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Abstract: Optical coherence tomography (OCT) and scanning laser ophthalmoscopy (SLO)
are imaging technologies invented in the 1980s that have revolutionized the field of in vivo
retinal diagnostics and are now commonly used in ophthalmology clinics as well as in vision
science research. Adaptive optics (AO) technology enables high-fidelity correction of ocular
aberrations, resulting in improved resolution and sensitivity for both SLO and OCT systems.
The potential of gathering multi-modal cellular-resolution information in a single instrument
is of great interest to the ophthalmic imaging community. Although similar instruments have
been developed for imaging the human retina, developing such a system for mice will benefit
basic science research and should help with further dissemination of AO technology. Here, we
present our work integrating OCT into an existing mouse retinal AO-SLO system, resulting in
a multi-modal AO-enhanced imaging system of the living mouse eye. The new system allows
either independent or simultaneous data acquisition of AO-SLO and AO-OCT, depending on the
requirements of specific scientific experiments. The system allows a data acquisition speed of
200 kHz A-scans/pixel rate for OCT and SLO, respectively. It offers ∼6 µm axial resolution for
AO-OCT and a ∼1 µm lateral resolution for AO-SLO-OCT imaging.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The mouse retina is an important model in vision science and ophthalmic research. Additionally,
due to the retina being an optically accessible extension of the brain, mouse models afford
the unique opportunity to non-invasively visualize changes associated with neurodegenerative
disorders and vascular alterations of neural tissue during the normal progression of the disease
as well as during the testing of novel therapeutic strategies. Scanning Laser Ophthalmoscopy
(SLO) [1–3] and Optical Coherence Tomography (OCT) [4–9] are two common in vivo retinal
imaging modalities that have been successfully applied to monitor structural changes in the
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retina of living animals, enabling experiments that map changes in retinal morphology and its
optical properties (scattering, intrinsic and extrinsic fluorescence) over seconds, days, weeks and
months. The combination of these modalities provides a wealth of complementary information,
as demonstrated by our previous work [10–13] and the work of other groups [14–18].

Most retinal imaging systems employ the eye’s natural optics as the imaging objective. Due to
optical aberrations of the lens and cornea, it is impossible to use the full pupil of the eye while
maintaining diffraction-limited performance. Consequently, both SLO and OCT typically use
imaging beams whose width is a small fraction of the eye’s pupil diameter [19,20]. As a result,
both systems offer a relatively low lateral resolution of the retina. However, high-resolution
imaging is required to visualize the cellular structures and allow studies of the cellular-level
processes in the living retina. A hardware-based AO improves the system’s optical performance
by compensating for the ocular aberrations using wavefront shaping components (deformable
mirror or spatial light modulators), allowing the use of the maximum available numerical
aperture of the imaging objective (in our case, mouse eye), and thus the maximum available
lateral resolution [21–25], as demonstrated by several groups [26–31]. Recent developments of
two-photon fluorescence-based mouse retinal AO-SLOs also showcase the importance of the AO
technology in basic science research [32–34].

Here we report our work on integrating OCT into our previously reported AO-SLO system [35]
for in vivo mouse retina imaging. The manuscript was organized as follows: first, the description
of the system design is provided; then, the OCT performance is given by measurements of its
sensitivity roll-off and its axial resolution. Further, the AO-SLO-OCT simultaneous acquisition is
demonstrated on a model eye. Next, a mouse retina was imaged with AO-SLO and with AO-OCT
to show the high control of the AO axial focus position, thanks to highly axially localized
enhancement in retinal reflectivity. Finally, several critical aspects of system construction are
discussed, followed by a brief conclusion.

2. Materials and methods

2.1. System description

In our previous report, an in vivo mouse retinal AO-SLO imaging system was built and successfully
applied to study cellular morphology in vivo [35]. Before the addition of an OCT channel, the
Shack-Hartmann wavefront sensor (SHWS) [36] and the AO controller were upgraded to a new
version that can measure and correct aberrations at 100+ Hz using high spatial sampling of the
pupil (40× 40 lenslets on 2× 2 mm2 pupil). Figure 1 shows changes introduced to the AO-SLO
system to allow its integration with OCT detection resulting in the AO-SLO-OCT instrument.
These included:

(1) The light for wavefront sensing and SLO imaging was introduced into the system by
beamsplitter BS1, then the light passed through a cascade of 4f telescopes (all spherical
mirrors except the last lens) into the mouse eye, ensuring optical conjugation of the mouse
pupil with the Deformable Mirror, the X- and Y-Scanners, Imaging objective lens, and
SH-WFS lenslet array.

(2) A short-pass ultra-flat dichroic mirror (D3, t750spxr-xt-uf, Chroma) was used to introduce
OCT light into the AO-SLO system, which also acts as the sample arm of the AO-OCT
system.

(3) A separate reference arm matching the path lengths of the AO-OCT sample arm (∼11.5
meters long) was built and included D1 to match the dispersion of both arms.

(4) A supercontinuum laser (NKT) served as the OCT light source. The OCT light was
centered at 800 nm with 65 nm FWHM bandwidth, which provided about 6.3 µm axial
resolution in air.
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(5) A spectrometer comprising of 1200 lines/mm diffraction grating (Wasatch Photonics
1200lpmm at 840 nm), a 4096 pixels line scan camera (Basler SPL4096-140 km), and
imaging optics was built in-house. The OCT system offered a 200 kHz A-scan rate for
1024 pixels acquired by the Basler line scan camera.

Fig. 1. Schematic of the multi-modal AO-SLO-OCT mouse retinal imaging system: BS#
- beam splitter; DC - dispersion compensation; D# - dichroic mirror; DM - deformable
mirror; PMT - photomultiplier tube; P (circled in blue and marked with blue dashed line) -
optical planes conjugate with the pupil; SLD - superluminescent diode; SM# - spherical
mirror, M# - mirrors, L# lens, Hsc/Vsc - horizontal/vertical scanner. Insert in the top right
corner visualizes the fiber launch of the AO beacon implementing the pair of optical axicons
(resulting in ring illumination).

The Shack-Hartmann wavefront sensor-based AO systems are usually very sensitive to back-
reflections from the optical elements. In our current system, there is a strong back-reflection
from the last lens (L0 in Fig. 1), as well as from the contact lens and mouse cornea. To eliminate
these reflections, in our previous AO-SLO system, a small aperture stop (∼2 mm in diameter)
was placed immediately after the collimator of the SLD light source to create a ring illumination
for the beam used for wavefront sensing. As an alternative approach, here we tested an axicon
lens pair (25.4 mm in diameter, 20° angle, 10 mm axial separation, Asphericon Inc. Sarasota,
USA) to create annular/circular collimated illumination light, as shown in the top right corner in
Fig. 1. The axicon lens pair converts the Gaussian beam profile into a Bessel beam. The ring
diameter is adjusted by moving the axial position of the second axicon. This configuration also
allows the reduction of spherical aberration and extension of the depth of focus of the wavefront
beacon. However, it may introduce additional aberration if not correctly aligned (as will be
further described in the Discussion).

The resulting AO-SLO-OCT system has a 2 mm beam size at the mouse pupil, which is
equivalent to a numerical aperture (NA) of ∼0.5 [37] and could provide lateral and axial resolution
of AO-SLO 1× and 8× of the imaging wavelength according to the Abbe’s diffraction formula
for lateral (0.5λ/NA) and axial (2λ/NA2) resolution, respectively. The imaging power is 100 µW
for SLO and wavefront sensing together and 600 µW for the OCT beam.
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2.2. Animal handling

The animal handling in this work was performed in accordance with the guidelines of the
animal study protocol approved by the University of California Animal Care and Use Committee
(IACUC). Pigmented (C57Bl/6) mice from Jackson Labs (2-6 months old, females) were used in
the experiments. During imaging, the mice were anesthetized with isoflurane (2% in O2), and the
eye was dilated with tropicamide (1%) and phenylephrine (2.5%). The anesthetized mouse was
aligned to a zero Diopter contact lens (Unicon Corporation, Osaka, Japan) with a gel (GenTeal,
Alcon, Fort Worth, United States) placed between the lens and the cornea to prevent dehydration
and the development of cataracts.

3. Results

3.1. Sensitivity roll-off and axial resolution of the OCT sub-system

The spectrum of the light source was measured by our custom build spectrometer. As shown
in Fig. 2 (a), it had a ∼65 nm FWHM bandwidth. The spectrometer mapping of pixels to
wavenumbers (spectral mapping) was calibrated, as shown in Fig. 2 (b). Then, we measured
spectrometer sensitivity roll-off by placing a sample mirror at different depths, as shown in Fig. 2
(c). Figure 2 (d) shows the FWHM axial resolution at different depths. The average resolution
within the 1 mm range from the zero path length difference is about 6.3 µm in air, which translates
to about 4.7 µm in tissue, assuming a tissue refraction index of 1.34.

Fig. 2. OCT spectrometer calibration. (a): normalized reference arm spectrum measured
by the custom spectrometer; (b): spectral mapping of the spectrometer: wavenumber k(n)
versus pixel index; (c): Sensitivity roll-off as a function of depth; (d): FWHM resolution at
different depths.
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3.2. AO-SLO-OCT imaging of a model eye

First, a model eye with a 100 mm focal length achromatic lens as the objective and a paper with
printed text as the retina was used to test our combined AO-SLO-OCT system. The SLO and
OCT images were acquired simultaneously. The images of SLO, OCT en face projection, and
OCT B-scans before and after AO correction are shown in Fig. 3 (a), which clearly showcases the
overall enhancement of AO in terms of image intensity. The OCT enface intensity projection is
also shown to visualize improvement in image sharpness after AO correction. We quantified the
improvement in image quality by comparing changes in wavefront RMS error (Fig. 3 (b) from 0.3
µm to 0.03 µm), as well as the intensity histogram changes (Fig. 3 (c) and (d) for SLO and OCT en
face projection, respectively). Figure 3 (e) shows the OCT A-line profile changes (averaged from
50 A-scans centered at B-scan shown in Fig. 3 (a)). The OCT A-scan line intensity profile (linear
to the sample arm light amplitude) increases about 2.3 times after AO correction. Note that the
images before AO correction for the model eye (Fig. 3) were collected with a ‘flat’ deformable
mirror, thus without correcting system residual aberration. This is because, due to minimal
aberrations of the model eye, a very moderate improvement would be observed when correcting
model eye aberrations only. This correction of the system aberrations was used as a non-AO DM
setting when imaging the mouse retina (Fig. 5,6 & 9). The images before AO correction were
collected while residual system aberrations were corrected. Thus, the images before and after
AO correction for mouse eyes are comparing the images with only system aberration corrected
(before AO correction) and with full AO correction of both system and mouse ocular aberrations
(after AO correction).

Fig. 3. Example images acquired on a model eye with SLO and OCT without/with adaptive
optics and its analysis. (a) SLO and OCT images without (left) and with (right) AO, (b)
Wavefront RMS error changes, (c) SLO image histogram, and (d) OCT en face projection
histogram change. (e) OCT line intensity profile changes before and after AO correction for
the images shown in panel (a). Scale bar: 100µm (yellow), 1 mm (blue).

Note that the improvement of the OCT signal seems smaller than the SLO signal in Fig. 3. This
is due to the use of arbitrary dynamic range to display both data, making a direct comparison of
the increase in intensity not possible. Namely, there are two thresholds (minimum and maximum)
for the SLO signal voltage, the voltage below the minimum is digitized to be zero, and the voltage
above the maximum is digitized to be 216-1, otherwise to an unsigned 16-bit number. Depending
on the setting of the SLO minimum threshold, we can arbitrarily change the perceived increase
in brightness. In our SLO voltage threshold setting, we tend to set it, so the image before AO
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correction is close to zero intensity (dark) so that there is a more dynamic range for the signal
after AO correction. We do not actively adjust the dynamic range of the OCT images. Thus, the
improvement in the SLO signal appears to be much better than for the OCT signal.

3.3. AO-SLO and AO-OCT imaging of a living mouse retina

The performance of the AO-SLO sub-system was reported in our previous publications
[35,38–40]. The AO-SLO data acquisition was running alone at a 10 Hz frame rate and
1° FOV (∼36 µm× 36 µm). Overall, it demonstrated good quality in imaging the relatively large
structures and fluorescently labeled cells in the mouse retina. However, photoreceptor imaging
was still very challenging due to the small size of rods (the dominant photoreceptor class in
rodent retinas). The first demonstration of successful imaging of the mouse rod photoreceptors
mosaic in our system was reported in [38], here, the data is revisited, as shown in Fig. 4.

Fig. 4. AO-SLO imaging of the mouse photoreceptors: (a) The mosaic of inner segments
of rods (lighter, polygonal structures) and cones (dark regions) from a DIC microscopic
image [41], (b) 663 nm AO-SLO reflectance photoreceptor mosaic image, averaged from 100
registered raw images (see Visualization 1), (c) standard deviation projection from the same
100 raw images, (d) the potential cones manually marked by the red circles corresponding to
the dark regions in the mosaic. (e) Jeon Voronoi tessellation of the photoreceptors in panel
(b), (f) Histogram Jeon Voronoi elements size in (e). Scale bar: 10 µm.

Figure 4 (a) shows the DIC (Differential Interference Contrast) microscopic imaging of the
mouse photoreceptor inner segments with only rods visible as light polygonal shapes while cones
are invisible (dark regions) [41]; in the averaged intensity image from our AO-SLO system, bright
dots are visible with a high variance in the intensity (Fig. 4 (b)), these were attributed to rods
given the size and spacing similar to the rods mosaic (∼1.6 um in diameter) [38]. Here we found
that the standard deviation projection of the same data generated a mosaic image with higher
contrast which has some similarities to the rod’s polygonal shape shown in Fig. 4 (a). (Figure 4
(c)) [42]; In Fig. 4 (b-c), as observed previously, the standard deviation projection provides
much better contrast than the averaged intensity image. We think that it is due to the residual

https://doi.org/10.6084/m9.figshare.21625979


Research Article Vol. 14, No. 1 / 1 Jan 2023 / Biomedical Optics Express 305

eye motion artifact still being present after registration. Thus, there is always misalignment
between frames. Therefore, standard deviation projection provides an increased signal at the
edges of the cells, which makes the cells more visible, however, at the price of increasing their
size and distorting the mosaic. This application of standard deviation for image enhancement
has been previously reported by Yao et al. [42]. However, cones are not visible in these images.
Two more examples comparing median averaging and standard deviation averaging of mouse
photoreceptor mosaic is shown in Fig. S1 in the supplement. The example videos of registered
raw AO-SLO images of photoreceptor mosaic acquired in five different mice havee also been
included: (see Visualization 1; Visualization 2; Visualization 3; Visualization 4; Visualization 5).
When comparing panels (a) and (b) in Fig. 4, we manually picked some dark regions marked by
the red circles as the potential positions for cones (possibly less reflecting in mice), as shown
in Fig. 4 (d). Nevertheless, it is very interesting why cones in the mouse retina do not produce
a strong dominating reflection like the cones observed in other species, including humans and
non-human primates. Interestingly, the strong reflection of cones, compared to the relatively
weak rod reflections, allows imaging of the human photoreceptor mosaic in the periphery without
adaptive optics. The Jeon Voronoi tessellation of the photoreceptor mosaic was performed,
and the histogram of the areas of Voronoi elements was calculated, as shown in Fig. 4 (e) and
(f), respectively. There were 501 rods and 22 cones in total with an average area of Voronoi
element of 318 pixel2, corresponding to 3.18 µm2. The estimates of cell densities are 365,960
and 16,070 cells/mm2 for rods and cones, respectively. Both values are close to the numbers
reported in [43], which are 437,000 and 12,400. The difference could be due to photoreceptor
diameter dependence on eccentricity. Assuming a hexagonal shape of Voronoi elements and the
observation that Voronoi elements overestimate the area of photoreceptors by about 60% (see
Fig. 4 (e)), the average diameter of the rod is calculated at 1.6 µm, which matches the reported
diameter of mouse rods (1.6 µm in [22], 1.4µm in [43]). To further showcase the performance of
our AO-SLO system Fig S2 in the supplement shows examples of AO-SLO large-field of view
imaging with the 488 nm reflectance channel with an imaging focus set at the retina nerve fiber
layer (RNFL) Fig. S2 (a), with the corresponding fluorescence angiography image in Fig. S2 (b).
Additionally the example results of AO-SLO imaging with the 663 nm reflectance and focus set
on the RNFL are shown in Fig. S2 (c-d).

The performance of the AO-OCT sub-system was tested by in vivo imaging of the retina of a
pigmented mouse. The AO-OCT data acquisition was running alone at 200kHz A-scan rate and
6° FOV (∼216 µm× 216 µm). Due to the chromatic aberration, the AO-OCT beam (centered at
800 nm) was naturally focused deeper in the retina, in the choroid, as shown in Fig. 5 (a). Only
RPE and choroid layers are visible in the AO-OCT B-scans (presented on a linear intensity scale)
before AO correction. After closing the AO loop, the A-scan intensity profiles (averaged from the
center 100 A-scans from each B-scan) clearly show the signal enhancement around RPE-choroid
layers, while the rest of the retinal layers are not enhanced. To visualize other layers, we needed
to axially shift the OCT focus to the layer of interest. Note that the AO-OCT focal plane can
be adjusted independently from the AO focus when the OCT sample arm fiber tip position is
moved axially with respect to the collimating lens. This will shift the OCT focal plane while the
AO focus remains fixed during this process because the wavefront sensing path, including the
AO beacon, deformable mirror, and relay lens pairs are unchanged. Actually, there are two ways
to shift this focus plane in our system, one is by adding defocus to the deformable mirror after
“freezing” AO correction, and the other way is to move the OCT sample arm fiber tip position
further from the collimating lens (changing divergence of the OCT beam at the system entrance).
Here we tested the second way, as demonstrated in Fig. 5. During the entire progressive focus
series in Fig. 5, 26 different focus positions were tested without and with AO correction, so 52
datasets were collected. The whole process took ∼27 mins. It is worth noting that: when the
light focuses on IS/OS layer, there is an additional reflection that appears in the axial intensity

https://doi.org/10.6084/m9.figshare.21625979
https://doi.org/10.6084/m9.figshare.21625982
https://doi.org/10.6084/m9.figshare.21625988
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profile, as shown in Fig. 5 (c), which might correspond to cone outer segment tips; when the
light focus on ONL layer (Fig. 5 (g)), it becomes more visible than adjacent plexiform layers
which are not seen in standard OCT images. It was noted that the OCT signal of OPL and INL
dropped significantly after AO correction in Fig. 5 (e-f). Considering the focus for wavefront
sensing is fixed during the axial scanning of OCT focus, the decrease of OCT signal is attributed
to the improvement of the depth of focus of AO corrected OCT beam. Additionally, it has been
reported that aberrations could substantially change with axial depth in the mouse eye, and the
AO correction performance could be compromised if the wavefront sensing position is shifted
away from the imaging plane [34,44]. Thus, the performance of the axial scanning of the OCT
focus might depend on the reference focal plane position for AO correction.

Fig. 5. In vivo mouse retinal AO-OCT B-scan images showing the localization of the focal
plane in our AO-OCT system. The B-scans show the improvement in image intensity only
within a very limited depth after AO correction due to the relatively high NA of the mouse
eye and corresponding confocal depth of focus; the line profile changes show the OCT signal
changes (proportional to the sample light amplitude). RPE: retinal pigment epithelium;
IS/OS: inner segment /outer segment of photoreceptors; ELM: external limiting membrane;
ONL: outer nuclear layer; OPL: outer plexiform layer; IPL: inner plexiform layer; INL:
inner nuclear layer; NFL: nerve fiber layer. Scale bar: 100 µm. Line profiles scaling factor
(0.5 µm/pixel).

We further made the maximum projection on the datasets with a shifting focus at 25 different
locations distributed across the retina (gray lines in Fig. 6(a)). Because the ELM peak appears at
all the line profiles, it was used to align the OCT line profiles axially. The result without AO
was shown by the black line, while the result with adaptive optics was shown by the red line. It
can be seen that adaptive optics can increase the OCT signal intensity at almost every location.
The ratio between the OCT signal with and without adaptive optics was calculated and shown
in Fig. 6 (b), with a median value of 1.40. Note that the apparent shift of the NFL peak could
represent the signal enhancement of the cells (e.g., macrophages) closing to the inner limiting
membrane in the vitreous humor. Overall, this suggests that a dynamic focus would be needed to
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fully utilize the advantage of AO to image all the layers of the mouse retina. This could be done
by the introduction of a variable focus lens or other mechanical focus-shifting techniques [45].

Fig. 6. The line profile intensity comparison before (black) and after (red) AO close loop
correction for all retinal layers, (a) the maximum retinal reflectivity from 25 line profiles
(grey) with different OCT focus planes, (b) the ratio between the maximum layer reflectivity
with AO correction and without AO correction. 1.6-1.8 times improvement could be achieved
for highly reflecting retinal layers.

4. Discussion

4.1. Dispersion compensation for the broadband light source in AO-SLO-OCT

One of the complications we encountered during the AO-SLO-OCT system development was
the dispersion compensation of the OCT signal for the broadband light source. In most OCT
systems, the differences in dispersion between the sample and reference arm are usually kept to
the minimum by using the same thickness of the dispersive materials in the sample and reference
arm (hardware dispersion compensation). Additionally, any unmatched residual dispersion is
compensated in OCT signal postprocessing by adding a dispersive phase component to the
spectral fringe before Fourier transform [46]. Since OCT was added to our existing AO-SLO
system, we introduced the OCT sample beam into the AO-SLO system using reflection by a
dichroic mirror (D1), as shown in Fig. 7 (b), instead of the preferred transmission of the OCT
beam by a dichroic mirror (D1) (Fig. 7 (a)).

To compensate for the dispersion introduced by the reflection of a dichroic mirror in the sample
arm, we used another dichroic mirror in the reference arm. Although two identical ultra-flat
dichroic mirrors were used to match the dispersion between the reference arm and sample arm,
the residual dispersion couldn’t be matched using standard software dispersion compensation:
Fig. 7 (c) shows the best corrected PSFs for different bandwidths of OCT light source (The
corresponding spectra are shown in Fig. 7 (d)). The PSF from broadband (190 nm bandwidth)
light source has a very broad and complex PSF if compared to narrowband (40 nm bandwidth)
light source. The theoretical PSFs for each spectral bandwidth are shown for comparison and
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Fig. 7. Group Delay Dispersion introduced by reflection from an ultra-flat dichroic mirror
limited the useful spectral range for the OCT sub-system, (a, b) simplified OCT configuration
sketch of a preferred use mode of the dichroic and our system (Reflection mode of a dichroic),
respectively; (c) Axial PSF for light sources with different bandwidth: 190 nm centered at
870 nm and 40 nm centered at 800 nm, “T-”: Theoretical PSF; (d) group delay dispersion for
s- and p-polarized light, the spectrum of the broadband SLD / single SLD and NKT sources,
respectively.

marked by “T-”. This illustrates our inability to properly match dispersion in this configuration
and what would result in the image artifacts and axial blurring of the OCT images. The reason for
this behavior is group delay dispersion (GDD) [47] introduced by the dichroic mirrors. Figure 7
(d) also plots its GDD for s- / p- polarized light, which shows a considerable spike in GDD
around 850 nm. This narrowed down the useful bandwidth for our OCT light source. To avoid
this GDD anomaly, we decided to limit our light source spectrum from 760 nm to 840 nm (Note
that the dichroic is a 750 nm short pass filter). Unfortunately, this lowers the axial resolution of
our OCT system. However, due to the limited spectral range, we could run our OCT detection
spectrometer two times faster (200 kHz) and limit chromatic aberration’s effect in both transverse
and longitudinal directions [48]. We had two light sources that could operate in this spectral
range an SLD with 40 nm FWHM spectral bandwidth and an NKT source with a tunable filter.
We decided to use the NKT source in our experiments because it can offer ∼25 nm broader
bandwidth of light and three times more power.

4.2. Aberrations introduced by axicon pair

The axicon pair in our system was introduced into the WFS beacon beam to reduce the back-
reflection from the mouse cornea/contact lens (by creating the ring intensity illumination profile),
without reduction in the beam power. Additionally, this results in creating a Bessel beam on
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the retina, which could benefit AO by extending the depth range of focus. We want to point
out that while this is a potentially very attractive solution, it is also very sensitive to the proper
alignment of axicons. Figure 8 shows two examples of the aberration introduced by the not
properly aligned axicon pair, as detected by our wavefront sensor, after applying wavefront
sensorless AO correction using the intensity of the image created by the same light [49,50]. This
test was performed on the model eye and showcased the need for more detailed studies when
Bessel Beams are used as the AO beacons.

Fig. 8. An image of the HS-WFS spots and two examples of aberrations introduced by
the misaligned axicon pair used to generate the AO beacon beam. (a) An exa image of the
HS-WFS spots from the model eye; (b) Oblique quatrefoil of RMS 0.15 λ; (c) Horizontal
coma of RMS 0.25 λ.

Note that the Hartmann-Shack wavefront sensor measures single-pass aberrations mostly, not
the double-pass. Thus, the wavefront sensor does not detect the wavefront of the annular beam
passing toward the retina. It measures mostly backscattered light from the AO reference plane.
Thus, although the beam passing axicon pairs is of annular shape, the scattered light from the eye
fills the whole eye pupil. The aberrations created by the misaligned axicon pair make the AO
reference spot blurry, lowering both the resolution and signal intensity, and could also “leak” to
our detector due to the presence of back-reflected light. The wavefront sensor could be used as
feedback to align the axicon pairs once we confirm what causes those aberrations and how their
presence is affected by backscattering vs. back reflections in the model eye.

4.3. Estimation of the AO-OCT system lateral and axial resolution before and after AO
correction in the living mouse eye

The smallest axially extended structure in the living mouse eye that can be used to estimate
AO-OCT system axial resolution is the external limiting membrane (ELM), or outer limiting
membrane (OLM), which is a network of junctional complexes between Müller cells and the
photoreceptors they encircle that contributes to barrier functions in the neural retina [51]. The
network-like structure (Fig. 9 (a) inset) has a thickness and fine structures which are at the
micrometer level, as estimated from the images in [52]. Here we use the intensity line profiles
extracted from the averaged retinal AO-OCT B-scan in the lateral and axial direction across the
ELM to estimate the lateral and axial resolution of the AO-OCT system. The 100-frame-averaged
B-Scans acquired over the 3° FOV before and after AO correction were shown in Fig. 9 (a) and
(d), respectively. These two averaged B-scans were aligned via Fiji ImageJ ‘StackReg’ plugin
before comparison. A line right on top of ELM was drawn, and the corresponding intensity
values were extracted and shown in Fig. 9 (b) for comparison.
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Fig. 9. Estimation of the AO-OCT lateral and axial resolution before and after AO correction
in the living mouse eye, (a) the averaged AO-OCT B-scan before AO correction with an
inset showing the fluorescence microscopy image of the ELM labeled with glutamine
synthetase and occludin in a normal rat. Occludin is located around photoreceptors at the
glial membrane and between glial Müller cell structures, (b) the intensity line profile at
the ELM (location and direction indicated by the red line in (a)), (c) the histogram of the
Full Width at Half-Maximum (FWHM) width of the ELM structures before and after AO
corrections, (d) the averaged AO-OCT B-scan after AO correction, (e) a pair of representative
line profiles (location and direction indicated by the red line in (d)), (f) the histogram of
the ELM band FWHM width before and after AO correction. Scale bars: 100 µm (white),
10 µm (yellow).

It can be seen that there is an increase in contrast and that the lateral features in this line
appear narrower. Note that due to the B-Scan averaging, these features possibly represent the
true microstructure of the ELM rather than the speckle field. With Matlab ‘findpeaks’ function,
the peaks and their Full Width at Half Maximum (FWHM) were extracted, and the FWHM
histograms were shown in Fig. 9 (c). The numbers of peaks before and after AO correction were
26 and 33, respectively. The averaged FWHMs were 5.10 and 3.97 pixels, which is ∼1.38 µm
and ∼1.07 µm. Two representative A-scans before and after AO correction were shown in Fig. 9
(e), which shows the OCT focus in the lower part of ONL close to ELM. Nevertheless, ELM
signal amplitude increased ∼2× after AO correction. 11 and 13 ELM peaks with clear gaussian
distribution were extracted and processed with Matlab ‘findpeaks’ function. The histogram of the
FWHM was shown in Fig. 9 (f) with average values of 10.59 and 9.43 pixels, which is ∼7.2 µm
and ∼6.4 µm. Given the weight (w) is the PSF convoluted with the size (L) of the structures,
which has a theoretical relationship of w2 = PSF2 + L2, and the exact number of L is unknown,
the accurate PSF cannot be recovered this way. However, it still provides an estimation of the
resolution to some extent, which reflects the expectation that AO improves mainly the lateral
resolution for the OCT system.

4.4. Technical challenges associated with AO-SLO-OCT imaging of mouse retina

The success rate of visualizing photoreceptor mosaics in multiple mice with AO-SLO was
close to 100% over several animals imaged. We achieve that by focusing our AO correction
on the individual scattering spots (photoreceptors) visible in real-time in the raw image during
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acquisition. We achieve that despite multiple challenges associated with the implementation of
AO in the small mouse eye. However, we consistently observed that a considerable amount of
motion artifacts were present in the acquired data mostly due to the high magnification of the AO
system (5-10× higher than in our mouse [53] or clinical AO retinal imaging systems [27]), which
could not be corrected in postprocessing for AO-OCT data with the method currently used in
our laboratory (supplementary material). The limited acquisition speed of our current AO-OCT
system amplified this issue. For example, to get the AO-SLO photoreceptor images shown in
Fig. 4, the SLO frame rate was 10 Hz with 1° FOV (∼36 µm× 36 µm, 400× 200 pixels with a
2kHz fast-axis sinusoidal scan). However, the AO-OCT volumetric acquisition rate for a similar
FOV was about five times slower (raster scan), making further registration and volume averaging
for contrast enhancement impossible. Similar to clinical AO-OCT imaging, the speckle contrast
present in the individual AO-OCT volumes is too high to visualize cells in en-face planes. Thus,
the application of AO-OCT demonstrated here is limited, and its high-resolution advantage over
traditional non-AO OCT suffers from the currently limited acquisition speed of our OCT system.
Additionally, the reduced depth-of-focus of the mouse AO-OCT system makes the 3D registration
even harder, especially when the axial shifts of focus and retinal axial position are present during
mouse breathing. We believe that improvements in OCT image acquisition speed are critically
needed to reduce this problem and to fully highlight the benefits of AO-OCT imaging in the
mouse eye. The higher acquisition speeds would also allow for the implementation of a more
reliable image registration algorithm and a more accurate chromatic aberration compensation
method.

Note that, in the data presented here, the system was acquiring data simultaneously only during
the model eye imaging, while each modality ran independently for in vivo imaging. This was
due to the limitations caused by the current acquisition speed of our OCT engine. For example,
to image the photoreceptor mosaic, a small FOV (typically 1°, maximum 2°) is required with a
sampling density of 400× 200 pixels across the FOV and a frame rate of 10 Hz. Our AO-SLO
imaging speed is barely sufficient to allow correction of the eye motion artifacts and success
registration between frames. However, based on our experience, a larger FOV (3-6 °) is required
to get ‘good’ AO-OCT images due to the presence of speckles and the inability to correct eye
motion artifacts to register multiple volumes. This is because the OCT engine volume rate is 5×
slower than the AO-SLO frame rate. Thus, running the two imaging modalities simultaneously at
200kHz would significantly reduce the performance of AO-SLO in the current configuration.
Increasing the OCT volume rate to match the AO-SLO frame rate is needed to improve the utility
of our combined AO-SLO-OCT system.

5. Conclusion

We have presented here our latest progress on the development of a multi-modal in vivo mouse
retina imaging system. The current instrument includes the addition and integration of an OCT
into our previously built AO-SLO system to create an AO-SLO-OCT instrument. The system
design, performance, and example images were presented. Several important points observed
during the system development were discussed as well. First, by using a pair of axicon lenses
to generate a Bessel beam to act as the AO beacon, one can improve the robustness of AO by
extending the depth of focus without a reduction of beam power or reference spot size. However,
AO performance was sensitive to the alignment of the axicon pair because of the extra aberrations,
probably caused by some back-reflected rather than backscattered light reaching the wavefront
sensor. This effect should be studied in more detail. Second, integrating an OCT into an existing
system using the reflection by the dichroic mirror can be problematic if the broadband OCT
spectrum is of interest. This is due to the group delay dispersion introduced by the reflection by a
dichroic mirror, suggesting it is preferred to integrate OCT into a multi-modal system using a
dichroic in the transmission path. Third, while our multi-modal mouse retinal imaging system
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was built to operate two imaging modalities simultaneously, due to the limited imaging speed of
the OCT engine (200kHz), it was not possible to reliably correct motion artifacts and co-register
the serial AO-SLO images and AO-OCT volumes at this acquisition speed. This is because of
the small FOV of the mouse retina imaged (∼10× smaller than in the human eye). Any eye
movements were greatly amplified. In order to obtain the AO-OCT volumes with only modest
eye motion artifacts, which could be corrected in postprocessing, a high-speed OCT engine is
necessary.
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