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Non-confocal split-detection imaging reveals the cone photoreceptor inner
segment mosaic in a plethora of retinal conditions, with the potential of
providing insight to ageing, disease, and response to treatment processes, in
vivo, and allows the screening of candidates for cell rescue therapies. This
imaging modality complements confocal reflectance adaptive optics scanning
light ophthalmoscopy, which relies on the waveguiding properties of cones, as
well as their orientation toward the pupil. Split-detection contrast, however, is
directional, with each cone inner segment appearing as opposite dark and bright
semicircles, presenting a challenge for either manual or automated cell
identification. Quadrant-detection imaging, an evolution of split detection,
could be used to generate images without directional dependence. Here, we
demonstrate how the embossed-filtered quadrant-detection images, originally
proposed by Migacz et al. for visualising hyalocytes, can also be used to generate
photoreceptor mosaic images with better and non-directional contrast for
improved visualisation. As a surrogate of visualisation improvement between
legacy split-detection images and the images resulting from the method
described herein, we provide preliminary results of simple image processing
routines that may enable the automated identification of generic image features,
as opposed to complex algorithms developed specifically for photoreceptor
identification, in pathological retinas.
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1 Introduction

Adaptive optics scanning light ophthalmoscopy (AOSLO)
affords the transverse resolution necessary to visualise the cone
and rod photoreceptor mosaics in the living human eye, as well as a
multitude of retinal features and pathologies (1, 2). Aging and
disease affect these cell populations that are essential for vision, and
therefore the ability to reliably quantify them is paramount for early
changes to be captured, more sensitive longitudinal monitoring,
and potentially become more precise endpoints in future gene
therapies targeting these cells. Ultimately, complementary AOSLO
modalities reflectance confocal and non-confocal split-detection are
inherently limited to resolving cells affected in advanced disease
and/or challenging eyes. Confocal imaging despite resolving the
smallest of cells provides very low (if any) contrast in disease, and
the bright semicircle of split-detection against its grey background is
also of low contrast. Moreover, split-detection images contain a
non-homogeneous, low spatial frequency signal thought to be
originating from the retinal pigment epithelium. These challenges
are translated to either time-consuming, error-prone manual
annotation of photoreceptor mosaics or the use of highly
sophisticated algorithms previously trained by the gold standard
technique, which is manual annotation.

The main goal of this paper is to demonstrate the application of
a previously described image processing method shown for non-
confocal quadrant-detection imaging on a new target, namely,
photoreceptor cells. The motivation for this work is to ultimately
address the inherent limitations of AOSLO and improve the
visualisation of the photoreceptor mosaic. To this end, we present
preliminary results from four representative conditions affecting
these cells that may potentially lead to reducing the complexity of
cell identification.

2 Methods

En face image sequences of photoreceptor mosaics were
recorded using a custom-built AOSLO using light from a 790-nm
super-luminescent diode (SLD; Superlum, Ireland). Confocal
reflectance imaging revealed photoreceptor outer segments,
whereas non-confocal multiple-scattered light revealed
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photoreceptor inner segments using an off-the-shelf fibre bundle
quadrant-detection setup (BF42LS01, Thorlabs, Germany).
Wavefront sensing was achieved using light from an 850-nm
Superlum SLD, with the wavefront correction performed with a
continuous sheet deformable mirror (DM97-15, ALPAO, France).
Participants’ pupils were dilated using a drop of 1% tropicamide
and 2.5% phenylephrine, each. A bite-bar provided head stability
during imaging while fixating on a crosshair for around 9 s at a
time, at each retinal location. Overlapping retinal locations were
recorded so these could later be montaged either manually or
automatically (3) into larger areas. Participants’ axial length was
obtained to lateral-scale AOSLO images (IOLMaster 700, Carl Zeiss
Meditec, Germany). Image distortion due to the use of a resonant
scanner was removed by recording a grid of horizontal and vertical
lines of known spacing (Ronchi ruling). Reference frames with
minimal distortion due to eye movement were selected from each
image sequence either manually or automatically (4), for
registration and averaging of at least 40 images at each retinal
location to increase the signal-to-noise ratio (5). Intraframe motion
correction (de-warping) was then applied to remove any residual
distortion (6).

The confocal pinhole was created by a tilted custom reflective
binary mask that transmits light over a circular area 0.76 Airy disk
in diameter (ADD; 37.5 um) (Figure 1, column 1). The non-
confocal light reflected by this mask was relayed using an
achromatic doublet pair onto an 1-to-4 fan-out fibre optic bundle
in a round configuration (Figure 1, columns 2-5). Although distinct
from a previous approach (7), the current setup represents a close
approximation and is conceptually the same, as each fibre captures
light from a different quadrant (Q1-Q4) while providing a more
mechanically stable approach than dividing non-confocal light into
four quadrants using mirrors. Each of the four fibres has a 200-um
core diameter and a numerical aperture of 0.39. Their centres are
118.75 um offset from the centre of the confocal pinhole. The image
sequences of these four quadrants were mathematically combined
similarly to that of split-detection, i.e., “legacy” vertical (90°)
direction (8), whereas we also calculated the horizontal (0°), 45°,
and 135° quadrant-detection images, which is afforded by dividing
light into four rather than two detectors (Figure 2, black solid
lines).The detection implementation is described in detail elsewhere
(7). Photo-multiplier tube control voltages were adjusted by the
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Confocal (logarithmic greyscale) and non-confocal quadrant-detection (Q1-Q4) images recorded simultaneously from the right eye of a 31-year-
old X-linked retinitis pigmentosa patient. Light contributing to the creation of each image is collected from the confocal pinhole or fibre optic
highlighted in dark grey, respectively. The centre of this photoreceptor mosaic is 226 microns away from the fovea. Scale bar is 20 microns.
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FIGURE 2

Pixel-by-pixel calculations from the raw quadrant-detection images shown in Figure 1. The angle of each of the four split axes is denoted with a
solid black line. Radial splitting resulting images (top row); horizontal, 45°, vertical, and 135° from left to right, respectively. Photoshop-created

embossed-filtered images using angles orthogonal to each split axis, with a direction from bright to dark cell borders (white arrows, middle row).
Stack of four embossed-filtered images combined into one using Minimum Intensity Projection (MinlP, bottom row) in Imaged. The centre of this

photoreceptor mosaic is 226 microns away from the fovea.

operator throughout acquisition to maintain balanced mean pixel
values across all quadrant detectors.

The quadrant-detection images were further processed using
emboss filtering in Photoshop CS6 Extended (Adobe Inc.), as
previously described (9). The filter parameters were empirically
set to similar values as per the aforementioned publication
irrespective of retinal condition or eccentricity, i.e., height of 5
pixels, amount of 150%, and angles orthogonal to each radial split
axis and in the direction toward the dark cell border (Figure 2, white
arrows). Finally, from each stack of four embossed images, a single
final image was generated using ImageJ’s (10) minimum intensity
Z-project, hereon, MinIP (Figure 2).

A Photoshop actions script to automate the creation of the
embossed-filtered images as well as the Image] macro to batch
process the resulting images into the single final MinIP image is
provided (Supplementary Material).

To explore whether the resulting MinIP images represent a
visualisation improvement of the photoreceptor mosaic over their
equivalent legacy split-detection images in terms of automated cell
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identification, we performed simple image processing routines
using Image] (version 1.54g) as a demonstrative example. First is
by applying a Gaussian blur with a radius value of 2 pixels,
binarizing the image using thresholding, and then applying
watershed separation for neighbouring cells not to be falsely
merged into one. Cutoff values for thresholding were chosen
guided by the histogram plots of each image at the trough
between the two peaks. Lastly, photoreceptor cells were
automatically identified using the “Find Maxima” function, which
returns individual cell centroids, as shown in Figure 3. The
equivalent legacy vertical split-detection image fed to a Machine
Learning algorithm previously published (11) can be seen in the
same figure for direct comparison.

Last, depending on the condition, the Stargardt’s and
achromatopsia non-confocal images could only resolve cone
photoreceptors, whereas the retinitis pigmentosa and Leber’s
congenital amaurosis type 2 non-confocal images may contain
both cone and rod photoreceptors (Figure 4). To establish the
ground truth for these representative conditions directly affecting
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FIGURE 3

Top row: legacy split-detection image (as defined in Figure 2, column 3) segmented by a previously published Deep Learning method. Bottom row:
cell segmentation of the MinlP embossed quadrant-detection image shown in Figure 2 (400 pixels square) using ImageJ. Image processing steps
could be run as a single macro, here shown individually for illustration purposes. MinIP; Minimum Intensity Projection. Yellow dots indicate overlap
between automated cell identification (ImageJd) and manual annotation, red dots indicate cells manually annotated missed by ImageJ (false
negatives), and cyan dot indicates two cells mislabelled as one. The centre of this photoreceptor mosaic is 226 microns away from the fovea.
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FIGURE 4

Visual comparison of legacy split-detection (as defined in Figure 2, column 3) over MinlP embossed quadrant-detection in Stargardt’s (16 years old),
achromatopsia (38 years old), retinitis pigmentosa (31 years old), and Leber's congenital amaurosis type 2 (16 years old) (430 pixels square each). Top
row shows the equivalent confocal images in logarithmic greyscale. Bottom row shows the results of cell detection using ImageJ. Only cone
photoreceptors were targeted in Stargardt's and achromatopsia images. Yellow dots indicate overlap between automated cell identification (ImageJ)
and manual annotation, red dots indicate cells manually annotated missed by ImageJ (false negatives), and cyan dots indicate either clusters of rods
misidentified as cones by Imaged (false positives) for the achromatopsia image or two cells mislabelled as one for the retinitis pigmentosa image.
MinlIP; Minimum Intensity Projection. The centre of each square crop is 2.7, 0.6, 0.2, and 0.15 mm away from the fovea, from left to right,
respectively. Scale bars are 50 microns.
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cone and/or rod photoreceptors, all centroids of applicable cell
types were manually annotated by a single grader (AK) and
compared against the automatically identified ones using the steps
described in Figure 3 for the MinIP embossed images.

3 Results

The application of the Migacz et al. method in photoreceptor
mosaics is illustrated in Figures 1, 2 by example of a parafoveal crop
from an adult retinitis pigmentosa retina (400 pixels square) (12).
The embossed-filtered images (intermediate step) shown in Figure 2
are devoid of the low spatial frequency content of the input images,
stemming from back-scattering of the retinal pigment epithelium
and/or choroid, similarly for the fusion of the four images into the
final MinIP embossed quadrant-detection image. Qualitatively, it is
evident that some cells’ borders are more pronounced than others.

Manual annotation of the centre of every cell (in this example,
either cone or rod) resulted in a total of 752 cells, whereas the brief
exploration of simple image processing routines to automate such
annotation missed eight cells (false negatives, red dots, 1%) of which
two were mislabelled as one (cyan dot). The more complex, state-of-
the-art method missed 260 (34.6% of total) cells on the equivalent
legacy split-detection image (Figure 3).

We also present the results of the embossed quadrant-detection
MinIP method in representative images (430 pixels square, each) of
retinae whose photoreceptors are affected, namely, Stargardt’s
disease, achromatopsia, and Leber’s congenital amaurosis type 2
(LCA2) (Figure 4). Thresholding using Image] as described in
Figure 3 was also applied to these images, and resulting cell
annotations (manual and automatic) are shown. For the
Stargardt’s image, 117 cones were manually annotated of which
eight were missed by thresholding (red dots, false negatives, 6.8%).
For the achromatopsia image, 221 cones were manually annotated
(aided by confocal reflectance) of which 52 were missed by
thresholding (red dots, false negatives, 23.5%) and eight clusters
of rods were falsely marked as cones (cyan dots, false positives,
3.6%). For the (slightly enlarged in area than Figure 3) retinitis
pigmentosa image, 867 cells were manually annotated of which 10
cells were missed by thresholding (red dots, false negatives, 1.1%) of
which two were mislabelled as one (cyan dot). For the LCA2 image,
914 cells were manually annotated of which 38 were missed by
thresholding (red dots, false negatives, 4.1%).

4 Discussion

The methodology described here was previously applied to the
retinal vasculature (9) and—slightly modified—to vitreous cortex
hyalocytes (12). Here, we apply it to retinal photoreceptor mosaics
in a range of conditions affecting these cells and provide the
software (Photoshop actions and Image] macro) used to
implement and automate the creation of MinIP embossed
quadrant-detection images. While not a direct goal of this work,
we briefly explored the feasibility of performing simple image
processing routines using ubiquitous, open-source software to

Frontiers in Ophthalmology

10.3389/fopht.2024.1349297

deliver automated cell identification in non-confocal AOSLO
MinIP embossed quadrant-detection images.

This is not the first study to describe a radial splitting detection
scheme with the goal to increase contrast for retinal cells (13-15).
However, here we employ simultaneous acquisition of confocal and
non-confocal images rather than in a sequential fashion by means of
a commercially available fibre optic bundle and keep the number of
non-confocal channels to the minimum (four), attempting to strike
a balance between improved cell border visualisation and simplicity
to implement and maintain. Importantly, this does not increase the
time needed to acquire the images and it does not require additional
spatial image registration, maintaining temporal registration.

The resulting images of photoreceptors described here are
derivatives of (multiple axes of) split-detection and as such are
governed by the same limitations in terms of resolving the smallest
of cells, either foveal cones or rods. Reflectance confocal AOSLO
would be the modality of choice for such cells. An exception to this
rule is in the case of degeneration/disruption where cells are less
numerous and thus larger in size. Other limitations of this work
include the lack of direct comparison between images from a legacy
split-detection AOSLO and the fibre-optic bundle quadrant-
detection AOSLO described here, on the same retinae. The
assumption that the images are of comparable quality would need
to be tested to exclude a potential image quality bias depending on
AOSLO hardware used. The methods applied and images shown
here were processed retrospectively from past natural history
studies and were randomly chosen to represent each condition
without a priori knowledge of the quality of the MinIP embossed
images. However, it would be beneficial to apply the method
prospectively in larger cohorts in both unaffected and affected
retinae to explore its applicability further. To illustrate the effect
of MinIP embossed filtering across various retinal eccentricities for
all four conditions, the full montages are provided from which the
images shown in Figure 4 were cropped from (Supplementary
Figures 1-4).

Another consideration that we did not account for in this work
are the potential differences in photoreceptor inner segment shape
(and thus, size) between the well-described, legacy split detection
images and the current MinIP embossed images. Future work could
quantitatively compare such differences by means of previously
described software (16) and the use of (for example) Image]
(“Analyze Particles”) for the type of images presented herein.

Split-detection works on the principle of directionality by
design; non-confocal light is split along the vertical axis, and the
contrast created to resolve inner segments manifests as a dark and a
bright semicircle to the right and left borders of any given cell.
However, target structures that are oriented along the split-
detection axis would not be resolved or, if they are oriented
diagonally, they would be faintly or partially resolved. When it
comes to retinal photoreceptor degeneration, not all cells are
uniformly circular or symmetrical along a fixed axis. This is the
reason why this work here focuses entirely on affected retinae,
which are the most challenging to resolve and thus quantify.
Additionally, the bright border of each cell provides low contrast
against the non-uniform grey background. Quadrant-detection
essentially builds upon split-detection by increasing the number
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of axes from one to a total of four in a radial splitting geometry. This
provides several advantages when it comes to visualising
photoreceptor cells: directionality is not crucial anymore to
establish the necessary contrast; even imperfect image focusing
yields satisfactory cell border contrast, as can be seen in the top
left corner of the image from the LCA2 patient.

As a direct consequence of the above, advantages may also be
brought forward to the cell identification domain. Historically, it has
been both challenging and computationally complex to automatically
annotate split-detection images of the photoreceptor mosaic (11, 16—
19). Albeit the primary goal of this work is not to improve cell
identification but rather to reduce its complexity, we briefly explore
how simple image processing routines with no specialist software
may provide an indirect way to showcase the improved visualisation
of cell borders and put the work here into context with one of the
previously published methods for automatic photoreceptor
localisation. Even though the two techniques shown in Figure 3 are
not directly comparable due to the fact that the legacy one was trained
on images from Stargardt’s patients and the current methods’
example used belongs to a retinitis pigmentosa patient, the salient
point is that the MinIP embossed quadrant-detection image required
no pretrained model. Manual annotation of cells may always be the
gold standard when it comes to cell quantification, but the work
presented here could be a step closer to shorter research staff training
times and to abolishing the need for multiple graders due to the
improved visualisation of cell borders. Postprocessed MinIP
embossed quadrant-detection AOSLO images resemble those of ex
vivo microscopy images of cells with well-defined borders against a
uniform background without the low spatial frequency features in the
source images. As a consequence, simpler and more widely used
image processing pieces of software (20) are bound to facilitate their
broader adoption from the research community.
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SUPPLEMENTARY FIGURES 1-4

Full montages of the photoreceptor mosaics for all four conditions shown in .
White asterisks indicate the foveal centre. White rectangles on the inset,
macroscopic images indicate the extent of the area imaged with Adaptive
Optics Scanning Light Ophthalmoscopy. Montages comprise minimum
intensity projection (MinlP) of embossed quadrant-detection images for
Stargardt’'s, achromatopsia, retinitis pigmentosa and Leber’'s congenital
amaurosis type 2, respectively.
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