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I ntroduction
Scanning laser ophthalmoscopy (SE@pd optical coherence tomograplQT)? have substantially
advanced ophthalmic imaging by improving the transversal resolution and axialttioesdleyond
that which can be achieved by the fundus can®&@® improved the transversal resolution by using a
small aperture in front of the photodetector and OCT improved the axalities by employing
principles of coherence gating. Combining the two technologies into a singlarieast produces an
OCT instrument with the transversal resolutioranfSLO but the finer axial resolution afforded by
OCT principles, typically 5-1@m or less. Transversal resolution of both SLO and OCT instruments
is limited by the aberrations of the eye to more thanudbwith a pupil size of less than 3 mm.
Transversal resolution in both instrumeods) in principle, be improved to less thamu® resolution
by enlarging the beam diameter. In practice, this often fails due to impanfea the crystalline
lens, cornea, intraocular fluid, and tear film that disturb the wavefamat,hence distort the round
uniformity of the spot illuminating the retina. Applying adaptive opt&®) principles, aberrations
of the eyecanbe both measured and compensated
Figure 1 illustrates a closed loop AO syste|
An AO loop consists oa Wavefront Sensor, which
detects the aberrations of the light travelling throu
the eye, a Corrector, and a Feedback Loop, wt
signals the deformations to be applied to t
Corrector.  Correctors most commonly a ™% H,H,H
deformable mirrors, with arrays of pistons th &
subdivide the reflective surface. Liquid crystals ha Wavefront
also been used as Correctors, but they are limite sensor
their range of correction and to certain polarizati Beam LHHH
orientations, making them less suitable for imagi P
the retinal nerve fibre layer (RNFL). e
Once the loop is operational, multiple besar ~—f= Corneaand
can be adjusted with the same Corrector, serv tens
functions, such as a fundus camera, an SLO, an C Retina\_ 7|
a fluorescence channel @ multimodal instrument Figure 1. Schematic diagram of a closed lo

with a combination of imaging channels. adaptive optics system. The imaging syst

One of the major driving forces fo can be a fundus camera, an SLO, an O
developing AO for the eye was to imac system, a fluorescence receiver or

photoreceptors for diagnosis of patterns  combination of some or all of these.
photoreceptor loss in inherited and traumatic retii

disease and for monitoring therapeutic interventions. Recently, severglsghave turned their
attention to the inner retina, producing more than 35 glaucoma publications as sifithe optic
nerve head (ONH) and the RNFL.
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AO Imaging for Glaucoma

AO-SLO in diagnosing glaucoma

CurrentAO-SLO systems can visualize the RNFL bundles in patients with glaucomatous damage as
well as in healthy controls (Figure32)enabling structural and functional studies of longitudinal
changes due to glaucofra the interfae between healthy and abnormal retina regions in the macula.
Additionally, 3D characterization of the healthy human lamina cribrosa has atetgpguantify

pore diameter, pore area, and pore aspect ratio as well as the connective tissue volonte fracti

AOBLOR

Figure 2. AO-SLO reflectance image of healthy individual retinal nebezd (left) compared to a transmission
photomicrograph (right)Both images show bright spots within the bodies of the nervesfilamscribed as
axonal varicosities, which are believed to represent mitochondrial colléctig SLO: unpublished image
courtesy of Alfredo Dubra).

Hood et gFf]compared AO-SLO images and OCT circular disc scans in patients with relatively similar
deep, central arcuate defectD-SLO images revealed details of glaucomatous damage that were
difficult, if not impossible, to detect with current OCT technology. FégBA shows a montage of
AO-SLO images obtained near the optic disc of a patient with glaucomatous damage. For comparison,
Figure 3B is the temporal half of a circumpapillary OCT scan of the sanemtpabtained for the
region shown by the black semi-circle in Figure 3A. The purple arrows show corresponding blood
vessel locations. It is clear that details in RNFL bundles seen in Figuad#ot be resolved in
Figure 3B. This is in part due to the superior lateral resolution A@SLO and in part due to the

fact that there is information in local intensity differences, as welhae&ness. These intensity
variations will be completely missed with typical OCT circle scan analySN&L thickness such as

seen in Figure 3C. For example, the yellow arrow in Figuke irddicates two RNF bundles
sandwiched between regions devoid of RNF bundles and the yellow arrows in Fyshe\8 the

same location.



Figure 3

A. A montage of AO-SLO images near tl
disc.

B. The OCT image from a circle scan arou
the disc. The black semi-circle in A is ti
location of the OCT image in B. The purp
arrows show corresponding locations of blo
vessels. The white and red arrows sh
corresponding locations of severely danth(
(red) and relatively healthy (white) regions.

C. The OCT image of the complete circle sc
of the disc (upper panel). The vyello
arrowheads show the same location as
yellow arrow in panel A, which points to
region with two preserved RNF bundles. T
lower panel shows the RNFL thickness (ble
curve) around the disc compared to normat
values (shaded colored regions).

AO-SLO imaging is not ready for routine
clinical use, requiring too much time and being
limited to patients with good fixation, few lens
changes, and low refractive error. However, it
shows great promise for targeted trials looking
for early evidence of progression of
glaucomatous damage in limited numbers of
patients. The details revealed by AO-SLO
imaging should help us better understand the
dynamic microanatomy of glaucomatous
damage, as well as how best to detect such
damage with OCT.

AO-OCT in quantifying glaucoma

OCT axial resolution depends on the spectral
bandwidth of the light source, and is generally
independent of lateral resolution. However, with
broadband light sources (> ~100 nm) and imaging
beam diameters over 2 mm at the eye pupil, the
effect of eye chromatic aberration be@sn
significant, resulting in blurring of the point spread
function PSH and reduction of retinal image
quality.

The usable depth range in AO-OCT is
limited to the area where lateral resolution is high.
When optical aberrations are maximally corrected
the depth of focus is <100 pm (~3-4 times less
than the retinal thickness) so that multiple images
at a single location with different positions of focus
are needed to have optimum lateral resolution
throughout the retina or optic disk. Figure 4 shows
an AO-OCT B-scan having isotropic resolution <
3.5 um’ with the AO focus on the inner retina.
This permits visualization of individual axon
bundles, even bundles within bundles, in the
RNFL. This image is from a 55-year-old volunteer
with a normal retina. Using a similar AO-OCT
system, Kocaoglu et 8llater demonstrated bundle
losses in a glaucoma patient (similar to those seen
in Figure 3).

An AO-OCT system was able to detect and quantify structural changes at the taeploeal

even when local functional loss was mild, suggesting the
raphe as a site of potential interest for glaucoma resea
and clinical assessménRelative reflectivity and nerve -
fibre bundle density were used to generate a quantitatitssess
bundle index. S5

Figure 5 shows AO-OCT images from a [
glaucoma patient. At the bottom,AO-OCT B-scans Figure 4: AO-OCT B-scan with focus o
focus on the outer retina revealing the continuouke inner retina of a 55-year-old norm
external limiting membrane (ELM) as well as the cong@bserved over a 0.5 mm region of reti
photoreceptors at the inner-/outer-segment (IS/O%$Y° superior, 4.5° nasal). This image is |
junction and the coneuter segment tips (COST). This a"e%ge of 10 B-scans, each with 500
allows length measurements of the ISs (ELM to 1S/0S*?




and OSs (IS/OS to COST). This approach is useful when combined with fundus imdgespmutfc
disk and visual field sensitivities as shown. In areas with the expected thinnmgRNFL, there is
also a reduction in cone photoreceptor density
and outer segment lendth Similar results have
been found for other long-standing optic
neuropathies.

In addition to quantifying changes in
retinal structures, it is important in glaucoma tc
image the lamina cribosa. It consists of a multi
layered porous network of collagen fibre
through which ganglion cell axons and majol :
blood vessels pass. Mechanical strain in th 100%
lamina cribosa, expected from elevations ir Cuile diuiify (ReranEET notmal)
intraocular pressure, may cause oSS C g T
axoplasmic and blood flow associated with
glaucoma leading t@ loss of ganglion cells.
Imaging the lamina cribosa is particularly 5o S9umEq=i00,  F2umed=198  Hom e le
challenging, since it reqpges an axial depth
range of >2 mm. Figure 5: The fundus photo on the upper left shc

While spectral domain (Fourier domain)the ONH of a 25-year-old patient with pigmer
OCT is highly sensitive, it has the disadvantagdispersion glaucoma. The upper right shows
of sensitivity decay with depth and duplicationvisual field in terms of total deviation plot. Visue
of image, when the optical path differencdield s_ens:itivitigs show _retinal areas for higl
equals zero inside the tissue examined. MethodgSolution imaging. The circular areas show the c«
have been devised to eliminate the mirrof’°SaC obtained in an AG-flood illumination imag
. . ith percentages indicating the proportion of cor
images (complex conjugate artefact) and exten

. pected in a normal retina. AO-OCT B-scans fr(
the axial range of the OCT channel. Such the corresponding retinal locations are shawrthe

method has been applied in imaging thottom row. Mean length of inner - (IS) and oute
lamina?, thereby allowing structures of interestsegments (OS) of the cones are indicated for €

to be placed in the area of maximum sensitivityetinal locatiof°
and at the same time doubling the axial imaging
range.
Several methods have been used to remove the complex conjugate artefact. The images in

Figure 6 were obtained with a reference arm-based phase-shifting method whicbsaBguaansby
means of consecutive A-scans that differ dy
constant phase shift, allowing the reconstruction
of the ima@d structure with respect to the zero
delay position. The figure shows C-scans of the
lamina cribosa over a large depth range of a
normal 60-year-old made possible by
suppression of the complex conjugatgefact
The areas of eight lamina cribosa pores are
identified at different depths from the interior to
the exterior lamina. These in vivo results agree
well with histological measurements from donor

. ' x5 4.5 eyes. Volumetric analysis of the laminar
Figure 6: Lamina cribosa at different dept Structure may make it possible to investigate
obtained with AO-OCT and suppression of tl laminar beam networks as they are compressed
complex conjugate artefact. The locations are or collapsed in advanced glaucoma. These tools
56 pm, (b) 108 um, and (c) 145 pum from t may permit the evaluation of new therapeutic

En:terior lamina surfacltla. The eight tp?res in 1 options and neuroprotective strategies in the
ottom Images allow segmentation al treatment of gla n;|
guantification through the lamina cribdsa eatment of glaucortia




Limitations and caveats
Expanded implementation of AO faces a number of challenges. First, it is difficult &m obt
acceptable images on patients with cataracts, dry eyes, small pupils, highveefeaar, or with
epiretinal membranes overlying the region of interest. Second, imaging time typigalves tens of
minutes. Third, data analysis and assembly is time consuming. Since AO imagesadrin lateral
dimension, multiple images from adjacent locations must be montaged with ispdciabistration
software

A major limitation that prevents wider commercialization of the A€hhology is the large
layout required, that demands a specialised optics lab.

Future progressin theimaging technology

Simultaneous display of en face images from different depths AO improves transversal resolution,
enhancing the definition iren face views, while OCT mainly enhances cross sections. The
conventional SDOCT, being based on A-scans, requires collection of the whole wbldata before
cuttingen face slices by software. A method that deliversathé&ce view diredy has been recently
developed, termed Master/Slave GETThis provides simultaneous multipéa face images from
different depths, as shown in Fig. 7.

lmm 2 mm

] mm

Figure 7 Nine enface images from the human lamina produced simultaneousliyoirmnd in real time by
using Master/Slave OCT technoldgywith different lateral size. In the left panel, the lateral size of
images is 1x1 mm while in the right panel 2x2 mm. In both pacetsecutive images are axially separal
by 57.6 um. All distances are measured in air. Only 9 imagesharer the technology allows more tha
40 images to be produced simultaneously.

Sensorless plus corrector Eliminating the Wavefront Sensor (WFS) allows assembling the interface
optics by using lenses making the system more compact and lower cost. Iteratitienasgare used

to search correction space by applying different shapes to wavefront correct@singse intensity

or sharpness, limited mainly by processing time. This has been addressed recenthy iparaiel
processing in graphic cards to speed up the optimisation of signal sent to tieeocoatwing in

vivo retinal imaging in experimental animals and more recently in the humh eye

Sensorless and correctorless A more adventurous\O solution involves eliminating the corrector
and using the features in the images acquired to sense aberration. Such aatiomfigubased on
subagrture AO, where the phase distortion is inferred fr@am face OCT images, followed by
iterative computationally-added correction of aberratfons
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