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Abstract: Glaucoma is a group of eye diseases characterized by the thinning of the retinal
nerve fiber layer (RNFL), which is primarily caused by the progressive death of retinal ganglion
cells (RGCs). Precise monitoring of these changes at a cellular resolution in living eyes is
significant for glaucoma research. In this study, we aimed to assess the effectiveness of temporal
speckle averaging optical coherence tomography (TSA-OCT) and dynamic OCT (dOCT) in
examining the static and potential dynamic properties of RGCs and RNFL in living mouse eyes.
We evaluated parameters such as RNFL thickness and possible dynamics, as well as compared
the ganglion cell layer (GCL) soma density obtained from in vivo OCT, fluorescence scanning
laser ophthalmoscopy (SLO), and ex vivo histology.
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1. Introduction

Glaucoma is the leading cause of irreversible blindness in the adult population worldwide [1].
The global prevalence of glaucoma was estimated to be 60 million in 2010 and 80 million in
2020, and it is on track to affect 112 million people worldwide by 2040 [2]. Glaucoma is a group
of eye conditions that damage the optic nerve, as measured by thinning of the retinal nerve fiber
layer (RNFL), the health of which is vital for good vision. This damage ultimately results in the
degeneration and death of retinal ganglion cells (RGCs) [3] and visual field loss, although the
order that the damage occurs may depend upon multiple factors [4]. Many forms of glaucoma
have no warning signs. The deterioration is so gradual that one may not notice a change in vision
until the condition is at an advanced stage. Vision loss caused by glaucoma cannot be recovered
using available medical treatments. The best possible management of this disease is to slow down
or prevent its progression [5]. Therefore, in addition to laboratory-based functional assessments
that have been suggested for diagnosing and monitoring glaucoma [6,7], there is a growing need
for the development of noninvasive in vivo imaging tools that can provide greater sensitivity and

#504637 https://doi.org/10.1364/BOE.504637
Journal © 2023 Received 1 Sep 2023; revised 8 Nov 2023; accepted 11 Nov 2023; published 28 Nov 2023

© 2023 Optica Publishing Group under the terms of the Open Access Publishing Agreement. Users may use, reuse, and build upon 
the article, or use the article for text or data mining, so long as such uses are for non-commercial purposes and appropriate  
attribution is maintained. All other rights are reserved.

https://orcid.org/0000-0003-4437-8112
https://orcid.org/0000-0002-9574-156X
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.504637&amp;domain=pdf&amp;date_stamp=2023-11-28


Research Article Vol. 14, No. 12 / 1 Dec 2023 / Biomedical Optics Express 6423

specificity than current methods. Such tools would allow for the longitudinal and quantitative
monitoring of subtle changes in cellular features affected by glaucoma.

Mouse models of glaucoma have contributed greatly to the understanding of glaucoma
pathophysiology and the screening of potentially therapeutic drugs [8–10]. Traditional ways to
evaluate therapies longitudinally often require sacrificing many mice and ex vivo retina imaging
with microscopy to quantify the RGCs somas and RNFL loss [8]. Nowadays, due to the progress
in genetic engineering, the RGCs and their axons can be fluorescently labeled in transgenic
mouse lines, enabling single-cell imaging of RGCs (somas and axons) in the living mouse eye
[11,12], as shown in the examples in Fig. 1, which shows several examples of in vivo imaging of
the retinal ganglion cells in mice using extrinsic fluorescent proteins, thanks to the availability
of transgenic mice lines and viral transfection with GFP reporter gene. Figure 1 (a) shows
wide-field in vivo SLO fluorescence imaging of the retina in a transgenic mouse expressing
Thy1-YFP-H, where yellow fluorescent protein (YFP) is specifically expressed in a subset of
retinal ganglion cells (RGCs). While Fig. 1 (b) is a zoom-in view, providing detailed structures
of the cell. In Fig. 1 (c) and (e), wide-field in vivo SLO fluorescence imaging displays the retinal
fluorescence in a transgenic mouse expressing mCherry and GFP under the control of the Brn3b
and Isl2 promoters, respectively. Both are markers for specific types of RGC. Figure 1 (d) and (f)
are zoomed-in views, showcasing the mCherry- and GFP-labeled RGCs where individual cells
can be well identified. In Fig. 1 (g), wide-field in vivo SLO fluorescence imaging captures the
retinal fluorescence in a mouse transduced with an adeno-associated viral vector type 2 (AAV2)
containing EGFP labeling the mitochondria. Figure 1 (h) offers a more detailed look at the
EGFP-labeled structures in the retina, showing potential mitochondrial localization within RGCs.
However, there is still an unmet need for imaging the health of the retina without fluorescent
labels, using techniques that are directly comparable to the clinical settings. Developing and
using the same techniques and biomarkers in pre-clinical studies and clinical trials are needed.

Fig. 1. Wide-field (top) and zoom-in (bottom) in vivo SLO fluorescence imaging of the
retinas in four transgenic mice expressing fluorescence in different RGCs types imaged in
our lab [13]: (a, b) B6.Thy1-YFP-H [14]; (c, d) Brn3b-mCherry [15]; (e, f) Isl2-GFP [16];
(g, h) AAV2:MitoEGFPmCHERRY [17]. Scale bars: 400 µm (white), 50 µm (yellow).

Optical coherence tomography (OCT) is a noninvasive imaging technology used to obtain
high-resolution two- and three-dimensional (2D and 3D) images of semitransparent objects,
such as the retina [18]. Retinal layers can be differentiated by OCT based on their varying
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light scattering properties, which allows precise measurements of individual layer thicknesses
[19–21]. However, standard OCT systems lack sufficient resolution and contrast to differentiate
individual GCL somas in humans. Thus, clinical screenings for glaucoma focus on imaging and
quantification of the optic nerve head (ONH) morphology and measuring the thickness of the
RNFL. Although indirect, measuring macula GCL thinning is also feasible and may be a good
way to assess RGC soma loss in a clinical setting [22,23]. Recently, a novel OCT variant utilizing
adaptive optics to enhance OCT lateral resolution (AO-OCT) was developed. It greatly reduced
speckle noise and increased the contrast of OCT images, which enabled clear visualization of the
GCL somas in the human retina after averaging hundreds of precisely-aligned and series-acquired
AO-OCT volumes [24]. We applied this concept to OCT/OCTA data in mouse retina imaging and
developed a framework to register and analyze large number of serially acquired OCT volumes,
and we named the procedure temporal speckle averaging OCT (TSA-OCT) [25]. Here we applied
TSA-OCT to quantify the GCL soma count and compare the results with the RGC soma count in
the transgenic mouse line expressing fluorescence proteins in RGCs using fluorescence scanning
laser ophthalmoscopy (fSLO).

One limitation of TSA-OCT is that it can only extract static structural information of the
retina due to the low sampling volume rate (∼0.1 Hz). Recently, researchers developing full-field
OCT (FF-OCT) demonstrated that metabolically driven dynamic scattering changes of cellular
structures could be used to generate additional contrast in FF-OCT imaging [26–29]. Therefore,
we decided to apply a similar framework to our regular B-scan-based scanning OCT [30], referred
to as dynamic OCT (dOCT). We implemented dOCT acquisition and processing to obtain the
dynamic information of the RNFL and potential RGCs.

To demonstrate the accuracy and alignment of these techniques for imaging RGC and the
RNFL, in this paper we first imaged a mouse eye longitudinally for a week and the thicknesses of
the RNFL at different locations and time points were extracted and compared to demonstrate the
measurement accuracy of TSA-OCT. Second, the mouse eye was imaged with dOCT and the
dynamic scattering properties of the retinal tissue were evaluated using temporal Fourier Analysis
of the serially acquired OCT Data. Third, the eye of a mouse with GFP-labeled RGCs was imaged
using fSLO and TSA-OCT, and the numbers of GCL somas visualized by both modalities were
counted and compared. Finally, the TSA-OCT was validated with ex vivo microscopy imaging of
the same retinas flat-mounted and immuno-stained with RGC molecular markers.

2. Methods

2.1. In vivo Imaging system and protocol

Our lab has developed a dedicated custom-built instrument for in vivo mouse retina imaging.
It combines two optical imaging modalities, fSLO and OCT [31], and is referred to later
in the text as a combined SLO/OCT system. fSLO can perform fluorescence imaging with
excitation wavelengths of 488/561 nm and emission wavelengths centered at 525/609 nm with
corresponding bandwidths of 45/54 nm, respectively. The system is capable of imaging both GFP-
and mCherry-labeled cells simultaneously. It has a 50-degree field of view and can zoom up to
50 times. The scanning speed can be adjusted through software, with a pixel dwell time ranging
from 10 to 2 microseconds, corresponding to a point scan speed of 100kHz to 500kHz. The
fluorescence signals are directed to the PMTs via a multi-mode fiber with a 4 airy disk aperture.
The lateral resolution at the retina was measured to be 2.9 µm [14], and the corresponding
estimated axial resolution is ∼100 µm. OCT uses a broadband OCT light source (M-T-850-HP-I,
Superlum) with an experimentally validated axial resolution of 3.6 µm and an estimated lateral
resolution of 5 µm. The OCT can run in volumetric or B-scan data acquisition mode (Fig. 2) to
perform either TSA-OCT or dOCT techniques as described below.

© 2023 Optica Publishing Group under the terms of the Open Access Publishing Agreement. Users may use, reuse, and build upon 
the article, or use the article for text or data mining, so long as such uses are for non-commercial purposes and appropriate  
attribution is maintained. All other rights are reserved.



Research Article Vol. 14, No. 12 / 1 Dec 2023 / Biomedical Optics Express 6425

Fig. 2. The imaging protocols for TSA-OCT and dynamic OCT, (a) repeated volumes were
acquired and registered in 3D, then averaged to get images with enhanced quality, finally,
the data were segmented and quantified, (b) repeated B-scans (BM-scan) were acquired for
each dynamic OCT session to probe higher frequency components, after 2D registration,
FFT along the temporal direction was performed to extract different frequency components
of the retina dynamics; to cover the region-of-interest(ROI), y-scanner needs to be moved
step-by-step after each BM-scan.

2.2. Temporal speckle averaging OCT (TSA-OCT):

The OCT system can be configured to run in TSA-OCT mode, as shown in Fig. 2 (a). Briefly, the
system acquires serially multiple OCT volumes (512× 512× 2048 pixels) from the same retinal
region (∼ 600× 600 µm2) at a 100 kHz A-scan rate to collect 20-100 volumes depending on the
experimental design. Due to the eye motion caused by breathing, head movement, and small
eye movements, consequent motion artifacts occur during retinal imaging. Thus, the core of
TSA-OCT processing requires precise 3D registration between serially-acquired volumes. In our
previous work, we developed a framework that was appropriate for mouse retinal imaging, and
the technical detail could be found in [25]. Further averaging of co-registered volumes greatly
increases the cellular contrast in the OCT images, allowing clear visualization of the RNFL
(formed by RGC axons) and enabling visualization of the individual GCL somas.

2.3. Dynamic OCT (dOCT)

Single 3D data cube acquisition for TSA-OCT takes about 2.6 s / volume, corresponding to
0.4 Hz (volume acquisition rate), which is too slow to probe the dynamic changes of the retina.
Hence, the OCT was re-configured to run at repeated BM-scan mode (as shown in Fig. 2 (b))
with a B-scan acquisition rate of 25 Hz while the A-scan acquisition rate remained at 100 kHz.
During each in-plane imaging, 100 B-scans were acquired, which takes 4 seconds. The B-scans
were co-registered with ImageJ ‘MultiStackReg’ plugin applying rigid body translation, and FFT
was performed on each pixel along the temporal direction to extract the frequency information
[30]. Note that, the frequency analysis of dOCT was performed on logarithmic amplitude OCT.

The temporal variation of each (x, z) location in the BM-Scan was assessed using Fast Fourier
Transform (FFT). When considering a BM-Scan with N B-scans and a sampling frequency of
f s, the frequency bin number is calculated as N/2+ 1. The interval (or bin size) between two
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adjacent frequency bins is determined as f step= f s/N. Then, the resulting frequency spectrum
components were categorized into three distinct bands:

1. The static component, corresponding to the 1st frequency bin (0 Hz).

2. Low-frequency dynamic components, encompassing the 2nd to the 0.1×N frequency bins
(f s /N – 0.1 f s).

3. High-frequency dynamic components, spanning from the 0.1×N+ 1 to N/2 frequency bins
((0.1 f s +1) –f s /2).

Then the frequency components were divided into three parts: static component (band (1)),
middle (band(2)), and high band (band(3)). Each color channel was normalized from 0-1(and
remapped to 16-bit for display purpose). For display, the image contrast of three-color channels
was enhanced using contrast-limited adaptive histogram equalization. Finally, a 3× 3 median
filter was applied to green and red channels. They were further used as red, green, and blue
channels of an RGB image to form a pseudo-color image, encoding dynamic information of
the tissue. These processing steps were developed primarily by following two previous dOCT
publications [30,32]. Note that the non-linear process of the contrast-limited adaptive histogram
equalization makes it less straight-forward to understand the distributions. To map the volumetric
tissue dynamics, the y-scanner position needs to be moved in between two adjacent BM-scan
sessions to probe consecutive planes in the retinal volume. In the current configuration, acquiring
dOCT data sets takes about 8.5 minutes for 128 y-scans spanned over the volume.

2.4. Extraction of circumpapillary B-scans from TSA-OCT volumes

In human clinical imaging, the circumpapillary retinal nerve fiber layer thickness (cRNFLt) is
an important metric for diagnosing glaucoma [33]. And it is also of great interest in mouse
research, and, with averaging, both near-infrared and visible light OCT [34] can give enhanced
contrast of the nerve fiber bundles. Human RNFL is relatively thick (∼20-100 µm) and hence, its
thickness can be measured accurately by standard OCT. However, the mouse RNFL thickness
(∼<10 µm [35]) is close to the axial resolution of OCT, and hence it is hard to be accurately
assessed by standard OCT. TSA-OCT can improve the image quality [25] and hence can enhance
the accuracy of RNFL thickness measurement of mice.

Figure 3 demonstrated a wide-field TSA-OCT for a B6-albino mouse to visualize the RNFL
layer for testing the performance of the method. In total, 50 OCT volumes over a wide field-of-
view (FOV, 50°) were collected and processed to obtain TSA-OCT volumetric data set. The
enface retinal layers containing RNFL for single and averaged volumes were segmented and
shown in Fig. 3 (a) and (c), respectively, in which the nerve fiber bundles were much clearer
in the TSA-OCT data. The virtual circumpapillary B-scans (cB-scans) were also extracted for
comparison from single and TSA-OCT volumes and shown in Fig. 3 (b) and (d), respectively, in
which the image quality of RNFL was also dramatically increased by the TSA method. Note that,
a breathing motion artifact can be observed just superior to the ONH in Fig. 3(c), which is coming
from the mouse breath captured by the reference volume, thus, preserved in the volume-averaged
TSA image.

When comparing RNFL images across different measurements, a co-registration was necessary
requiring the correction of the position of individual cB-scans at different days in relation to the
cB-scan at the initial imaging session (day0). To achieve this, we applied the following sequential
procedure:

1. Initially, we conducted a global search to the position of the maximum of cross-correlation
within the central region (±2° or ±72 µm) by using a grid of 21× 21 points evenly
distributed over the search area.
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Fig. 3. Visualizations of TSA-OCT volume acquired in a B6-albino mouse: (a, c) enface
RNFL C-scan intensity images for single and TSA-OCT volumes, respectively; (b, d) The
virtual circumpapillary B-scans (position shown by the red circle in (a)) flatten to their
BrM layers for single and TSA-OCT volumes, respectively. Scale bar: 200 µm (white) /
100 µm (yellow). Abbreviations: NFL/GCL – nerve fiber layer/ganglion cell layer; IPL/OPL
– inner/outer plexiform layer; INL/ONL – inner/outer nuclear layer; ELM – external limiting
membrane; IS/OS – inner/outer segment junction; BrM – Bruch’s membrane. Mouse
genotype: B6-albino.

2. Subsequently, a fine search was performed to the position of the maximum of cross-
correlation with a 21× 21 grid centered around the maximum point found in the global
search, with a smaller range (±0.1° or ±3.6 µm).

3. To determine the optimal rotation angle of the cB-scans relative to their initial positions, a
similar searching process was applied with 51 steps, spanning ±6°.

Thus, this procedure was repeated 933 times in total, for co-registration of each consecutive
cB-scan to the reference one. The thickness of RNFL in each image was calculated by manually
selecting 30 pairs of points at the upper and lower edges of the RNFL. The positions of the blood
vessels were excluded from thickness measurements.

2.5. Ex vivo microscopy evaluation of flat-mounted retina

To achieve co-registration of ex vivo and in vivo data, vasculature in flat-mounted retinas, where
the ventral retina was marked by a deep incision, was labeled with IB4-lectin conjugated to
Alexa-647 and RGCs were labeled with rabbit anti-Rbpms detected with either donkey anti-rabbit
Cy3 or anti-rabbit Alexa 488 secondary. Whole retinas were then imaged with 10× magnification
(NA= 0.25), at 11 µm z-steps to capture all vascular plexuses, and 10% overlap between tiles,
using a Zeiss Apotome-2 microscope. To facilitate initial co-registration of ex vivo and in vivo
images, the vessel features in both images were visually identified and matched. The ex vivo
image was cropped to match the image size of the in vivo result. This process enabled comparison
and analysis of the corresponding features in both ex vivo and in vivo images.

© 2023 Optica Publishing Group under the terms of the Open Access Publishing Agreement. Users may use, reuse, and build upon 
the article, or use the article for text or data mining, so long as such uses are for non-commercial purposes and appropriate  
attribution is maintained. All other rights are reserved.



Research Article Vol. 14, No. 12 / 1 Dec 2023 / Biomedical Optics Express 6428

For immunohistochemistry, mice were euthanized, and the eyes enucleated and immersion fixed
for 1-2 hours in 4% paraformaldehyde (PFA). Retinas were dissected out and flat-mounted after
several incisions, followed by an additional overnight 4% PFA immersion fixation weighed down
under a coverslip, also at 4°C. After blocking with 5% normal donkey serum in phosphate-buffered
saline (PBS) with 0.03% Triton X-100 overnight at 4°C, retinas were incubated for 3 additional
nights in the same solution containing anti-Rbpms primary antibody (GTX118619, Genetex),
diluted 1:700. After three 1 hour washes in the same solution without antibodies, retinas were
incubated overnight in filtered 1:250 dilutions of either donkey anti-rabbit Cy3 or anti-rabbit
Alexa 488 secondary antibody (111-165-144, Jackson ImmunoResearch; A11034, Invitrogen),
also in the same solution, followed by three washes in PBS, an overnight incubation in a 1:1000
dilution of Isolectin GS-IB4, AlexaFluor 647 (I32450, Invitrogen) in PBS and additional three
washes in PBS, all before mounting under a coverslip in Aqua-Polymount media (18606-20,
Polysciences).

2.6. Mouse models and animal handling

1. Transgenic mouse lines with GFP fluorescently labeled RGCs.
The mouse transgenic line expressing GFP in most RGCs, Tg(Isl2-GFP)LW124Gsat/Mmucd,
was obtained from the Mutant Mouse Regional Resource Center (MMRRC) and is a re-
combineered Bacterial Artificial Chromosome transgene generated by the GENSAT BAC
Transgenic Project [15], its expression in RGCs has been characterized by others [16].

2. Animal handling.
All mouse husbandry and handling protocols were approved by the University of California’s
Institutional Animal Care and Use Committee, which strictly adheres to all guidelines of
the NIH and satisfies those of the Association for Research in Vision and Ophthalmology
(ARVO) for animal use. Adult Isl2-GFP, B6 (C57BL/6J), and B6-albinos (B6(Cg)-
Tyrc-2J/J) mice were used. B6 refers to the C57BL/6 mouse strain, which is a widely
used inbred strain of laboratory mice in biomedical research. The use of B6 mice in
research is rationalized by their well-defined genetic background, consistent physiology,
and reproducible behavior, which make them useful for studying a variety of diseases
and conditions. Alternatively, B6-albinos are a sub-strain of B6 mice that are commonly
used in vision research due to their lack of melanin pigment, which makes it possible to
visualize the Bruch’s membrane and separate the apical side of retinal pigment epithelium
(RPE) and rod outer segment tips (ROST) [36]. In our study, B6 mice were used as the
wild type of ISL2-GFP mice.
Mice were typically 2 months old at the time of imaging, obtained either from our
collaborators or from the Jackson Laboratory, and maintained on a 12:12 hr, ∼100-lux
light cycle. During measurements, they were anesthetized with inhalational isoflurane (2%
to 2.5% in O2), and their pupils were dilated with medical-grade tropicamide (1%) and
phenylephrine (2.5%). A contact lens and gel (GelTeal Tears, Alcon, USA) were used to
maintain good tear film quality and corneal transparency during in vivo retinal imaging.

3. Study protocol.
Here, we collected the data with TSA-OCT and compared the results to images of the
RGCs in the transgenic mouse line expressing GFP in RGCs. Please note that our study
specifically focuses on examining the Ganglion Cell Layer (GCL) and Retinal Nerve Fiber
Layer (RNFL) using dOCT and TSA-OCT. The reason for this particular focus is directly
related to the primary objective of our study in the long term, which is to investigate the
possible effects of glaucoma on the retina. GCL and RNFL are two known structures to
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be affected by glaucoma, hence our choice to concentrate on these specific areas in our
research.

3. Results

3.1. In vivo TSA-OCT imaging of the nerve fiber bundles

We longitudinally imaged an Isl2-GFP mouse for a week on days 0, 2, 4, and 7 with TSA-OCT, in
which 20 serial OCT volumes were acquired over the same 50° FOV and processed. The results
of image processing of these data are shown in Fig. 4. The cB-scans with 5 different radii (r),
(7.5°, 10°, 12.5°, 15°, 17.5° FOV corresponding to 255 µm, 340 µm, 425 µm, 510 µm, and 595
µm on retina respectively) as shown in Fig. 4 (a), were extracted to check the RNFL thickness
at different locations. The resulting cB-scans were cropped to cover the RNFL only and are
shown in Fig. 4 (b), showing a decreasing trend of the RNFL thickness from the inner to the
outer circles. The cB-scans corresponding to the green circles (r= 10° or 340 µm) acquired on
different days and displayed using enhanced contrast (using saturation 0.1% of the pixels) were
shown in Fig. 4 (c), showcasing good repeatability of the measurements.

day0

day2

day4

day7

r=7.5°
r=10° r=12.5° r=15°

r=17.5°
Search region =±2°

(a) (b) (c)

(d) (e) (f)
Global search Fine search

A
ngular search

Fig. 4. Quantification of the nerve fiber layer thickness. (a) sketch of the circumpapillary
B-scans with different radii; (b) the cropped B-scans showing the nerve fiber layers, the
color bars match the color of the circles in (a); (c) the cropped B-scans showing the nerve
fiber layers for the green circles at different days; (d) the searching process in matching
circumpapillary B-scans at different days, with the searching region indicating by the
white square in (a); (e) the RNFL thickness changes along the distance away from ONH;
(f) the average RNFL thickness at different days, the five faint lines were the individual
measurements along the five different circles in panel (a). Scale bars: 500 µm. Errorbar:± 1
S.E.M. Mouse genotype: Isl2-GFP.

The cross-correlation coefficient between the reference cB-scan acquired at day 0 and the new
cB-scan for consecutive days was calculated to give feedback to the searching algorithm. The
resulting cross-correlation coefficients in a search process are shown in Fig. 4 (d). Then the
average RNFL thicknesses of the cB-scans grouped by the different radii, (average distance from
the ONH) were extracted and plotted, as shown in Fig. 4 (e). The averaged RNFL thickness was
gradually decreasing with a nearly linear relationship in respect to the distance from ONH. To
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test the repeatability of the RNFL measurements across different days, the data were reorganized
and shown to the time (different days).

There is a variation of the thickness between different days in the order of a few µm. After
further averaging the measurement results for five different diameter circles, the accuracy of
the thickness measurement could be within µm (blue line in Fig. 4(f)), falling into the range of
15-16 µm after averaging of 5 different locations for each day.

3.2. In vivo dOCT imaging of the dynamic scattering properties of GCL and RNFL

The above TSA-OCT results provide static structure information, however, there is also dynamic
information about the living tissue encoded in time-varying scattering from these structures. To
access this information, we have modified our data acquisition protocol, as demonstrated in Fig. 5
(a-e), where 1000 BM-scans were acquired at the same location on the retina. This change was
required to access relatively high-speed variations in scattering. After registration, the direct
averaged gray scale image was shown in Fig. 5 (a) with 8 manually selected areas. Figure 5 (b)
plots the time variance of these 8 images.
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Fig. 5. Temporal analysis of OCT offers dynamic dOCT information about time-varying
retinal scattering: (a) gray scale B-scan averaged from a 1000 series B-scans acquired at
25fps, (b) time series intensity variations of 8 representative areas indicating in panel (a),
(c) pseudo-colored dOCT B-scan, (d) spectrum analysis of the 8 areas, with RGB colors
from three frequency bands (marked by corresponding color on the frequency axis, (e) the
pixel-to-pixel mapping between panel (a) and (c) for three colors, with the 8 areas marked by
dots, (f-h) visualization of enface C-scans from RNFL/GCL by three separate frequency
bands (f: static, g: medium motility, h: fast motility). Scale bars: 100 µm. Mouse genotype:
B6-albino.

Each pixel was then color-coded in RGB to generate the color-coded dynamic OCT image
(Fig. 5(c)), representing different frequency components contributing to the dOCT signal, where
red represents the static component– or no motility, green represents medium motility, and blue
represents fast motility. The spectrum analysis results from these 8 areas were shown in Fig. 5(d),
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where the three frequency bands were marked by different color bars, respectively. Note that the
spikes on the frequency curves are caused by mouse breathing with a fundamental frequency of
∼1 hz [37–39]. Limited by the sampling frequency (25 Hz), the fundamental frequency of ∼9 Hz
might be caused the heart beat [39] and is shown on the frequency curve. Such retinal motion
patterns caused by cardiorespiratory processes have already been reported [37–39]. Different
colors indicate that the in vivo tissue dynamic properties vary across different retinal structures.
A zoom-in comparison in the inner retina (yellow dashed rectangle in Fig. 5 (a, c)) is shown in
between these two panels. The green spots showcase increased contrast in potential GCL soma
structures, due to medium motility components, if compared with the average gray scale image.
Note that a slightly different version of Fig. 5 (b) and (d) was provided in Supplement 1 Fig. S1
which may facilitate the comparison of the time-frequency spectra for the different layers.

The pixel-to-pixel mapping between the gray scale and the color-coded images were plotted
in Fig. 5 (e), with the 8 representative areas marked by the corresponding dots. The red
color intensity is generally linearly proportional to the gray scale intensity, which means bright
structures in the gray scale image have stronger red components in the colored image. However, it
is different for the other two channels. The strongest green and blue components appear roughly
around half of the intensity of the gray scale image, which means the most dynamic parts of the
tissue only have medium back-reflection properties. Finally, to obtain the volumetric dOCT data,
a 512 (x)× 50 (t)× 256 (y)× 2048 (z) dataset was acquired by rotating the Y-scanner to produce
256 laterally displaced BM-scan locations, with 50 frames in each BM-scan to be analyzed by
dOCT, and 512 A-scan in each B-scan. The intensities of three frequency components from
the enface C-scan corresponding to RNFL/Ganglion Cells Layer (GCL) are shown in Fig. 5
(f-h). The nerve fiber bundles and blood vessels were visualized in the static component (Fig. 5
(f)); however, most blood vessels can be identified in the intermediate frequency component
(Fig. 5(g)); the high-frequency component (Fig. 5 (h)) offers the dynamic scattering information
from retinal vasculature (similar to OCTA processing).

3.3. In vivo validation of TSA-OCT with SLO images of fluorescence-labeled RGCs

To identify whether the cell somas visualized in the retinal GCL by TSA-OCT corresponds to
RGCs or not, a transgenic mouse (Isl2-GFP) with GFP labeled RGCs was imaged (Fig. 6) using
combined SLO/OCT system. Both TSA-OCT and SLO (back-reflection and GFP fluorescence)
data were acquired simultaneously. In total, 100 OCT volumes and 400 dual SLO/fSLO frames
were collected and processed to produce TSA-OCT volume, SLO and fSLO images respectively.

The median averaged back-reflectance SLO image in Fig. 6 (a) provides the vascular map,
which is used to fine-co-register the SLO image with the OCT image. Figure 6 (b) shows the
median fSLO image in which the individual fluorescently-labeled RGCs can be visualized, with
the yellow dots, shown in Fig. 6 (f), indicating the manually annotated 272 RGCs. When the
variance instead of the median average is used for serial fSLO frames, the individual RGCs are
easier to visualize and include weakly fluorescent cells (Fig. 6 (c)). The yellow ‘×’s, shown in
Fig. 6 (f), are used to annotate the RGCs that were not visible in the median-averaged fSLO but
become visible in the variance processing of serial fSLO frames, resulting in 52 more cells or
∼19% increase in cell count (total of 324 cells). We think that the higher cell count is closer to
the total number of fluorescently labeled RGC in this mouse. In Fig. 6 (c), it can be observed
that the fluorescently labelled RGCs are more distinguishable in the variance fSLO data. We
hypothesize that this increased visibility is a result of residual motion errors that occur during
the registration of fSLO image series, leading to higher variance near the cell boundary and
relatively lower variance within the cells. Consequently, this creates an illusion of larger cell size
and higher contrast at the cell boundary.

Figure 6 (d) shows an enface single C-Scan slice extracted from TSA-OCT volume at GCL
position revealing individual scattering spots which are hypothesized to represent individual
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(a)

( e )

(b) (c)

(d) (f)

Fig. 6. Comparison of GCL somas visualizations and annotations using fSLO and TSA-OCT.
(a) averaged SLO back-reflection image, note that RGC somas are not visible due to the
low contrast, and only retinal capillaries (gray lines, capillaries laying in plane, and black
spots, capillaries diving between retinal layers) can be seen, (b) median fSLO image (RGCs
somas manually annotated by yellow dots), (c) STD variance of fSLO image (additional
RGCs somas, not visible on median fSLO, annotated by yellow ‘x’s), (d) TSA-OCT enface
layer extracted from GCL showing cell somas (annotated with red stars), (e) visualization of
co-registered images from panel (b) (green color) and (d) (red color), (f) overlap between (d)
and the RGC annotations from (c). Scale bar: 100 µm. Mouse genotype: Isl2-GFP.

GCL somas. The red stars, shown in Fig. 6 (f), were used to manually annotate 473 scattering
spots corresponding to cell somas. We further co-displayed the median-averaged fSLO image
with the TSA-OCT image by co-registering Fig. 6 (b) (in green) with Fig. 6 (d) (in red),
resulting in a pseudo-color image where yellow spots indicate the cells visible in both fSLO and
TSA-OCT. There are many red-colored spots left, which means that only a portion of the GCL
somas annotated using OCT is fluorescently labeled as found on fSLO frames. This result is not
surprising since only approximately 40% of all RGCs express Islet2 (Isl2), the LIM-homeodomain
transcription factor used as a target in the creation of this transgenic mouse line [16].

Next, we overlapped the fSLO annotations onto the TSA-OCT image (Fig. 6 (f)) and excluded
annotations that did not fall into the areas where OCT somas were visualized. It can be seen
that the cell patterns do not well overlap with each other. As the data is acquired simultaneously
and the capillaries are well-aligned, both imaging modalities are co-registered. The discrepancy
may be attributed to distinct structures detected by the fSLO and TSA-OCT signals. Specifically,
while fSLO primarily detects fluorescently labeled RGC somas, TSA-OCT could capture not
only the RGC cell’s somas but also the somas of other cell types. We further conducted a detailed
analysis of the numbers of GCL somas appearing in ‘both OCT and fSLO’, ‘OCT only’, and
‘fSLO only’ by applying a threshold to the distance between the soma centers identified in fSLO
and OCT images. When the distance was shorter than the threshold, we categorized the two
somas as appearing in ‘both OCT and fSLO’. Otherwise, they were categorized as either ‘OCT
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only’ or ‘fSLO only’. With a threshold set to 10 µm, the counts were 183 for ‘both OCT and
fSLO’, 290 for ‘OCT only’, and 141 for ‘fSLO only’. However, with a threshold of 5 µm, the
counts changed to 38 for ‘both OCT and fSLO’, 435 for ‘OCT only’, and 286 for ‘fSLO only’.
Nonetheless, further exploration is necessary to ascertain the relatively low correlation between
structures seen on TSA-OCT and fSLO. Moreover, higher-resolution in vivo imaging could
facilitate better co-localization of the cells.

Finally, the ratio of the number of cells annotated using fSLO to the number of cells annotated
using TSA-OCT images was calculated to be 55.6% (for median fSLO) and 65.5% (for variance
fSLO), respectively (with 9 and 14 subtracted from 272 and 324 as the cell number from Fig. 6 (b)
and (c), respectively). When using the median fSLO images as a “gold standard”, this suggests
that the number of RGCs visualized by TSA-OCT was about 80% higher than expected. This
observation could be further validated by imaging and counting RGCs ex vivo in individual mice
previously imaged in vivo.

3.4. Automatic annotation of fluorescently labeled GCL somas on fSLO and TSA-OCT
images

We next implemented a machine-learning-based method for automatically counting the cells
using the Trainable Weka Segmentation plugin in Fiji ImageJ [40]. The area of cells and
background can be automatically segmented and separated, as shown in Fig. 7 (a-c), which were
the segmented results for median fSLO (Fig. 6 (b)), variance fSLO (Fig. 6 (c)) and TSA-OCT
(Fig. 6 (d)), respectively. For these images, the number of cells was counted to be 317, 287,
and 514, respectively. And the average size of the cells was calculated to be 212, 350, and 150
pixels. It is noted that variance fSLO had the largest cell size because there was a built-in error
of increasing cell size due to eye motion.

Fig. 7. Machine-learning-based automatic cell segmentation and annotation, (a-c) segmented
cell masks from median fSLO, variance fSLO, and TSA-OCT, respectively, (d-f) projection
of the masks (colored into red) onto the raw images (colored into green). Scale bar: 100 µm.
Mouse genotype: Isl2-GFP.
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To test the performance of the segmentation, the background of Fig. 7 (a-c) was filled with red,
then the corresponding raw images were colored green. The merged images are shown in Fig. 7
(d-f). Because the brightness of the cells was much higher than the background in the fSLO
images, Fig. 7 (d) and (e) showed good segmentation results. For the segmentation results in the
TSA-OCT image, because the blood vessels have similar brightness to the scattering cells, they
appeared as yellow color in merging with the red background (Fig. 7 (f)). Overall, these numbers
are close to that of manual annotations, with errors of 16.5%, -11.4%, and 8.7%, respectively.
Nevertheless, the average numbers of cells annotated using these two types of analysis were 295,
305, and 494, respectively. Considering the corresponding areas were 0.25 mm2, 0.25 mm2, and
0.236 mm2, the resulting RGC densities in these images were 1180, 1220, and 2093 cells/mm2,
for median fSLO, variance fSLO, and TSA-OCT respectively.

3.5. Correlation of in vivo and ex vivo images for validation of in vivo results

To validate the in vivo RGC visualization results, ex vivo images of the same retina were performed
for comparison. A mouse retina was first imaged with wide FOV TSA-OCT/OCTA to generate
the enface images (as shown in Fig. 8 (a) and (b), respectively). Then, two zoom-in regions were
imaged with TSA-OCT to get the fine structures of the retina (Fig. 8 (c) and (d)). Then, the
animal was sacrificed, the retina was flat-mounted and immunostained with molecular markers
for the retinal vasculature. The vascular map of a flat-mounted retina imaged by a commercial
microscope is shown in Fig. 8 (e), in which two zoom-in OCT imaging locations corresponding
to Fig. 8 (c) and (d) are marked by yellow and purple rectangles. The vascular patterns can
be roughly matched between in vivo and ex vivo data although with considerable distortion.
Nevertheless, this further confirms that a co-registration between in vivo and ex vivo results down
to the vascular level is feasible [41–43].

(a)

(b)

(c)

(d)

(e)

Fig. 8. Co-registration of the in vivo TSA-OCT data with the ex vivo flat-mounted histology
of the same retina using the vascular map. (a, b) the large FOV TSA-OCT and TSA-
OCTA enface projections, respectively, (c, d) two zoom-in TSA-OCT enface C-Scans from
RNFL/GCL showcasing the two locations where the vascular maps matching that in panel
(b), (e) the vascular patterns corresponding to panel (c), and (d) can be identified on the
flat-mount histology. Scale bar: 300 µm. Mouse genotype: B6.

To test the correlation between in vivo and ex vivo RGC imaging, another mouse was imaged
first by a wide field OCTA to get the vascular map (Fig. 9 (a) medium inset), followed by a 3×
zoom-in TSA-OCT imaging (Fig. 9 (a) small inset) with a few key vessels co-registered between
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OCTA and TSA-OCT indicated by the yellow arrows. The reason why the TSA-OCT image in
Fig. 9 (a) need to be zoomed in is to limit the total number of pixels in each volume, which is
necessary to achieve a feasible volume acquisition speed. In our case, the number of A-scans per
B-scan was limited to 512 to satisfy the requirement of the sampling theorem, which restricts the
field of view. Despite the smaller field of view, the TSA-OCT provides fine information about
the retina with high resolution and sensitivity.

(a)

(c)

(b)

Fig. 9. Visualization of co-registration between in vivo TSA-OCT results and the flat-
mounted histology using the vascular map as fiduciary reference. (a) the cropped flat-mounted
image of the retina with immunochemical fluorescence staining of the vasculature with the
corresponding wide-FOV OCTA enface (medium inset) and the zoom-in TSA-OCT enface
(small inset), shows the good co-registration between the vessels (red and yellow arrows), (b,
c) side-by-side comparison between GCL somas visualized by in vivo TSA-OCT (b) and ex
vivo RGCs immunochemically stained with anti-Rbpms (c). The zoom-in image location
is indicated by the red rectangle in panel (a). The corresponding automatic segmentation
results were shown by the colored insets in (b) and (c). Scale bar: 200 µm. Mouse genotype:
B6.

Next, the animal was sacrificed and the retina flat-mounted and immunostained with molecular
markers for retinal vasculature and GFP expressing RGC. The cropped image of the flat-mounted
vasculature map is shown in Fig. 9 (a), where several key vessels are matching each other between
in vivo OCTA and the ex vivo flat-mounted image, indicated by the red arrows. Note that the
overlay of the OCTA image doesn’t perfectly match the flat-mounted results, especially the
shadows of the vessels crossing the top of the insert cannot be observed. This is because the
retina was distorted during the flat-mounted process. E.g., there is a tear indicated by the red
arrow in Fig. 9 (a). Figure 9 (b) and (c) show examples of co-registration between the GCL
somas seen on in vivo (TSA-OCT) and ex vivo (microscope) images, where the location site was
marked by the red rectangle in Fig. 9 (a).

It should be noted that there is a noticeable difference between the TSA-OCT images in Fig. 9
(a) and (b). For instance, the large vessel appears blacked out in Fig. 9 (a) while it appears bright
in Fig. 9 (b). The reason for this is that the image plane in Fig. 9 (a) was selected to be around
OPL to capture fine vessel structures and match the large field OCTA image, while the image
plane in Fig. 9 (b) was selected to be around GCL to maximize the appearance of the GCL somas.
As the large vessel is located closer to GCL and far away from OPL, it appears black in Fig. 9 (a)
and bright in Fig. 9 (b).
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Given the distortion during the retinal flat-mount process, it is hard to correlate the images
down to the cellular levels. However, a comparison between the total annotated cells and their
densities is feasible. The counting of the annotated cells for Fig. 9 (b) and (c) are 1129 and 534,
respectively, and are shown in Fig. 9 (b) and (c) insets. As seen in Fig. 9 (b) the number RGC
somas is over-estimated given that some of the nerve fibers were annotated as a series of cells,
while the ex vivo image of cells annotation shown in Fig. 9 (c) is more reliable. Given that the
imaging area is 0.222 mm2, the corresponding RGC cell densities in these images are 5085 and
2405 cells/mm2.

4. Discussion and conclusion

Glaucoma is a leading cause of irreversible blindness worldwide. RGC dysfunction and death are
the fundamental pathogenesis by which glaucoma causes irreversible vision loss [3]. Thus, in vivo
assessment of the RGC structure and function can provide deep insight into the pathophysiology
of glaucoma and facilitate the development of novel treatment strategies. However, in vivo
detection of RGC loss in the human eye has been challenging. It is only recently possible to
image these neurons using high-speed and high-resolution OCT through sophisticated processes
[24,44], and pilot study was done to demonstrated soma loss detection [45]. As an important and
beneficial supplement to clinical research, preclinical research with animal models possesses
more freedom and wider scope in identifying new biomarkers, and testing new treatments. These
advanced imaging technologies have the potential to assess the structure and function of RGCs in
animal models, thus sensitively monitor the cells’ status alternation under aging, disease, and
treatments, which could provide insightful information on clinical glaucoma research.

4.1. Cell density variations in different imaging modalities and sessions

We compared the counting results in Fig. 9 to the literature, with an average number of ∼3000
cells/mm2 [46] ranging between 2000 to 8000 cells/mm2 from the dorsal retina to the temporal
optic disk [47]. In the mid-peripheral zone, where we usually perform our imaging, the RGC
density is ∼3200 cells/mm2 with a total cell density within the GCL of ∼8000 cells/mm2 [48,49]
including displaced amacrine cells (DAC), vascular endothelial cells (VEC), and nuclei with
non-distinct features (ND) [49]. This indicates that the cells seen by OCT could include all these
cells while the flat-mounted image should visualize the RGCs only.

In contrast, the cells densities in Fig. 6 and 7 were ∼1200 and ∼2100 cells/mm2 for in vivo
fluorescence labeling and TSA-OCT counting, which is significantly lower than the density
measured in Fig. 9 (∼2400 and ∼5000 cells/mm2 by fluorescence and TSA-OCT, respectively).
The difference between in vivo and ex vivo fluorescence (1200 vs. 2400), could be due to the
RGC labeling efficiency of in vivo method which is ∼40% of the total RGCs, while the ex vivo
method labels almost 100% of the total RGCs. However, the two TSA-OCT counting results vary
a lot (2100 vs. 5000). Although the clear reason for this discrepancy is unknown, it could be due
to the spatial variation of the cell distribution [47] or the ability to image individual RGC somas
in different animals during independent imaging sessions.

The mouse strain used for Fig. 6 and Fig. 7 was the Isl2-GFP mouse, whereas the B6 mouse
stained with anti-Rbpms was used for Fig. 8 and Fig. 9. Each experiment was conducted
once, and the presented results primarily aim to report the specific protocols of data acquisition
and processing, including the framework of ex vivo validation. However, it is important to
note that repeated measurements and statistical analysis with a larger number of animals are
necessary to further explore and discuss any potential differences in cell counts between these
two measurements. Therefore, these preliminary results should be interpreted with caution and
considered as a starting point for future investigations.

The OCT resolution and contrast in our current system are limited, making it difficult to
identify GCL somas in the mouse retina. However, we observe bright spots corresponding to
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GCL somas, similar to human imaging [24]. In contrast, Grieve et al. demonstrated a different
appearance of GCL somas in rodents using full-field OCT (FF-OCT), where they appear as black
rather than bright spots observed in humans, primates, pigs, and sheep [50]. As discussed in their
publication, this contrast inversion can arise from two factors: 1) differences in the proportion
of displacement amacrine cells (dAC) within the GCL among species, and 2) differences in
the nuclear morphology of RGCs and dAC [50]. In addition to the difference of the imaging
techniques (point scan OCT vs. FF-OCT), we speculate that the major reason for the appearance
difference between our results and theirs is that our TSA-OCT results were obtained from living
mouse eyes, while their results were obtained from ex vivo flat-mounted retina.

4.2. Difficulties in registering and comparing the in vivo and ex vivo images

Registration and comparison of in vivo and ex vivo images at cellular level for retina imaging is a
challenging task due to several factors. First, these images were acquired under different imaging
modalities and instruments. The in vivo results were acquired under fSLO and TSA-OCT, while
the ex vivo results were acquired under a traditional confocal fluorescence microscopy. Second,
distortion is a major factor. Although the averaging technique removed most of the motion
artifacts in the in vivo imaging, there is still distortion introduced by the alignment. The distortion
is particularly heavy for the ex vivo retina during the complex sample preparation process for
flat mounted microscopy imaging. Additionally, the imaging field of view and image quality
can also vary significantly between the two modalities. Moreover, the inherent differences in the
properties of the tissue can be a challenge. In vivo imaging is performed on live tissue, which
can exhibit different optical properties than fixed ex vivo tissue. This can result in differences
in the intensity and contrast of the images obtained from the two modalities. Furthermore, the
process of fixing the tissue can cause changes in the tissue structure and composition, which can
further complicate the comparison of in vivo and ex vivo images.

4.3. Further investigations are necessary to fully understand the potential of TSA-OCT
in advancing glaucoma research

As shown in this work, TSA-OCT can quantify some of the structural information about GCL
somas and their axons in mouse models, which could develop novel biomarkers for early detection
and sensitive monitoring progression of glaucoma. However, it is still in a preliminary stage which
demonstrates the capability of the technique, there is much unknown about the physiological and
pathological structural changes under different conditions. For example, optic nerve crush (ONC)
is common, acute and with rapid retinal structural [51] changes, although it might not be ideal to
mimic glaucoma in general, it is a more efficient way to study physiological changes of the RGCs
and soma during their deaths. In addition, high intra-ocular pressure (IOP) is a well-known risk
factor of glaucoma, there are multiple ways to elevate the IOP to induce glaucomatous damages
in the animal eyes, such as acute ocular hypertension [52] or chronic ocular hypertension [53].
What’s more, there are a plethora of genetic models of glaucoma in mice that provide valuable
resources for studying the disease, including the DBA/2J mouse, Myocilin mutant mouse, and
Optineurin, Cyp1b1, and Tbk1 knockout mice [54]. The diversity of animal model makes it a
powerful way to study the alternations of cellular structure during the progression of glaucoma,
further investigations with various animal models are necessary to fully understand the potential
of TSA-OCT in advancing glaucoma research.

4.4. Notes to the dOCT results

Please note that in the current data acquisition process of dOCT in Fig. 2 (b), the lateral motion
of the sample can contribute to the dOCT signal. While the lateral motion may be on the order of
10 µm over an 800-second period for anesthetized mice [25], it’s important to emphasize that this
motion can occur in both x-, y-, and z-directions. The existing 2D registration method effectively
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corrects for x- and z-motions to a certain extent; however, it does not address y-direction (out of
B-scan plane) motion. To address this limitation, one could develop imaging system with 3D
tracking capabilities and real-time motion compensation, which holds the potential to mitigate
this issue.

The breathing motion and the heartbeat are prominent signals in the frequency domain, but
their impact on dOCT signals could not be identified in the image (Fig. 5 (c)). This discrepancy
may be attributed to two factors. Firstly, the process of averaging between frequency bands
tends to attenuate the amplitude of these signals, rendering them less pronounced. Secondly, the
impact of breathing motion and the heartbeat extends beyond localized effects and manifests as a
background, rather than producing conspicuous, isolated bright features in the image.

As shown in Fig. 5 (e) and described in paragraph 3 of section 3.2, the intensity of the color
channels also depends on the SNR of the signals (monotonic dependence for I(red); increasing,
then decreasing for I(green) and I(blue)). As the retinal layers have intrinsically different
reflectivity, one source of the observed color differences is the SNR.

The green spots are well observed in the x-z image in Fig. 5(c) inset but it is surprising that the
potential GCL somas do not show up in the x-y projection of I(green) in Fig. 5(g). There are
two possible reasons for the observed differences between Fig. 5 (c) and Fig. 5 (g): Firstly, the
number of B-scans used to generate the dOCT image varies, with 1000 B-scans for Fig. 5 (c) and
50 for Fig. 5 (g). Secondly, the sampling density, measured by the A-scan number in each B-scan,
differs, with 1024 for Fig. 5 (c) and 512 for Fig. 5 (g). These variations are due to the longtime of
volumetric dOCT data acquisition. For instance, if Fig. 5 (g) were to follow Fig. 5 (c), it would
take 2772 seconds (∼46 minutes) to acquire a full-volume of dOCT dataset. We acknowledge that
a more rigorous comparison should be conducted in the future with improved data acquisition
speed and post-processing speed. Additionally, parallel detection schemes including Line Filed
OCT and Full Field OCT could allow more efficient detection of dOCT signal.

In Fig. 5 (h), surprisingly, the dark strips oriented along the RNFL bundles indicates there
is less high-frequency signal at the bundles, although there is known dynamic mitochondrial
transport within the RGC axons [55,56].

While the exact source of the dynamic information remains unknown, we hypothesize that
it could be attributed to the movement of organelles within the cellular structures. However,
the cellular mechanisms underlying this phenomenon have yet to be elucidated. To gain a
deeper understanding, further analysis involving the integration of dOCT with super-resolution
fluorescence microscopy may offer valuable insights. Nonetheless, it’s worth noting that
conducting such studies within the living eye presents substantial challenges.

4.5. Other functional OCT methods studying GCL soma dynamics

As a similar way to dOCT, the temporal correlation method developed by Kurokawa et al.
[45] based on adaptive optics OCT could capture the temporal dynamics of GCL somas and
revealed significant differences in time constant between individual GCL somas. In contrast,
optoretinogram (ORG) is a newly developed technique [44,57–65] at the nascent stage to
objectively assess neuronal function at the single cell level. To date, only a couple of groups in
the world have demonstrated ORG to evaluate cone photoreceptor function. However, although
evidence may exist [66,67], there have been no convincing cellular-level objective assessment
methods of the RGC function in the living eye. When comparing these three methods, dOCT
and temporal correlation AO-OCT can be used to enhance the visibility or classification of GCL
somas, while ORG-based GCL soma function measurement, if successful, can precisely quantify
GCL soma activities in response to visible light stimulus. Nevertheless, the ability to reliably
image the structure of GCL somas and quantitatively assess their function using these methods
would represent a significant milestone in ophthalmology research.
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4.6. Final remarks

In conclusion, here we used a custom-made mouse retinal SLO/OCT system for serial volumetric
imaging and applied the TSA-OCT and dynamic OCT techniques to visualize and annotate
the RGCs somas and retinal nerve fiber bundles in vivo. Multi-modal imaging combining
fluorescence and scattered light detection facilitates the comparison of the visibility of RGC
somas seen by TSA-OCT with the gold standard of fluorescently labeled RGCs. TSA-OCT also
greatly improves the quality of nerve fiber imaging, enabling precise measurement of the RNFL
thickness for different retinal locations and over time. Additionally, dOCT processing revealed the
changes in the temporal variation of OCT signal in the RNFL. This observation should be further
validated by decoupling dOCT signal from SNR and gross tissue movements. Nevertheless, it has
the potential to probe motility within the RNFL, a potentially useful biomarker of RGC health.
The images of the cell structures have been further validated by correlating our in vivo results
with ex vivo images acquired on the same retinas. As a preliminary study, this demonstrates the
potential of TSA-OCT and dOCT to aid in the quantification of the glaucoma-related structural
changes in the living mouse eye, which may help to investigate some key questions in basic
science glaucoma research.
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