 0%
Test Duration: 05:32

Fovea: 39.dB

© © 0 ©|z B 2 2

2 0 © © G[n % 0 7 2

N

- Inner 60 degrees VF

Outside Normal Limits

© 0 0 fo 0l 3 u 2 2
R

2 0 0 0 2| » B 27 >

Cyan White . Boam

Fixation Losses: 1/14 Strategy: SITA-Fast RX: #1000  DC X f
L

I VFI 60% D Detected
2 MD -15.13dB P<05% . Not detected

1
1
0
1
0
)
1
3
2
4 PSD 16.42dB P<05%

Pattern Deviation

| ]
¢ n g
LX) ] B
L | @ : o
Inner 60 degrees VF 0 1
. . U <%
Normalized pupil responses w2k
#a
W<o5%

Figure 3 Results of an exemplary subject of Experiment |. Relative pupil size over time (a) for intact (black line) and damaged (red line) visual field (VF) averaged across all
44 stimulus locations. The FFT computed pupil oscillation power (b) Peaks at 2 Hz across all conditions (yellow, yellow-equiluminant-to-cyan, cyan and white). (c) Shows the
pupil response amplitude with standard errors, first averaged across stimuli and then divided between the intact and damaged VF (see panel f for an example of VF
segmentation) across stimulus color conditions. Note that all pupil sizes are outputted in arbitrary units (a.u.) rather than absolute millimetres due to the Eyelink tracker
software. Normalized pupil perimetry heatmaps (d) of the inner 60-degrees of the VF show pupil sensitivities per stimulus location (weak sensitivity: red to black, strong
sensitivity: yellow to white). (e) Displays standard perimetry (SAP) Humphrey Field Analyzer (HFA) 30-2 results of the same subject. (f) Shows the converted SAP results
(black = damaged VF, white = intact VF) which served as ground truth for the analysis in panel c.
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across trials for this subject, we indeed observed consistently stronger responses to stimuli presented in intact as
compared with damaged VF regions (Figure 3c). This effect was also consistent across all four color conditions. To
investigate statistical differences in pupil response amplitudes for intact regions across conditions for all subjects
(Figure 4a), a one-way repeated measures ANOVA revealed a significant main effect of color on pupil response
amplitudes (F5 15 = 2.93, p= 0.04). Post-hoc comparisons between conditions revealed that the pupil response amplitudes
to yellow and white stimuli (presented on cyan and dark gray backgrounds, respectively) differed significantly from the
yellow-equiluminant-to-cyan condition (see Table S2 for post-hoc tests), which evoked the weakest pupillary responses
overall. As such, we observed potentially favorable pupil responses to white and fully luminant yellow stimuli.
However, not only strong signals but also discriminative power matters for pupil perimetry. To further explore which
color condition resulted in the best detection of damaged VF regions, we plotted the visual field maps. Figure 3d and e show
visual field maps of one test subject (see Figure S1 for all subjects) for objective pupil perimetry and subjective
conventional automated perimetry (ie SAP), respectively. Both pupil perimetry and Humphrey Field Analyzer (HFA)
30-2 revealed a similar partial left-side hemianopia. These similarities between the pupil perimetry conditions and SAP
extended to most subjects, but some pupil perimetry maps revealed individual differences between conditions (eg for
subject s14 the patterns were similar for the yellow and yellow-equiluminant-to-cyan conditions, but not for cyan and
white). To examine discriminative power across conditions, AUC values were calculated by comparing pupil response
amplitudes across trials for intact versus damaged regions per subject. The segmentation of intact and damaged VF regions
was based on SAP results. Original SAP results (Figure 3¢) were converted to dichotomous (binary) measures to create the
two categories of intact versus damaged regions as ground truth (see Figure 3f for this conversion of the current exemplary
subject and Figure S1 for all participants). Figure 4b displays a raincloud plot with AUC values that highlight the
discriminative power of pupil perimetry between intact and damaged regions for all participants across conditions. The
averaged AUCs did not significantly differ across color conditions (M and SD =0.80 £ 0.12, 0.83 £0.11, 0.79 + 0.13 and
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Figure 4 Pupil response amplitudes for intact and damaged VF, averaged across stimuli and subjects for all four stimulus color conditions, are plotted in (a). Asterisks reflect
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0.79+0.15; Mdn=0.81, 0.86, 0.81, 0.83 for yellow, equi-yellow, cyan and white, respectively; F3 1= 1.36, p = 0.27). This
means that overall discriminative power was similar across conditions despite the differences in pupil response amplitudes.

Experiment 2

We were also interested in the effect of increases in local color contrast and decreases in brightness of stimuli on
pupillary responses and the discriminative performance of pupil perimetry. As such, in Experiment 2 we compared four
conditions in a 2-by-2 design, with two bright and two dark stimulus conditions, each with or without a local color
contrast condition (see Figure 2). As in Experiment 1, pupil size of a different exemplary subject than that was presented
for Experiment 1 showcased a stronger oscillatory pattern over time at 2Hz evoked by the flickering wedges presented at
intact as compared with damaged regions (see Figure 5a and b). Again, this effect was consistent across all color and
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Figure 5 The same as Figure 3 but now for Experiment 2 with a new set of conditions (ie a 2-by-2 design with bright and dark yellow and multicolor conditions) and a different
exemplary subject. Relative pupil size over time (a) For intact (black line) and damaged (red line) visual field (VF) averaged across all 44 stimulus locations. The FFT computed pupil
oscillation power (b) Peaks at 2 Hz across all conditions (bright and dark yellow and multicolor). (c) Shows the pupil response amplitude with standard errors, first averaged across
stimuli and then divided between the intact and damaged VF (see panel f for an example of VF segmentation) across stimulus color conditions. Note that all pupil sizes are outputted
in arbitrary units (a.u.) rather than absolute millimeters due to the Eyelink tracker software. Normalized pupil perimetry heatmaps (d) Of the inner 60-degrees of the VF show pupil
sensitivities per stimulus location (weak sensitivity: red to black, strong sensitivity: yellow to white). (e) Displays standard perimetry (SAP) Humphrey Field Analyzer (HFA) 30-2
results of the same subject. (f) Shows the converted SAP results (black = damaged VF, white = intact VF) which served as ground truth for the analysis in panel c.
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Figure 6 Similar plots to Figure 4 but now for the conditions used in Experiment 2. Pupil response amplitudes for intact and damaged VF, averaged across stimuli and subjects
for all four conditions, are plotted in (a). Asterisks reflect statistical significance between conditions (*for p< 0.05, **for p< 0.01, ***for p< 0.001). Raincloud plot comparing
discriminative performance (area under the receiver operating characteristics [AUC] curve) across conditions (bright and dark yellow and multicolor) is shown in (b).

luminance conditions (ie, yellow and multicolor at 75% and 100% luminance). Pupil response amplitudes were also
computed per condition for this exemplary subject, showing stronger pupil responses for bright as compared to dark
stimuli (Figure 5c). To investigate whether a similar pattern was seen across all subjects, we performed a two-way
repeated-measures ANOVA that revealed a significant main effect of brightness (F; = 18.06, p< 0.001), but no significant
effects were found for local color contrast. Post-hoc paired Student’s #-tests indicated that increased stimulus brightness
enhances pupil responses (see Figure 6a and Table S3).

Figure 5d—f shows the conventional HFA 30-2 and pupil perimetry results for the aforementioned exemplary subject.
These maps also showed an overlapping pattern, as was the case for most subjects (see Figure S2). Interestingly, some
patients exhibited individual differences across conditions (eg in subjects s7 and s14 the dark yellow condition indeed
shows an overlapping pattern, while the bright yellow condition did not). The calculated discriminative power across
conditions is shown in Figure 6b. Average AUC values across subjects were highest for the bright yellow condition
M = 0.85 = 0.10, Mdn = 0.85) as opposed to dark yellow (M = 0.78 + 0.16, Mdn = 0.83), bright multicolor
M =0.79 £ 0.15, Mdn = 0.83) and dark multicolor (M = 0.81 £ 0.11, Mdn = 0.83) conditions. The two-way repeated
measures ANOVA revealed no significant main effects for local color contrast and brightness but did show a significant
crossover interaction (F5 = 7.39, p= 0.02). Post-hoc analyses (Table S4) indicated that a bright yellow stimulus without
local intra-color contrast enhanced pupil perimetry performance more than a stimulus with local intra-color contrast.

Discussion
The aim for this study was to test whether alterations to global and local color contrast and to luminance contrast affect
not only pupil responses but also diagnostic performance of flicker pupil perimetry performance for detecting visual field
defects in patients suffering from visual field defects due to cerebral visual impairment (CVI).

In Experiment 1, four stimulus color conditions (ie, white, yellow, cyan and yellow-equiluminant-to-cyan) with
a complementary colored background were investigated. Although fully luminant yellow and white stimuli affected
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pupillary responses more strongly, discriminative power was similar across all conditions, including the cyan and yellow-
equiluminant stimuli. This result is not fully in line with the hypothesis of Maeda et al* stating that pupil responses to
blue light presented in the damaged visual field may still occur when the subcortical intrinsically photosensitive retinal
ganglion cell (ipRGC) pathway remains intact. Hypothetically, if blue-absent colors are used for stimuli and a blue-
colored background was used to desensitize, it would be possible to more accurately distinguish the damaged from the
intact visual field in patients only suffering from cortical damage (excluding ipRGC) but not retinal damage (including
ipRGC). Residual blue light- and ipRGC-driven pupil responses then do not contaminate the impaired cortically driven
pupil responses depending on feedback from the visual cortex. As such, the use of yellow rather than blue stimuli would
be advocated in case of testing CVI patients, and several research groups have started using chromatic pupil perimetry to
improve diagnostic performance of pupil perimetry.*'***** However, ipRGCs not only receive input from melanopsin
but are also affected by rods and cones.*** Thus, rod- and cone-driven pupil responses can still be observed if blue-
absent light is used. This may explain the homogeneous results across color conditions found in this study.

Although our results show that chromatic stimuli do not substantially impact diagnostic performance, chromatic pupil
perimetry could provide additional information about another aspect of a patient’s visual system as opposed to a solely
luminance-based pupil perimetry method. The pupil perimetry heatmaps of some patients (see Figures S1 and S2) were
very similar across chromatic conditions. Interestingly, for others only a certain color condition resembled the SAP
results (eg only the bright yellow or multicolor condition resulted in strong diagnostic performance, while other
conditions showed differing patterns from SAP). This within-subject chromatic pupil sensitivity variability could stem
from some form of blindsight, which causes the pupil to respond to only certain colors along the edge of the visual field
defect. Future studies on a larger study population might provide insight regarding these possibly blindsight-like
processes to not only motion, but also color. In time, not one but multiple chromatic variants per visual field location
in a patient may portray visual field function most accurately with pupil perimetry.

Pupil orienting responses (ie, pupil responses to salient events such as onsets of bright stimuli) scale with stimulus
saliency."? Adding local color contrast and optimal spatial frequency to a stimulus should increase saliency and pupil
responses therewith.?**°>! Interestingly, our results show that an increase in local (intra-stimulus) color contrast (and
thus saliency) did not improve the responses. Conversely, our results show that not local intra-stimulus color contrast, but
more global contrast with a single-colored stimulus and a contrasting background color achieves greatest pupillary
responses. Thus, color contrast of lower spatial frequency presumably contributes less to saliency than expected.

Moreover, contrary to results from prior research using multifocal pupil perimetry,®'*

the flicker pupil perimetry
method does not benefit from stimuli with decreased brightness. Specifically, fully luminant and single-color stimuli
(regardless of choice of color) with an opponency colored background increases saliency and discriminative performance
in the currently studied patient population.

The pupil perimetry method used in the current study was first proposed by Naber et al.*° Since then, several
improvements were introduced: (i) luminance and color contrast components between stimulus and background,’*® (ii)
stimuli adjusted for the cortical magnification factor,*' and (iii) optimized analyses (ie, calculating FET pupil power as
opposed to standard deviation, coherence or signal-to-noise ratio, PCHIP interpolation as opposed to a cubic spline). All
this has led to improved diagnostic performance. For example, the normalized pupil perimetry heatmaps of the current
method showcased similarity to the standard automated perimetry (SAP) results. Also, a high discriminative power was
achieved; a mean AUC of 0.85, the highest test performance when compared to prior research and other pupil perimetry
methods assessed in CVI patients.*”*>* Other methods that utilize pupillary responses to assess visual sensitivity

133755 1°%57 stimulus presentations or multiple frequency tagging.>® Their attempts mainly

consist of unifoca and multifoca
focused on detecting glaucoma, a disease that asks for long-term monitoring to detect small decrements of function in the
peripheral visual field. We suggest that pupil perimetry might be more suited to the screening of visual field defects
(VFDs) caused by brain disease (eg cerebral infarction or tumor) which are more often larger and less prone to subtle
changes. A limitation to this study (and other studies involving pupil perimetry) is the small sample size. It is important
to assess pupil perimetry’s performance in larger study populations to truly objectivate its role in visual field assessment.
It is also important to note that the pupil perimetry method is hindered by the larger stimuli needed to evoke robust

pupillary responses, resulting in a visual sensitivity map with low spatial resolution. SAP provides a more precise
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estimation of visual field function due to the smaller stimuli used. Nevertheless, pupil perimetry might be a valuable
addition to SAP in the diagnostic workup of suspected VFDs.

As a matter of fact, in certain situations, VF assessment with pupil perimetry has merit over SAP. The gaze-contingent
presentation of stimuli ensures accurate retinotopic stimulation. Along with its apparent objectivity (thus eliminating the
need for subjective motor responses), pupil perimetry might prove useful for patients suspected of malingering or for
young and multi-handicapped patients unable to reliably provide verbal and/or motor feedback during SAP. Also, pupil
perimetry can be used in a more patient-friendly way by using head-mounted apparatus.®® Future research might focus on
the application of virtual reality technology as a cheap alternative to increase applicability in children,°® a patient

demographic which is well known to have unreliable SAP measurements.”®'~%>

Conclusion

In conclusion, high diagnostic performance was found using varying types of chromatic and non-chromatic flicker pupil
perimetry for the assessment of visual field defects in patients with CVI. The addition of local color contrast did not
positively impact pupil response sensitivity. As such, we recommend the use of bright stimuli without a local color
contrast component offset to a darker and contrasting background to achieve best visual field test results.
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