Adaptive optics and
the eye (super
resolution OCT)

Abstract

The combination of adaptive optics (AO) and
optical coherence tomography (OCT) was first
reported 8 years ago and has undergone
tremendous technological advances since then.
The technical benefits of adding AO to OCT
(increased lateral resolution, smaller speckle,
and enhanced sensitivity) increase the
imaging capability of OCT in ways that make
it well suited for three-dimensional (3D)
cellular imaging in the retina. Today, AO-OCT
systems provide ultrahigh 3D resolution

(3 x 3 x 3 um®) and ultrahigh speed (up to an
order of magnitude faster than commercial
OCT). AO-OCT systems have been used to
capture volume images of retinal structures,
previously only visible with histology, and are
being used for studying clinical conditions.
Here, we present representative examples of
cellular structures that can be visualized with
AO-OCT. We overview three studies from
our laboratory that used ultrahigh-resolution
AO-OCT to measure the cross-sectional
profiles of individual bundles in the retinal
nerve fiber layer; the diameters of foveal
capillaries that define the terminal rim of the
foveal avascular zone; and the spacing and
length of individual cone photoreceptor outer
segments as close as 0.5° from the fovea center.
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Introduction

The last 20 years have experienced
extraordinary advances in optical technology
to image the posterior segment of the eye
non-invasively and at high resolution. Two of
the most impactful technological advancements
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over this period have arguably been optical
coherence tomography (OCT) and adaptive
optics (AO). OCT—a low-coherence
interferometric technique first reported in
1991—provides unprecedented, micron-scale
axial resolution (<3 um) and sensitivity to
detect reflections from essentially any retinal
layer, including those that are highly
transparent."” OCT has become a standard
diagnostic tool for evaluating health of the
posterior segment, as, for example, for macular
holes, central serous chorioretinopathy, age-
related macular degeneration (ARMD), macular
edema, diabetic retinopathy, and glaucoma.

Unlike OCT, AO is not an imaging modality,
but rather a technology that can be used in
combination with imaging modalities to
improve their performance. AO works by
measuring and correcting ocular aberrations at
real time. Its benefit is greatest when the pupil
is large (>6 mm), which has the added benefit
of minimizing the blurring effects caused by
diffraction. Correction of ocular imperfections
across a large pupil results in unprecedented
lateral resolution (2-3 um), sufficient for
resolving individual cells en face>> AO was
originally developed for ground-based
telescopes to remove atmospheric blur and
later incorporated into retinal imaging in the
mid-1990s. AO has become a valuable tool in
vision research for studying structure and
function of the microscopic retina, as well as the
onset and progression of disease. Substantial
maturation of the underlying technologies for
use with the eye (eg, deformable mirrors and
wavefront sensors) coupled with an expanding
role for visualizing the microscopic retina
suggest that commercialization for ophthalmic
use is imminent.

AO and OCT provide complementary
strengths in resolution (see Figure 1). AO
provides improved lateral resolution and OCT
provides improved axial resolution. Given
the success of these technologies individually,
there has been considerable effort by several
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Figure 1 Micron-level resolution in all three dimensions realized by combining AO and OCT technologies. OCT uses low-coherence
interferometry to achieve high axial resolution. AO measures the ocular aberrations with a wavefront sensor and corrects for them
with a wavefront corrector to achieve the complementary high lateral resolution. In all current AO-OCT systems, AO is integrated into
the sample channel of the OCT. In two early embodiments, AO was integrated into the detection channel.

research groups over the last decade to combine these
technologies for high-resolution, three-dimensional (3D)
imaging of the retina. Imaging at this level holds
considerable promise to improve the research and
clinical utility of OCT: for probing structure and function
of the microscopic retina, and for earlier detection, more
precise diagnosis, and improved treatment monitoring of
posterior segment disease.

In this article, we present a brief overview of AO-OCT
development, the technical benefits of adding AO to
OCT, and the use of AO-OCT to image the microscopic
retina. Three representative cellular structures (retinal
nerve fiber bundles (RNFBs), foveal capillaries, and cone
photoreceptors) are selected and examples are given to
demonstrate what AO-OCT can reveal about them.

AO-OCT technology

AO has been demonstrated for the correction of higher-
order aberrations in the three major types of ophthalmic
imaging modalities: flood-illumination ophthalmoscope
(fundus camera), scanning laser ophthalmoscope (SLO),
and OCT. It was first demonstrated in the flood-
illumination ophthalmoscope in 1997 for imaging of cone
photoreceptors and vision improvement.> The concept
of AO in an SLO was first proposed by Dreher et al,®
but not fully implemented with a wavefront
sensor—which had not yet been developed for the
eye—until the work by Roorda et al.” Unlike the
flood-illumination and SLO modalities that have
effectively one principle design configuration, OCT
embodies several fundamentally different ones that fall
into two broad categories: time domain and spectral

(or Fourier) domain. These domains refer to the temporal
and spectral detection of the OCT signal, respectively,
details of which can be found elsewhere.® Over the last
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8 years, all the major OCT designs have been
demonstrated with AO. AO-OCT combinations include
time-domain en face (xy) flood-illumination OCT using
an aerial CCD,’ time-domain tomographic scanning (xz)
ultrahigh-resolution OCT,'® time-domain en face scanning
OCT,'"*? high-resolution spectral-domain OCT,**"*”
ultrahigh-resolution spectral-domain OCT,'®*
more recently, swept source OCT.?

AO provides three technical benefits for OCT that
improve the visualization and detection of microscopic
structures in the retina: (1) increased lateral resolution,
(2) reduced speckle size (granular artifacts), and (3)
increased sensitivity to weak reflections. The addition of

and,

AO typically increases the lateral resolution by roughly
five times over commercial OCT. Of course, to take
advantage of this resolution requires increased

A-scan sampling so that the closeness of the individual
A-scans does not limit lateral resolution. Current
state-of-the-art ultrahigh-resolution, AO, spectral-
domain OCT (UHR-AO-OCT) has an isotropic 3D
resolution of 3 x 3 x 3 um?® in the retinal tissue. For
comparison, Figure 2 illustrates the size of this resolution
element (smallest black symbol) relative to that of

OCT without AO and to that of the other two

imaging modalities with and without AO. As shown,
UHR-AO-OCT provides the best resolving capability
and the only instrument able to resolve cells in all
three dimensions.

A second benefit of AO is reduced speckle size. The
interferometric nature of OCT generates high-contrast
speckle that permeates the entire OCT image and masks
structural details, especially those at the resolution limit
of the system. As lateral speckle size is inversely related
to pupil (beam) diameter, the larger pupil size afforded
with AO (>6 mm) reduces the lateral dimension of
speckle by roughly five times and the corresponding
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Figure 2 Comparison of (top) cell size in a histological cross section of the human retina with (bottom) the resolving capability of the
major types of retinal imaging modalities with and without AO. The vertical and horizontal dimensions of the solid black symbols
denote, respectively, the lateral and axial resolution of the instruments. Examples shown include the commercial confocal scanning
laser ophthalmoscope (cSLO), confocal scanning laser ophthalmoscope with adaptive optics (AO-cSLO), flood illumination with
adaptive optics, commercial OCT, ultrahigh-resolution OCT (UHR-OCT), and ultrahigh-resolution OCT with adaptive optics (UHR-
AO-OCT). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer
nuclear layer; PL, photoreceptor layer; RNFL, retinal nerve fiber layer. The histological cross section is from ref.25, reproduced with

permission from the Royal Society of London.

speckle volume by 25 times, compared with that of
commercial OCT. This substantial reduction noticeably
improves the appearance of the OCT image when
magnified, as illustrated by the commercial OCT and
UHR-AO-OCT examples of Figures 3 and 4. Figure 3
shows a typical Heidelberg Spectralis image (setting:
average of seven scans) acquired on a 62-year-old subject.
At the magnification shown, the figure B-scan has a
photographic-like quality that shows clear delineation of
the various neuronal layers. Speckle appears largely
absent and certainly inconsequential for examining the
retinal features visible in the image. Magnification
necessary to view the microscopic features (see Figure 4,
top), however, presents a very different view. Speckle
and image blur are now obvious artifacts and mask
retinal features that would otherwise be present in the
image. This is particularly evident by comparing the
Spectralis B-scan (Figure 4, top) with the UHR-AO-OCT
B-scan (Figure 4, bottom), which is of essentially the
same patch of retina. Although maximum lateral
resolution and structural detail are confined to the depth
of focus (<100 um) that straddles the focus plane (which
is at the retinal nerve fiber layer (RNFL) in the figure),
speckle is noticeably smaller throughout the entire
image. Thus, most of the visual difference between the
commercial OCT and UHR-AO-OCT B-scans is due

to differences in speckle size. Note that the lateral
dimension of speckle is five times smaller (because
of AO) and the axial dimension of speckle is roughly
two times smaller (because of UHR-OCT).

A third benefit is the increased sensitivity to weak
reflections that results from the larger pupil afforded
by AO and that captures more of the retinal reflectance.
We have measured this improvement to be 4-8dB,
depending on which retinal layer the focus of the
AO-OCT instrument is placed.**?*>

Imaging the retina with AO-OCT

AO-OCT systems have been used to capture volume
images of retinal structures that were previously only
visible with histology. Examples include the bundles
within the RNFL; retinal microvasculature such as the
capillaries that form the rim of the foveal avacular zone
(FAZ); microstructures in the ganglion cell layer and
Henle’s fiber layer; the 3D photoreceptor mosaic; retinal
pigment epithelium; and the tiny pores of the lamina
cribrosa of the optical nerve. AO-OCT is being used for
studying a number of clinical conditions, including
ARMD, hereditary retinal dystrophies, retinopathy of
prematurity,”® and optic neuropathies.””*

Eye
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Figure 3 Heidelberg Spectralis of the right eye of a 62-year-old
subject showing (a) 20° fundus view and (b) vertical B-scan that
traverses the fovea. Shown is the average of seven B-scans
(Spectralis setting). Region highlighted by the white, dashed box
(3° wide) is magnified and displayed in Figure 4.

Figure 5 provides an illustrative example of the types
of retinal microstructures that can be visualized within
a given volume of retinal tissue. The volume shown is a
composite made by re-imaging the same retinal patch,
with focus systematically shifted to different depths, in
this way preserving the high image quality provided by
AO for the retinal layer of interest. Extracted en face slices
(from top to bottom) are shown of individual RNFBs,
microstructures in the ganglion cell layer, retinal
capillaries, and outer segments of cone photoreceptors.

As suggested by the figure, AO-OCT has already been
applied to many of the retinal layers. Much of the
motivation behind these studies has been to determine
exactly what can be visualized and what new
information can be obtained with AO-OCT. Of course,
in parallel, substantial engineering has been necessary
to apply and optimize these complex technologies
to the eye. Described below are three representative
examples using AO-OCT to image specific retinal
tissues: (1) RNFBs, (2) foveal capillaries, and (3) cone

Eye

Figure 4 Comparison of B-scans acquired of the same patch of
retina with the (top) Heidelberg Spectralis and (bottom)
Indiana’s UHR-AO-OCT instrument. B-scans are at 6° superior
to the fovea. B-scans subtend 3° (900 um) at the retina with the
Heidelberg B-scan cropped from the much larger image in
Figure 3 (white, dashed box). The large blood vessel bisecting
the RNFL and GCL (top right of B-scans) is 66 ym in diameter.
Focus of the UHR-AO-OCT is at the RNFL. For fair comparison,
both B-scans shown are an average of seven B-scans. C, choroid;
ELM, external limiting membrane; GCL, ganglion cell layer;
INL, inner nuclear layer; IPL, inner plexiform layer; IS/OS, inner
segment/outer segment junction; ONL, outer nuclear layer;
OPL, outer plexiform layer; PTOS, posterior tip of the outer
segment; RNFL, retinal nerve fiber layer; RPE, retinal pigment
epithelium.

photoreceptors. These highlight some of the recent
work in our laboratory using UHR-AO-OCT and the
measurement of specific morphological parameters:
cross-sectional profile of RNFBs; diameter of foveal
capillaries; and spacing and length of cone photoreceptor
outer segments.

Retinal nerve fiber bundles

Early detection of axonal tissue loss is critical for
managing diseases that destroy the RNFL such as
glaucoma. Axonal tissue loss in the RNFL has been
reported to be one of the earliest detectable
glaucomatous changes, preceding morphological
changes in optic nerve head and visual field loss.
Fundus photography, scanning laser polarimetry,
scanning laser ophthalmoscopy, and OCT have been
used to analyze RNFL loss in glaucomatous eyes.*>*°
Regardless of method, however, none have the necessary
lateral and axial resolution to image the cross-sectional
profile of individual RNFBs, as they traverse the retinal
surface. Such imaging would be able to account for both
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Figure5 AO-OCT volume acquired over a 1° retinal region located temporal of the fovea, as illustrated by the rectangle in the fundus
photograph. The images on the right are en face views of particular retinal layers extracted from the AO-OCT volume. Retinal layers
from top to bottom are: nerve fiber layer (NFL), ganglion cell layer (GCL), outer plexiform layer (OPL), and outer segment layer of

photoreceptors (0S).*

thickness and width variations of individual RNFBs, and
to differentiate RNFBs from the radial fibers of Miiller
cells that separate the bundles. This would allow
extension of known morphological differences in RNFL
thickness between normal, aging, and diseased retinal
axonal tissue to morphological differences in RNFB
area and volume.

AO-OCT represents a potential means to measure
cross-sectional RNFB dimensions, owing to its
micron-level 3D resolution. There have been several
observational reports showing the 3D profile of RNFBs
in subjects using AO-OCT."*?!22 Although these early
observations are highly encouraging, they were limited
to single images acquired on single subjects with
no measurements of the RNFB cross section.

To establish grounds for a population study of RNFBs,
we recently imaged and measured the dimensions of
RNFBs in five subjects (29-62 years of age; four clinically
normal) at the same retinal eccentricities using the same
UHR-AO-OCT instrument. Details of the study have
been submitted to the journal Vision Research (Kocaoglu

OP, Cense B, Wang Q, Gao W, Lee S, Jonnal RS ef al.
Imaging retinal nerve fiber bundles using optical
coherence tomography with adaptive optics). Figure 6 is
a representative UHR-AO-OCT image from the study,
and shows

cross-sectional (B-scans) and en face (C-scan) slices
extracted from the same 3° x 3° volume of one subject.
Bundle clarity (individuation) in both cross-section and
en face views was found to vary with subject and retinal
location, a conclusion not possible to extract from the
limited AO-OCT data of RNFBs in the literature.
Interestingly, the overriding determination of bundle
clarity was the size of the gap between adjacent bundles
rather than the size of the bundles themselves. Spacing
between adjacent bundles was on the order of a few
microns compared with the size of bundles that was on
the order of tens of microns. The former is comparable
with the resolution of the UHR-AO-OCT system

(3 x 3 x 3 um®). Gap size at 3° retinal eccentricity was
found to be consistently larger than that at 6°, enabling
the bundles to be more readily identified. Bundle
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Figure 6 UHR-AO-OCT imaging of the retinal nerve fiber
layer at 3° nasal of the fovea. (a) En face projection (3° x 3°)
through the RNFL reveals individual nerve fiber bundles that
traverse from the optic disc to fovea (bottom to top). The
bundles appear dim on a dark background. A bright capillary is
superimposed on the bundles. (b) Average of eight B-scans
inside the highlighted rectangle in panel a reduces speckle noise
and reveals the cross-sectional profile of individual RNFBs.
(c) Highlighted section in panel b is magnified two times. Scale
bars denote 75 um.

contrast was also critical for identifying bundles. The
reflectance of RNFB tissue was found to be two times
brighter (3 dB) than that of the Miiller cells that surround
the bundles (gaps). This difference provided sufficient
contrast to distinguish bundle from gap when resolution
allowed. In general, results of our study suggest that
UHR-AO-OCT is capable of measuring the cross-
sectional profile of individual bundles, even at locations
in which bundles are increasingly thin (<15 um). To our
knowledge, these are the first measurements of RNFB
cross sections reported in the living human eye.

Retinal capillaries

The retinal vasculature is a complex, layered network of
vessels and capillary beds that permeate the retina.
Compromise of this support system has severe
consequences to the retina and often underlies retinal
pathologies, in particular diabetic retinopathy, a leading
cause of blindness in the western world. Some of the
earliest detectable morphological changes of this disease
are microaneurysm and capillary closure. Fluorescein
angiography (FA) is the gold standard for observing
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these fine details of the retinal vasculature and early
pathological changes.***” Although FA is effective, it
requires injection of a toxic fluorescent dye into the
patient. FA also fails to detect a significant fraction of
capillaries—especially small diameter ones—because of
its poor depth sectioning capability and sensitivity to
quality of the angiogram (optical quality of the eye).*”

AO-OCT represents a potentially attractive alternative
for capillary imaging. It is non-invasive and has the
necessary 3D resolution to map the microvasculature in
all three dimensions, as, for example, to delineate the
multi-laminar networks of capillaries. Many of these
capillaries are only a few microns in diameter and
weakly reflecting. AO has been successfully used in
SLOs and flood-illumination systems to map the
local 2D distribution and flow dynamics of the retinal
microvasculature in living eyes.***° The major advantage
of OCT is its substantially higher axial resolution
(3-6 um compared with >60 um for AO-SLO and
AO flood-illumination systems).

There have been numerous reported observations of
AO-OCT imaging of retinal capillaries. There is also a
detailed study by Hammer et al*® who compared retinal
capillaries in the fovea of patients with retinopathy of
prematurity to that of normal individuals. Although the
vasculature detail obtained with these instruments is
impressive, it remains unclear the extent to which
AO-OCT faithfully images capillaries, whose size
varies considerably (2.5-7 um;¥ 2.5-10 um*') and that
network with vessels of increasingly larger size.

We recently addressed this concern by determining the
ability of UHR-AO-OCT to image capillaries in the
fovea.*” This region includes the FAZ and the network
of capillaries that define its terminal rim. Use of the rim
capillaries enabled us to compare the UHR-AO-OCT
images with entopic viewing—an independent and
established psychophysical method for mapping foveal
capillaries* on the same subjects. A representative
UHR-AO-OCT en face image of the FAZ is shown in
Figure 7a. By comparing with entoptic viewing on the
same eyes, we showed that UHR-AO-OCT with careful
focusing is indeed capable of imaging many of the
capillaries proximal to the FAZ, including those of
average size (~5 um), as predicted by histology. This
suggests that the vast majority of capillaries in the retina
are likely detectable with UHR-AO-OCT, although
increased instrument sensitivity may be required to
offset increased scatter when the retina becomes thick
and the capillaries are deep. This remains to be
investigated. Aside from this caveat, our study
indicates that UHR-AO-OCT is a promising option
for non-invasive mapping of the intricate details
of the multi-laminar networks of capillaries in the
retina. In addition, the cross-sectional capability of



UHR-AO-OCT (see Wang et al*?) provides quantitative
depth information of the various multi-laminar networks
of capillaries.

Future technological advances, in particular
high-speed OCT imaging and phase detection,**
will only improve on UHR-AO-OCT’s capability to
image retinal capillaries and detect some of the earliest
morphological changes associated with vasculature
disease such as diabetic retinopathy. With the Indiana
UHR-AO-OCT system, we have recently implemented
ultrahigh-speed imaging, which has allowed finer
sampling of the retina while keeping volume acquisition
time constant. An example image of the FAZ at this
higher speed is shown in Figure 7b. Comparison of
Figures 7a and b shows that the finer sampling noticeably
improves visibility and sharpness of the small capillaries.
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Photoreceptors

Cone photoreceptors undergo degeneration and death
with numerous retinal diseases, including ARMD and
retinal dystrophies such are retinitis pigmentosa.
Although a great deal has been learned about these
diseases through histological studies, the need to destroy
the tissue and artifacts generated during the preparation
confound interpretation. AO-SLOs and AO flood-
illumination systems offer a non-invasive alternative,
providing en face views of individual cones for
monitoring disruptions in their packing and brightness
that are known to occur with disease progression.*>*"
AO-OCT represents a third alternative that—although
less mature than AO-SLO and AO flood-illumination

Figure 7 UHR-AO-OCT imaging of the retinal capillaries proximal to the foveal avascular zone. En face projections (3° x 3°) through
the multi-laminar networks of capillaries of the foveal region are shown in two normal subjects. A well-defined FAZ is evident in both
panels a and b. Volumes were acquired with UHR-AO-OCT using A-scan rates of (a) 22.5 KHz (comparable with commercial OCT
rates) and (b) 125KHz. Both were acquired in 4.5s, but the latter sampled the retina 5.6 times finer, which noticeably improves the
visibility and sharpness of the small capillaries. AO adjusted focus to optimize vessel clarity. Central bright spot in panel b is a residual
of the fovea reflex that was not completely removed in post processing when the capillary sub-region was extracted.

Figure 8 UHR-AO-OCT imaging of cone photoreceptors. En face projections (top) and cross-sections of cone photoreceptors (bottom)
are shown at 0.5°, 1.5°, 3°, and 6° temporal to the fovea of a 24-year-old normal subject. Projections are 0.6° x 0.6° and B-scans are 0.6°
wide. A-scans were acquired at 167 KHz, six to eight times faster than that of commercial OCT. Cross-sectional images are single
B-scans extracted near the center of the en face projections. Cone spacing increases with retinal eccentricity and is consistent with that
reported in the literature.®**"

Eye
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systems—holds the greatest potential to extend en face
imaging to 3D imaging of cone morphology.

In recent years, cone photoreceptors have been
imaged with a variety of OCT configurations: OCT,**
AO-OCT,'*"” and UHR-AO-OCT.""** OCT studies rely
primarily on high-speed imaging to minimize motion
artifacts, but without AO, they are limited to
eccentricities relatively distant from the fovea (greater
than ~4°), where cones are comparatively large and
widely spaced, and eyes endowed with good optics. This
strategy follows that used for the first observations of
individual cones in the living human retina.”> AO-OCT
does not share these limitations and has been used in
early studies of the 3D structure of cones. More detailed
and exhaustive studies, however, have largely been
impractical because of eye motion artifacts that
prevent tracking of individual cones across frames of
AO-OCT videos.

We recently addressed this technical bottleneck, or
at least sufficiently so, to demonstrate cone tracking
and imaging in three dimensions and in time using
UHR-AO-OCT.**** This was accomplished by
high-speed image acquisition (up to 200 KHz) using a
state-of-the-art high-speed CMOS detector (to reduce the
deleterious effects of eye motion on volumetric images)
and a novel post-processing registration/dewarping
methodology (to further reduce eye motion effects). The
combination of the two reduced eye motion to less than
a fraction of a cone width. With this level of motion
compensation, we were able to track individual cones
over periods as long as 10 days. This time duration is
more than adequate for studying the physiological
processes of disc renewal and phagocytosis at the
individual cone level, processes that are known to be
disrupted by retinal disease such as ARMD and retinitis
pigmentosa. We were also able to image cones as close as
0.5° from the fovea (the most critical area of patient
vision), which is the densest packing of cones observed
to date with AO-OCT. Figure 8 shows representative
en face and cross-sectional views of individual cones
acquired with the high-speed UHR-AO-OCT system.
Note the level of cone detail at the four retinal
eccentricities and in both views, as, for example, the
decrease in cone outer segment length with retinal
eccentricity. To our knowledge, this is the first
demonstration of 4D imaging and tracking of cones
using AO-OCT.

Conclusion

AO-OCT is a maturing technology that has experienced
tremendous technological advances since its first

reporting 8 years ago.” The technical benefits of adding
AO to OCT significantly increase the imaging capability

Eye

of OCT in ways that make it well suited for 3D cellular
imaging in the retina. Here, we presented representative
examples of cellular structures that can be visualized
with AO-OCT. Results from three studies from our
laboratory indicate that UHR-AO-OCT is capable of
measuring the cross-sectional profiles of individual
RNFBs the diameters of retinal capillaries that define the
terminal rim of the FAZ; and the spacing and length of
cone photoreceptor outer segments as close

as 0.5° from the fovea center.
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