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Abstract: We describe the design and performance of a multimodal and multifunctional
adaptive optics (AO) system that combines scanning laser ophthalmoscopy (SLO) and optical
coherence tomography (OCT) for simultaneous retinal imaging at 13.4 Hz. The high-speed
AO-OCT channel uses a 3.4 MHz Fourier-domain mode-locked (FDML) swept source. The
system achieves exquisite resolution and sensitivity for pan-macular and transretinal visualization
of retinal cells and structures while providing a functional assessment of the cone photoreceptors.
The ultra-high speed also enables wide-field scans for clinical usability and angiography for
vascular visualization. The FDA FDML-AO system is a powerful platform for studying various
retinal and neurological diseases for vision science research, retina physiology investigation, and
biomarker development.

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

1. Introduction

Adaptive optics (AO) is a technology that senses and corrects optical aberrations induced in a
target to achieve high resolution, near diffraction-limited images of that target. In ophthalmology,
ocular aberrations arising primarily from the tear film, cornea, and lens degrade retinal images
idiosyncratically, requiring an imaging device to actively adapt in real-time for personalized
correction [1]. AO was successively integrated into conventional fundus imaging (i.e., flood
illumination-detection ophthalmoscopy) [2], confocal scanning laser ophthalmoscopy (SLO)
[3], and optical coherence tomography (OCT) [4] to achieve cellular-level performance [1,5–8].
AO has been successfully used to demonstrate resolution of cells and structures throughout
the lamellar retina in the living human, first relatively large and bright cells/structures such as
wave-guiding cone photoreceptors [2], nerve fiber bundles [9], and retinal vasculature [10]; and
then smaller, transparent, or difficult to localize cells/structures including rod photoreceptors
[11], the monolayered retinal pigment epithelium (RPE) [12–15], transparent ganglion cells in
the inner retina [16], immune cells [17–19], and the dense choriocapillaris [20,21]. Along the
way novel AO-SLO detection methods have been implemented for signal enhancement, notably
single and multiphoton fluorescence techniques demonstrated in non-human primates, to probe
retinal molecular activity [22,23], and non-confocal split detection approaches that use multiply
scattered light for enhanced contrast and sensitivity to transparent cells [24], vessel walls [25],
and the inner segments of cone photoreceptors [26].

It has thus become clear that no single modality or technique exists that is optimized to
visualize every potential cell or target in the functional retina. SLO and OCT each offer unique
advantages: SLO permits detection of multiply scattered and fluorescent light while OCT
provides high sensitivity, cellular-level depth sectioning, and phase-based approaches. In terms
of clinical operability, due to its relatively small data size, real-time visualization of the AO-SLO
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image stream is more computationally practical, whereas the large data size, dimensionality, and
post-processing requirements hinder real-time visualization of the AO-OCT stream.

Multimodal AO (mAO) systems dating from the mid-2000s attempted to maximize functionality
to visualize as many different retinal targets as possible, with varying degrees of additional
complexity [27,28]. Imaging modes in early mAO systems operated independently or when
simultaneously, with reduced performance necessary to match the imaging speeds of the different
modes [29–32]. For example, AO-SLO devices typically use mechanically scanned beams that
limit image acquisition to video rates (∼15-60 Hz) and AO-OCT instruments were limited by
swept sources or spectrometer detectors to hundreds of kHz A-scan rates. Combining these
modes for simultaneous detection meant decreasing the OCT B-scan rate to the AO-SLO frame
rate, leaving OCT volumetric imaging susceptible to eye motion artifact [29–32]. The invention
of ultrahigh-speed imaging sources and full-field detectors heralded the potential of multimodal
AO without compromise to the fundamental performance of the OCT channel. In particular, the
development and commercialization of swept source Fourier-domain mode-locked (FDML) lasers
enabled OCT line rates in the MHz domain, fast enough for video rate volumetric acquisition
[33]. For example, by employing a 1.64 MHz FDML laser, Azimipour et al. demonstrated
simultaneous AO SLO-OCT imaging of photoreceptors at an SLO frame rate of 6 Hz [34,35],
which is compromised to match the OCT volume rate. Higher AO-OCT volume rates are possible
only by sacrificing the pixel density (or field-of-view (FOV)) [36]. An alternative approach
using line-scan OCT has been proposed to achieve multiple MHz A-line acquisition speeds for
multimodal AO-OCT/SLO imaging [37]. While the results are impressive, due to the Gaussian
nature of the illumination, the line-scan approach has a limited FOV of 1.4° and requires higher
power illumination. Generally, imaging cellular structures using AO systems is often restricted
to a small FOV imposed by the isoplanatic angle of the human eye, system aberration, and
eye motion. With a few exceptions [38–40], most previously reported AO systems limited the
imaging FOV to 2° or less, preventing wide adoption of AO into clinical practice. System
complexity, imaging speed, and small FOV have thus limited the full development of multimodal
AO approaches.

Concurrent with the improvements in imaging technology, the focus in ophthalmic imaging has
shifted from static structural imaging to dynamic functional imaging. OCT angiography (OCTA)
is a new, noninvasive technique that uses blood motion as a contrast mechanism to visualize
retinal vessels and the effect that blood flow defects caused by ophthalmic and systemic vascular
diseases have on retinal metabolism and health [41]. Intensity and phase-based functional
techniques have been developed [35–37,42–47] and used to classify photoreceptors [36,37,44,45]
and provide early indication of dysfunction [47]. RPE organelle motility has been proposed as
a potential clinical biomarker of cell vitality [48]. Inner retina neuronal layer activation has
also been imaged with full-field phase stable techniques [49]. These methods were typically
demonstrated individually, and only rarely using multimodal systems, though some studies relied
on the multimodal approach to directly enhance information of one channel using data from the
other channel [36]. Given the complex neural pathways present in human visual processing in the
retina, a more holistic acquisition approach may be garnered with multimodal and multifunctional
retinal imaging.

In this study, we address limitations in the previous mAO approaches with the following aims:
1. To design and develop a system using new FDML swept source technology in which multiple
imaging modes are combined without sacrificing the fundamental performance characteristics of
each mode; and 2. To implement multifunctional imaging capabilities in a single mAO system,
which could serve as a future platform to investigate the complex and multifaceted structure and
function of the targeted retinal tissue. We integrated a 3.4 MHz FDML swept source laser into a
simplified AO optical setup that employs two scanners for simultaneous AO-SLO and AO-OCT
volumetric imaging at 13.4 Hz. We enriched the system with a stimulus port, wide-field operation
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for clinical applicability, and multiple operational modes comprised of acquisition protocols and
post-processing software. The system achieves pan-macular and transretinal visualization of
retinal cells and vessels, while also providing functional assessment of those same cells. The FDA
FDML AO system will foster development and validation of a plethora of sensitive AO-based
cellular structural and functional biomarkers for improved retinal disease diagnosis and treatment.

2. Methods

2.1. FDML AO system setup

The FDA FDML AO system achieves coextensive and synchronized multimodal retinal imaging
using the same sample arm for AO-OCT and AO-SLO channels. As shown in the system
schematic in Fig. 1, the sample arm consists of four pairs of reflective afocal telescopes that
conjugate the pupil of the eye to the system’s active components, including the Shack-Hartmann
wavefront sensor (SHWS) lenslet array, the deformable mirror (DM, DM97-15, ALPAO, France),
the vertical galvanometer scanner (GVS011, Thorlabs, Newton NJ USA), and the horizontal
resonant scanner (SC-30, EOPC, New York NY USA). The telescopes are arranged in an
out-of-plane configuration to compensate for system astigmatism [28,50] which arises from
off-axis use of spherical mirrors (SM) and is known to degrade closed-loop AO performance. The
optical layout and performance of the sample arm was designed and optimized in OpticStudio
(Zemax LLC, Washington, USA). More details of the sample arm design are listed in Table
S1 (Supplement 1). The system is designed to have a 7.4 mm collimated beam at the pupil
and a maximum FOV of 4.5°×4.5° (1.35× 1.35 mm2) at the retina. The resonant scanner has a
frequency of 3.348 kHz and operates in a bidirectional acquisition mode, yielding an effective
B-scan frame rate / SLO line rate of 6.696 kHz.

Three near-infrared illumination sources are used for imaging: The AO-OCT imaging beam
(λc= 1060 nm,∆λ=76 nm) produced with a 3.348 MHz FDML laser [33,51] (NG-FDML-1060-8B-
FA, OptoRes GmbH, Munich, Germany); the AO-SLO imaging beam (λc= 786 nm, ∆λ= 22 nm)
produced with a superluminescent diode (SLD, EXS210060-01, Exalos, Schlieren Switzerland);
and the AO beacon (λc= 850 nm, ∆λ=35 nm) produced with another SLD (EXS210031-02,
Exalos, Schlieren Switzerland). The front end optics setup including source integration, detection
channel and SH design are described in Supplement 1. The AO-OCT and AO-SLO imaging
beams are estimated to have transverse resolution of 2.89 µm and 2.16 µm for an eye with a 16.7
mm effective focal length, calculated using Rayleigh’s criterion.

The system also includes an internal fixation channel, and a stimulus channel (see Supplement
1), which are combined and coaligned with the imaging beams in front of the eye using a dichroic
beam splitter. The optical power of the AO-OCT, AO-SLO, and AO beacon beams measured
at the cornea are limited to 1.6 mW, 200 µW and 50 µW, respectively. The maximum stimulus
power is limited to 200 µW at 526 nm and 400 µW at 640 nm, and the pulse duration is limited to
5 ms. The total power at the cornea for all operational modes is below the ANSI standard Z80.36
classification for Group 1 ophthalmic instruments [52].

Custom system control software was developed in LabVIEW (National Instruments, Austin
TX) for system synchronization and control, and real-time visualization and flexible data saving
(Supplement 1). The AO-SLO frame and AO-OCT B-scan are displayed in real-time to permit
visual validation of AO image quality and determination of system focus for imaging cells at
different depths. The flexible saving scheme allows collection of data from either or both of
imaging channels (AO-SLO and AO-OCT).

2.2. System assessment methodology

System optical resolution was evaluated in OpticStudio in comparison to the diffraction limit
using a paraxial model eye. Beam displacement was also predicted in OpticStudio at the DM and
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eye pupil planes. Sensitivity roll-off was determined by moving the reference arm while a plano
mirror was placed in the sample arm following a previously reported method [53]. AO-OCT
A-scan profiles of the plano mirror were averaged for the system axial resolution measurement.
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Fig. 1. Schematic layout of the FDA FDML AO system for multimodal and multifunctional
retinal imaging flattened for clarity. The swept source OCT uses a typical Mach–Zehnder
interferometer design which consists of the source, sample, reference, and detection arms.
The OCT reference arm consists of a group of plano mirrors and a retroreflector to match
the double-pass optical path length (OPL) of the sample arm. Key: AOM: acousto-optic
modulator; APD: avalanche photodiode; BD: balanced detector; BS: beam splitter; DM:
deformable mirror; G: galvanometer; I: iris; LP: long-pass dichroic filter; P: pinhole; PC:
polarization controller; PM: plano mirror; RS: resonant scanner; S: spherical mirror; SHWS:
Shack-Hartmann wavefront sensor; SP: short-pass dichroic filter; SC: supercontinuum.

2.3. Participants and imaging

AO-SLO images and AO-OCT volumes with various FOVs were simultaneously taken from two
healthy subjects (S1: 37 yrs and S2: 27 yrs) with no known retinal pathologies for multimodal and
multifunctional imaging following the designed imaging protocols listed in Table S2 (Supplement
1). The protocols aimed to demonstrate the system capabilities to extract different structural and
functional information across the entire retinal depth, the wide field design for clinical usability,
cellular-level performance, and angiography for vasculature visualization. For all structural
and functional imaging (Protocols 1-4), data were acquired at an OCT volume/SLO frame rate
of 13.4 Hz. Images were registered and averaged in three dimensions (3D) with sub-cellular
level accuracy [16] to demonstrate inner retina, photoreceptor, and RPE cell structural imaging
(Protocols 1-3). For cone functional imaging (Protocol 4), at volume 5 of 15, a 5-ms pulse of
visible light (526 nm or 640 nm) was delivered to the retina. It is estimated to bleach 21.3%
and 9.9% of the photopigments with the 526 nm and 640 nm stimuli respectively [54]. Eight
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videos (which each contain 15 OCT volumes) were collected and averaged for each stimulus
condition for improved signal-to-noise ratio (SNR). The subject was instructed to close their eyes
for 90 s between successive video acquisitions to record evoked photoreceptor response absent
artifact from the preceding visible stimuli [44]. After the 90 s dark adaptation, the unbleached
photopigments reach 95.2% and 98% for 526 nm and 640 nm stimuli respectively [54]. The phase
difference between cone inner segment/outer segment junction (IS/OS) and cone outer segment
tip (COST) was extracted and converted to optical path length change (∆OPL) for cone functional
assessment, following a previously reported method [42,43]. Eight repeated (4 forward and 4
backward) AO-OCT B-scans were collected at each slow scan position for OCT angiography
imaging (Protocol 5) at a volume rate of 1.675 Hz. During imaging acquisition, system focus
was set at the layer of interest to maximize the sharpness of the imaged structures. A speckle
variance (SV) method [55] was implemented to visualize retinal and choroidal vessels.

3. Results

3.1. System performance

Figure 2(A) shows the ray trace predicted spot diagram of the FDA FDML AO system at the retina
with SH wavelength (850 nm) for scan angles over the 4.5°×4.5° FOV without AO correction. All
rays fall inside the solid circle denoting the diffraction-limited blur size. The maximum wavefront
root-mean-square (RMS) error measured across the entire FOV was λ/32, more than two times
smaller than the diffraction-limited criteria (λ/14). Figure 2(B) shows the beam displacement at
two pupil conjugate planes with nine scanning positions depicted as colored dots. The beam
displacement ranges for three FOVs are 40 µm, 100 µm and 220 µm at the DM plane, and 15
µm, 40 µm and 105 µm at the eye pupil plane, which are at least three times smaller than the
projected SH pitch size (220 µm at DM; 342 µm at the eye). As shown in Fig. 2(C), the measured
system axial resolution is 11.6 µm in air which corresponds to 8.4 µm in the eye (n= 1.38). The
measured system sensitivity is -82.9± 1.0 dB, and the measured sensitivity roll-off is ∼6 dB over
the first ∼2 mm and ∼10 dB over the first 3.5 mm from zero pathlength (Fig. 2(D)).
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Fig. 2. Performance of the FDA FDML AO system. A. Ray trace predicted image quality
as a function of scan angle with a model eye. Solid black circles denote diffraction-limited
blur size. B. Ray trace predicted beam displacement at two pupil conjugate planes. Red
circles denote projected SH lenslet size. C. OCT axial resolution (see Data File 1 [56]). D.
OCT sensitivity roll-off (see Data File 2 [57]).
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3.2. Multimodal structural imaging

The FDA FDML AO system was designed with a multimodal setup to simultaneously provide
multiple real-time visualizations (AO-SLO frame and AO-OCT B-scan) with which to investigate
retinal cells. The real-time visualization ensures the retinal cells of interest are within optimal
focus for either modality. An example is shown in Fig. 3 and Visualization 1 with cells at
different retinal depths imaged simultaneously by the AO-SLO and AO-OCT channels. Overall,
the images from both channels show similar retinal structures with precise system focus control
(Fig. 3(B)), while also exhibit subtle distinctions which could be the results of speckle differences,
a small focus shift between channels, OCT slab selection, or fundamental disparity between the
detectors. For example, the AO-OCT en face images of the inner retina appear more speckled;
and the cone photoreceptors in the AO-OCT channel are more uniform in appearance and can be
seen below large retinal blood vessels in comparison to the cells in the AO-SLO channel.
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Fig. 3. Co-registered averaged 1.5° FOV simultaneous AO-SLO (A top) and AO-OCT
(A bottom) retinal images from S1 with the system focus set approximately at four depths
(ILM-GCL; GCL-IPL; IPL-OPL and PRL) which are determined by the local intensity of the
AO-OCT B scans and AO-SLO real-time visualizations. The AO-SLO data were collected
with a one Airy disk diameter (ADD) pinhole. The AO-OCT en face images were created
by the amplitude projection of a AO-OCT 50 µm slab through the system depth of focus
(DOF) [8]. Each image was averaged across 15 datasets and was produced from videos in
Visualization 1. B shows the average of 15 AO-OCT B-scans along the slow scan direction,
the image are stitched from four sub-images that were acquired with system focus at the four
primary depths from the same retinal location. The color-coded dash boxes represent the
ranges for generating the corresponding AO-OCT en face images in A.

The FDML AO-OCT sub-system offers ultrahigh acquisition rates, exquisite sensitivity, and 3D
cellular resolution which together allow resolution of detailed retinal features in both inner and
outer retina layers. Figure 4 shows AO-OCT data obtained at 10° temporal retina from subject S1
with system focus set at the inner retina. 300 volumes from 20 videos acquired across 15 min with
average time interval of 0.5 min were registered and averaged. A time-lapse video was created
for tracking the movement of macrophage processes (Visualization 2). AO-OCT volumetric
and B-scan perspectives are shown in Fig. 4(A)-(B). Depth-resolved en face projections reveal
retinal macrophage cell bodies and their processes [17] just above the inner limiting membrane
(ILM, Fig. 4(C)), fiber bundles and individual axons from ganglion cells in the nerve fiber layer
(NFL, Fig. 4(D)), and a mixture of midget and parasol ganglion cells in the ganglion cell layer
(GCL, Fig. 4(E)). While macrophage processes were in constant motion, most of the cell bodies
remained relatively immobile over the short durations of the time-lapse video (Visualization 2).
GCL somas at the imaged location have a density of 4698 cells/mm2 and an averaged cell diameter
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of 12.95± 2.26 µm, measured using a weakly-supervised deep learning algorithm for automated
GCL soma segmentation [58], which are in agreement with the previously reported results on
healthy subjects at a similar location obtained with ∼800 nm imaging light [16,59]. Despite
the much shorter exposure time for single A-scan acquisition (0.3 µs) and longer wavelength
(1060 nm) compared with the fastest spectral domain-based AO-OCT system (2 µs exposure
time and 785 nm wavelength) reported for imaging GCL somas [16], the results shown in Fig. 4
suggest that our system has sufficient sensitivity to resolve weakly reflective cells like GCL somas
with a similar amount of volume averaging but with 6.7× faster acquisition speed.

100 μm

ILM

GCL
IPL

INLOPL
ONL
PL
RPE

NFL

A AO-OCT volume B AO-OCT B-scan

D NFL En faceC ILM En face

100 μm

E GCL En face F GCL Soma segmentation 20

18

16

14

12

10

8

6

Som
a diam

eter [μm
] 

Fig. 4. Structural images of inner retinal cells collected at 10° temporal to the fovea from
subject S1 with an average of 285 AO-OCT volumes. A. Isometric view of registered and
averaged AO-OCT volume with white dashed line denoting cross-section of retina shown in
B. Images shown in C-E were extracted at depths of the ILM, NFL, and GCL, respectively.
C. Retinal macrophages (both cell body and processes) shown at the surface of the ILM. D.
Bundles and individual ganglion cell axons disperse across the NFL. E. A mosaic of GCL
somas of varying size tile the layer. F. GCL soma 3D segmentation. The false color map
shows the segmented GCL somas that are color coded with cell diameter.
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Fig. 5. Structural images of outer retinal cells collected at 3° temporal to the fovea from
subject S2 with an average of 190 AO-OCT volumes. En face views of outer retinal cells at
different depths show different spatial content. A. The HFL shows radial striation pattern
of Henle fiber bundles, B. ELM intensity show negative correlation with underlying cone
photoreceptors in (C-E), C. Photoreceptor IS, D. Photoreceptor IS/OS junction. E. COST,
F. ROST layer exhibits a hyper reflective mosaic with higher spatial content, presumably
from individual rods, G. RPE, H. Magnified views at the cone (IS/OS+COST), rod, and
RPE layers (white boxes in D-G) along with the composite view that shows the marked cell
locations (yellow cross: cone and red Voronoi: RPE). I. An average AO-OCT B-scan of
outer retina with labeled axial depths, and J. Power spectral analysis at the corresponding
axial depths (see Data File 3 [60]). For visualization purposes, spectra are normalized to the
same DC level and displaced vertically by retinal layers. Images are showed in logarithmic
scale.
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Cellular details were also resolved with the system focus set to the outer retina at the
photoreceptor-RPE complex (Protocol 2). A total of 10 videos (19 volumes/video) were acquired
at 3° temporal retina from S2 with 1.5 minute video separation to allow RPE organelle motility
for RPE imaging [13,48]. The AO-OCT images reveal: a radial pattern of Henle fibers at the
Henle fiber layer (HFL) (Fig. 5(A)); the mottled reflections surrounding cones at the external
limiting membrane (ELM) (Fig. 5(B)) resulting in a negative correspondence in reflectance
with the cones (Fig. 5(C)-(E)) at IS, IS/OS and COST; high spatial frequency content with
smaller features, presumably individual rod photoreceptors, at the rod outer segment tip (ROST)
layer (Fig. 5(F)); and the hexagonal arranged retinal pigment epithelial (RPE) cell mosaic at the
RPE layer (Fig. 5 G). The distinct separation between outer retina layers in the averaged B-scan
view (Fig. 5(I)) also demonstrates the system’s axial sectioning capability for distinguishing
cells/features in the outer retina. According to Rayleigh’s criterion, the theoretical transverse
resolution is predicted to be 2.89 µm (AO-OCT), which is the approximate width of a rod
photoreceptor. Our ability to resolve a higher spatial content at the ROST layer compared to the
cone and RPE layers (Fig. 5 H) indicates the gain in confocality afforded by the OCT channel,
resulting in a system confocal resolution of 2.1 µm. The power spectral analysis shows a 7.04
µm and 14.3 µm row-to-row spacing for cone photoreceptor and RPE cells, respectively. Very
intriguingly, the power spectrum shows a peak at the same spatial frequency for ELM, IS, IS/OS
and cone outer segment tip (COST), and elevated energy is evident for ROST, indicating the
dominant signal from ELM to COST is from cones and rods at the ROST, though, counting
individual rods is challenging at the current eccentricity and pixel sampling (0.9 µm/pixel).
Changing the imaging location to the rod dominant region in the periphery and increasing the
pixel density could potentially improve rod visibility, which remains for future investigation.

3.3. Multimodal wide field imaging

Due to imaging system aberrations, eye motion, and the isoplanatic patch of the human eye,
previous AO systems often limit the imaging FOV to <2°, imposing a challenge for AO clinical
translation. Here, we address the first two factors with an optical system designed to minimize
system off-axis aberrations and an ultra-high speed FDML-based approach (∼3.4 MHz A-scan
acquisition rate) to mitigate eye motion artifact to achieve an imaging field of 4.5° for cellular
imaging (Protocol 3). We performed initial visualization of the overall distribution of nerve fiber
bundles (NFB) and ILM macrophages with wide field scans, as shown in Fig. 6. With proper axial
layer segmentation, NFB and retinal macrophages are delineated with high definition in a wide
region spanning ∼30° across the macula, achieved by montaging seven AO-OCT videos collected
in only a few seconds. These preliminary data show the clinical feasibility of our approach for
structural characterization of retinal NFBs and macrophages for ocular and neurological diseases
such as glaucoma [59] and multiple sclerosis [61].

The wide-field imaging feature may also be beneficial for rapid assessment of the structural
health of smaller cells, like cone photoreceptors. Figure 7 shows averaged AO-SLO images taken
across a similar eccentricity range as Fig. 6 with eleven overlapping 3°×3° AO-SLO scans. The
3° scans provide a reasonable trade-off among total imaging area (∼30° macular strip), imaging
time (∼10 min total acquisition time), and digital sampling densities (∼0.57 pixels/µm). Fig. S1
(Supplement 1) has further examples across a range of pixel densities. The wide-field scans
permit visualization of cones across the entire macula. Near the fovea (<1° to the fovea), the 3°
field image did not have sufficient spatial pixel sampling to resolve individual cones. However
further reducing the field size to 0.75° with a corresponding increase in density to ∼2.3 pixel/µm
allows better delineation of the cones at the fovea (Fig. S2, Supplement 1). The wide field images
show the cone density decreases from approximately 36,000 cells/mm2 at 1° to 8,400 cells/mm2

at 8° (Fig. S3 in Supplement 1, cone density is provided in Data File 4 [62]), within the range
reported previously [63]. Cones above 8° locations are difficult to count from our images due
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to their multimodal behavior [64] and the mixed signals from adjacent rods, and more robust
AO-SLO cone density measurement in the peripheral retina likely requires implementation of
split detection methodology [26], which can be further exploited for views of dysfunctional cones.
Implementation of the split detection approach remains for future investigation.
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D AO-OCT B-scan view

C ILM en face projection

Fig. 6. Representative wide-field inner retina images from subject S1 collected with the
FDA FDML AO system. A. Spectralis macular scan. En face projection views over a -14°
to 14° eccentricity range from seven 4.5°×4.5° FOV AO-OCT scans of B. NFBs at NFL
and C. macrophages just above the ILM. Inset shows magnified view of one representative
macrophage cell at 8° eccentricity. D. AO-OCT B-scan view corresponds to the black dashed
line in B.

3.4. Multifunctional imaging

Phase-sensitive AO-OCT (PhS-AO-OCT) is a technique that quantifies photoreceptor function via
phase changes in back-reflected light, providing a direct assessment of individual cone function,
and therefore holds promise to provide functional disease biomarkers for applications beyond
vision science [35,43–45,47]. Here, we implemented a phase-sensitive AO-OCT approach
coupled with the stimulus channel in our FDML AO system to measure cone function (Table
S2, Protocol 4. Supplement 1). A representative AO-OCT B-scan (Fig. 8(A)) shows clear
separation between cone IS/OS, COST, and retinal pigmental epithelium (RPE). The AO-OCT
en face projection from the IS/OS junction to the COST (Fig. 8(B)) shows individual cone
photoreceptors resolved across the entire 1.5°×1.5° FOV. After visual stimulus, the OCT signal
showed increased OS optical path length (Fig. 8(D)) which is expected to return to baseline
shortly thereafter (in tens of seconds). The averaged phase change between IS/OS and COST

https://doi.org/10.6084/m9.figshare.21197824
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layer was 1.7 rad, corresponding to 142 nm (Fig. 8(F)). The cone responses to two visible stimuli
(526 nm and 640 nm) result in three distinct clusters in the principal component space following
a previously reported analysis method [44]. The three clusters represent L-, M-, and S- cones,
and their corresponding phase changes to 640 nm visible light are shown in Fig. 8(F), where
the overall phase change for all cones is shown as a black curve. The trichromatic cone mosaic
is shown in Fig. 8(G). As expected, the L-cones have the strongest response, M-cones have a
moderate response, and S-cones have the weakest response to 640-nm stimulus, agreeing with
their expected spectral sensitivity. The stimulus experiment results demonstrate the system
capability for measuring cone function, leading to new functional biomarkers for detection of
early outer retina diseases, such as age-related macular degeneration (AMD).Fig.7. 

 

  Fig. 7. Representative wide-field retinal cone images from subject S1 collected with the
AO-SLO channel of the FDA FDML AO system. A. Montage of eleven AO-SLO scans
with a 3°×3° FOV across a -14° to 14° eccentricity range. B. Enlarged views of the cone
mosaics at the corresponding nasal and temporal locations labeled at square boxes in A.
Each sub-region is a 150 µm×150 µm field. The sub-region at the fovea was acquired with a
0.75°×0.75° FOV scan (Fig. S2 in Supplement 1) with increased digital sampling.

3.5. AO-OCTA imaging

The OCT angiography (OCTA) approach has provided clinically relevant information about inner
retinal vessels and vascular disorders for ocular diseases such as diabetic retinopathy and AMD
[66]. However, reliable characterization of retinal capillary morphology using clinical OCTA
systems remains challenging due to their limited transverse resolution. Increased acquisition
speed to the MHz range has yielded higher contrast images of retinal vasculature [67,68]. Despite
its success in clinical OCT devices, OCTA methodology has not been widely implemented
in existing AO-OCT systems. Only a few studies reported imaging retinal vessels [69] and
choriocapillaris [20], all with relatively small FOVs and intensive averaging. We modified our
scanning protocol to allow eight repeated scans (4 forward and 4 backward) per slow scan position
for AO-OCTA imaging over a 5°×5° field by montaging the four volumes around the fovea (Table
S2 in Supplement 1, Protocol 5). Due to the reduced depth-of-focus under a large pupil condition,
the system focus was placed approximately at the middle of the inner retina and just below the
photoreceptor-RPE complex to enhance visualization of capillaries and vessels in the three retinal
plexuses and the choriocapillaris (CC) respectively. Vessels at three depths (retinal vessels, CC,
and choroid) were segmented separately from these scans. Considering the non-linear temporal
separations of the A-scans in adjacent B-scans acquired with bi-directional scanning, we applied
a SV analysis method [55] to the forward and backward scans independently, then averaged the
OCTA volume from forward and backward scans to produce the final AO-OCTA volume. The
corresponding OCT intensity volume was also produced by directly averaging the eight B-scans
that were acquired at the same slow scan position.
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Fig. 8. Cone structural and functional characterization in subject S1 at 3° nasal retina. A.
B-scan and B. en face views show reflectance of individual cones. Cone ∆OPL between
IS/OS and COST in response to 640-nm stimulus at time points 3 in C. and 13 in D. E. Plot
of first two principal components (PC) used to classify cone types. F. Shows the averaged
cone response at all time sequence (see Data File 5 [65]). Averaged cone response in C. and
D. are shown as the red and blue filled circles. The classified averaged response for L-, M-,
and S- cones are denoted as red, green and blue curves. G. Map of the trichromatic cone
mosaic.

As shown in Fig. 9, signals that arise from vessels are enhanced in AO-OCTA volumes, which
is evident from both B-scan (Fig. 9(A)-(B)) and en face views (Fig. 9(E)-(G)). The CC is clearly
delineated with AO-OCTA volume (Fig. 9(F)), and no similar structure is revealed in the AO-OCT
intensity image (Fig. S4B in Supplement 1). A 16-µm separation between RPE and CC was
found by comparing the A-scan profiles of AO-OCT and AO-OCTA data, which is consistent
with the previously reported range [20]. The cusp in the power spectrum (Fig. 9(H)) corresponds
to a fundamental spacing of 39.5 µm; that is, the average spacing between adjacent CC segments,
which agrees with the previous result [20]. Visually, the retinal vessels in the AO-OCTA volume
also have higher contrast than the AO-OCT volume (Fig. S4 in Supplement 1), which can be
also revealed with high contrast using the AO-SLO intensity variation method (Fig. S4D). The
deeper choroidal vessels have similar appearance between the two volumes, but the increased
penetration from the longer FDML wavelength (1060 nm) is evident in the visualization of these
deeper vessels. In conclusion, the system generates promising results for resolving capillaries at
their densest location in the human body using an AO-OCTA modality with a relatively large
scan size, and provides an additional capability for assessing vasculature integrity. We also note
that our FDML AO-OCTA volumes were acquired in less than a second (0.6 s), permitting rapid
montaging of vessel images over a large retinal region (Fig. 10). This modality also offers the
opportunity to explore the relationship between the cone-RPE-CC complex (Fig. 10), providing
yet another powerful tool to study AMD.

https://doi.org/10.6084/m9.figshare.19669044
https://doi.org/10.6084/m9.figshare.21197824
https://doi.org/10.6084/m9.figshare.21197824


Research Article Vol. 13, No. 11 / 1 Nov 2022 / Biomedical Optics Express 5872

ONH

200 μm

A Spectralis

200 μm

-2.5

-2

-1.5

-1

-0.5

0

0 50 100 150 200 250

39.5 μm

A
vg

. P
ow

er
 sp

ec
tru

m
 (a

.u
.)

Inf.  36.9  18.4  12.3   9.2   7.4
Row-to-row spacing (μm)

0

-0.5

-1.0

-1.5

-2.0

-2.5

200 μm

B OCT B-scan

IS/OS
COST
RPE

RV

CC
Choroid

D A-scan profile

C OCTA-B-scan

E Retinal vessels F Choroicapillaris

G Choroid H Power spectrum

Fovea

Fig. 9. Representative AO-OCTA images collected at the fovea from subject S1 with four
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Fig.10. 

 

Fig. 10. Representative wide-field images of outer retinal features from subject S1 collected
with the FDA FDML AO system. A. Spectralis macular scan. En face projection views over
-11° to 11° eccentricity range from nine 3°×3° FOV scans. B. AO-OCT intensity projection
(IS/OS to COST) shows better delineation of the cone photoreceptor mosaic compared
to AO-SLO montage from the same region (Fig. 7) due to the exclusion of signals from
neighboring rod photoreceptors and underlying RPE cells. C. Corresponding AO-OCTA
scans of the choriocapillaris.

4. Discussion and conclusion

Herein we present the optical design, performance, and initial human subject imaging of the
FDA FDML AO ophthalmic imaging system. The FDML AO system, with features of high
speed, dense sampling, large FOV, real-time visualization, and flexible acquisition and data
collection, is a powerful tool to effectively study different retinal cells and their function. The
unique multifunctional and multimodal system design, in conjunction with exquisite system
sensitivity and 3D resolution, enable microscopic imaging of various retinal cells (GCL somas and
macrophages in Fig. 4; photoreceptor and RPE cells in Fig. 5), vasculature (AO-OCTA imaging in
Fig. 9 and Fig. 10), and other structures across the entire retina, as well as providing photoreceptor
function assessment with optoretinography (Fig. 8). The ultra-high speed acquisition and
out-of-plane optical design permit rapid scans with relatively large FOV while maintaining
optimal AO correction (Figs. 6, 7, 9, 10, and S1).

The FDA FDML AO system was designed to overcome issues that limited performance in
previous multimodal designs [29–32,34,71]. Early attempts to combine SLO with Fourier-domain
OCT limited OCT B-scan rates to the SLO frame rate, resulting in extremely low OCT volume
(C-scan) rates. This left OCT volumetric imaging susceptible to eye motion artifact and led to
long, difficult imaging sessions in order to collect full volumetric structural information [29–32].
With a time-domain OCT approach, Felberer et al. [71] achieved co-extensive scanning, but
the approach was limited to visualization of one layer of interest at a time and required precise,
high-speed axial motion correction, adding to system complexity. The recent advances in the
development of ultrahigh-speed swept sources [33] enabled an OCT volume rate that matched the
SLO frame rate. However, the earlier integration of a 1.64 MHz swept source into a multimodal
system degraded the capability of the SLO channel – in this case a slow (sub-10 Hz) SLO frame
rate [34] or compromised spatial sampling and FOV for the tradeoff of a faster SLO frame rate
[36]. Though a very high effective A-line speed was demonstrated with a line scanning OCT
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approach in a multimodal AO SLO/OCT system, the Gaussian beam illumination fundamentally
constrained the size of the imaging field (<2°) and required relatively high input power sources
for imaging [37]. These limitations (slow acquisition speed, small imaging field, extra system
complexity) prevented broad adoption of mAO devices into clinical practice. In addition, the
capability of pan-macular and transretinal visualization of retinal cells and structures has yet to
be fully utilized for clinical investigations.

Our multimodal AO technology was designed to address the gaps in previous mAO implemen-
tations to achieve multimodal and multifunctional cellular imaging and also a relatively large FOV
for clinical use. To achieve this, we combined several recent technological advances: a 3.4 MHz
FDML swept source for ultra-high speed OCT acquisition while achieving high sensitivity
and low roll-off; an out-of-plane optical design to minimize system off-axis astigmatism; a
simplified optical design with only two scanning elements; pixel-level registration and integrated
data analysis to allow cellular-level imaging performance; electronic design for simultaneous
acquisition, flexible data collection, and real-time display of acquired images. The FDA FDML
AO system was also designed to help overcome the challenge of AO clinical translation, which is
primarily expressed in terms of the small FOVs and time-consuming montaging necessary to get
a global view of ocular health [28]. This challenge is ultimately one of a practical matter – how to
achieve sufficient pixel density for cellular imaging across a wide field spanning tens of degrees.
And this challenge can only really be solved with higher speed imaging. But it is also a matter of
‘smart design’, where the system and method are matched to the retinal cell or target of interest.
So, for example, ILM macrophage distribution can be quantified with the wide-field scan shown in
Fig. 6(C), but a measure of function (i.e., process motility) may require a higher pixel density (to
resolve processes) and smart temporal sampling (to capture the motion on the correct timescale)
[17]. In the FDA FDML AO system, we have demonstrated excellent optical performance up to a
4.5° field size (Fig. 6). Recent full-field OCT systems have demonstrated even higher volume
rates [49,72], giving confidence that small fields do not remain one of the inherent limitations
of AO technology. The other challenge to AO clinical translation has to do with a balance of
complexity and functionality: our system realizes technological gains that lead to a reduction
in complexity while adding features that have been demonstrated in other AO systems that
are becoming essential for probing retinal tissue. Finally, the FDA FDML AO system design
includes a transition to more functional measures, including photoreceptor function via stimulus
evoked optical path length elongation in the photoreceptor outer segment that can be resolved by
Ph-AO-OCT, and AO-OCTA to probe the important contribution of blood flow to the overall
metabolic health of the eye. Indeed, these functional measures can easily be combined in a future
investigation to simultaneously detect correlations between photoreceptor and RPE dysfunction
and deficits in flow in nearby individual choriocapillaris segments. Neurovascular coupling can
only be properly examined with multiple perspectives and measures of the neurovascular unit.

There were several challenges and limitations in the various multimodal and multifunctional
implementations in the FDA FDML AO system. One limitation is inherited from the use of an
FDML laser. The FDML laser increases the A-line acquisition rate by optical buffering to create
successive time-delayed copies of the original sweep using long optical spools [33,51]. The
imperfections in the splitting ratio of the fiber couplers in the buffering stage cause noticeable
amplitude differences among the buffer sweeps (Fig. 2(D)). The spectral mismatch in the
interference signal leads to phase distortion in the A-lines originating from different buffers. This
buffer-caused phase difference may decrease the SNR of the OCTA images (Figs. 9 and 10)
and the system sensitivity to measure the light induced phase changes of the cones (Fig. 8). A
numerical spectral resampling algorithm has demonstrated significant improvement in phase
alignment among the buffers [73]. The implementation of the phase correction approach will be
explored during future system optimization. In addition, the system acquires data at a rate (4 GS/s)
that challenges even the fastest personal computers. This limits the overall duration of acquired
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data to only a few seconds and can have implications when longer durations are required to
capture, for example, the full course of stimulus-evoked photoreceptor response or RPE motility
time constant, both of which require 5-10 second acquisition durations [48]. We have overcome
this partially by implementing OCT volume sampling at a lower rate but with a longer duration
(not demonstrated in this paper). Furthermore, the bidirectional scan required implementation of
an OCTA algorithm that separately processed the forward and backwards scans. The high B-scan
acquisition rate also requires consideration in terms of the optimal OCTA B-scan interval for
high-contrast retinal capillary visualization [74]. Lastly, the longitudinal chromatic aberration
of the human eye can result in focus offset between the AO-SLO and AO-OCT images. The
chromatic focus difference is corrected in our system by shifting the achromatic lenses used
for beam collimation at the back end of the system until the sharpest photoreceptor images
were achieved on both channels with AO correction. Alternate approaches for longitudinal
chromatic aberration compensation that may be implemented in future optimization include use
of an achromatizing lens or Badal system, which require either a customized design [75] or an
increase in system complexity. The overall advantages of ultrahigh-speed imaging in the MHz
range far exceed these various challenges, which can be overcome with smart configurations and
post-processing algorithms.

The FDA FDML AO system achieves higher acquisition speed, lower depth roll-off, and
comparable sensitivity and 3D resolution as previous mAO systems in clinical use [17,32,59,61].
We expect the FDA FDML AO system will prove to be a powerful platform with which to
investigate a host of ophthalmic and neurological diseases in future investigations, including
age-related macular degeneration, diabetic retinopathy, retinitis pigmentosa, multiple sclerosis,
and Alzheimer’s disease. The integrated features and our initial promising results demonstrate
capabilities that can be applied to basic science research for investigation of retina physiology
through structural and functional assessment, but also to establish AO as an effective tool and
clinical endpoint for diagnosis and treatment of retinal diseases.
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