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Purpose: The pupil light response (PLR) is driven by rods, cones, and intrinsically
photosensitive retinal ganglion cells (ipRGCs). We aimed to isolate ipRGC-driven
pupil responses using chromatic pupillometry and to determine the effect of
advanced retinitis pigmentosa (RP) on ipRGC function.

Methods: A total of 100 eyes from 67 patients with advanced RP and 18 healthy
controls (HCs) were included. Patients were divided into groups according to
severity of visual impairment: no light perception (NLP, 9 eyes), light perception
(LP, 19 eyes), faint form perception (FFP, 34 eyes), or form perception (FP, 38 eyes).
Pupil responses to rod-weighted (487 nm, —1 log cd/m?, 1 s), cone-weighted
(630 nm, 2 log cd/m?2, 1 s), and ipRGC-weighted (487 nm, 2 log cd/m?, 1 s)
stimuli were recorded. ipRGC function was evaluated by the postillumination
pupil response (PIPR) and three metrics of pupil kinetics: maximal contraction
velocity (MCV), contraction duration, and maximum dilation velocity (MDV).

Results: We found a slow, sustained PLR response to the ipRGC-weighted
stimulus in most patients with NLP (8/9), but these patients had no detectable
rod- or cone-driven PLR. The ipRGC-driven PLR had an MCV of 0.269 + 0.150%/s
and contraction duration of 2.562 + 0.902 s, both of which were significantly
lower than those of the rod and cone responses. The PIPRs of the RP groups did
not decrease compared with those of the HCs group and were even enhanced in
the LP group. At advanced stages, ipRGC responses gradually became the main
component of the PLR.

Conclusion: Chromatic pupillometry successfully isolated an ipRGC-driven PLR
in patients with advanced RP. This PLR remained stable and gradually became
the main driver of pupil contraction in more advanced cases of RP. Here, we
present baseline data on ipRGC function; we expect these findings to contribute
to evaluating and screening candidates for novel therapies.

advanced retinitis pigmentosa, chromatic pupillometry, intrinsically photosensitive
retinal ganglion cells, postillumination pupil response, pupil kinetics
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Introduction

Retinitis pigmentosa (RP) has become most common
irreversible blinding genetic eye disease threatening human visual
health (GBD 2019 Blindness and Vision Impairment Collaborators,
and Vision Loss Expert Group of the Global Burden of Disease
Study, 2021). The treatment of RP has always been a focus of
ophthalmic research. To date, many therapeutic strategies have
demonstrated the potentiality to restore visual function in animal
studies (Ahmed et al., 2021; Sharma and Jaganathan, 2021; Wagner
et al,, 2021). However, in clinical trials, both gene therapy and
stem cell therapy have encountered challenges in their application
to advanced RP patients (Gasparini et al, 2019; Nuzbrokh
et al,, 2021). Many research groups have focused on optogenetic
strategies targeting the inner retina to restore visual function by
directly activating the neural pathways from retinal ganglion cells
to the visual cortex (Liu et al., 2016; Lu et al., 2020; Lindner et al.,
2022). Therefore, objective and quantitative evaluation of the
function of the inner retina, particularly the retinal ganglion cells,
is crucial to research on therapies for advanced RP (Dias et al,
2018).

The pupil light response (PLR) is a convenient, objective,
and non-invasive method of assessing subcortical visual pathway
function (Belliveau et al., 2022). Chromatic pupillometry is a
new PLR-based examination technique that can activate the pupil
response induced by the corresponding pathway through light
stimulation of a specific intensity and wavelength based on the
photosensitive properties of different visual cells and then evaluate
the function of the outer and inner retina (Schnapf et al., 1988;
Park et al, 2010). For example, the rod-driven PLR can be
induced by light stimulation below the threshold of cone cells
and ipRGCs after dark adaptation because rhodopsin has a lower
photosensitivity threshold than the opsins present in cones and
ipRGCs (Okawa and Sampath, 2007). L-opsin, expressed in cones,
is sensitive to long-wavelength light; thus, a cone-driven PLR can
be elicited with light whose wavelength is too long to be absorbed
by rhodopsin or melanopsin (Bowmaker and Dartnall, 1980). The
pupil response driven by ipRGCs has time-domain characteristics
different from those of rods and cones (Berson et al., 2002). When
a bright short-wavelength light pulse begins, the initial transient
pupillary response is a combination of responses activated by all
photoreceptors (Giiler et al., 2008; McDougal and Gamlin, 2010).
As time passes and the extrinsic inputs from rod and cones decay
rapidly, the intrinsic input from ipRGCs increases and mediates the
postillumination pupil response (PIPR) (Adhikari et al., 2015; Park
and McAnany, 2015), which consists of sustained pupil contraction
after light offset. As a measure of ipRGC function, PIPR has
been widely applied in glaucoma, optic neuropathy, diabetes and
retinal dystrophy (Vugler et al., 2008a; Feigl et al., 2012; Kawasaki
et al., 2014; Najjar et al., 2018). However, it is still a challenge to
separate the ipRGC-driven PLR component from the mixed pupil
response. Although activating only ipRGCs while screening out the
outer retinal signal can be achieved in vivo in canines with loss-
of-function mutations (Yeh et al, 2017) and pharmacologically
blocked non-human primates (Gamlin et al., 2007), further study
is still needed to establish a complete description of the isolated
ipRGC-driven PLR. Therefore, this study was designed to provide
a baseline reference for rational screening of treatment candidates
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for retinal prostheses or optogenetic therapy for end-stage RP
and evaluation of visual function improvement before and after
treatment.

Owing to a nearly complete loss of visual acuity, patients with
advanced RP cannot be evaluated with standard visual field (VF)
tests or standard full-field electroretinography (ffERG), and they
are often assessed only by subjective psychophysical examination.
Many studies suggest that chromatic pupillometry is more sensitive
than standard visual electrophysiological examination for detecting
retinal functional activity in the later stages of retinal degeneration
(Park et al., 2010; Jacobson et al., 2011; Kardon et al., 2011; Lisowska
et al., 2017; Rukmini et al., 2019; Krishnan et al., 2020; Yamamoto
et al,, 2023). In previous work, we demonstrated that chromatic
pupillometry can quantitatively estimate retinal function in RP
patients (He et al.,, 2018), and we used this method to evaluate
the therapeutic effect of stem cell transplantation in clinical trials
(Liu et al., 2017). Additionally, we found that high-intensity blue
light can induce pupillary responses that are not easily attenuated
(Zhang et al., 2021), even in patients with NLP. It has also been
reported that long-duration white light stimuli induced a slow PLR
in patients with severe Leber congenital amaurosis (LCA) (Charng
et al., 2017), which was likely due to activation of the intrinsic
circuit of ipRGCs. However, due to the limited sample size and
study design, further research on ipRGC-driven PLR in patients
with different stages of advanced RP is still needed.

In this study, we aimed to further isolate ipRGC-driven
pupil responses by chromatic pupillometry in end-stage RP
patients and to describe the characteristics of ipRGC-driven pupil
responses in advanced RP patients, with the goal of providing
background information and guidance for future treatment
strategies targeting ganglion cells.

Materials and methods

Study population

The study comprised 100 eyes from 67 individuals diagnosed
with advanced RP by three expert ophthalmologists from the Eye
Institute of Southwest Hospital. All patients underwent routine
ophthalmic examinations as follows: slit-lamp examination, best-
corrected visual acuity (BCVA), chromatic fundus photography
(CFP), fundus autofluorescence (FAF), optical coherence
tomography (OCT), VF testing and fIERG examination. The
clinical diagnosis of RP-related blindness was based on the
following: characteristic bone-spicule pigmentation in the retina,
extinguished scotopic and photopic responses on ffERG and
concentric VF loss. The inclusion criteria for patients were as
follows: the BCVA of the study eye was less than 3/60 or the
visual field radius was less than 10 degrees around central fixation
(legally blind) (Faiad et al., 2018). If both of the patient’s eyes met
the inclusion criteria and the degree of visual impairment was
consistent, both eyes were included; if there was a difference in
visual impairment between the patient’s two eyes, the eye with
worse vision was included.

We recruited 67 participants with advanced RP from a pool
of 84 patients (see Figure 1). The study participants’ eyes were
separated into four groups based on their BCVA levels. The
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four groups were delineated as no light perception (NLP), light
perception (LP), hand motion or counting fingers (faint form
perception, FFP), and 0.01-0.5 (form perception, FP). Eighteen
additional healthy subjects (8 males, 10 females; average age & SD:
32.94 £ 14.47 vyears) were enrolled as healthy controls for
the chromatic pupillometry examination. Patients who had any
other eye disease that could cause visual impairment, took any
medication that affected the pupil or had dysfunctional pupils due
to an iris disease were excluded from the study. This study was
performed in accordance with the Declaration of Helsinki, and
informed consent and permission were obtained. This research was
authorized by the Ethics Committee of the First Affiliated Hospital
of Army Medical University [(B) KY202221].

Chromatic pupillometry

Pupillometry was performed with a commercially available
visual surveillance system (Metrovision, France). The visual
surveillance system included a stimulus-generating unit and a
recording unit. The full-field stimuli were conducted by an LED-
driven Ganzfeld bowl, which was set and controlled by a computer
connected to the visual surveillance system to generate a given
wavelength, intensity and duration. The pupil was scanned and
measured by a high-resolution infrared camera with a 200 Hz
refresh rate. Unavoidable blink-and-eye movement artifacts were
initially removed by the automatic filter of the system’s built-
in software, while other large unfilterable artifacts needed to be
identified and removed manually in the later data processing phase.

Light stimulation protocol

The original protocol for pupillary measurements was
previously published (Zhang et al., 2021). However, to favor the
melanopsin contribution to ipRGC activity, we referenced the
protocols described in the current literature (Lorenz et al., 2012;
Kawasaki et al., 2014; Adhikari et al., 2015) and modified the
previously published stimulus protocol for this study. The duration
of the stimulation was 1 s, and the recording time was 7.5 s. In
each test, the unilateral eye was stimulated while the contralateral
eye was patched. The light stimulation procedure included the
following three tests: The first test (rod-weighted) used a dim
blue light (487 £ 20 nm, —1 log cd/m?) stimulus after dark
adaptation. The second test (cone-weighted) used a bright red light
(630 =& 20 nm, 2 log cd/m?) stimulus following 2 min of photopic
adaptation to room light. The third test (ipRGC-weighted) used a
bright blue light (487 & 20 nm, 2 log cd/m?) stimulus after dark
adaptation. For each test, the measurements were repeated 3 times.
For dark adaptation, the subject underwent at least 10 min of
dark adaptation to ensure that the pupil diameter returned to the
baseline level.

Preprocessing and analysis of
pupillometry

First, the baseline pupil diameter (D) was determined as the
mean initial pupil diameter over the first 5 s of recording in
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darkness. To reduce the influence of individual variation, the PLRs
for each patient were measured as the relative change because
pupillomotor responses are dependent on the baseline pupil
diameter. Relative pupillary constriction (RPC) was calculated as
follows:

Dy—pupil diameter at time t
Do

RPCattimet =

Rod- and cone-weighted pupil responses were observed as transient
PLRs, whereas the ipRGC-weighted response was observed as a
sustained PLR, i.e., the PIPR. In this study, the PIPR was defined as
the RPC at 6 s after light offset. The net PIPR was calculated as the
difference between the amplitudes of the blue and red PIPRs. The
area upon the curve (AUC) represented the average relative pupil
size during 3-7.5 s postillumination (Figure 2A).

To further describe and investigate variations in contraction
and dilation, the first derivative d’(t) of the relative pupil size was
computed. For the derivative curves, negative values indicate the
velocity of pupil contraction, and positive values indicate pupil
dilation velocity. Two peak d’(t) values were identified: the maximal
contraction velocity (negative peak value) and the maximal dilation
velocity (positive peak value). The first zero-crossing point after
the negative peak of a derivative curve indicated the end of the
pupil contraction phase, i.e., the final timepoint used to compute
contraction duration (Figure 2B).

Statistical analysis

IBM SPSS Statistics version 22 (IBM Corporation, USA)
was used to conduct the statistical analysis. First, normality
of each variable was verified by the Shapiro—Wilk test. Sex
differences across groups were tested by the chi-square test.
The independent Samples t- test and Ordinary one-way analysis
of variance (ANOVA) was conducted on normally distributed
data. Otherwise, non-parametric methods were applied, including
the Mann—Whitney U test and the Kruskal—-Wallis test. Any
P-value less than 0.05 was considered statistically significant.
The post hoc analysis was Bonferroni corrected, and the
adjusted P-value was set to P_adj < 0.05 in ANOVA and
Kruskal —Wallis tests.

Results

Demography and routine ophthalmic
examination of retinitis pigmentosa
patients

This study included a total of 100 eyes from 67 patients
with advanced RP. Based on their BCVA values, the patients’
eyes were separated into four groups. The demographic details
of the participants are shown in Table 1. The groups exhibited
no significant differences in age (F = 1.350, P = 0.2664,
ANOVA) or sex (chi-square value = 3.032, P = 0.3867, chi-square
test).

The results of routine ophthalmologic examinations in patients
with advanced RP and in healthy control subjects are shown in
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84 blind RP patients were screened from
database

¥ 8 patients were excluded due to lack of

contact or long distance

76 patients underwent ophthalmic
examinations: BCVA, intraocular pressure, slit-
lamp examination, color fundus photography

k 6 patients were excluded due to glaucoma,

refracting media opacity

70 patients underwent further ophthalmic
examinations: Chromatic pupillometry, VF,
FAF, OCT, ERG

\ 3 were unable to cooperate due to

uncontrollable blink and were excluded

| Eventually 67 patients were identified |

18 normal health subjects underwent

// chromatic pupillometry

| Data analysis and conclusion |

FIGURE 1

Flowchart of the patient selection process. RP, retinitis pigmentosa; BCVA, best-corrected visual acuity; VF, visual field; ERG, electroretinogram; FAF,
fundus autofluorescence; OCT, optical coherence tomography.
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FIGURE 2

Graphic representation of the parameters obtained from the pupillary light reflex curve and derivative curve in healthy controls. (A) Mean PLR curve
to blue light (487 4 20 nm, 2 log cd/m?) in healthy controls. The baseline pupil diameter (horizontal dashed line), postillumination pupil response
(PIPR) (vertical dashed line) and area under the curve (AUC) are indicated in the plot. (B) The average derivative of the pupil response curve shown in
panel (A). The negative peak value, positive peak value and first zero-crossing point (black arrow) are indicated in the plot.

TABLE 1 Demographics of patients with advanced RP.

‘ NLP group ’ LP group ‘ FFP group ’ FP group
Eyes/patients 9/6 19/12 34/23 38/26
Sex (male/female) 3/3 8/4 10/13 17/9
Age (mean £ SD) 46.33 +11.43 42,58 £ 12.15 4523 +11.39 40.04 £7.33
BCVA NLP Lp HM or CF 0.01-0.5
Visual field radius 0° 0° 0° <10°

SD, standard deviation; NLP, no light perception, LP, light perception, HM, hand movement, CF, counting finger, BCVA, best-corrected visual acuity.
Figure 3. The CFP results showed retinal atrophy and bone spicule ~ OCT showed reduced retinal thickness and disordered structural

pigmentation in the retinas of patients, and the FAF showed that  hierarchy, and VF examination indicated that the visual field of
RP patients progressively lost retinal pigment epithelium. Macular ~ patients with advanced RP was reduced or even completely lost.
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NLP

LP

FFP

FP

HC

FIGURE 3

Routine ophthalmologic examinations of typical patients with advanced RP and healthy subjects. Subjects are ranked vertically in ascending order of
severity of visual impairment, and different types of examination are shown as columns. VF results were absent in patients with NLP. RP, retinitis
pigmentosa; NLP, no light perception; LP, light perception; FFP, faint form perception; FP, form perception; HC, healthy controls; CFP, color fundus
photography:; FAF, fundus autofluorescence; OCT, optical coherence tomography; VF, visual field

The IpRGC-driven pupillary light
response was isolated in patients with
advanced RP and no light perception

To observe the pure ipRGC-driven PLR without extrinsic
signals originating in the outer retinal rod and cone photoreceptors,
the pupillomotor function of 9 eyes of 6 patients in the NLP
group was examined. These eyes of patients with advanced RP all
had NLP vision and extinguished ERG readings. Average pupil
response curves from NLP patients are shown in Figure 4. In
all cases, there was no discernible PLR in response to the rod-
weighted stimulus, in contrast to the large-amplitude transient PLR

obtained in normal eyes (Figure 4A). Under the cone-weighted

Frontiers in Human Neuroscience

stimulus condition, 6 eyes had no recordable pupil contraction
in response to red light stimulation. Minor pupillary contractions
were observed in 3 eyes (Figure 4B), but the patients reported
no light perception during the examination. In response to the
bright blue ipRGC-weighted stimulus, 8 eyes showed slow and
sustained pupillary contraction (Figure 4C) one eye did not due
to an unrecognizable pupil tremor. The net PIPR amplitude of
NLP patients was 0.230 £ 0.128, whereas the net PIPR of healthy
subjects was 0.156 =+ 0.084. Likewise, the AUC of NLP patients was
greater than that of the control group, but there was no significant
difference in net PIPR amplitude or AUC between NLP patients and
healthy controls (U = 51, P = 0.2321; U = 68, 0.7438, respectively;
Mann—Whitney test) (Figures 4F, G). Unsurprisingly, due to the
lack of input from photoreceptors, the transient PLR amplitude
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FIGURE 4

Pupil light response curve recorded by three light stimulus protocols and statistical analysis of contraction amplitude in RP patients with no light
perception and healthy controls. (A—C) Following the rod-weighted stimulus (487 + 20 nm, -1 log cd/m?), cone-weighted stimulus (630 + 20 nm,
2 log cd/m?), and ipRGC-weighted stimulus (487 + 20 nm, 2 log cd/m?), normalized PLR curves of RP individuals (dashed sky blue, red and royal
blue, respectively) and the mean RP PLR (solid sky blue, red and royal blue, respectively) were plotted. The gray areas represent the duration of the
light stimulus, and the solid black lines represent healthy controls” average PLR curves. (D,E) Comparison of transient PLR between RP patients (blue
bars for rod-weighted, red bars for cone-weighted) and healthy controls (gray bars with standard deviations) following rod- and cone-weighted
stimulus. (F,G) Comparison of net PIPR and AUC for healthy controls (gray bars with standard deviations) and RP patients (blue bars with standard
deviations) following ipRGC -weighted stimulus. The sample sizes were 8 (NLP) and 18 (HC) eyes for three light stimuli. PLR, ipRGCs, intrinsically
photosensitive retinal ganglion cells; RP, retinitis pigmentosa; NLP, no light perception; HC, healthy controls; PIPR, postillumination pupil response;

AUC, area under the curve. ***P < 0.0001. ns: not significant

was significantly lower in NLP patients than in healthy controls
with rod- and cone-weighted stimuli (both U = 0, P < 0.0001;
Mann—Whitney test) (Figures 2D, E). Our data showed that the
shape of the PLR solely driven by ipRGCs did not match the normal
human PLR evoked by any stimulus pattern but was similar to the
shape of the PLR in primates after pharmacological blockade of
photoreceptor inputs (Schnapf et al., 1988). These data suggested
that, in the absence of extrinsic signal input from the outer retina,
melanopsin-expressing ipRGCs produced a slow and sustained
response to bright blue stimuli and that this response was isolated
in NLP patients with advanced RP.

The IpRGC-driven pupillary light
response had unique pupillary kinetics
different from the cone and rod
responses

To further detail the ipRGC-driven pupillary light reflex,
we investigated the pupillary contraction and dilation kinetics
by analyzing the derivative of the PLR (Figures 5A-C). Unlike
responses driven by cone and rod cells, we found that ipRGC-
driven pupil contraction was very slow after light stimulus
onset and that the pupil continued to contract after light offset,
not stopping immediately. The analysis of contraction kinetics
suggested that the maximal contraction velocity (MCV) of the
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ipRGC response was considerably less than those of the rod
and cone responses (rods vs. ipRGCs, Test statistic = —23.28,
P_adj < 0.0001; cones vs. ipRGCs, Test statistic = —19.72,
P_adj = 0.0013; Kruskal-Wallis test) (Figure 5D), and the
contraction duration was prolonged (rods vs. ipRGCs, Test
—24.60, P_adj<0.0001; cone vs. ipRGCs, Test
—15.33, P_adj = 0.0184; Kruskal—Wallis test)
(Figure 5E). The rapid dilation phase of the ipRGC response

statistic =
statistic =

was not recorded in patients with NLP until the end point of
the observation, usually occurring in first 3 s after light offset in
healthy controls. Instead, a persistent contraction of the pupil was
recorded, which resulted in the MDV of the ipRGC response being
much smaller than those of rod and cone cells (rods vs. ipRGCs,
Test statistic = 21.47, P_adj = 0.0004; cones vs. ipRGCs, Test
statistic = 21.53, P_adj = 0.0004; Kruskal —Wallis test) (Figure 5F).
To investigate whether this type of response varied with disease
progression, we further compared ipRGC-driven PLRs among the
four groups of patients with advanced RP.

IpPRGC contribution to pupil contraction
gradually increases with more advanced
RP

Considering that ipRGC-driven pupillary responses were
observed in a small proportion of patients with the most severe RP,
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FIGURE 5

Analysis of the derivative of the pupil response curves in NLP patients with advanced RP and healthy controls. (A—C) The mean derivative responses
plotted for the pupil recordings of rod, cone and ipRGC responses in RP patients (solid sky blue, red and royal blue, respectively) and healthy
controls (solid black). (D) Comparison of the maximum contraction velocity of the ipRGC response in RP patients (N = 8) and that of the rod or cone
response in healthy controls (N = 18). (E) Statistical analysis of the maximum dilation velocity of the ipRGC response in RP patients (N = 8) and that
of the rod or cone response in healthy controls (N = 18). (F) Statistical analysis of the contraction duration of the ipRGC response in RP patients

(N = 8) and that of the rod or cone response in normal subjects (N = 18). RP, retinitis pigmentosa; ipRGCs, intrinsically photosensitive retinal ganglion

cells. ***P < 0.0001, **P < 0.001, **P < 0.01, and *P < 0.05.

we wanted to determine whether this pupil response is common
in more advanced RP patients and asked whether the function of
ipRGCs is affected in the pathological process of RP. Therefore,
we recorded and analyzed the pupil response to ipRGC-weighted
stimulation in advanced RP patients with varying degrees of visual
impairment. Apparent pupil responses were detected in all studied
eyes in the NLP, LP, FFP, and FP groups. The average pupil response
curves of the four groups are shown in Figure 6. The PLR metrics
are detailed in Table 2. The sustained PLR was recorded in all
groups under the ipRGC-weighted stimulus condition (Figure 6A).
The net PIPRs of the four RP groups, NLP, LP, FFP, and FP, were
0.230 =+ 0.129, 0.275 £ 0.097, 0.245 £ 0.094, and 0.204 + 0.074,
respectively. There were significant differences among the net
PIPRs of the NLP, LP, FFP, FP and HC groups (F = 3.615, P = 0.0082;
one-way ANOVA). A According to the results of a post hoc analysis
with a Bonferroni correction, the net PIPR was significantly greater
in the LP than in the FP group or the control group (LP vs. FP, Test
statistic = 0.0709, P_adj = 0.0420; LP vs. HC, Test statistic = 0.0928,
P_adj = 0.0168; one-way ANOVA), and the net PIPRs observed in
the FFP and FP groups were not significantly different from those
observed in the control group (FFP vs. HC, Test statistic = 0.0632,
P_adj = 0.1151; FP vs. HC, Test statistic = 0.0218, P_adj = 0.7694,
respectively; one-way ANOVA) (Figure 6C). The above results
indicate that none of the RP groups (NLP, LP, FFP, or FP) had a
net PIPR smaller than the normal amplitude of 0.182 = 0.067. The
derivative curve that further describes the variation in relative pupil
size is shown in Figure 6B. Through the analysis of the derivative
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response parameters, we found that with the progression of visual
impairment, the pupil contract velocity gradually decreased, and
the MCV:s of the groups without form perception were significantly
less than those of the groups with form perception. The MCV's
of the NLP and LP groups were similar to each other and lower
than those of the FFP and FP groups, respectively (NLP vs.
FFP, Test statistic = 42.32, P_adj = 0.0020; NLP vs. FP, Test
statistic = 49.13, P_adj = 0.0002; LP vs. FFP, Test statistic = 36.87,
P_adj < 0.0001; LP vs. FP, Test statistic = 43.68, P_adj < 0.0001;
Kruskal—Wallis test) (Figure 6D). The contraction durations in the
NLP, LP and FFP groups were similar to each other and longer
than those of the FP group (NLP vs. FP, Test statistic = 44.01,
P_adj=0.0013; LP vs. FP, Test statistic = 33.56, P_adj = 0.0002; FFP
vs. FP, Test statistic = 34.04, P_adj < 0.0001; Kruskal —Wallis test)
(Figure 6E). The rapid dilation phase in the NLP and LP groups was
absent, and the MDVs of these two groups were lower than those
recorded for the FFP group (NLP vs. FFP, Test statistic = —42.90,
P_adj = 0.0019; LP vs. FFP, Test statistic = —34.37, P_adj = 0.0002;
Kruskal—Wallis test) and tended to be lower than those in the FP
group (NLP vs. FP, Test statistic = —30.61, P_adj = 0.0566; LP vs.
FP, Test statistic = —22.07, P_adj = 0.0361; Kruskal—Wallis test)
(Figure 6F). The above results indicated that with outer retinal
degeneration, the rapid transient pupillary response gradually
vanished and was replaced by a slow sustained pupillary response
to light, i.e., an ipRGC-driven response.

To determine how ipRGCs contribute to the PLR in RP
patients at different stages, we first compared the ratio of sustained
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TABLE 2 Summary of PLR metrics.

Max RPC Net PIPR AUC MVC Contraction MDV
duration

HC group 0.497 £ 0.035 0.156 4 0.084 1.175 4+ 0.578 —1.132+£0.222 1.156 4+ 0.258 0.265 £ 0.080
NLP group 0.269 £ 0.150 0.230 £ 0.128 1.509 £ 0.427 —0.456 + 0.076 2.562 £ 0.902 0.030 £ 0.047
LP group 0.338 +0.131 0.275 4 0.097 1.298 4 0.428 —0.488 +0.202 2.119 £ 0.454 0.066 £ 0.049
FFP group 0.397 £ 0.086 0.247 £ 0.094 1.260 £ 0.320 —0.874 £ 0.291 2.238 £ 0.824 0.136 £ 0.068
FP group 0.416 £ 0.088 0.211 £ 0.081 1.384 +0.128 —0.905 + 0.224 1.512 +0.386 0.112 £ 0.111
Test statistic 37.97 3.615 2.27 57.73 57.38 44.24

d/if 4 4 4 4 4 3
P-value <0.0001 0.0082 0.0311 <0.0001 <0.0001 <0.0001

PLR, pupil light response, RPC, relative pupillary constriction, AUC, area under curve, MCV, maximal contraction velocity, MDV, maximal dilation velocity, PIPR, postillumination pupil

response, HC, healthy control, d/f, degrees of freedom.

contraction amplitude to total contraction amplitude among
groups. As shown in Figure 7A, we found that as the patient’s visual
impairment worsened, the ratio of PIPR to the maxRPC gradually
increased. Overall, the values of PIPR/maxRPC in the NLP, LP,
and FFP groups were considerably greater than those in the HC
group (H = 55.51; P_adj < 0.0001, P_adj = 0.0002, P_adj = 0.0177,
respectively; Kruskal—Wallis test). When compared among the
four RP groups, the value of PIPR/maxRPC was found to be
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larger in the NLP group than in the FFP and FP groups (NLP
vs. FEP, Test statistic = 33.56, P_adj = 0.0394; NLP vs. FFP, Test
statistic = 343.25, P_adj = 0.0021; Kruskal—Wallis test), but there
was no significant difference from that of the LP group (Test
statistic = 16.72, P_adj > 0.9999; Kruskal —Wallis test). In addition,
the PTIPR/maxRPC ratios of the LP groups were significantly higher
than those of the FP group (Test statistic = 26.53, P_adj = 0.0124;
Kruskal—Wallis test).
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Comparison of the contributions of ipRGCs to the PLR in four groups of patients with advanced RP. (A) Bar chart plotting the average value of
PIPR/maxRPC in the NLP, LP, FFP, and FP groups. (B) The ratio of the ipRGC response MCV to the MCVs of the NLP, LP, FFP, and FP groups.
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postillumination pupil response; RPC, relative pupillary constriction; MCV, maximal contraction velocity. ***P < 0.0001, ***P < 0.001, **P < 0.01,

and *P < 0.05.

Next, considering that the PLR in the initial stage is a mixed
reaction of ipRGCs and outer retinal photoreceptors, we also
compared the baseline contraction velocity of the isolated ipRGC
response with the MCV of each group. Generally, the proportion of
ipRGC responses gradually increased in advanced RP patients. As
shown in Figure 7B, there was no statistically significant difference
between the ratio of the NLP group and that of the LP group,
both of which were significantly greater than those in the other
groups (NLP vs. FFP, Test statistic = 47.57, P_adj = 0.0004; NLP
vs. FP, Test statistic = 53.43, P_adj < 0.0001; LP vs. FFP, Test
statistic = 34.72, P_adj = 0.0002; LP vs. FP, Test statistic = 40.58,
P_adj < 0.0001; Kruskal—Wallis test). The ratio of the FFP group
did not differ substantially from the FP group (Test statistic = 5.86,
P_adj > 0.9999; Kruskal—Wallis test). The above results indicate
that ipRGC-driven PLR gradually became the main component of
PLR in patients with advanced RP. The increasing contribution of
ipRGCs seemed to be particularly pronounced in RP patients who
had lost their form perception.

Discussion

In this study, we demonstrated that it is possible to isolate
ipRGCs' response in advanced RP with a simple chromatic
pupillometry procedure. Our data demonstrated that this pupil
response was characterized by slow kinetics and was preserved
or even enhanced in more severe outer retinal degeneration.
Additionally, we showed that, as the disease progressed, ipRGCs
gradually became the main driver of pupil contraction in patients
with advanced RP.

Rods, cones, and melanopsin-expressing ipRGCs all contribute
to the pupil light reflex. Due to different firing patterns, cones and
rods mainly drive transient PLRs, while ipRGCs mainly drive a
sustained PLR (Dacey et al., 2005; Gamlin et al., 2007). In this
study, we used a bright blue light (487 4 20 nm, 2 log cd/m?)
stimulus to demonstrate and distinguish the activity of ipRGCs.
Although the intensity of light stimulation can also induce PLR
driven by residual rods, once the light is turned off, the input
signal from the rods will decay rapidly. Therefore, consistent with
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previous peer-reviewed research (Park et al., 2011; Adhikari et al.,
2015), the 6 s PIPR and the AUC at 3-7.5 s postillumination as
used in this study can be used to evaluate the intrinsic signal of
melanopsin-expressing ipRGCs. In this study, patients with NLP
lacked photoreceptor inputs to the afferent pathway for the PLR
due to severe degeneration of the outer retina. We believe that
the slow and sustained pupil response described in Figure 4C was
primarily driven by the intrinsic signaling of ipRGCs. A chromatic
pupillometry study in patients with LCA (Charng et al.,, 2017)
found a slow PLR induced by long-duration stimuli that had a
distinct waveform that did not match normal PLR, a finding that
is consistent with our study. However, due to the small sample
size, that study did not report differences in patients with various
severities of visual acuity.

As a marker of ipRGC activity, how does this unique pupillary
response change during RP progression? In this study, we found
that the ipRGC response was not attenuated in patients with
varying degrees of visual impairment (Figure 3A). We were also
surprised to find that ipRGC responses were enhanced in eyes with
only light perception. Similarly, in a cohort of patients with RP
caused by CRB1 mutations, the patients’ PIPR was larger than that
in the control groups (Stingl et al., 2019). This could be explained
by several phenomena. First, the structure and function of the
inner retina, including ipRGCs, are preserved relative to the outer
retina in RP, as evidenced by morphological studies of severe RP
in humans showing the presence of a large proportion of bipolar
and ganglion cells (Santos et al., 1997; Humayun et al, 1999
Yoon and Yu, 2018). Meanwhile, ipRGCs tend to survive due to
their resistance to injury (Vugler et al., 2008b; Cui et al., 2015).
Previous studies in animal models of retinal degeneration have
demonstrated that the number of melanopsin-expressing ipRGCs
does not decrease significantly as the disease progresses (Li et al.,
2012; Esquiva et al., 2013). Another explanation might be the loss
of the inhibitory effect of s-cones on ipRGCs (Spitschan et al.,
2014). Moreover, another possible reason is the extensive rewiring
of the retinal network in the late stages of retinal remodeling that
occurs with the loss of normal photoreceptor input (Jones et al.,
2016; Pfeiffer et al, 2020). Considering that ipRGCs possess a
characteristic wide dendritic arbor, widespread neurite sprouting
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across all surviving retinal neurons and the creation of new synaptic
contacts cause retinal function and circuit reorganization that may
be the cause of signal amplification (Atkinson et al., 2013; Semo
etal., 2016).

With the advent and rapid development of optogenetics,
new therapies for visual regeneration are quickly evolving from
proofs of concept to clinically adopted practices. Four research
groups have already registered clinical trials of optogenetic
therapy for patients with retinal degeneration (NCT03326336,
NCT04945772, NCT02556736, and NCT04278131). Chromatic
pupillometry allows for non-invasive and objective measurement
of sustained retinal function. This technology can be used to track
the course of natural diseases or the effectiveness of treatment
interventions for retinal degenerative diseases. There have been
several clinical trials using the PLR as an indicator to evaluate visual
function rescue (Bennett et al., 2016; Lisowska et al., 2017; Liu
et al,, 2017). Furthermore, as an innovative and simple diagnostic
technique, chromatic pupillometry may also be beneficial in the
screening of patients as candidates for novel therapies. For example,
the response to rod and cone stimulation suggests the retention
of functional retinal circuits, and cell transplantation therapy and
optogenetic intervention targeting bipolar cells may help improve
visual function. The pupillary response of rods or cones has
disappeared for blind people with end-stage RP; therefore, it is
crucial to determine whether RGCs still function, which represent
the retina’s final connection to the brain, are still functioning.
The third-level retinal neurons represented by ipRGCs appear to
respond to ipRGC-weighted stimulation, indicating that they are
still functionally alive and still have the capacity to support thea
retinal prosthesis or undergo optogenetic therapy.

The limitations of this study are the small sample size of
recruited patients and the non-normal distribution of the data.
The inclusion of two eyes from the same patient has an impact
on the independence of observations. A better choice may be to
include only one eye per patient, which can be implemented in
subsequent large-scale multicenter clinical studies. It is generally
believed that the rod-driven PLR is usually evoked by blue light
stimuli in the low-intensity range (- 3 and - 2 log cd/m?) after dark
adaptation, but our scheme fails to accurately evaluate rod function.
In addition, more objective eye tests could have been included to
investigate their relationship to the PLR. Pupil photography also
has limitations in patients with low vision and blindness due to
extreme nystagmus and fixation difficulties that make recording
challenging, which ultimately led to complete data collection failure
in one participant. More effective recording techniques are worth
further development.

Conclusion

We successfully recorded ipRGC-driven PLR in patients with
severe visual impairments by chromatic pupillometry and showed
that this method can detect the function of ipRGCs in patients with
advanced RP. Chromatic pupillometry is a promising technique
for evaluating retinal function in individuals with severe visual
impairments and can be used as a precious tool in the research and
development of novel therapies for restoring sight to people with
visual impairments.
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