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ABSTRACT

The Electroretinogram measures the overall electrical activity of the retina in response to light stimulation,
while the dynamics of Pupillary Light Reflex reveal information about how the visual pathway innervates the
iris muscles in response to such stimuli. By simultaneously evaluating PLR and ERG responses, a deeper
understanding of both image-forming and non-image-forming mechanisms of the human visual system can be
gained. Additionally, ERG and PLR responses to bursts of light are contributed by all primary classes of
photoreceptors, including rods, (L-M-S) cones, and intrinsically photosensitive ganglion cells (ipRGCs). This
study presents and tests a low-cost, Maxwellian view-based optical setup that can be used to acquire synchronous
PLR and ERG recordings with silent stimulation techniques on cones photoreceptors in human subjects.

Keywords: Pupillary Light Reflex, Electroretinogram, Silent Substitution, Ophthalmic Instrumentation, Oph-
thalmic Imaging, Biomedical Instrumentation, Optical Measurement Methods, Ophthalmic Measurements

1. INTRODUCTION

The Electroretinogram (ERG)1,2 is a measurement of the retina’s overall electrical activity in response to light
stimulation, while the Pupillary Light Reflex (PLR)3,4 is the process that mediates changes in the pupil area
in response to variations in illuminance. ERG techniques, such as full-field flash ERG (ffERG), pattern ERG
(PERG), and multifocal ERG (mfERG), are commonly used to evaluate the functional status of the retina
and retina-related disorders in human care, veterinary procedures, and medical research.1,5 On the other hand,
Pupillary Light Reflex (PLR) not only provides information about the retina’s functional status but also provides
insight into both the parasympathetic and sympathetic divisions of the autonomic nervous system, as well as in-
tracranial and neurological connections.6 ERG and PLR responses to diffuse flashes of light include contributions
from all major classes of cones (long-(L), middle-(M), and short-(S) wavelength sensitive photopigment) and rod
photoreceptors.7 While such stimuli are effective in assessing retinal function in a non-selective, global fashion,
there is also a lot of interest in recording ERG and PLR that reflect the activity of particular photoreceptor
populations.8,9 However, it can be challenging to stimulate specific photoreceptors without activating others due
to the overlap in photopigment spectral sensitivities.10,11 The Silent Substitution technique is a method that can
be used to selectively stimulate specific photoreceptor populations by relying on the ”Principle of Unvariance”,12

which asserts that the photocurrent of a specific photoreceptor is only a scalar output and cannot differentiate
between changes in wavelength and changes in intensity.

This paper presents a study that combines ERG and PLR silent stimulation techniques to investigate the
health and function of the eye and the optic nerve, which can be used to diagnose and monitor eye diseases such
as glaucoma, retinitis pigmentosa, and age-related macular degeneration.13 The paper is organized as follows: in
Section 2, the theoretical background of the Silent Substitution technique is briefly discussed. Section 3 provides
a description of the experimental setup and the methodology used for preliminary tests carried out on human
volunteers. In Section 4, the obtained results are briefly reported and in Section 5, some final considerations and
future works are discussed.



2. SILENT SUBSTITUTION TECHNIQUE

The retina’s photoreceptors, including rods, cones (Long, Medium, and Short-wavelength sensitive), and ipRGCs,
respond differently to different wavelengths of light stimuli.11 These photoreceptors are responsible for both
image-forming functions (mainly rods and cones) and non-image-forming functions (ipRGCs).14 They all con-
tribute to essential functions of the human-visual system,14 as well as other behavioral and physiological responses
to light in the environment, as they express different proteins, namely opsins.15 Rods express rhodopsin, cones
express three different types of photopsin for the three different wavelength-sensitive classes, and ipRGCs express
melanopsin. The opsins are responsible for the light-sensitivity of each photopigment15 and report different peak
wavelengths sensitivities.16,17 In Figure 1b, the cyanopic (S-cones), melanopic, rhodopic, chloropic (M-cones)
and erythropic (L-cones) sensitivity curves are shown, from left to right, respectively.18
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Figure 1: CIE 10-degrees physiologically-relevant or photopic luminous efficiency function a). Normalized photoreceptors
sensitivity curves together with ipRGCS cells sensitivities. From left to right, cyanopic, melanopic, rhodopic, chloropic
and erythropic sensitivities b).18

Despite the peaks of the photoreceptor’s sensitivity curves being spectrally distinct and far away from each
other, it is reasonable to consider them as partially overlapping Gaussian distributions.19 One consequence of
this overlap is that the responses of photoreceptors are largely non-specific, thus being color-blind and weighting
the input light by means of spectral sensitivity only. Indeed, they do not distinguish between two light stimuli
having different intensities or different peak wavelengths.12,19 This may seem like a major challenge when trying
to target a specific type of photoreceptor. Nevertheless, by utilizing the unique properties of the photoreceptors,
it is possible to use different combinations of light spectra to stimulate changes in just one photoreceptor while
keeping the others unchanged. Indeed, in this way, the effect on that specific photoreceptor can be estimated.20

Given a specific intensity spectral distribution of the light stimuli, each photoreceptor’s stimulation level can
be recovered by means of their equivalent illuminance, namely cyanopic, melanopic, rhodopic, chloropic, and
erythropic illuminance. Lucas et al. referred to this quantity as equivalent α-opic illuminance Eα (α-lux), where
α can be one of the five aforementioned photo-sensitives cells.16 Thus, Eα can be expressed as follows:

Eα = Km ·
∫

Ee,λ(λ) ·Nα(λ)dλ ·
∫
V (λ)dλ∫
Nα(λ)dλ

, (1)

where λ is the radiation wavelength, Km = 683.000 lm/W is the maximum spectral luminous efficacy∗, V (λ)
is the normalized spectral luminous efficacy function for the photopic vision (see Fig. 1a), Ee,λ is the spectral
power distribution of the light source (W/m2), and Nα is the considered photoreceptor sensitivity curve with

∗CIE S017:2020 -17-21-092



unity-area normalization.
The aforementioned statement makes the selection of the primary light sources’ peak wavelength, i.e. spectral
conformation of any possible Ee,λ, a crucial part in the employment of Silent Substitution.21 Therefore, when
a pair of colors or two different light distributions EA,λ(λ) and EB,λ(λ) is considered, each photo-sensitive cell
is stimulated with of a determined amount or contrast when these colors are alternated.19,22 In this case, the
commonly used Michelson Contrast (CM ), can be computed as follows:23

CM =
Eα−max − Eα−min

Eα−max + Eα−min
, (2)

where Eα−max and Eα−min are the maximum and minimum equivalent α−opic illuminances given by the two
considered spectral distributions EA,λ(λ) and EB,λ(λ) with respect to the specific α photopigment considered.
Higher contrast between the two selected colors implies a higher activation of a given photopigment, therefore
an increased contribution of its specific effect on the observed phenomena, i.e. PLR or ERGs responses.

2.1 System Optimization

As previously described, the Silent Substitution technique foresees the combination of different primary intensities
to achieve a target stimulation level in terms of contrast for each photosensitive cell.

As we furtherly describe later in Section 3.1, the system considered for this test case is constituted by four
different primaries: Blue (468 nm), Green (523 nm), Yellow (593 nm), and Red (625 nm). The light intensity
of each primary, in terms of radiant flux (W), accordingly to our driving technique,24,25 is proportional to the
LED’s forward current IF and therefore to the Duty Cycle (DC ∈ [0−100%) used to activate the specific source.
To improve the accuracy of the generated light stimuli, we performed a calibration of the system by measuring
the output beam radiant flux (W) with an optical power meter 1918R model by Newport (Irvine, CA, USA)
with 918d-uv-od3 optical head † at different DC levels (10%, 20%, 30%, 50%, 100%). Following, is possible to
linearize the conversion from the digitally configured DC value ([0− 100%± 0.1%]) to the output radiant flux in
Watts by means of a linear fit of the previously measured values with the intercept fixed to 0 (i.e. 0% (DC) = 0
Watts). Moreover, by using the spectral distribution of the LED sources, measured with the Hamamatsu PMA-
11 photo-spectrometer (located in Hamamatsu City, Shizuoka, Japan), it is possible to analytically compute the
spectral power distribution of each light source, i.e. Ee,λ(λ) (see Eq. 1), for each DC value.

If the contribution of Rods is neglected, thus considering only photopic illumination condition, it is possible
to approximate the input-output relation of our four-primaries light source system (RGBY) as a linear set of
equations, where the conversion from Duty Cycle (DC) value (i.e. Red, Green, Yellow, and Blue in our case) and
the four corresponding α− opic stimulations levels in (α-lux) can be determined by 16 real coefficients, namely
Ki,j , with the following equation:
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×


RDC

GDC
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 (3)

Where RDC , GDC , BDC , YDC are the duty cycle values [0,100%] of Red, Green, Blue, and Yellow LEDs used
in our system. Ecyan, Emel, Echlor, Eeryth are the equivalent α-opic illuminance for Cyan-opic (S-cones), Melan-
opic (ipRGCs), Chlor-opic (M-cones), and Erythr-opic (L-cones), respectively. For any pair of colors (A and
B), i.e. eight pairs of DC values, it is possible to compute the stimulation levels for each photopigment with
the above equation. The Michelson Contrast (CM ) for any given photopigment activation level delivered by
switching from the two given colors A and B can be calculated with Eq. 2. Finally, we used a Generalized
Reduced Gradient26 (GRG) algorithm to optimize and find the best combination of DC values to achieve a
target contrast on a specific photopigment while silencing the others.

†https://www:newport:com/ p/918D-UV-OD3R



3. MATERIALS AND METHODS

In this section, the design of the instrumentation and the measurement procedures are presented. Specifically,
the experimental setup based on Silent Substitution is described in Section 3.1. The test methodology, including
technical information about the light spectral distribution and stimulation timing, is presented in Section 3.2.

3.1 System Setup

In this work, a Maxwellia-View27 based optical system is used to simultaneously record PLR and ERG responses
under the silent stimulation of cones for human subjects. The device used for this experiment is an upgraded
version of the monocular pupillometer presented in our previous work, ”A simple Maxwellian optical system to
investigate the photoreceptors contribution to pupillary light reflex”.24 The device schematic diagram, depicted
in Figure 2, consists of a double-lens optical scheme that includes four fiber-coupled high-brightness BGRY LED
light sources and a board-level 6.4 MPx CMOS camera, that is used to acquire grayscale images of the human eye.
As described in,24,28 the optical design of the instrument presents several advantages in the field of pupillometry.
In particular, the simple-two lenses stage, which achieves Maxwellian-View, allows superior control of the light
stimulation intensity on the retina while avoiding the utilization of pupil dilation practices.
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Figure 2: Optical diagram of the Pupillary Light Reflex instrument24 used to collect data. Infra-Red Light optical path
(dash purple line), i.e. acquisition path, allows eye recording while eye stimulation is achieved trough Visible Light optical
path (dashed yellow line). Lens L1 (f1 = 40mm, D1 = 2.54cm) together with a stop aperture has been used to collimate
the light towards lens L2 (f2 = 50mm, D2 = 2.54cm) that focuses the light beam to the eye’s pupil plane, obtaining an
output spot-size of ≈ 900 µm diameter with a full-width viewing angle θ = 20.5◦.

Moreover specifically, the optical design provides a focused beam with a diameter of 900 um and a 20-degree
field of view. The infrared-sensitive CMOS camera has been used together with eight 850 nm infrared LEDs
circularly arranged around the lens L2 and a high-pass optical filter (see. Fig. 2) to acquire pupil responses up
to 60 Hz.

ERGs were measured from the dominant eye using a silver/nylon corneal fiber electrode‡ (DTL Plus Elec-
trodes, Diagnosys LLC in Lowell, MA, USA) as the reference and a 9mm Ag/AgCl electrode (from Biosense
Medical in Chelmsford, UK) on the earlobe as the ground. The impedance was kept below 5 kΩ. The signals
were recorded using the Espion E2 system and Espion (v6.64) software from Diagnosys(Lowell, MA, USA), which
amplified and filtered the ERGs with a bandwidth of 1 Hz to 300 Hz and digitized them at a rate of 1000 Hz.

The device timing, thus including light stimulation, frame acquisition, and ERGs recording is controlled by
a microcontroller unit (MCU)§ with a 32-bit ARM core a and 80 MHz clock frequency. Additionally, a user-

‡https://www.diagnosysllc.com/product/dtl-plus-electrodes/
§Atmel SAM3X8E ARM Cortex-M3



friendly interface made with NI LabVIEW¶ is used to configure light stimulation and acquisition settings and
allows monitoring of the experiment in real-time.

3.2 Test Methodology

Four experiments, stimulating the two different classes of cones photoreceptors (L and S) singularly with two
different contrast (CM ) while silencing the others along with ipRGCs, have been carried out on three male
volunteers (S1, S2, and S3) aged 24, 34, and 55 years old. The experiments have been carried out in a controlled
illumination environment, where a series of 200 ms flashes were presented with a 0.5 Hz frequency or 2 seconds
period. This timing configuration has been specifically selected as a trade-off between clear ERGs and PLR
responses. As we can learn from the literature the easiest way to get clear ERGs responses is by repeating many
high-brightness short flashes (duration ¡ 100 ms)29 at 2-3 Hz interval frequency. Differently, for well-visible pupil
responses, longer flashes, in the range of 500 ms or more30,31 with much higher interval time, i.e. in the range
of seconds, are preferable. In our case, since both signals are recorded at the same time, timing values that will
work for both techniques must be considered. Therefore, as the best compromise between clear and meaningful
responses and test duration, the timeline depicted in Figure 3 has been used in all four of our experiments.
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Figure 3: Experimental temporal phases: (i) 120 seconds of background adaptation in a controlled environment, (ii)
single photoreceptor stimulation (≈ 10 min). During the stimulation phase, 200 ms light flashes with higher equivalent
illuminance for one selected photoreceptor with respect to the background illumination are presented with a interleave
period of 2 seconds. Every 10 flashes (20 s) a PAUSE interval with a variable duration comprised between 5 and 10 s is
used to allow the patient to blink.

More specifically, for each experiment, we used a 2 minutes adaptation phase (i) with background illumination,
while natural eye-blink was allowed. During this phase, only the recording of pupil size was active to evaluate
the subject’s specific pupil size at the background illumination level. Afterward, the stimuli were presented in
a series of 10 consecutive flashes for a total of 20 seconds where no blinks were allowed since ERGs signals are
extremely sensitive even to the smallest ciliary muscle movements. The stimulation phase (ii) is followed by a
PAUSE interval with a variable duration comprised between 5 and 10 seconds to allow the subject to blink and
rest for the next series of flashes. The 10 flashes stimulation phase with pause interval is then repeated up to
20 times, for a total of 200 averages of single burst responses. During the 20 seconds stimulation phase, the
simultaneous recording of both ERG and PLR responses is active on the stimulated eye, while during the pause
no recording is active except for the live video stream that allows for continuous adjustment of the eye alignment
performed by the operator.

Accordingly to the silent substitution technique presented in Section 2, we optimized the LED intensity
for each experiment to obtain a target Michelson Contrast CM (see. Eq. 2) of 40% ± 2% and 70% ± 2%

¶https://www.ni.com/en-us/shop/labview.html



for L-CONEs (experiments #1 and #2) and S-CONES (experiments #3 and #4). Table 1 summarize all the
specifications of the light stimuli for each experiment. The Base columns refer to the background stimulation
level, while Flash columns highlight the specifications with increased stimulation on the specified photopigment.

Table 1: Experiments specification. The α− opic stimulation levels reported as B, M, G, R are indicative for Cyan-opic
(S-cones, Blue), Melan-opic (ipRGCs), Chlor-opic (M-cones, Green), and Erythr-opic (L-cones, Red), respectively. Red
highlighted cells show the increment of equivalent α− opic activation on the target photopigment.

Experiment #1
L-CONE 40% CM

Experiment #2
L-CONE 70% CM

Experiment #3
S-CONE 40% CM

Experiment #4
S-CONE 70% CM

Base Flash Base Flash Base Flash Base Flash
Perceived Color Orange Red Green Red Dark Yellow Pink Light Green Pink

Wavelengths
(nm)

-
531
595
-

-
-

595
630

473
531
595
-

473
-
-

630

473
531
-

630

-
473
595
-

473
530
-

630

437
530
595
630

Total Radiant
Flux (uW)

0.80 3.38 0.64 5.59 1.26 1.41 1.62 1.72

Luminance (cd/m2) 88.42 163.29 73.37 264.64 105.19 89.92 149.22 130.91

α-opic
illuminance (α-lux)

B 0.07 0.09 0.39 0.71 1.34 3.08 0.56 3.06
M 0.55 0.22 2.11 1.06 3.61 3.99 3.95 4.77
G 2.84 2.90 3.15 4.87 4.22 3.81 5.93 5.29
R 3.97 9.03 2.78 14.7 4.49 4.43 5.92 6.10

FOV 20.5 ° FOV
Number of subjects 3 Males (age 23,34,53)

Timing 200 ms flash with 2 seconds period (10 flash seq.)
Test Condition Afternoon – Room light – Undilated Eye

Averages 100 to 200 recordings on the same day for each subject

As highlighted in the Table, the four experiments share the same viewing angle (FOV), timing, and environ-
mental condition. The number of averages recorded for each experiment and subject was closely linked to the
noise level of ERGs signals and ranged from 100 to 200 for all tests. For completeness, Figure 4 shows the whole
spectra flux distributions (W/m2) in the visible range used for each experiment.

4. PRELIMINARY RESULTS AND DISCUSSION

By using silent substitution, isolating the responses of L and S Cones were made possible along with measuring
simultaneous PLR and ERG signals to those specific stimuli. In Section 4.1, we present the results described by
ERGs signals while, in Section 4.2, the results concerning PLR responses are shown.

4.1 ERG results

Figures 5a,5b, and 5c highlight characteristics of the ERG’s isolated responses for L and S cone silent stimulation
at 40% and 70% CM on the three subjects, namely S1, S2, and S3 respectively. Time t = 0 s corresponds to
the beginning of the 200 ms flash for all the graphs. As previously mentioned, each curve represents the average
from over 100 single flash responses. After averaging, the responses have been band-pass filtered with [1 Hz
- 300 Hz] cutoff frequencies accordingly to ISCEV’s last dated guide to electroretinography29,32 and to other
reference research studies.10,33 Moreover, we performed smoothing with cubic spline,34 while keeping the total
attenuation of the signal under 3%. Statistics of ERGs average responses from the three subjects are reported
in Table 2.

As can be seen in Fig. 5, ERGs individual responses are pretty consistent for the three subjects. In particular,
we can notice that the amplitudes of a-wave, b-wave, and d-wave,1 as well as for the photopic negative response
(PhNR)35 are higher for the L-CONEs (dashed dark red line in Fig. 5) with 70% CM , thus for all the three
subjects (See Table 2). The L-CONEs 40% CM instead (solid orange line), show lower values in terms of PhNR
(-4.46 µV ) and OFF-Response, or d-wave, which is what is normal to be expected from lower intensity (i.e. lower
contrasted) flashes.36 Looking at the S-Cones responses, a different trend from L-Cones is appreciable for all
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Figure 4: Spectral distribution of light stimuli used for the silent substitution in the four experiments. For each graph,
the blue dashed line is the background spectrum while the orange solid line is the spectral flux used as a flash for each
test. a) shows spectral flux for experiment #1 with 40% contrast on L-cones (RED), b) shows the experiment #2 with
70% contrast on L-cones, c) shows experiment #3 with 40% contrast on S-cones (BLUE), and d) shows experiment #4
with 70% contrast on S-cones.

three subjects. In particular, b-wave and PhNR amplitudes are lower for both S-Cones 40% and 70% contrast,
especially for subject S1 (Fig. 5a) and S3 (Fig. 5c) if compared to the L-Cones counterpart. Taking a closer
look, b-waves for S-Cones at 70% CM also show to be slightly delayed (48.32 ms) if compared to the 40% ones
(40.69 ms). Moreover, S-Cones shows a significantly lower amplitude (2.250 - 2.406 µV ) and delayed (337 - 365
ms) d-wave (OFF-Response) if compared to L-Cones (3.745 - 12.485 µV ) amplitudes and (243 - 297 ms) d-wave
specifications.

Table 2: Average ERGs response statistics

Cones Type
a-wave

time (ms)
a-wave

amplitude (uV)
b-wave

time (ms)
b-wave

amplitude (uV)
PhNR-wave
time (ms)

PhNR-wave
amplitude (uV)

d-wave
time(ms)

d-wave
amplitude (uV)

L-CONE
70% CM

16.59 -0.846 42.06 4.285 105.89 -9.378 297 12.485

L-CONE
40% CM

18.94 -0.924 46.09 2.933 86.68 -4.461 243 3.745

S-CONE
70% CM

19.84 -0.995 48.32 1.491 130.92 -2.949 365 2.406

S-CONE
40% CM

16.57 -0.389 40.69 1.501 98.11 -3.587 337 2.250
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Figure 5: ERGs electrical response to L and S cones silent stimulation. (a), (b), and (c) refers to subjects S1, S2 and S3,
respectively. Dashed dark red lines (R 70%) correspond to L-Cones stimulation at 70% CM ; Solid orange lines (R 40%)
to L-Cones stimulation at 40% CM ; Dashed blue lines (B 70%) to S-Cones stimulation at 70% CM ; Solid light blue lines
(B 40%) to S-Cones stimulation at 40% CM . For all graphs, time t=0 ms corresponds to the beginning of the 200 ms
flash.

4.2 PLR results

PLR responses have been simultaneously recorded with ERG as explained in Section 3, where single flash
responses have been averaged for each subject. The point-by-point averaged responses of each subject, have
been furtherly normalized accordingly to the following equation:

PD(t) = 100 · PD(t)−min(PD)

PD(t = t0)−min(PD)
(4)

Where PD(t) is the pupil diameter normalized value at time t, PD(t) is the pupil diameter at time t in mm,
min(PD) is the minimum size of the pupil diameter in mm and PD(t = t0) is the pupil diameter in mm a time
t = 0, i.e. just before the beginning of the flash. This normalization technique allows us to furtherly average the
responses among the three subjects, thus enhancing timing and the recovery phase as explained in our previous
articles.24 Figure 6 shows the average combined responses for L and S cone silent stimulation at 40% and 70%
CM among the three subjects.
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Figure 6: Normalized and averaged PLR response among the three subjects for 200 ms flash-driven response. Time t=0
ms corresponds to the beginning of the 200 ms flash.

As shown in Figure 6 and reported in Table 3, there is a noticeable difference in the recovery phase of PLR
between S-Cones (solid light-blue line and dashed blue line) and L-CONES (dashed red line and solid orange
line). Specifically, the average S-CONEs induced PLR response recovers to 80% for 40% CM and 60% for 70%
CM of the initial background-adapted diameter. This is further confirmed by the data in Table 3, which shows
that the PLR dilation time constant for L-Cones is around 500 ms, while it is 50% higher for 40% S-Cones at
764 ms and 100% higher for 70% S-Cones at over 1000 ms (Refer to24 for more information on PLR dilation
time constant).

Table 3: Average PLR waveforms values for 200 ms flashes at 40% and 70% Michelson Contrast

Cones Type
Constriction
Delay (ms)

Peak Constriction
Time (ms)

Constriction
Time (ms)

Dilation Time
Constant (ms)

L-CONEs 70% CM 291 638 305 509
L-CONEs 40% CM 260 652 379 500
S-CONEs 70% CM 287 632 296 1035
S-CONEs 40% CM 256 651 339 764

5. CONCLUSIONS

In this study, we demonstrated the effectiveness of using a low-cost Maxwellian-View optical system for Silent
Substitution in observing PLR and ERG signals on human subjects. Despite the smaller field of view (20
degrees), the results were repeatable among different subjects and provided simultaneous measurement of the
pupil function. Our findings, as shown in Figures 5 and 6 of Section 4, reveal how ERG and PLR responses
offer distinct insights into the human visual pathway, with ERG providing more information in the first 300 ms
after flash and PLR providing useful knowledge on iris-muscle plant reaction and pupil recovery phase in the
time range between 200-2000 ms. This approach proved to be a faster, less invasive, and more comprehensive
way of investigating and potentially detecting common optic-nervous system disorders. We plan to expand this
research by conducting a measurement campaign on humans affected by mild traumatic brain injury (mTBI) in
future experiments.
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