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Abstract: Photoreceptor loss and resultant thinning of the outer nuclear layer (ONL) is an
important pathological feature of retinal degenerations and may serve as a useful imaging
biomarker for age-related macular degeneration. However, the demarcation between the ONL
and the adjacent Henle’s fiber layer (HFL) is difficult to visualize with standard optical coherence
tomography (OCT). A dedicated OCT system that can precisely control and continuously and
synchronously update the imaging beam entry points during scanning has not been realized yet.
In this paper, we introduce a novel imaging technology, Volumetric Directional OCT (VD-OCT),
which can dynamically adjust the incident beam on the pupil without manual adjustment during
a volumetric OCT scan. We also implement a customized spoke-circular scanning pattern to
observe the appearance of HFL with sufficient optical contrast in continuous cross-sectional
scans through the entire volume. The application of VD-OCT for retinal imaging to exploit
directional reflectivity properties of tissue layers has the potential to allow for early identification
of retinal diseases.

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

1. Introduction

Age-related macular degeneration (AMD) is the leading cause of blindness in the elderly
population [1]. Geographic atrophy (GA), the advanced stage of the non-exudative (dry) form of
AMD, is characterized by the loss of the photoreceptors, the retinal pigment epithelium (RPE),
and the choriocapillaris [2]. There is currently no effective treatment for GA [1]. Therefore,
the detection of pathological biomarkers for staging of AMD before the development of GA is
critical to the development of effective therapies and clinical prognostication. Several imaging
techniques, including color fundus photography, fundus autofluorescence (FAF), and optical
coherence tomography (OCT), have been applied to detect areas of GA [3–6]. Histopathological
work has supported the view that photoreceptor degeneration occurs early in some AMD cases [7].
Thus, photoreceptor degeneration and resultant thinning of the outer nuclear layer (ONL), which
contains the nuclei of photoreceptor cells, is an important clinical feature of AMD [8]. However,
it is challenging to demarcate the boundary between the ONL and the neighboring Henle’s fiber
layer (HFL), which consists of Müller cells and cone photoreceptor axons [8]. These fibers run
obliquely from the cell bodies outward to their synapses, and are typically not visualized on
standard OCT images because most of the backscattered signal from HFL is reflected away from
the detector and blends in with the hypo-reflective ONL [9]. The grouping of HFL and ONL
confounds ONL thickness measurements, as the thickness of these layers is not proportional [10].

Therefore, measuring HFL thickness is essential for accurate evaluation of ONL thickness
in OCT. Lujan et al. extended on the initial observation of HFL visibility by developing a
technique using multiple pupil entry positions to provide better optical contrast to differentiate
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HFL and ONL called Directional OCT (D-OCT) [9,10]. Otani et al. also sought to position the
measurement beam perpendicular to HFL to enhance visualization [11]. Oscar et al. demonstrated
a pupil tracking OCT system to automatically control the OCT beam pupil entry position which
enabled reliable visualization of HFL on cross-sectional OCT scans [12]. Wartak et al. used
a multi-channel OCT system to acquire three OCT B-scans from three separate directions
simultaneously [13]. Using these research prototype systems, it was possible to measure the
true HFL and ONL thickness within the macular region by acquiring several OCT volumes at
different pupil entry positions. However, its clinical utility was lessened by long imaging sessions
and patient fixation requirements. Moreover, these volumes taken at different angles needed to
be registered and averaged with complex image processing techniques. A dedicated OCT system
that can delineate ONL and HFL in a single volume has not yet been demonstrated.

Due to the constraints of hardware configuration and specialized scanning protocols, the
advantages of directional OCT imaging technology have not yet been fully realized. In this study,
we proposed a novel Volumetric Directional OCT (VD-OCT) prototype that incorporates two
sets of optical scanners in the OCT sample arm to synchronously scan the imaging beam on both
pupil and retina planes. We also implemented a novel customized image acquisition protocol that
we call the spoke-circular scanning pattern to further harness the advantages of the prototype. To
the best of our knowledge, this is the first dedicated prototype that can acquire and differentiate
ONL and HFL with sufficient optical contrast within the macular region in a single volume.
The investigation of ONL and HFL independently might have potential to provide an in-depth
understanding of the pathological process of progression from normal retina to advanced AMD.

2. Methods

2.1. VD-OCT system design

The schematic diagram of the VD-OCT system is shown in Fig. 1. This system is based on a
spectral domain OCT engine. The light source was a superluminescent diode (SLD) centered
at 840 nm, with a 90 nm bandwidth (M-D-840-HP, Superlum, Ireland), and provided an axial
resolution of 3.45 µm in air. The light from the source was guided into one of the fiber coupler’s
ports (Gould Fiber Optics, USA) and split into the sample (20%) and reference (80%) arms.
The detection of the OCT interferogram (purple dashed box in Fig. 1) consisted of a high-speed
spectrometer (Cobra-S 800, Wasatch photonics Inc., USA) integrated with a 2048-pixel camera
(Octoplus, Teledyne e2v Ltd., UK). The camera operated at a line rate of 240 kHz and with
a 10-bit bit-depth mode. A PCIe frame grabber (PCIe-1437, National Instrumental Corp.,
USA) was used to capture the recorded interferometric fringes. The imaging system triggering,
synchronization, and scanning waveform generation were provided by a multifunctional DAQ
(PCIe-6353, National Instrumental Corp., USA).

The sample arm of our VD-OCT system was comprised of a deformable mirror (DM) (DMP40-
F01, Thorlabs Inc., USA), a paired galvanometer scanning mirror (simply as “Galvo” in the
following discussions) (Saturn-5B, Pangolin Laser Systems Inc., USA) that was conjugated to
the pupil plane, a fast steering mirror (FSM) (OIM5002, Optics In Motion LLC, USA) that
was conjugated to the retina plane, and several telescope relay lenses. The red dashed box in
Fig. 1 shows the beam pathway when only the Galvo was scanning (as in a regular OCT system).
The trajectory of the beam motion by the scanning of both Galvo and FSM synchronously was
shown in the cyan dashed box on the bottom left corner in Fig. 1. The red dot lines represent the
envelope of all Galvo scanning angles for different FSM scanning configurations. The scanners’
synchronization will be discussed in detail in the following “image acquisition protocols” section.

To aid with system alignment and monitoring the beam scanning within the pupil, a pupil
camera (FFY-U3-04S2M-S, Teledyne FLIR LLC, USA) was embedded into the sample arm, as
shown in the red and cyan dashed boxes in Fig. 1. A 5.5-inch display was installed to serve as a
fixation target. A dichroic mirror (Chroma Technology Corp., USA) was also mounted to couple
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Fig. 1. Schematic diagram of the VD-OCT system. The purple dashed box on the bottom
right corner illustrates the spectrometer combined with a 2048-pixel camera. The dark-
yellow dashed box on the bottom center shows the schematic of the reference arm. The red
dashed box on the bottom center illustrates the regular OCT galvanometer scanning system.
The cyan dashed box on the bottom left corner demonstrates the VD-OCT system when
both the galvanometer scanner and FSM are activated synchronously. The red dot lines
represent the beam envelope with different scanning angle configurations of FSM. SLD:
superluminescent diode; M: mirror; DM: deformable mirror; L1-L9: lens; C1-C3: collimator;
Galvo-X/Galvo-Y: the fast/slow axis of galvanometer scanner; FSM: fast steering mirror; NI
DAQ: multifunctional data acquisition and control card; PC: polarization controller; FC:
fiber coupler; GPU: graphics processing unit.

the beam from the fixation target to the main optical axis. For in vivo human retinal imaging, the
incident power on the subject’s cornea was set to less than 0.9 mW, which is lower than the safe
ocular laser exposure limit by the American National Standards Institute (ANSI) Z80.36-2016
standards [14].

2.2. Optical design

The optical design of the sample arm is shown in Fig. 2. The sample arm was constructed using
off-the-shelf lenses (Thorlabs Inc., USA) listed in Table 1. Using OpticStudio (Zemax LLC,
USA), the optical layout was simulated and the design was optimized by minimizing the imaging
beam wander on the pupil plane and root mean square (RMS) spot radius on the retina plane.
The beam was collimated by a reflective collimator (RC12APC-P01, Thorlabs Inc., USA) and
reflected off two alignment mirrors before reaching the piezoelectric DM. The DM, which was
comprised of 40 independently controlled actuators, was placed on the pupil conjugate plane
before the Galvo to correct for defocus and astigmatism. This design was adapted from our
sensorless AO-OCT system [15]. The diameter of beam was first reduced to 4.3 mm after passing
through the first telescope [L1 and L2 in Fig. 2(a)] in the system. It was then scanned across the
X-axis and Y-axis by a pair of Galvo. The paired scanners were separated by a set of achromatic
lenses with 4f configuration [L3 and L4 in Fig. 2(a)] without magnification. In previous work, we
have shown that the separated Galvo significantly reduced the vignetting artifacts and minimized
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the imaging beam wander on the pupil plane [16]. After the Galvo, the combination of the L5
and L6 in Fig. 2(a) served as the second telescope with a magnifying power of 0.39× to further
reduce the beam size to 1.5 mm on the pupil plane, yielding a spot size of 11.9 µm (1/e2 diameter)
on the retinal plane. A two-inch FSM that has two axes of mirror motion as a result of its mobile
magnet design, was positioned on the retinal conjugate plane in between the second telescope to
synchronously scan along with the Galvo.

Fig. 2. (a) Isometric view of the sample arm optical simulation in OpticStudio. (b). Ray
trace simulation when the FSM is scanning, corresponding to the cyan dashed box in Fig. 1.
(c) Zoomed-in inset of the beam trajectory in the eye model. (d). The spot diagrams with 10°
FOV centered at the fovea of an eye model. The radius of Airy Disk is 7.56 µm and shown
by black circle in spot diagrams. (e). Footprint diagram with different Galvo scanning angle
configurations on the pupil plane. (f) Footprint diagram with different FSM scanning angle
configurations on the pupil plane.

Table 1. List of optical lenses for the sample arm

Item [Fig. 2(a)] Part Numbera Quantity Focal length (mm) Diameter (mm)

L1 AC254-300-B 2 300 25.4

L2 AC254-125-B 2 125 25.4

L3 AC254-100-B 2 100 25.4

L4 AC254-100-B 2 100 25.4

L5 AC508-300-B 2 300 50.8

L6
AC508-300-B 1 300 50.8

AC508-150-B 1 150 50.8

AC508-100-B 1 100 50.8

aAll the listed part numbers were off-the-shelf lenses from the Thorlabs Inc., USA

The minimization of beam wandering on the pupil was imperative for the successful measure-
ment of the angle-dependent optical reflectivity. The FSM scanned in two-axis resulting in a
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beam trajectory on the pupil plane shown in Fig. 2(f). The working distance (from the last
lens surface of the sample arm to the subject’s cornea) of the system was 42.7 mm, which was
sufficient for imaging adults.

2.3. Mechanical design and system assembly

The optimized optical simulation of the sample arm was utilized to specify the locations of the
optical components. Mechanical design for the sample arm was developed in the CAD software
(SolidWorks, Dassault Systèmes, France) and is shown in Fig. 3(a). The sample arm was built on
a compact two-layer structure with the center of gravity concentrated near the center, avoiding
mechanical instability during the alignment process. The top layer included the collimator (C1),
the DM, a telescope (L1-L2), and several tuning mirrors. The mirrors were mounted on flexure
mirror mounts (MFM-100, Newport Corp., USA) that can accommodate tip and tilt using set
screws, and the mounts were assembled to the system with custom-made aluminum brackets. All
these components were fitted on an 8”× 8”× 0.5” aluminum breadboard (MB8, Thorlabs Inc.,
USA), and the remaining components were placed on a 12”× 18” × 0.5” aluminum breadboard
(MB1218, Thorlabs Inc., USA) as the bottom layer. The two-layer structure was mounted on a
custom three-axis alignment platform. The horizontal movement of the platform was manually
controlled by a joystick with a ball cage, and the height adjustments were made using a stepper
motor stage (X-LRQ-E Series, Zaber Technologies Inc., Canada).

Fig. 3. (a) 3D mechanical layout of the sample arm. (b) Photograph of the fully assembled
sample arm.

2.4. Image acquisition protocol

In order to observe morphology of HFL within the macula region effectively, we designed an
imaging acquisition protocol called spoke-circular scanning pattern. Spoke-circular scanning
pattern was composed of spoke scans on the retina and a synchronous circular scan on the pupil.
The retinal spoke scan consisted of a series of equiangular spokes centered at the fovea, spanning
the entire 360°. The spoke scan on the retina was analogous to the clock hand motion with an
anticlockwise direction. When the retinal scan was at 9 o’clock direction, the pupil beam entry
point was at the opposite 3 o’clock position. When the retinal scan was at 12 o’clock direction,
the pupil beam entry point was at the opposite 6 o’clock position. Each spoke on the retina
had a corresponding incident beam entry position on the pupil. When the spoke scan on the
retina was moving in an anticlockwise direction radially, the beam on the pupil was moving
in an anticlockwise direction in a circle. Note that the period of the pupil circular scan in the
spoke-circular scanning pattern was the same as each volume acquisition time.

Figures 4(a) and (c) indicate two kinds of scanner driving signal waveform with normalized
amplitude, which were applied to FSM and Galvo synchronously in the spoke-circular scanning
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pattern. When the channels of FSM were applied with the driving signal waveforms in Fig. 4(a),
the FSM trajectory was obtained, as shown in Fig. 4(b). And the same is true of the Galvo
trajectory [Figs. 4(c) and 4(d)]. The illustrations were under-sampled for simplicity. The
amplitude of both scanners could be adjusted in our software to meet the requirements with
respect to scanning size on the retina and pupil. The retinal spoke scan consisted of 600 A-scans
per B-scan, 2 repeated B-scans at each radial location, and 600 B-scans (300 different spokes)
per volume. Each volume acquisition time was 1.5 seconds. Spokes on the retinal [Fig. 4(f)] and
incident beam entry position on the pupil [Fig. 4(e)] were selected every 45° in a scanning cycle
to demonstrate the effect of spoke-circular scan in practice. Synchronization with the two sets of
optical scanners was critical when applying the spoke-circular scanning pattern. The emphasized
configuration of phase opposition and synchronization ensured that the appearance of HFL in
every cross-sectional image would have high directional reflectivity.

Fig. 4. (a) Drive signal waveforms of the fast and slow axis of FSM in the spoke-circular
scanning pattern. (b) FSM trajectory on the pupil plane. (c) Drive signal waveforms of the
fast and slow axis of Galvo in the spoke-circular scanning pattern. The waveforms for both
FSM and Galvo were under-sampled along the angular axis for clarity (600 A-scans per
B-scan, 2 B-scans per BM-scan, 16 B-scans per volume). (d) Galvo trajectory on the retina
plane. (e) The snapshots from the video recording the imaging beam trajectory on the pupil
plane. The time intervals of a period were shown in the left bottom of each snapshot (unit:
ms). Red circle and crosshair were inserted into video snapshots manually to illustrate the
trajectory of the imaging beam. (f) The snapshots from the video recording the entire B-scan
on the retinal plane. The infrared light was visualized by the NIR detector card (VRC5,
Thorlabs Inc., USA).

2.5. Software operation and data visualization

OCT images were acquired and processed by our custom written graphics processing unit (GPU)
accelerated software OCTViewer to provide real-time visualization of OCT images, which allows
assessing the image quality immediately [17,18]. Customized imaging acquisition scanning
pattern was generated in the MATLAB (MathWorks Inc., USA) and then uploaded to OCTViewer.
These synchronized scanning patterns were converted to voltage control waveforms by the NI
DAQ and then sent to the drivers of the FSM and Galvo.

The imaging session started in high-speed mode with a 10-Hz volume rate to quickly align to
the area of interest. Once the target area was located, a hill-climbing algorithm for aberration
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correction was performed in ∼2 seconds based on the brightness of en face images [19]. After
optimization, subjects were allowed to blink before acquiring images. Subsequently, we switched
to the customized acquisition mode with the spoke-circular scanning pattern, which continuously
captured volumes every 1.5 seconds. Prior to acquiring a volume, the entry position of the
incident beam on the pupil was fine-tuned in both horizontal and vertical directions with the aid
of the integrated pupil camera to ensure that the scanning trajectory of the incident beam was not
out of the pupil.

Raw OCT interferometric data was saved during the image session and processed with regular
OCT image processing procedure in custom written MATLAB script. All the cross-sectional
scans in the same volume were registered against the first cross-sectional scan to remove motion
artifacts. The processed OCT volumes were manually segmented for quantitative analysis of
retinal layer thickness. The primary layers of interest were outer plexiform layer (OPL), HFL,
and ONL. Therefore, the retina layers were segmented on the top of OPL, the boundary between
HFL and ONL (or the boundary between OPL and HFL in the regular spoke scanning pattern),
and the top of IS/OS.

3. Results

Five subjects were recruited from the Casey Eye Institute at the Oregon Health & Science
University (OHSU) and provided written informed consent prior to initiating the study. The
research was approved by the Institutional Review Board/Ethics Committee of OHSU in
accordance with the Declaration of Helsinki. In this study, four subjects had myopic spherical
errors (−5.0D ∼ −3.0D) and no subject reported any known ocular diseases. To ensure all
the beams were able to pass through the pupil, three subjects were dilated with cyclopentolate
hydrochloride and phenylephrine hydrochloride to achieve an adequate pupil size. Care was
provided to adjust both the height of the chair and the chin rest position to ensure each subject was
kept in a comfortable position during the imaging session. All subjects were successfully imaged
by the VD-OCT prototype, and the following results were representative of images acquired in
these sessions.

In the regular spoke scanning pattern, the scans on the retina were a series of cross-sectional
scans with equiangular interval, which resembled bicycle spokes [Fig. 4(d) or Fig. 5(c)];
meanwhile, the incident beam for all spokes went through the center of the pupil [Fig. 5(a)]. In
the spoke-circular scanning pattern the scans on the retina were the same as the regular scanning
pattern [Fig. 5(c)], however each spoke had a specific corresponding incident beam entry position
on the pupil [Fig. 5(d)]. This allowed us to precisely control the incident beam at an appropriate
angle to generate sufficient optical contrast for the HFL in every cross-sectional scan. These
moving entry positions formed a complete circle on the pupil. A series of cross-sectional OCT
retinal images obtained by the spoke-circular scanning pattern [Fig. 5(e)] were compared to
the cross-sectional OCT images acquired by a regular spoke scanning pattern [Fig. 5(b)]. It is
obvious that when scanned with the spoke-circular pattern, the thickness of the combined layers
of OPL and HFL [Fig. 5(e)] increased owing to the appearance of HFL (simply as “OPL+HFL”
in the following discussion), in comparison with single layer of OPL in regular spoke scanning
pattern [Fig. 5(b)]. Cross-sectional images from the regular spoke scanning pattern have higher
signal-to-noise ratio (SNR) compared to the images from the spoke-circular scanning pattern.
The reduced SNR could be due to the beam vignetting and/or optical aberrations when scanning
with the spoke-circular scanning pattern.

The OPL and ONL thickness measurements were obtained separately from the regular spoke
scanning pattern and spoke-circular scanning pattern. In the regular spoke scan pattern, HFL
was not visible and often grouped together with ONL [red arrows in Fig. 5(b)], and in the
spoke-circular scanning pattern, HFL was visible, however grouped together with OPL instead
[cyan arrows in Fig. 5(e)]. By measuring the thickness of OPL+HFL in the spoke-circular



Research Article Vol. 13, No. 2 / 1 Feb 2022 / Biomedical Optics Express 957

Fig. 5. (a) Incident beam entry positions in the regular spoke scanning pattern. (b) Eight
selected cross-sectional scans (every 45° interval in a scanning cycle) acquired by the
regular spoke scanning pattern. Red arrows indicate the combined layers of ONL and HFL.
Orange arrows indicate the OPL. (c) Illustration of retinal spoke scan. (d) Corresponding
incident beam entry positions in the spoke-circular scanning pattern. (e) Eight selected
cross-sectional scans (every 45° interval in a scanning cycle) acquired by the spoke-circular
scanning pattern. Yellow arrows indicate the ONL. Cyan arrows indicate the combined
layers of OPL and HFL. Scale bars in (b) and (e) are 300 µm (horizontally) and 100 µm
(vertically).

scanning pattern [ Fig. 6(a)-①] and the thickness of OPL only in the regular spoke scanning
pattern [Fig. 6(a)-②], we could infer the thickness of HFL. The mean thickness value and
standard deviation of OPL, HFL and ONL were calculated and plotted respectively in Fig. 6(b).
As the eccentricity increased, the HFL was approximately twice the thickness of OPL. The
result was consistent with Otani el al.’s finding that the outer two-thirds of OPL+HFL showed
hyper-reflective property [11]. To compare the OPL (or OPL+HFL) thickness across the entire
parafovea region, volumetric remapping was implemented by cubic scattered data interpolation
in post processing (Visualization 1 and Visualization 2). The volumetric OPL (or OPL+HFL)
thickness heat maps were also calculated and plotted in Fig. 7(c) (Regular spoke scanning pattern)
and Fig. 7(d) (Spoke-circular scanning pattern). The difference of thickness was apparent in

https://doi.org/10.6084/m9.figshare.16936672
https://doi.org/10.6084/m9.figshare.16936780
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Fig. 6. (a) Selected cross-sectional scans acquired by the spoke-circular scanning pattern
(“①” with red color coded), the regular spoke scanning pattern (“②” with cyan color coded),
and the registration and average of the above cross-sectional scans to emphasize HFL
(pointed by the green arrows in “①+②”). (b) The retinal layer thickness along various retinal
eccentricities. The mean value (solid lines) and standard deviation (upper and lower bounds
of the shaded areas around the solid lines) of each layer were calculated from 300 different
spokes in the volume. The green line is the mean of ONL thickness [“①” in (a)] and the
cyan line is the mean of OPL thickness [“②” in (a)] measured in images by the regular spoke
scanning pattern. The red line is the mean of HFL [“①+②” in (a)] thickness through the
registration of cross-sectional scans acquired by both scanning patterns. Scale bars in (a) are
300 µm (horizontally) and 100 µm (vertically).

Fig. 7. (a) Screen capture of 3D volume rendering (Visualization 1) of cross-sectional scans
acquired by the regular spoke scanning pattern. (b) Screen capture of 3D volume rendering
(Visualization 2) of cross-sectional scans acquired by the spoke-circular scanning pattern.
(c) The OPL thickness heat map centered at the fovea of the remapping volume acquired by
the regular spoke scanning pattern. (d) The OPL+HFL thickness heat map centered at the
fovea of the remapping volume acquired by the spoke-circular scanning pattern.

https://doi.org/10.6084/m9.figshare.16936672
https://doi.org/10.6084/m9.figshare.16936780
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comparison with the heat maps. HFL became hyper-reflective in the macular region and increased
the thickness of OPL+HFL while applying the spoke-circular scanning pattern.

4. Discussion

The preceding results show that ONL and HFL within the macula region could be independently
revealed efficiently in a single volume with the integration of the VD-OCT prototype and
the customized scanning pattern. As mentioned above, the HFL contains obliquely oriented
photoreceptor axons and Müller cell processes [7]. VD-OCT takes advantage of the directional
reflectivity of this orientation which reflects the incidence beam at different angles differently.
The enhancement of the optical contrast at some specific incidence beam entry position
enables the visualization of HFL on the cross-sectional scans. The quantitative analysis for the
OPL/OPL+HFL across the parafovea region rather than several individual cross-sectional OCT
images might facilitate the investigation of pathological biomarkers. Future studies that seek to
identify baseline thickness and subsequent thinning of ONL in AMD and other retinal diseases
would benefit from these measurements. Thickness of the ONL is the gold-standard biomarker for
retinal degenerations in small animals, as it precisely measures the survival of viable photoreceptor
cells [20,21]. However, the same approach in humans and non-human primates, which possess a
fovea, is confounded by the presence of the HFL [9,11]. The oblique orientation of photoreceptor
axons in HFL is intrinsic to the foveal pit, where the cells of the inner nuclear layer (INL) are
displaced eccentrically from the photoreceptors of the ONL. This displacement is accomplished
developmentally by elongation of the HFL radially [22]. These fibers are long cylindrical elements
and are highly directionally reflective [23] and indistinguishable from ONL on standard OCT,
thus preventing their independent measurements. Consequently, the ONL and HFL are often
grouped together in clinical studies, without independent analysis of the contributions of each
layer leading to a loss of precision and accuracy in measuring the integrity of the photoreceptor
cell bodies [24,25]. Change in the ONL thickness has been reported in ex vivo studies in normal
aging [26–28], as well as in AMD [29]. There has previously been a contradiction between ONL
measured by OCT imaging and by histological sectioning in non-human primates [30]. If HFL
thickness increases but the ONL is thinning with age, as demonstrated by Curcio et al. [8], their
combined thicknesses may appear relatively constant despite significant opposite changes in the
thickness of each layer. Therefore, the ability to measure ONL and HFL thickness independently
may lead to improved understanding of the retinal degeneration occurring in AMD, as well as the
longitudinal effects of therapeutic interventions. Furthermore, conclusions regarding the extent
of retinal damage and remodeling cannot accurately be made without distinguishing the ONL
from HFL, as these layers may respond differently to cellular injury over time.

Besides HFL, other retinal layers, such as RNFL, IS/OS, and RPE were also found highly
sensitive to the incident beam orientation and exhibited directional scattering properties [31–33].
In principle, the proposed VD-OCT prototype and spoke-circular scanning pattern could be
extended to implement the observation of other retinal layers with directionally reflective
properties. If necessary, it is also flexible to generate other scanning patterns for the detection of
those layers according to their characteristics.

Despite providing a volumetric analysis for the retinal layer with directionally reflective
property, there are some limitations of the VD-OCT prototype. First, both misalignment and eye
motion would contribute to the vignetting artifacts. An integrated pupil tracking system could
facilitate the alignment process and reduce the vignetting artifacts [12,34]. In addition, although
the center wavelength in the OCT engine is near infrared (840 nm), it is still visible to the naked
eye. Therefore, the subject’s fixation during scanning is unconsciously affected as it moves
with the scanning beam. Using an OCT imaging system with a center wavelength of 1060 nm,
which is completely invisible, might address this issue [16]. Furthermore, the retinal layers were
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segmented manually in this study because the current segmentation algorithm was not optimized
to segment the boundary between OPL and HFL. We have previously demonstrated real-time
OCT segmentation software using deep learning and GPU computing that can segment eight
retinal layer boundaries [35]. Adapting this software for the VD-OCT to automatically segment
and further analyze the accurate thickness of ONL is meaningful in the future. It is also worth
noting that the adaptive optics (AO) module in our VD-OCT was not critical in visualizing or
acquiring the directional contrast.

5. Conclusion

A novel VD-OCT prototype with two sets of optical scanners was built in this study to investigate
the effects of the different incident beam entry points on the pupil on the optical contrast of
HFL. The proposed VD-OCT prototype provides a more reliable and efficient approach to clearly
distinguish the structure with directional reflectivity in the peripapillary and the macular region
in comparison with the conventional D-OCT based on the existing clinical commercial systems.
Our novel imaging technology has the potential to reveal a more complete understanding of
pathological biomarkers and track AMD progression for future clinical studies.
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