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PURPOSE. To study the correlation between optoretinogram (ORG) and the underlying
phototransduction-initiated physiology, we irradiated mouse retinas with visible light
centered at a 482-nm wavelength to induce bleach-initiated morphologic changes in the
outer retinal layers, including photoreceptors and the retinal pigment epithelium (RPE).

METHODS. A 482-nm light-emitting diode was used for short-pulse irradiation of the retina
over a large field of view in the three groups of mice, including disease models, while
acquiring optical coherence tomography (OCT) image sequences using a custom-built
OCT system combined with a commercial electroretinogram (ERG) system. The visible
light exposure was adjusted to vary the total light energy (number of photons) delivered
to the retina, enabling observation of the bleach-level dependence of the ORG and ERG
signals.

RESULTS. Light-driven thickness increments in the outer retinal layers, including the
photoreceptors and RPE, were observed in wild-type (WT) albino and pigmented mice.
However, the energy of light stimuli did not produce a response in the retina of the rd10
mouse model. The lack of a full-field ERG response in the same animals also confirmed
this observation. These suggested that phototransduction in the 3-month-old rd10 mice
could not be initiated.

CONCLUSIONS. The ORG and ERG measurements recorded under various light stimuli
reveal the retina’s neural function. The ORG and ERG signals from the WT albino and
pigmented mice exhibited thickness increments in the ORG and an increase in amplitude
of a-waves and b-waves in the ERG, which were linked to phototransduction; however,
these signal trends were not observed in the rd10 mice. Therefore, the ORG/ERG system
could be an attractive instrument that provides both localized structural and global func-
tional information about the investigated retina, allowing for detailed studies of neural
function suppression in animal models of retinal degeneration.

Keywords: optoretinography (ORG), electroretinography (ERG), optical coherence
tomography (OCT), light-evoked retinal response, animal models

Recently, numerous optical coherence tomography (OCT)
studies have focused on observing and modeling light-

evoked changes in retinal layers to probe the neural
function of the retina during phototransduction.1–9 These
studies have referred to the analysis of visible light-
evoked responses in retinal layers as the optoretinogram
(ORG).7,10,11 When photons are captured by opsins in
the outer segment of photoreceptors, the retinal neurons
undergo various biochemical and biophysical changes,
including charge-dependent alterations in disc–membrane
forces and osmotic pressure, which cause water move-

ments and, consequently, nanometer-scale changes in reti-
nal layer thickness.12 These responses generate specific
effects, including the deformation of the length of the outer
segments (OSs) of photoreceptors.7,13 The clinical ORG
mainly measures light-driven morphologic changes, such
as the shrinkage and elongation, of the OS lengths of the
cones. Clinical and preclinical ORG studies have reported
using retinal images acquired using various OCT systems,
which could be categorized in terms of the OCT image
acquisition method, such as full-field OCT,3,14,15 line-scan
OCT,4 and raster scan OCT,2,8,16 as well as the method of
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ORG processing, such as intensity-based,6,16 phase-based
distance,2,8 and phase-based velocity ORG.5 Although ORG
signals caused by light stimulation in dark-adapted reti-
nas were observed in these studies, correlations between
these effects, the physiology underlying processes, and their
connections with phototransduction have been modeled in
just a few instances.16–18 Hence, simultaneous measurements
of ORG responses with electroretinogram (ERG) should help
link known phototransduction steps with the kinetics of the
ORG signal. ERG has been widely accepted as an objective
method for probing retinal function by measuring the elec-
trical responses of retinal neural activity after a light stimu-
lus.19,20 It detects the hyperpolarization and depolarization
of several retinal cells, including photoreceptors, bipolar
cells, and Müller glial cells, during phototransduction and
transmission of the electrical activity toward the brain. To
measure the global electrical response of the entire retina,
known as the full-field ERG, the retina surface should be illu-
minated with Ganzfeld illumination to ensure uniform irra-
diation. However, instead of using this illumination method,
our previous OCT/ORG studies relied on flying spot scan-
ning patterns for visible light stimulation.2,16 These irradi-
ation patterns resulted in time differences in spatial light
stimulation due to time-dependent scanning. In addition,
since the light source for stimulation continuously irradiated
the retina during a single OCT volume scan (∼1 second),
the previous light-stimulating method was inadequate for
short flash stimulation across a large field of view, which is
required for generating a full-field ERG signal.

In this study, we developed and built a custom mouse
OCT/ORG system with an independent Ganzfeld visible
light illumination channel. This system was combined with a
commercial ERG detection subsystem, enabling the simulta-
neous investigation of full-field ERG and ORG signals. Using
OCT BM-scan (serial cross-sectional B-scans acquired at the
same position) sequences of the mouse retina, ORG signals
were obtained through phase-based quantification of the
light-evoked morphologic changes in the outer retina. We
simultaneously acquired several ORG and ERG signals using
different stimulus energies in various mouse models, includ-
ing wild-type (WT) albino and pigmented mice, as well as
the rd10 retinal degeneration model.

METHODS

Development of Combined ORG and Full-Field
ERG Systems

For simultaneous acquisition of ORG and ERG signals, we
constructed a custom OCT system that shared light stimula-
tion for ORG, ERG, and triggered data acquisition by ERG
electrodes. The OCT system provided a lateral resolution of
∼4.9 μm in the mouse retina and a theoretical axial reso-
lution of ∼1.9 μm in the air from the central wavelength
(875 nm) and bandwidth (150 nm) of a broadband super-
luminescent diode (SLD) light source (MT-870-HP; Super-
lum, Carrigtohill, Ireland). The corrected axial resolution
was ∼1.4 μm, considering the average refractive index of
the mouse retina (1.35).21 The output beam power of the
SLD was 6.9 mW, which was split by a 75:25 fiber coupler
(TW850R3A2; Thorlabs, Newton, NJ, USA) to deliver 825 μW
at the mouse cornea. The sample arm included an opti-
cal stimulation path using an achromatic doublet, a mouse
contact lens, and the visible light (482 nm) light-emitting

diode (LED) source (M490L4; Thorlabs). A pair of galvo scan-
ners (6215H; Cambridge Technology, Bedford, MA, USA)
enabled x- and y-axis scanning with 100-kHz A-scan rates. A
line scan camera (spL4096-140km; Basler AG, Ahrensburg,
Germany) of a custom-built spectrometer provided 100-kHz
acquisition rates for a spectrum image corresponding to an
A-scan. The scanners allowed scanning for the OCT volume
and en face images with a field of view (FOV) of 50° × 50°
corresponding to 1.7 × 1.7 mm of the mouse retina. While
the spectrometer collected OCT spectral fringe data during
animal experiments with light stimulation, a commercial
ERG system (HMsERG; Xenotec, d/b/a OcuScience, Hender-
son, NV, USA) simultaneously recorded ERG signals. The
scanning patterns and LED light bleaching protocols for the
experiments are detailed in the “Protocol for Data Acquisi-
tion and Light Stimulation” section. To acquire ERG signals,
a silver wire electrode was submerged in a gel (GenTeal
Tears; Alcon, Fort Worth, TX, USA) between the contact
lens and the mouse cornea. This gel filled the gap in the
contact region, preventing the eye from drying and main-
taining ocular transparency. An experimental schematic and
photograph of the contact region with the silver wire elec-
trode are shown in Figure 1.

The sample arm, including the imaging probe and visi-
ble light irradiation channel, was developed through opti-
cal design and three-dimensional computer-aided mechan-
ical design using OpticStudio (Ansys, Inc. Canonsburg, PA,
USA) and SolidWorks (Dassault Systems, Velizy-Villacoublay,
Yvelines, France), respectively (Fig. 2a). A mouse eye model
described in a previous study was used as a sample in
the optical simulation involving beam scanning.22 Figure 2b
shows the common beam path in the sample arm and the
focal point of the LED beams in the mouse eye model. All
optical elements from the optical simulation were exported
as a computer-aided design file and mounted on optome-
chanical models. A simple beam profiling method utilizing a
complementary metal oxide semiconductor sensor was used
to measure the FOV illuminating the retina. A photograph of
the developed ORG + ERG system is shown in Supplemen-
tary Figure S2, and the details of the beam profiling method
are described in Supplementary Figure S3.

Calculation of Rhodopsin Bleach Ratio Equivalent
Stimulus Light Energy

We calculated the energy required for full-field light illumi-
nation based on a previous study to bleach different ratios
of rhodopsin in mice. The aforementioned study reported
the absolute photosensitivity of rhodopsin (Pa) in situ for
light measured at the cornea to be 7.0 × 10−9 μm2 at the
mid-wavelength of 501 nm.24 Accordingly, the reciprocal of
this Pa represents the light energy (1.43 × 108 photons/μm2

≈ (7.0 × 10−9 μm2)−1) required to bleach 100% of the
rhodopsin. Applying this value to 482-nm wavelength light,
the total flash energy of the stimulating beam should be
0.059 nJ/μm2 for 100% bleaching. In these experiments,
mouse eyes were exposed to light stimulation energy corre-
sponding to 10%, 20%, and 40% bleaching levels. The field
illumination area on the retina surface was estimated to be
4.061 mm2 using the formula for the side surface area of a
solid of revolution, and the detailed estimation is described
in Supplementary Figure S4. Then, the LED module was
operated with 1.843 mW (80% of the maximum output
power of the light source) for 13 ms (10% bleaching), 26 ms
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FIGURE 1. Schematic of the custom-built OCT/ORG system combined with a commercial ERG system (HMsERG) to observe the visible
light stimulation–driven scotopic retinal response in the living mice. The data acquisition board in the workstation (PCIe-6363; National
Instruments, Austin, TX, USA) controlled the OCT operation, visible light LED channel, and ERG measurements through the trigger signal,
allowing for the simultaneous measurement of ORG (OCT) and full-field ERG signals. Additionally, a buzzer shared the trigger line, indicating
the timing of the light stimulation and ERG measurement in a dark room. The silver wire electrode of the ERG system was located between
the contact lens at the end of the imaging probe and the mouse cornea. A photograph of the developed ORG + ERG system is shown in
Supplementary Figure S2.

FIGURE 2. Optical design of the sample arm for mouse retinal imaging and stimulus illumination. (a) Optical simulation of one-axis scanning
with the mouse eye model. Each color represents a beam path for a different scanning angle. The mouse model has been used in previous
studies.22,23 (b) LED full-field light illumination through the common beam path to the mouse eye, modeled with a reflection by a dichroic
mirror.

(20% bleaching), and 52 ms (40% bleaching), using the calcu-
lations for the light-exposed area, which are presented in the
section 4 of the Supplementary Document.

Phase Difference Stability Measurements

The analysis of retinal thickness variation using phase-
based position estimation required a stable phase during
the whole OCT data acquisition. The measured phase differ-
ences between two positions from the same A-scan (z-
axis) of each consecutive BM-scan series (signal-to-noise
ratio [SNR] = 58.54 dB without final lens corresponding to
mouse cornea and lens) showed phase stability in radians
or nanometers for phase average and its standard deviation
(SD) values. The phase differences between two axial posi-
tions over 500 sequential BM-scans exhibited a mean (SD)

of 0.01 (0.13) rad. These measurement error values were
compensated for the actual mouse retina imaging based on
the SNR value (29.98 dB) of the retinal imaging. Convert-
ing these values to optical path length (OPL) nanometers
resulted in a mean error of 0.72 nm (0.014 rad) and a stan-
dard deviation of 9.464 nm (0.182 rad). The phase difference
stability measurement and results are explained in Supple-
mentary Figure S5 and section 5 of the Supplementary Docu-
ment.

In Vivo Mouse Experiments

All mouse husbandry and handling were in accordance
with protocols approved by the University of California
Animal Care and Use Committee, which strictly adheres
to all National Institutes of Health guidelines and satisfies
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the ARVO guidelines for animal use. Three mouse strains
with two females in each group were used to test perfor-
mance of the ERG/ORG system: WT albino (B6(Cg)-Tyrc-
2J/J, two females, 6 weeks of age), WT pigmented (C57BL/6,
two females, 3 months of age), and retinal degeneration 10
(rd10, two females, 3 months of age) on the pigmented
background (C57BL/6) line. WT albino was used to vali-
date the performance of the developed OCT system for
acquiring ORG signals by measuring the distance between
two sharply defined layers. Time course measurement of
the length between the external limiting membrane (ELM)
and Bruch’s membrane (BrM) could provide outer segment
deformations induced by light stimulation. Although the
ELM and BrM were well defined in albino mice, in the
case of pigmented mice, melanin granules (size 0.6∼1.0 μm)
could lead to Mie scattering in the retinal pigment epithelium
(RPE) layer, represented as a hyperreflective region, which
disturbed BrM imaging in the retina image.25,26 Comparison
of B-scans between albino and pigmented mice in Supple-
mentary Figure S6 shows the capability for imaging BrM
in albino mice. Based on the validated performance of the
OCT system, the RPE band in pigmented mice was also
used as one of the layers for ORG acquisition. Unlike the
albino mice group, the age of WT pigmented and rd10
mice was selected as 3 months to show distinct differences
between the normal and severe disease groups (photore-
ceptors completely reduced).27,28 According to the previous
study, 70-day-old rd10 mice had severe retinal degenera-
tion, including a complete reduction of outer segments of
cone and rod cells.27,28 Supplementary Figure S7 presents
the B-scan image of 3-month-old rd10 mice, showing a
thinned and degenerated retinal layer at 67 μm (normal,
137.5 μm), corresponding to the OPL to RPE layers. Only the
retina nerve fiber layer/ganglion cell layer, inner plexiform
layer, inner nuclear layer, and RPE remained detectable in
3-month-old rd10 mice, which was also reported by Pang et
al.29 We believe the age and OCT B-scan images were suffi-
cient evidence to suggest that the rd10 model’s retina under-
went thorough degeneration. For the ORG experiments, all
mice were dark-adapted for 2 hours inside a fully covered
dark box. A gas anesthesia system (V-10 Mobile; VetEquip,
Livermore, CA, USA) supplied an O2 mixture with isoflu-
rane gas in various concentrations. A 4% concentration was
used for the initial step in the anesthesia induction cham-
ber before placing the mice in the bite bar for inhalation
anesthetic delivery on the animal stage. A 2% isoflurane
concentration was subsequently supplied during the imag-
ing session. While the mice were undergoing imaging, the
isoflurane gas content was maintained within a 1.7% to 2.5%
range to stabilize anesthesia and breathing. Before the imag-
ing experiments, mouse eyes were dilated using eye drops
(tropicamide and phenylephrine). A custom heating pad and
disposable handwarmer heated the platform for the mouse
stage and the bite bar to maintain the temperature while the
mice were anesthetized.

ERG Subsystem

The ERG device (HMsERG) measured the light-evoked elec-
trical response during the hyperpolarization and depolar-
ization of the retinal cells. The ERG electrodes comprised
a needle-type ground, a reference electrode, and a corneal
surface electrode made of silver wires. To measure the ERG
signals, the ground electrode was placed near the tail, far
from the eye, and the reference electrode was placed on

the cheek under the eye. The silver wire was interleaved
between the contact lens of the imaging probe and the
cornea. The ERG system was customized by the manufac-
turer to perform a slave role in the trigger function to
synchronize ERG acquisition, light stimulation, and OCT
imaging for ORG signals. After data acquisition, a signal
processing code developed in the LabVIEW software filtered
the raw electrical signals for the ERG using a 60-Hz notch, a
0.05- to 1000-Hz bandpass, and Gaussian filters to reduce
noise.30 The ERG signals before and after the filtering
process are shown in Supplementary Figure S8.

Protocol for Data Acquisition and Light
Stimulation

The experimental protocol was divided into two steps: (1)
preparation for BM-scan acquisition (multiple B-scans on the
same position) and (2) data acquisition during light stimula-
tion. All experiments, performed in a dark room, are summa-
rized below:

Step 1. Preparation for BM-scan acquisition
1-1. Dark adaptation of the mouse (2 hours)
1-2. Initial anesthesia in the induction chamber
1-3. Placing the mouse on the three-axis stage for imaging

and adjusting the concentration of isoflurane gas
1-4. Dilating mouse pupils with drops (tropicamide and

phenylephrine)
1-5. Dispensing the gel (GenTeal Tears; Alcon) on the

cornea and contact lens
1-6. Inserting needle-type electrodes into the mouse and

placing the silver wire electrodes in front of the
contact lens

1-7. Positioning the three-axis stage to attach the mouse
cornea to the imaging probe

1-8. Volume imaging for the en face view (FOV: 1.7 ×
1.7 mm) to display the imaging regions on the retina

1-9. Optimizing the position of the mouse stage for the
imaging system to achieve the desired retinal eccen-
tricity

1-10. Selecting the area for BM-scans

Step 2. ORG and full-field ERG signal acquisition during
light stimulation

2-1. Acquiring time-series baseline data, both OCT and
ERG, for 10 seconds without visible light irradiation

2-2. Acquiring OCT and ERG time series for 10 seconds
after visible light stimulation (allowing simultaneous
ORG and ERG signal acquisition)

The imaging system could display real-time en face OCT
projection views via high-pass filtering and summation of
the volume data during volume scanning.31 Although our
previous system utilized a scanning light ophthalmoscope
(SLO) for live retinal fundus views during animal position-
ing, our updated OCT system enabled us to observe reti-
nal en face views without the need for a fundus camera or
SLO.32 Figure 3a illustrates the simple OCT en face projec-
tion view, which yielded the retinal images used in steps
1-8, 1-9, and 1-10 in the experimental protocol. After acquir-
ing BM-scan images without visible light exposure, the digi-
tal trigger signals, including BM-scans and ERG signals with
light stimulation, were utilized to obtain experimental data.
The LED channel provided visible light for a few millisec-
onds, starting at 1 second after the start of data acquisition.
The stimulus flash exposure time (Ts) shown in Figure 3c
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FIGURE 3. Protocols for acquiring OCT volume data for en face projection views and BM-scans. The volume data were acquired to determine
the location of the B-scan area through the live en-face view. A series of B-scans was required to analyze the temporal evolution of ORG
signals. (a) Imaging for the selection of the scanning area before the main experiments. Selection of a scanning area for BM-scan acquisition
using a reconstructed en face projection image of the retina during imaging sessions via fast Fourier transform (FFT) intensity data processing.
The volume data comprises 1000 × 1000 A-scans, including flybacks of the scanner raster patterns. After selecting the scanning area, the
volume data were saved (steps 1-8 through 1-10 in the summarized protocol). (b) Baseline data acquisition in a selected scanning range
without a visible light stimulus. The baseline data consist of BM-scans acquired for 10 seconds at a 1-kHz B-scan rate. (c) The same data
acquisition process was repeated along with full-field ERG signal measurement and light stimulation for 10 seconds, including the time
before light stimulation (Tb), stimulation time (Ts), and time after stimulation (Ta). ERG signal measurement was restricted to 5 seconds due
to the memory limit of the ERG instrument. If the stimulus time, Ts, was varied to adjust light energy, Ta was adjusted to maintain a total
elapsed time of 10 seconds. (d) Timing diagram depicting imaging, light stimulus, and ERG measurement. ERG measurement starts at 800
ms, which allows better utilization of the limited acquisition time of the ERG subsystem.

was adjusted to meet the light energy requirements for each
rhodopsin bleach level. The timeline of the digital triggers
is illustrated in Figure 3d.

Postprocessing of OCT Data to Extract ORG
Signals

The OCT data processing for extracting ORG signals
involved two steps: processing sequential OCT B-scan
data and calculating the time-dependent distance between
specific retinal layers (ELM to BrM or ELM to RPE). First,
custom postprocessing software based on previous stud-
ies was used to perform a fast Fourier transform on
the dispersion-compensated spectral fringe data after k-
linearization and phase calibration.33,34 The OCT image
processing provided amplitude and phase information for
each pixel in the OCT B-scans, derived from the spectral
fringe data acquired by the spectrometer. The phase-based
ORG processing software reported in our previous study
was employed to calculate the distance between two reti-
nal layers, including OSs. The detailed procedure for ORG
processing is explained in Supplementary Figure S9.

RESULTS

Light-Evoked ORG and Full-Field ERG Responses
in WT Albino Mice

The full-field illuminating LED channel irradiated the mouse
eye with 23.96 μJ and 47.92 μJ, corresponding to 10% and
20% bleaching, respectively. Figure 4 presents the represen-

tative retinal responses for a 20% bleach level, while those
for a 10% bleach level are shown in Supplementary Figure
S10. The BM-scan, acquired at a rate of 1 kHz for 10 seconds
(Fig. 4a), was used to extract the ORG signals. Figures 4b
and 4c show the time-dependent distance changes between
the ELM and the BrM using phase-based �OPL (optical
path length changes) calculations. The initial value of the
phase difference was set to zero as a reference, and the
graphs displayed the relative change in the distance between
the two layers over a 10-second period. Figure 4b shows a
lack of ORG signal without any light stimulation as a base-
line. Figure 4c displays the standard kinetics of the ORG
signal, indicating a bleach-induced swelling of the outer
retina. As a result of light stimulation, the �OPL distance
between the ELM and the BrM has extended ∼152.06 ±
9.46 nm at 10 seconds. The ERG graph in Figure 4d shows
the a-wave peak response of the photoreceptors, the b-wave
peak response of the bipolar cells, and Müller glial cells. The
implicit times of the a-wave and b-wave were the time from
the flash to the a-wave trough and b-wave peak. While the
amplitudes of the a-wave were measured from 0 μV as a
reference, the reference for the b-wave amplitudes was the
voltage level of the a-wave trough.

Light-Evoked ORG and ERG Responses in
WT-Pigmented Mice

An experiment was performed using WT-pigmented mice as
a normal model to compare with the retina degeneration
model. Since melanin was responsible for increased scatter-
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FIGURE 4. Light-driven ORG and ERG signals with 47.92 μJ for 20% bleaching in WT albino mice. (a) BM-scan area corresponding to the
yellow box and the distance measuring target (BrM-ELM). The parts marked in light blue in (a), (c), and (d) represent light stimulation timing.
(b) ORG signal in the baseline experiment without light stimulation. No significant changes occurred in the phase and shift values between
0 and 10 seconds. (c) Light-evoked ORG signals showing relative swelling with an initial phase value of 0. Basic motion correction, using
the cross-correlation method, was employed in phase-based ORGs to minimize motion artifacts. However, it was not possible to completely
remove significant motion artifacts from heartbeats and breathing. These artifacts depended on the anesthesia states and individual differ-
ences between the mice. To provide clear ORG signals, a 0.05- to 60-Hz bandpass filter and a Savitzky-Golay filter were applied. (d) ERG
graph including a-wave with negative voltage levels and b-wave with positive voltage levels during retina exposure to 482-nm bleach stimuli.

FIGURE 5. Light-induced ORG and ERG responses with 47.92 μJ light stimulation for 20% bleaching in WT-pigmented mice. (a) BM-scan
region marked by the yellow box and the distance measurements taken between RPE and ELM. (b) Baseline ORG signal without light
stimulation, showing no significant phase shift throughout the 0- to 10-second interval. (c) The light-evoked ORG responses exhibited
relative deformation with a phase value of 0 at 0 seconds. (d) ERG responses displaying a-wave with negative voltage levels and b-wave
with positive voltage levels during retina exposure to 482-nm bleach stimuli.

ing in the RPE and choroid layers, BrM was not detectable
in B-scan images. For this reason, RPE was used as an alter-
native for the reference layer for the ORG signal extrac-
tion (RPE-ELM). We irradiated the LED light with 47.92 μJ
and 95.84 μJ on the mouse eye, corresponding to 20% and

40% bleach, respectively. Figure 5 and Supplementary Figure
S11 presents the representative retinal response for 20% and
40% bleaching, respectively. As in the evaluation of the ORG
signals (ELM-BrM) in the albino mice, the ORG signals (ELM-
RPE) in Figure 5 exhibited no changes under the baseline
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FIGURE 6. Light-driven ORG and ERG signals with 95.84 μJ light irradiation for 40% bleaching in rd10 mice. (a) BM-scan area corresponding
to the yellow box and the distance measuring target (RPE-ELM). The parts marked in light blue in (a), (c), and (d) denote the light stimulation.
(b) ORG signal for baseline without light stimulation. Since the rd10 models already showed damage in the outer retinal layers, including
the photoreceptor layers, the B-scan in (a) showed a thinner retina than those in Figures 4a and 5a. (c) ORG signal with light stimulation.
The ORG signals in (b) and (c) showed minor fluctuations, which cannot be attributed to light irradiation effects. To provide clear ORG
signals, a 0.05- to 60-Hz bandpass filter and a Savitzky-Golay filter were applied. (d) The ERG graph showed only a pulse-wave response
resembling breathing artifacts without any a-wave or b-wave responses. In Supplementary Figure S13b, the extended ERG signal presented
the repeated pulse wave caused by breathing artifacts.

condition (without light stimulation), whereas the distance
between the ELM and the RPE was extended ∼173.98 ± 9.46
nm until 10 seconds under LED light stimulation. Although
the magnitude of elongation could be higher than 174 nm
after 10 seconds, the measurements after 10 seconds were
limited due to the out-of-memory error in the acquisition
session on the computer. The increment of the noise vari-
ance in Figure 5b might be from random phase noise.

Light-Evoked ORG and ERG Responses in
Pigmented rd10 Mice

As expected, despite following the same imaging and light
stimulation protocols for the retinal degeneration mouse
model, ORG signals indicating elongation of the outer reti-
nal layers (ELM-RPE) were not observed. Figure 6 displays
the retinal responses of the pigmented rd10 mouse to visi-
ble light energy for 40% bleaching (95.84 μJ) and the 20%
bleach level responses are available in Supplementary Figure
S12. As seen in the B-scan image in Figure 6a (blue-dotted
line), the outer retina (ELM-RPE) was significantly thinned
in the disease model. The ERG measurement also failed to
yield recordings of the a-wave and b-wave peaks. The lack of
ORG and ERG signals indicated that the phototransduction
in the retina was not present, which was also confirmed by
the structural atrophy of the photoreceptors shown in the
B-scan in Figure 6a.

Comparison of ORG and Full-Field ERG Signal
Dependence on Bleach Levels

The visible light stimulations in the WT mice resulted in a
proportionally increasing tendency in the distance between

the BrM and the ELM, as well as between the RPE and the
ELM, depending on the energy of the different bleach levels,
as shown in Figures 7a and 7d. While the baselines (with-
out light stimulus) in the graphs showed slight thickness
changes over 10 seconds, these changes did not exhibit a
continuous increase or decrease throughout acquisition. The
constantly changing values without specific patterns were
assumed to originate from motion artifacts and phase insta-
bility. Although the ORG exhibited a proportional relation-
ship with the bleach energy, the implicit times and ampli-
tudes of the ERG were not influenced by the bleach levels
to the same degree. In our experiments, the bleach levels
were varied by adjusting the duration of irradiation with
a fixed light intensity. The light power was considered a
crucial factor affecting the characteristics of ERG peaks
because these peaks have similar implicit times and ampli-
tudes. These aspects were observed for both the albino and
pigmented mice. For the rd10 mice, the thickness increase
in the retinal layers was not observed after light stimuli,
and ERG signals could not be obtained due to the damaged
neural function of the retina.

DISCUSSION

ORG measured the light-evoked morphologic changes in
outer retinal layers (ELM-BrM or ELM-RPE) during serial OCT
imaging. To quantify the retinal layer deformation, we have
previously conducted intensity-based and phase-based ORG
studies.2,16 Intensity-based structure deformation measure-
ments have limitations in quantifying minute shifts in defor-
mation. Still, measurements of deformations smaller than the
axial resolution, down to tens of nanometers, were possi-
ble for well-defined layers (high SNR) seen on OCT. The
phase-based ORG processing had the advantage of detect-
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FIGURE 7. Summary of ORG and ERG responses measured in WT-albino, WT-pigmented, and rd10 mice depending on light stimulus bleach
levels (n = 2 per group). (a) Maximum swelling of the outer retina in WT-albino mice in responses to 10% and 20% bleach levels and
corresponding baseline (0% bleach level), respectively. (b) ERG amplitudes of the a- and b-waves for the same two stimulus bleach levels
in (a) and baseline ERG responses (no ERG signal amplitude). (c) Comparison of implicit times of a- and b-waves induced by two stimulus
bleach levels (no waves for baseline measurements). (d) Thickness changes due to 20% and 40% stimulus bleach levels in rd10 and WT-
pigmented mice. Similar to the albino experiments shown in (a), the thickness difference between the RPE and the ELM was negligible
for the baseline experiments (0% bleach level). Inset depicts magnified small values of �Thickness depending on stimulus bleach levels.
(e) ERG amplitudes of the a- and b-waves for the same two stimulus bleach levels in (d) and baseline ERG responses (0% bleach level) for
rd10 (no waveform was observed in ERG responses), as well as WT-pigmented mice. Inset shows zoomed-in small-amplitude values in ERG
signals depending on stimulus bleach levels. (f) Comparison of implicit times of a- and b-waves induced by two stimulus bleach levels (no
waves for rd10 mice and baseline measurements). Error bars represent standard deviation. ORG responses in (a) and (d) show a bleach
level–dependent tendency in swelling amplitude. ERG responses in (b), (c), (e), and (f) do not show bleach level–dependent changes. The
differences between baseline and stimulus-driven rd10 experiments were not statistically significant based on the XY statistical test.

ing nanoscale thickness changes between any two arbitrary
positions within the A-scan. The high noise level of the ORG
phase-based data shown here could lead to a small error
in the actual path length difference due to heartbeat and
breathing variations. As shown recently by Tan et al.,9 alter-
native processing methods should be explored to reduce the
noise of the measured ORG signals. In addition, improve-
ment for real-time motion correction based on reference
tracking might reduce the noise of the ORG signal by motion
variations during data acquisition steps. Individual mouse

ORG and ERG results showed different levels of noise from
breathing and heartbeat, but real-time motion correction will
mitigate these artifact levels.

The advancement achieved in the present study included
simultaneous ERG measurement and full-field flashlight
stimulation. The LED illumination channel did not require
scanning, unlike the system used in our previous study,2,16

which required raster scanning of the bleaching beam.
Here, we simultaneously acquired ERG signals and serial
B-scans during visible light stimulation. The light ener-
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gies for each stimulation were modulated by adjusting the
exposure duration while maintaining a fixed light inten-
sity. Since adjusting light stimulus energy by exposure time
did not conform to the International Society for Clinical
Electrophysiology of Vision guideline, a higher-power light
source combined with optical attenuation (neutral density
filter sets) should be explored for future experiments on
ERG-integrated ORG. This would allow changing the bleach
level without changing the exposure time. Additionally, our
current OCT system’s sensitivity did not allow measurement
of ORG responses at low bleach levels, often used in ERG
studies.

Through postprocessing via phase-based quantification
of �OPL on the BM-scans and ERG data extraction, we
obtained ORG and ERG graphs revealing the bleach level–
dependent responses of the retina, including increased reti-
nal thickness as well as a- and b-waves of ERG. The ORG
results from experiments using albino and pigmented WT
mice revealed, as expected based on the bleach level–
dependent ORG by Tan et al.,9 a proportional increasing
tendency in retinal layer thickness with bleach light levels.
As presented in Figures 7a and 7d, when the energy level
was doubled (bleach level 20% in WT-albino and 40% in WT-
pigmented), the average increase in thickness reached 168%
and 147% respectively, compared to half of each bleach level
(10% in WT-albino and 20% in WT-pigmented). Baker et al.35

reported that rod bipolar cells were significantly reduced
in albino retinas compared with pigmented rats. Low rod
numerosity could be assumed to have low sensitivity and
low light-evoked response corresponding to the amplitude
of peaks of ERG signals, but the albino rabbit was more
sensitive than the pigmented rabbit reported by Ioshimoto
et al.36 According to this ERG comparison, the high sensi-
tivity of albino rabbits might be attributed to greater avail-
ability of light due to scatter and reflection at the retinal
layer. We expected the high sensitivity of the albino model
to affect a higher average increase ratio than pigmented
models. Although we indirectly compared ORG/ERG results
by observing a doubling of stimulus energy level between
albino and pigmented mice here, retinal sensitivity and rod
numerosity-dependent ORG, combined with ERG, will be a
critical approach to understanding ORG physiology in our
future work. While WT albino and pigmented mice showed
bleach level–dependent ERG and ORG responses, including
the proportionally increasing tendency, no reactions arose
in the rd10 mice, as shown in Figures 7d and 7f. Since
thinned and damaged photoreceptor layers were observed
with rd10 mice from the volume-scanning procedure, the
aforementioned lack of light-evoked responses was caused
by the absence of activation for the phototransduction
process due to the damaged photoreceptors and the death
of most of these neurons. These tendencies confirm that
ORG signals can be acquired and analyzed to assess the
remaining neural function in partially damaged retinas in
animal models. The nonresponsive ORGs and ERGs in the
completely photoreceptor-degenerative rd10 mice (3 months
of age) validated the feasibility of the ORG system for screen-
ing between normal and blind animals. However, further
studies would be needed to assess system sensitivity to
grade disease progression in retinal degeneration. We plan
to investigate ORG and ERG responses in retinal degener-
ation at each disease stage of rd10 (from predegeneration
to rod degeneration completion) in an appropriate sample
size in the future. Additionally, retinal conditions in all mice
models should be cross-validated via histologic analysis.

Whereas the ORG data in each experiment exhibited a
bleach level–dependent tendency in swelling amplitude, the
characteristic differences in each peak for the a- and b-
waves were not significant with respect to the bleach levels.
We presumed that varying the light exposure conditions
by adjusting the exposure duration was not suitable for
inducing ERG signals with varying implicit times and ampli-
tudes. This was because the implicit times and amplitudes
of each wave peak depended on the illumination intensity,
as observed in previous ERG studies.37,38 Additionally, for
the pigmented WT mice, 40% bleach led to shorter implicit
times and lower amplitudes than 20% bleaching. Although
the reason for this observation was unclear, we believed
that lighting durations longer than 50 ms allowed the retina
to adapt to light exposure and reduce its response. For
example, clinical research has reported that after 20 ms
of exposure, the electrical signals were split as the b-wave
and d-wave of human ERG, and the b-wave amplitudes
decreased.37 Thus, intensity-dependent light stimulation for
5 ms will be considered in future studies to compare bleach-
driven ORG and ERG responses. The relatively low ampli-
tude of the full-field ERG response is probably due to the
nonoptimal design of the corneal electrode and the limited
retinal area being stimulated. We will try to address these
issues in the future. Additionally, ORG signals could be
extracted from any two retinal layers located outside of the
outer segment, not just ELM-BrM, as shown in this study.
Although the ORGs of the ELM-RPE layer and the ELM-
BrM were not a perfect substitute for each other, they were
enough to show elongation of the outer segments. If the
RPE layer also exhibited significant morphologic alterations
in response to light stimulation, then selecting RPE and BrM
boundaries for ORG calculation would be crucial for ORG
comparison. However, distinct morphologic changes in RPE
were observed after exposure for ∼1.5 hours at 6000 lux,
which involved a much higher light energy than our stimu-
lus protocol.39

Unlike ERG, which showed rapid responses within
100 ms after light stimulation, ORG showed much longer
responses lasting over 10 seconds. In comparison, the elec-
trical signals of ERG originated from the immediate electrical
responses of photoreceptors, bipolar cells, and Müller glial
cells. The source of the light-driven rise in osmotic pres-
sure (water activity) between the photoreceptor’s OS and
the subretinal space was the light activation of rhodopsin
and the resulting phototransduction cascade.16,18,40–42 We
expected the ORG signals (swelling of OS) to increase
until osmotic pressure equilibrium was reached and then
decrease once the effects of phototransduction were entirely
reversed. The primary role of water movement in caus-
ing retinal swelling and scattering changes has recently
been confirmed.12 Since the osmotic equilibration and regen-
eration process after light stimulation required a signifi-
cantly longer time (>100 seconds) than the rapid electri-
cal responses, such as the a-wave (∼20 ms) and b-wave
(∼100 ms) in ERG, the ORG signal was measured longer
than the ERG signals.16 The results of much longer ORG
responses than ERG responses were also observed in
another ORG-ERG combined study in humans by Dhali-
wal et al.43 and in mice by Tan et al.,9 suggesting a
possible link with the c-wave. Supplementary Figure S1
describes the sequence of light-evoked responses in the
outer retina and the possible mechanistic chain of events
responsible for ORG responses observed over a longer
time than the a- and b-waves of ERGs, as it was linked
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with osmotic equilibration rather than the electrical cellular
responses.

Combining ORG with ERG in the mouse model was a
valuable initial step for understanding ORG origins and
the physiology of phototransduction via light stimulation.
Comparisons between baseline and rd10 models suggested
the feasibility of developed OCT for ORG to detect photore-
ceptor loss. To translate ORG + ERG into human stud-
ies, key technical challenges remained (e.g., phase stability,
real-time motion correction, correlation between the ORG
signal and the numerosity of photoreceptors, and optimiz-
ing the light stimulation protocol). Once these advances
have been achieved with the ORG technology, ORG with
ERG could be applied to a potential clinical investigation for
early diagnosis of photoreceptor dysfunction. Ultimately, we
expect that advanced ORG, combined with ERG,will provide
ORG mapping of retina, similar to multifocal ERG, to reveal
photoreceptor function across the retina.

Acknowledgments

The authors thank Reddikumar Maddipatla, as well as other
members of the EyePod and CHOIR labs, for their valuable
suggestions and encouragement during this project.12,44,45

Supported by the US National Institutes of Health (P30
EY012576, R01 EY026556, R01 EY031098, R01 EY033532, R01
EY034340), the Polish National Science Centre (2021/43/B/ST7/
03025), and the Foundation for Polish Science (START 63/2024),
and the National Research Foundation of Korea grant funded by
the Korea government (MIST) (RS-2023-NR076534 and RS-2018-
NR031065).

Disclosure:H.C. Jo, None; E.A.Pijewska, None;R.K.Meleppat,
None; R.S. Jonnal, None; A. Moshiri, None; D. Yu Kim, None;
R.J. Zawadzki, None

References

1. Azimipour M, Valente D, Vienola KV, Werner JS, Zawadzki
RJ, Jonnal RS. Optoretinogram: optical measurement of
human cone and rod photoreceptor responses to light. Opt
Lett. 2020;45(17):4658–4661.

2. Pijewska E, Zhang P, Meina M, Meleppat RK, Szkulmowski
M, Zawadzki RJ. Extraction of phase-based optoretinograms
(ORG) from serial B-scans acquired over tens of seconds
by mouse retinal raster scanning OCT system. Biomed Opt
Express. 2021;12(12):7849–7871.

3. Hüttmann G, Pfäffle C, Höhl S, et al. Reproducibility of full-
field OCT-based optoretinography (ORG). Invest Ophthal-
mol Vis Sci. 2023;64(8):1359.

4. Pandiyan VP, Jiang X, Maloney-Bertelli A, Kuchenbecker JA,
Sharma U, Sabesan R. High-speed adaptive optics line-scan
OCT for cellular-resolution optoretinography. Biomed Opt
Express. 2020;11(9):5274–5296.

5. Vienola KV, Valente D, Zawadzki RJ, Jonnal RS. Velocity-
based optoretinography for clinical applications. Optica.
2022;9(10):1100–1108.

6. Kim T-H, Wang B, Lu Y, Son T, Yao X. Functional optical
coherence tomography enables in vivo optoretinography
of photoreceptor dysfunction due to retinal degeneration.
Biomed Opt Express. 2020;11(9):5306–5320.

7. Jonnal RS. Toward a clinical optoretinogram: a review of
noninvasive, optical tests of retinal neural function. Ann
Transl Med. 2021;9(15):1270.

8. Jo HC, Pijewska E, Meleppat RK, Jonnal RS, Kim DY,
Zawadzki RJ. Development of compact mouse retinal imag-
ing system using spectral domain optical coherence tomog-

raphy (SD-OCT) with a full field stimulation channel
for recording fast optoretinograms (ORGs). In Proc SPIE
Ophthalmic Technology XXXIV. 2024:71–76.

9. Tan B, Li H, Zhuo Y, et al. Light-evoked deformations in rod
photoreceptors, pigment epithelium and subretinal space
revealed by prolonged and multilayered optoretinography.
Nat Commun. 2024;15(1):5156.

10. Mulligan JB, MacLeod DI, Statler IC. In search of an
optoretinogram. Vision Science and Its Application Topical
Meeting. Santa Fe. 1994.

11. Valente D, Vienola KV, Zawadzki RJ, Jonnal RS.
Insight into human photoreceptor function: modeling
optoretinographic responses to diverse stimuli. Sci Adv.
2025;11(24):eadq7332.

12. Zhang P, Karlen SJ, Allina GP, Zawadzki RJ. Whole retina
light-evoked optoretinography (ORG) under different retina
hydration levels: modeling of Bruch’s membrane ORGs.
Biomed Opt Express. 2025;16(5):1944–1959.

13. Boyle KC, Chen ZC, Ling T, et al. Mechanisms of
light-induced deformations in photoreceptors. Biophys J.
2020;119(8):1481–1488.

14. Pijewska E, Valente D, Kim DY, et al. Signal processing
of sub-kHz FF-SS-OCT for optoretinography of the human
retina. In: Proc SPIE, Optical Coherence Tomography and
Coherence Domain Optical Methods in Biomedicine XXXIV.
2024 Photonics West, San Fancisco. 2024:PC1283010.

15. Hillmann D, Spahr H, Pfäffle C, Sudkamp H, Franke G,
Hüttmann G. In vivo optical imaging of physiological
responses to photostimulation in human photoreceptors.
Proc Natl Acad Sci USA. 2016;113(46):13138–13143.

16. Zhang P, Zawadzki RJ, Goswami M, et al. In vivo opto-
physiology reveals that G-protein activation triggers osmotic
swelling and increased light scattering of rod photorecep-
tors. Proc Natl Acad Sci USA. 2017;114(14):E2937–E2946.

17. Pandiyan VP, Maloney-Bertelli A, Kuchenbecker JA,
et al. The optoretinogram reveals the primary steps of
phototransduction in the living human eye. Sci Adv.
2020;6(37):eabc1124.

18. Pandiyan VP, Nguyen PT, Pugh EN, Jr, Sabesan R. Human
cone elongation responses can be explained by photoac-
tivated cone opsin and membrane swelling and osmotic
response to phosphate produced by RGS9-catalyzed
GTPase.Proc Natl Acad Sci USA. 2022;119(39):e2202485119.

19. Frishman LJ. Origins of the electroretinogram. In: Hecken-
lively JR, Arden GB, eds. Principles and Practice of Clini-
cal Electrophysiology of Vision. Cambridge, MA: MIT Press;
2006:139–185.

20. Bhatt Y, Hunt DM, Carvalho LS. The origins of the full-
field flash electroretinogram b-wave. Front Mol Neurosci.
2023;16:1153934.

21. Brais-Brunet S, Heckel É, Kanniyappan U, et al. Morpho-
metric and microstructural changes during murine reti-
nal development characterized using in vivo optical coher-
ence tomography. Invest Ophthalmol Vis Sci. 2021;62(13):
20.

22. Zhang P, Mocci J, Wahl DJ, et al. Effect of a contact lens on
mouse retinal in vivo imaging: effective focal length changes
and monochromatic aberrations. Exp Eye Res. 2018;172:
86–93.

23. Geng Y, Dubra A, Yin L, et al. Adaptive optics retinal
imaging in the living mouse eye. Biomed Opt Express.
2012;3(4):715–734.

24. Zhang P, Goswami M, Zawadzki RJ, Pugh EN. The photosen-
sitivity of rhodopsin bleaching and light-induced increases
of fundus reflectance in mice measured in vivo with
scanning laser ophthalmoscopy. Invest Ophthalmol Vis Sci.
2016;57(8):3650–3664.

25. Zhang T, Kho AM, Zawadzki RJ, Jonnal RS, Yiu G, Srini-
vasan VJ. Visible light OCT improves imaging through a

Downloaded from iovs.arvojournals.org on 04/20/2026



Mouse Retinal ORG/ERG System to Study Retinal Degeneration IOVS | January 2026 | Vol. 67 | No. 1 | Article 39 | 11

highly scattering retinal pigment epithelial wall. Opt Lett.
2020;45(21):5945–5948.

26. Meleppat RK, Zhang P, Ju MJ, et al. Directional opti-
cal coherence tomography reveals melanin concentration-
dependent scattering properties of retinal pigment epithe-
lium. J Biomed Opt. 2019;24(6):066011.

27. Jae SA, Ahn KN, Kim JY, Seo JH, Kim HK, Goo YS. Electro-
physiological and histologic evaluation of the time course
of retinal degeneration in the rd10 mouse model of retinitis
pigmentosa. Korean J Physiol Pharmacol. 2013;17(3):229.

28. Cha S, Ahn J, Jeong Y, et al. Stage-dependent changes of
visual function and electrical response of the retina in the
rd10 mouse model. Front Cell Neurosci. 2022;16:926096.

29. Pang J-j, Dai X, Boye SE, et al. Long-term retinal function
and structure rescue using capsid mutant AAV8 vector in
the rd10 mouse, a model of recessive retinitis pigmentosa.
Mol Ther. 2011;19(2):234–242.

30. Lyubarsky A, Falsini B, Pennesi M, Valentini P, Pugh E.
UV-and midwave-sensitive cone-driven retinal responses of
the mouse: a possible phenotype for coexpression of cone
photopigments. J Neurosci. 1999;19(1):442–455.

31. Jiao S, Knighton R, Huang X, Gregori G, Puliafito CA. Simul-
taneous acquisition of sectional and fundus ophthalmic
images with spectral-domain optical coherence tomogra-
phy. Opt Express. 2005;13(2):444–452.

32. Zhang P, Zam A, Jian Y, et al. Multispectral scanning laser
ophthalmoscopy combined with optical coherence tomog-
raphy for simultaneous in vivo mouse retinal imaging. In:
Proc SPIE, Ophthalmic Technologies XXV. Photonics West,
San Francisco. 2015:29–34.

33. Chong SP, Merkle CW, Leahy C, Radhakrishnan H, Srini-
vasan VJ. Quantitative microvascular hemoglobin mapping
using visible light spectroscopic optical coherence tomog-
raphy. Biomed Opt Express. 2015;6(4):1429–1450.

34. Wojtkowski M, Srinivasan VJ, Ko TH, Fujimoto JG, Kowal-
czyk A, Duker JS. Ultrahigh-resolution, high-speed, Fourier
domain optical coherence tomography and methods for
dispersion compensation. Opt Express. 2004;12(11):2404–
2422.

35. Baker GE, Dovey M, Davda P, Guibal C, Jeffery G.
Protein kinase C immunoreactivity in the pigmented
and albino rat retina. Eur J Neurosci. 2005;22(10):2481–
2488.

36. Ioshimoto GL, Camargo AA, Liber AMP, Nagy BV,
Damico FM, Ventura DF. Comparison between albino and
pigmented rabbit ERGs. Doc Ophthalmol. 2018;136(2):113–
123.

37. Vukmanic E, Godwin K, Shi P, Hughes A, DeMarco P. Full-
field electroretinogram response to increment and decre-
ment stimuli. Doc Ophthalmol. 2014;129:85–95.

38. Odom JV, Bach M, Brigell M, et al. ISCEV standard for clini-
cal visual evoked potentials (2016 update).Doc Ophthalmol.
2016;133:1–9.

39. Rattner A, Toulabi L, Williams J, Yu H, Nathans J.
The genomic response of the retinal pigment epithe-
lium to light damage and retinal detachment. J Neurosci.
2008;28(39):9880–9889.

40. Tomczewski S, Curatolo A, Foik A, et al. Photopic flicker
optoretinography captures the light-driven length modula-
tion of photoreceptors during phototransduction. Proc Natl
Acad Sci USA. 2025;122(7):e2421722122.

41. Zhuo Y, Bhuckory M, Li H, et al. Retinal thermal defor-
mations measured with phase-sensitive optical coherence
tomography in vivo. Light Sci Appl. 2025;14(1):151.

42. Li H, Zhuo Y, Pandiyan VP, et al. On the physiolog-
ical processes underlying optoretinography. Biomed Opt
Express. 2025;16(11):4333–4352.

43. Dhaliwal K, Wong A, Wright T, Bizheva K. Combined opti-
cal coherence tomography and electroretinography system
for imaging neurovascular coupling in the human retina.
Neurophotonics. 2025;12(3):035004.

44. Ling Y, Gan Y, Yao X, Hendon CP. Phase-noise analysis of
swept-source optical coherence tomography systems. Opt
Lett. 2017;42(7):1333–1336.

45. Moon S, Chen Z. Phase-stability optimization of swept-
source optical coherence tomography. Biomed Opt Express.
2018;9(11):5280–5295.

Downloaded from iovs.arvojournals.org on 04/20/2026


