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Abstract

Purpose: Over the past 25 years, optical coherence tomography (OCT) and adap-

tive optics (AO) ophthalmoscopy have revolutionised our ability to non-inva-

sively observe the living retina. The purpose of this review is to highlight the

techniques and human clinical applications of recent advances in OCT and adap-

tive optics scanning laser/light ophthalmoscopy (AOSLO) ophthalmic imaging.

Recent findings: Optical coherence tomography retinal and optic nerve head

(ONH) imaging technology allows high resolution in the axial direction result-

ing in cross-sectional visualisation of retinal and ONH lamination. Comple-

mentary AO ophthalmoscopy gives high resolution in the transverse direction

resulting in en face visualisation of retinal cell mosaics. Innovative detection

schemes applied to OCT and AOSLO technologies (such as spectral domain

OCT, OCT angiography, confocal and non-confocal AOSLO, fluorescence, and

AO-OCT) have enabled high contrast between retinal and ONH structures in

three dimensions and have allowed in vivo retinal imaging to approach that of

histological quality. In addition, both OCT and AOSLO have shown the capabil-

ity to detect retinal reflectance changes in response to visual stimuli, paving the

way for future studies to investigate objective biomarkers of visual function at

the cellular level. Increasingly, these imaging techniques are being applied to

clinical studies of the normal and diseased visual system.

Summary: Optical coherence tomography and AOSLO technologies are capable

of elucidating the structure and function of the retina and ONH noninvasively

with unprecedented resolution and contrast. The techniques have proven their

worth in both basic science and clinical applications and each will continue to be

utilised in future studies for many years to come.

Introduction

Practically overnight, Herman von Helmholtz’s invention

of the ophthalmoscope in 1851 radically changed the

field of ophthalmology by allowing non-invasive observa-

tion of retinal and optic nerve head (ONH) pathophysi-

ology. Jackman and Webster used this concept, along

with the newly emerging field of photography, to record

and publish the first images of the fundus in the living

human eye in 1886.1 In the years that followed, fundus

photography to record patient’s ophthalmoscopic find-

ings naturally proceeded and became an important pro-

cedure for the diagnosis and assessment of retinal and

ONH disease. For almost a century, fundus photography

using flood illuminated reflectance imaging was the only

method available for acquiring pictures of the retina and

ONH. Then, by both careful design and some luck,2 the

technique of fluorescein angiography for investigating

retinal circulation was developed and published by

Novotny and Alvis in 1961.3 The clinical utility of this

technique was quickly realised and fluorescein angiogra-

phy joined fundus photography as a standard care oph-

thalmic procedure. Even today, 54 years later, fluorescein

angiography remains the gold standard for assessing the
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involvement of retinal and choroidal blood vessels in

ophthalmic disease.

In the technological age in which we currently live, tech-

nology and its applications continue to advance at exponen-

tial rates, and the field of retinal imaging is no exception.

Despite fundus photography and fluorescein angiography

remaining staples in ophthalmic clinical care, investigators

are aware of the limitations provided by these techniques. In

particular, both fundus photography and fluorescein angiog-

raphy provide only a macroscopic view of the retina and

ONH and both have limited capabilities for examining the

three dimensional structure of the tissue. Indeed, the retina

and ONH are three-dimensional structures, and microscopic

visualisation of its features depends on the axial and trans-

verse resolution inherent to the imaging system, along with

the contrast available to distinguish neighbouring features

from each other. With this in mind, several other retinal

imaging techniques have emerged in recent years, many with

the goal of investigating the structure and function of the

retina with microscopic detail. To date, at least two of these

techniques, both described in the 1990’s, again possess the

power to fundamentally change the clinical applications of

retinal imaging as we previously knew them.

The first of these techniques is optical coherence tomog-

raphy (OCT). OCT is based on low coherence interferome-

try, which had been previously used to measure axial

distances in the eye.4,5 Time domain OCT (TD-OCT),

introduced in 1991 by Huang et al.,6 measures the interfer-

ence signal generated between reflections from a reference

arm and a sample arm of an interferometer, where the eye

is the sample. In its first application, the TD-OCT system

recorded the interference signal between reflections from

the reference and the sample backscattering positions, and

then translated the reference arm in depth to create a longi-

tudinal scan (A-scan). Thus, the signal observed in an

A-scan results from interference between the light reflected

from the reference arm and the light backscattered from

features in the retina located at different depths. By collect-

ing a series of laterally translated A-scans, a cross-sectional

retinal image is created (B-scan). The axial resolution of

OCT depends only on the coherence length of the imaging

source, which is directly proportional to the square of the

central wavelength and inversely proportional to the band-

width of the imaging source.4,7 Therefore increasing the

bandwidth of the source (i.e. decreasing the coherence

length) will increase the axial resolution of the system,

while increasing the central wavelength of the source will

decrease the axial resolution. The low coherence sources

used in OCT imaging result in high axial resolution in the

cross sectional images; commercially available OCTs cur-

rently boast axial resolutions of 5 lm or better (examples

include: RTVue-XR Avanti http://www.optovue.com/pro-

ducts/avanti/, Cirrus HD-OCT http://www.zeiss.com/med-

itec/en_us/products—solutions/ophthalmology-optometry/

glaucoma/diagnostics/optical-coherence-thomography/oct-

optical-coherence-tomography/cirrus-hd-oct.html, Envisu

C-Class http://www.leica-microsystems.com/products/opti-

cal-coherence-tomography-oct/details/product/envisu-c-class/).

Though TD-OCT was immediately understood to be clini-

cal useful, the technique was limited by the acquisition time

required to translate the reference arm of the system. Spec-

tral domain OCT8,9 (SD-OCT) overcame this limitation by

keeping the reference arm static and using a spectrometer to

detect the OCT signal. SD-OCT is mathematically related to

TD-OCT by the Fourier transform. This SD-OCT approach

resulted in vastly increased imaging speeds as well as higher

sensitivity when compared with TD-OCT.10–12 The result is

that SD-OCT has made possible the routine acquisition of

volume scans over the retina. A third detection scheme for

OCT is swept source OCT (SS-OCT), in which a tuneable

light source is rapidly swept through a broad bandwidth

while the path lengths of the reference and sample arms of

the interferometer are held constant.13,14 Like SD-OCT, SS-

OCT operates in the Fourier space and has the equivalent

signal to noise ratio and sensitivity advantage of SD-OCT.13

The value of the information contained within each OCT

retinal and ONH image, combined with the ease with which

these images now are obtained has truly revolutionised

standard ophthalmic care.

The second of the current techniques to fundamentally

change retinal imaging came with the invention of adaptive

optics (AO). Adaptive optics for ophthalmic applications

was first described in 1997.15 This technique involves mea-

suring and then correcting the ocular optical aberrations,

typically by using a wavefront sensor and wavefront correc-

tor, such as a Shack–Hartmann wavefront sensor paired with

a deformable mirror. By changing the shape of the wavefront

to compensate for the eye’s optical aberrations, AO enables

imaging with transverse resolution that approaches the fun-

damental resolution limit (diffraction) through the dilated

pupil. It is worth noting that AO on its own is not a retinal

imaging modality. Rather, it is a tool used for correcting the

aberrations of an optical system (in this case the eye) that is

then incorporated into retinal imaging systems such as flood

illumination fundus photography,15 scanning laser/light oph-

thalmoscopy (SLO),16 and OCT.17 While ground-breaking

work has been accomplished using both AO flood illumina-

tion and AO-OCT, the AO portion of the current review

focuses primarily on adaptive optics scanning laser/light

ophthalmoscopy (AOSLO) because of its high impact

applications and its increased use in clinical research.

Optical coherence tomography and AOSLO embody pow-

erful and complementary techniques, and each has funda-

mentally changed retinal and ONH imaging by allowing

scientists the ability to routinely visualise retinal and ONH

structures with cellular resolution in either cross-section or
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en face views respectively. Further, combining standard clini-

cal imaging with results from these complementary imaging

techniques provides a more complete understanding of the

anatomy under investigation (Figure 1). This in turn has

opened new avenues for clinical applications of retinal and

ONH imaging as scientists and clinicians have begun to

investigate the structural and functional health of normal

and pathological retina and ONH in vivo with resolution

approaching that of histology. Numerous reviews of these

two distinct technologies are available18–25 that include

ample figures and references showcasing normal and dis-

eased anatomy observed through OCT and AOSLO imaging.

Therefore the present review does not provide extensive fig-

ures of disease cases; rather the purpose of the present review

is to highlight recent technical advances in both OCT and

AOSLO human imaging, with a focus on current and future

clinical applications for these technologies.

Optical coherence tomography structural imaging
beyond the spectral domain

Over a relatively short period of time, SD-OCT systems

have become an integral part of standard ophthalmic care.

In today’s ophthalmology clinics, SD-OCTs are used daily

to characterise and document the involvement of retinal

and ONH layers in ocular complications and retinal and

ONH disease. For a review of the basic principles involved

with SD-OCT, see van Velthoven et al.20 The wide-spread

availability of SD-OCT devices has led to new innovative

methodologies for elucidating retinal structures beyond

what is routinely acquired in clinical settings. In addition,

the fast acquisition speed of SD-OCT makes possible the

volumetric imaging protocols required for the advanced

three-dimensional imaging applications described below.

Optical coherence tomography angiography

Recent developments in OCT imaging have included non-

invasive visualisation of blood vessel perfusion, without the

insertion of intravenous dyes. These techniques include

Doppler OCT and OCT angiography, and they are accom-

plished through the differential analysis of multiple OCT

scans. The basic principle of Doppler OCT and OCT

angiography involves determining the change in backscat-

tering between consecutive A-scans and B-scans, respec-

tively, and then attributing the differences entirely to the

Figure 1. Comparison of a conventional fundus photograph, an SD-OCT cross sectional image obtained along the green line overlaid on the fundus

photograph, and a montage of confocal AOSLO images acquired within the white box overlaid on the fundus image in the right eye of a 31 year old

normal male. Coloured box outlines on the AOSLO montage show areas of the photoreceptor mosaic in higher magnification below.
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flow of erythrocytes through retinal and choroidal blood

vessels. This has been accomplished through a number of

methods, including Doppler OCT,26–28 dual beam-

scanning OCT,29,30 phase-variance OCT,31–33 and split

spectrum amplitude decorrelation.34 Regardless of which

method is used to calculate the differences between scans,

OCT angiography techniques rely on the assumption that

all differences arise from blood flow and that the backscat-

tering associated with retinal and ONH tissue outside of

the blood vessels remains static. The split-spectrum ampli-

tude-decorrelation angiography algorithm introduced by

Jia et al.34 is most frequently used in OCT angiography

studies to date.

By determining the difference between consecutive B-

scans at the same location over the entire en face area

imaged, OCT angiography allows a volumetric rendering of

blood vessels.35 Further, by segmenting layers of the retina,

blood vessels corresponding to specific retinal depths can

be projected onto a two-dimensional image. For example,

the superficial vascular plexus located in the nerve fibre and

ganglion cell layers can be differentiated from the deep vas-

cular plexus located in the inner nuclear layer, simply by

segmenting the OCT angiography volume scans at these

levels and viewing the en face projections from these two

layers separately. The choroidal vascular network, in partic-

ular the choriocapillaris, also becomes visible using this

same technique (Figure 2). Some studies have also imaged

Sattler and Haller’s layers in the choroid,36 and it is reason-

able to expect that future studies of OCT angiography will

allow increased visualisation of these layers by adapting

techniques, such as using longer wavelength sources, to

allow deeper penetration into the retinal tissue.

Care must be used in interpreting OCT angiography

images, first because the images are subject to several

artefacts, and second because the imaging detection scheme

utilised imposes theoretical limits on the visualisation of

vascular perfusion. As an example, fixational eye motion

can be a huge problem for OCT angiography, because the

algorithm for angiography images assumes that all differ-

ences are caused by blood flow. Thus, eye motion results in

image artefacts such as white lines, quilting, skewing,

stretching, distortions, and even doubling of vessels.37 In

addition, OCT angiography images are subject to projec-

tion artefacts, where the vessels from one retinal layer also

appear in more posterior layer segmentations. This occurs

because as the amount of light reflected from a particular

layer of blood vessels changes, so does the amount of light

transmitted through the vessels. This causes a change in the

amount of incident imaging light on more posterior layers,

and thus results in a measurable difference in reflection

coming from posterior layers in the same shape as the more

anterior blood vessels.37 Software algorithms have been

implemented to minimise projection artefacts,38 though,

care in image interpretation is still warranted.

Because the detection scheme of OCT angiography relies

on differences in OCT reflectance or changes in signal

phase to highlight blood flow, the images necessarily show

movement rather than static features of the retina. Thus,

blood flow that is too slow will not be detected above the

noise from static tissue, thereby resulting in a loss of visual-

isation of perfusion in the image. This does not necessarily

mean there is a loss of vasculature at these locations; rather

blood flow simply could be reduced, there could be no

blood flow, or vasculature could be lost. This phenomenon

of no visible perfusion is known as the sensitivity limit of

OCT angiography and is a function of the time separation

between consecutive scans.36,37 Conversely, flow that is fas-

ter than the dynamic range of the decorrelation between

(a) (b) (c)

Figure 2. En face OCT angiography scan (nominally 3 9 3 mm using the RTVue-XR Avanti http://www.optovue.com/products/avanti/ and processed

with split-spectrum amplitude decorrelation angiography software34) of the right eye of a 28 year old normal male demonstrating the visualisation of

(a) the superficial retinal plexus, (b) the deep retinal plexus, and (c) the choriocapillaris.56 Figure courtesy of: Rosen, R.B. (Department of Ophthalmol-

ogy, New York Eye and Ear Infirmary of Mount Sinai, New York).
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adjacent B-scans will saturate the image. Thus, quantifica-

tion of retinal blood velocity using OCT angiography is dif-

ficult. The sensitivity limit of detecting slow flow can be

adjusted, with a resulting trade-off in the saturation limit,

by utilising variable inter-scan time analysis methodologies

such as comparing the reflectance difference between every

other scan rather than consecutive scans.36

Clinical applications of optical coherence tomography

angiography

Despite these caveats, studies using OCT angiography are

increasingly being directed at clinical applications. OCT

angiography has been used by several investigators to char-

acterise the foveal avascular zone in normal sighted individ-

uals.39–42 These studies have found that OCT angiography

allows for the separation of the superficial vascular plexus

and the deep vascular plexus43,44 and that the foveal avas-

cular zone is larger in the deep plexus than in the superficial

plexus.39 A study by Shahlaee et al.45 found good inter-

observer agreement in measuring foveal avascular zone area

in the superficial vascular plexus, but more variability in

the deep vascular plexus.

Optical coherence tomography angiography is also being

applied to cases of disease affecting retinal and choroidal

vasculature, such as diabetic retinopathy46–49. Several stud-

ies have shown foveal avascular zone remodelling and capil-

lary nonperfusion in diabetics even without a clinical

diagnosis of diabetic retinopathy.50–52 For example, the

foveal avascular zone was enlarged in diabetic eyes com-

pared to normal,51–54 with more pronounced differences in

the deep vascular plexus than in the superficial vascular

plexus.55 Diabetics displayed a reduced vascular perfusion

density and the magnitude of this reduction correlated with

increasing severity of diabetic retinopathy.56

Microaneurysms show variable visibility on OCT angiog-

raphy when compared with fluorescein angiography. In

some cases, microaneurysms are more clearly visible in

OCT angiography than in fluorescein angiography, particu-

larly when they were located in the deep capillary plexus.47

But in other cases, microaneurysms seen on fluorescein

angiography were not visible with OCT angiography.49

Both of these situations likely result from the detection

schemes inherent to OCT angiography; microaneurysms

which do not appear on OCT angiography likely are made

up of slow blood flows which are below the sensitivity limit

for detection. On the other hand, the signal coming from

microaneurysms in the deep vascular plexus have been sep-

arated from the signal originating from the superficial

vascular plexus on OCT angiography. These same microa-

neurysms on fluorescein angiography may be partially

masked by the superficial vascular signal, thereby resulting

in their increased visibility on OCT angiography. With

these initial results in hand, future studies will almost cer-

tainly look at the risk of developing diabetic retinopathy

that is associated with early diabetic vascular abnormalities,

and the risk of progressing to advanced diabetic

retinopathy.

Optical coherence tomography angiography also has

been used to examine both non-exudative36,38,52 and

exudative52,57–64 age related macular degeneration (AMD).

Investigators have used OCT angiography to show choroi-

dal neovascularisation (CNV) that penetrates the RPE

decreases with anti-vascular endothelial growth factor

(anti-VEGF) treatment.65 Anti-VEGF in these cases leads to

a decrease in CNV area and loss of the smaller CNV vessels,

yet the central feeder vessels remain present.66–69 In addi-

tion, frequent monitoring of CNV following anti-VEGF

treatment using OCT angiography detected the decrease in

and subsequent reappearance of CNV at the location of the

remaining feeder vessel (Figure 3).70 Conversely, type 1

CNV, which is located beneath and does not penetrate the

retinal pigment epithelial (RPE), did not change on OCT

angiography following anti-VEGF treatment.63

In patients with non-exudative AMD, Palejwala et al.38

detected early CNV on OCT angiography without corre-

sponding dye leakage in fluorescein angiography in two

percent of study eyes. Taken together with the results from

exudative AMD, these studies suggest that future applica-

tions of OCT angiography will include monitoring for the

appearance and reappearance of CNV, with the goal of

determining the best time interval for delivering more per-

manent treatments for CNV.70 Future studies also will cer-

tainly look into the risk of progression from non-exudative

to exudative AMD and test whether OCT angiography can

provide early identification of patients who should be mon-

itored closely to ensure appropriate intervention is given

prior to vision loss from exudative AMD.

Optical coherence tomography angiography has also

been used to evaluate blood vessel perfusion in numerous

retinal and ONH conditions including: subretinal

fibrosis,71 macular telangiectasia,72–76 idiopathic CNV,77

punctate inner choroidopathy,78 polypoidal choroidal vas-

culopathy,79 polypoidal choroidal neovascularisation,79

pachychoroid neovasculopathy,80 sickle cell maculopathy,81

retinal vein occlusion,82–86 retinal artery occlusion,53,87

acute macular neuroretinopathy and paracentral acute mid-

dle maculopathy,88,89 type 2 retinal arteriovenous malforma-

tion,90 radiation retinopathy,91 ocular toxoplasmosis,92

central serous chorioretinopathy,93–95 choroideremia,52 bird-

shot chorioretinopathy (Figure 4),96 hyperoxia,97 and multi-

ple sclerosis,98 and glaucoma. In open angle glaucoma, OCT

angiography showed reduced vessel flow and density in the

optic disk compared to normal, which correlated with

glaucoma severity.99 Similarly, other studies have shown

reduced peripapillary capillaries in glaucoma100 and reduced
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perfusion in the optic disk.101 Beyond a doubt, future studies

in this rapidly growing field will utilise OCT angiography to

evaluate abnormalities of perfusion in the retinal, choroidal

and ONH vascular layers.

Certainly, OCT angiography in its current form does

not fully replace fluorescein angiography. Indeed, fluores-

cein angiography remains superior to OCT angiography

for detecting slow blood flow and vessel leakage, due to

the sensitivity limit of OCT angiography. However, OCT

angiography does have superior capabilities compared to

fluorescein angiography in resolving depth features of

vascular layers and allowing the direct visualisation of

posterior vascular patterns that otherwise may be masked

by leakage on fluorescein angiography. Further, the visu-

alisation of vascular perfusion through OCT angiography

does not require the application of any external contrast

agent. Wide spread clinical utility of OCT angiography

will ultimately depend on the availability of OCT imag-

ing systems that include angiography protocols with fast

and reliable data interpretations. Some of these algo-

rithms, such as automated detection of CNV,102 are

already under development. It is likely that clinical appli-

cations of OCT angiography will only increase as more

investigators become familiar with the technique and as

image interpretation becomes less arduous and time

consuming.

Figure 3. En face OCT angiography scans (nominally 3 9 3 mm OCT scans exported from commercially available RTVue-XR Avanti http://www.op-

tovue.com/products/avanti/ and processed with custom software) from one patient at multiple time points before and following three antiangiogenic

treatments of exudative CNV with intravitreal aflibercept injections.70 In this case, OCT angiography showed the short-term successful response to

antiangiogenic treatment and the subsequent reoccurrence of CNV over multiple treatment cycles. The authors suggest that future studies using OCT

angiography are needed to determine if OCT angiography can provide a method for individualising the proper antiangiogenic treatment interval such

that fluid re-accumulation from CNV does not occur. Figure courtesy of: Huang D, Jia Y, Rispoli M, Tan O, and Lumbroso B. (Casey Eye Institute, Ore-

gon Health and Science University, Portland, Oregon and Centro Oftalmologico Mediterraneo, Rome, Italy). Reprinted from Huang et al.70 with per-

mission from Brucker AJ, editor of RETINA.
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Recently developed spectral domain optical coherence

tomography techniques that elucidate previously

undetected structure

Despite SD-OCT being a commonly used technique in clin-

ical settings world-wide, investigators are still finding inno-

vative ways to visualise retinal and ONH structures that

were previously unmeasurable or undetectable. For exam-

ple, when first introduced by Spaide et al.,103 enhanced

depth imaging OCT (EDI-OCT) was accomplished simply

by inverting the SD-OCT image. This allowed enhanced

visualisation of the choroid and accurate measurements of

choroidal thickness. In this manner, EDI-OCT has been

used in recent years to evaluate choroidal health in numer-

ous retinal conditions.104 SD-OCT has also been used to

examine and better quantify ONH structure, and has

enabled new assessments of glaucoma detection and risk

profiling such as the anterior lamina cribrosa surface

depth105,106 and Bruch’s Membrane opening minimum rim

width.107,108 Another example is direction sensitive OCT,

which allows direct visualisation of Henle’s fibre layer sepa-

rate from the outer nuclear layer simply by shifting the

entry position of the SD-OCT beam laterally away from the

centre of the pupil.109 This technique thereby allows accu-

rate measurement of the outer nuclear layer.

Adaptive optics optical coherence tomography (AO-OCT)

While OCT provides subcellular resolution in the axial

direction, its transverse resolution is still limited by the

ocular aberrations of the eye. As already described, AO is

an optical technique by which the eye’s aberrations are cor-

rected and diffraction limited resolution in the transverse

direction is obtained. Thus, AO in combination with

OCT17 allows for subcellular resolution in all three spatial

directions. Reviews specific to AO-OCT are available.110,111

Briefly, the AO-OCT technique has allowed for three-

dimensional imaging of individual cone photoreceptors

(Figure 5)112,113 as well as rod photoreceptors,113 measure-

ments of individual cone photoreceptor outer segment

lengths,114 visualisation of retinal nerve fibre bundles,115

images of pores within the lamina cribrosa of the optic

nerve,116,117 and retinal vasculature.118 Adaptive optics has

even been combined with Doppler OCT, resulting in AO-

OCT angiography, to allow enhanced vasculature imaging,

in particular in the choriocapillaris.119 Future applications

will certainly use AO-OCT to investigate the cellular patho-

genesis of retinal disease.

Adaptive optics scanning laser/light
ophthalmoscopy (AOSLO)

As mentioned previously, AO has been applied to fundus

photography15 and SLO16 as well as OCT.17 To date,

AOSLO imaging has enabled the visualisation of more indi-

vidual retinal cell types than any other retinal imaging

modality. As a result, the majority of advanced clinical

applications utilising AO have come from AOSLO systems.

This review provides a summary of the detection schemes

employed for imaging different retinal cell classes and the

associated clinical applications that have ensued.

Confocal AOSLO

Adaptive optics scanning laser/light ophthalmoscopy, first

described in 2002 by Roorda et al.,16 works by focusing an

aberration-corrected spot of light to the retina, and raster

scanning that spot quickly over a retinal area. Light

reflected (or fluorescently emitted) from the spot is then

collected in a point by point fashion over time and

Figure 4. Fundus photography and corresponding OCT angiography

(prototype AngioVue OCT angiography software used with the com-

mercially available RTVue-XR Avanti http://www.optovue.com/prod-

ucts/avanti/) montage of the choriocapillaris blood flow in a patient

with birdshot chorioretinopathy showing decreased blood flow at the

birdshot lesions (arrows). Figure courtesy of: De Carlo TE, Bonini Filho

MA, Adhi M and Duker JS (New England Eye Center and Tufts Medical

Center, Tufts University, Boston, Massachusetts). Reprinted from De

Carlo et al.96 with permission from Brucker AJ, editor of RETINA.
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constructed into a spatial image corresponding to the reti-

nal or ONH area illuminated by the scanned light. Coarse

optical sectioning is attained by placing a confocal pinhole

at a plane optically conjugate with the retina or ONH and

in front of a light detection device, for example a photo-

multiplier tube (PMT). The size of the pinhole, whose pur-

pose is to increase image contrast by rejecting light

scattered from areas in front of and behind the plane of

focus, dictates the theoretical axial resolution of the

AOSLO system as well as the amount of light reaching the

detector; diffraction limited systems operating with just

over one Airy disk sized pinholes attain axial resolutions of

approximately 50 lm.120 Clinical applications utilising this

combination of confocal optical sectioning, AO, and SLO

technologies were immediately recognised. In the first

paper introducing this technology, Roorda et al.16 reported

visualisation of the nerve fibre layer, retinal blood flow, and

the cone photoreceptor mosaic.

Since this ground-breaking work by Roorda et al.,16 con-

focal reflectance AOSLO imaging has been applied to basic

and clinical ophthalmic research for visualisation of

numerous features in both normal and diseased retina and

ONH. For example, the waveguided reflectance signal ema-

nating from the cone photoreceptor outer segments (Fig-

ure 6) has proven to be one of the more salient and

quantifiable features of confocal AOSLO (and AO flood-

illumination) imaging, as is evident by the high number of

publications dedicated to characterising this signal in vari-

ous stages of retinal health and disease. Recent studies have

shown the topography of the normal cone mosaic121,122

and repeatability in cone density measurements made from

these AOSLO images.123 Characterisation of the cone outer

segment mosaic has been performed in numerous diseases

including (but nowhere near limited to): AMD,124–133

glaucoma,134 diabetic retinopathy,135,136 retinitis pigmen-

tosa,137–143 Stargardt’s,144,145 choroideremia,146,147 achro-

matopsia,148–150 macular telangiectasia,151–154 and central

serous chorioretinopathy.155 Of interest from this group of

literature as a whole, is the observation that the cone outer

segment mosaic exhibits different characteristics in a dis-

ease dependent manner; for example, the parafoveal cone

outer segments are present in choroideremia with gener-

ally the proper density, however their reflectance is overall

dimmer and of poorer quality than the normal cone

mosaic.147 In contrast, parafoveal cone spacing in Star-

gardt’s is increased (resulting in decreased cone den-

sity),144 while in achromatopsia the cone outer segments

are dim or not visible (either because they are not present

or not properly waveguiding).148 The ability to charac-

terise how and why the waveguided cone outer segment

signal changes in different disease conditions may lead to

a better understanding of the underlying mechanisms

causing retinal disease.

Rod outer segment mosaic imaging has proven more dif-

ficult than cone imaging, in part because rod size is very

close to the diffraction limit of the dilated pupil (rods are

approximately 2–3 lm in diameter in comparison to cones

which range from 2–3 lm at the fovea to 8 lm or larger in

the periphery156) and the waveguided signal emanating

Figure 5. Adaptive optics optical coherence tomography images from

a normal control showing the B-scan, en face, and projection views

from the volume data set corresponding to the outer retinal layers at 6°

superior to the fovea. Individual cone photoreceptors are resolved in

three dimensions, allowing measurements of individual cone outer seg-

ment lengths in the B-scan image as well as visualisation of the cone

mosaic in the en face view. Scale bar 25 lm. Figure courtesy of: Kocao-

glu OP, Turner TL, Lui Z and Miller DT (School of Optometry, Indiana

University, Bloomington, Indiana).

Figure 6. Confocal AOSLO image showing the normal parafoveal cone

outer segment mosaic at 0.2 mm temporal retina. Scale bar: 25 lm.
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from the rods is more broadly tuned. It took almost a dec-

ade to optimise AO systems such that the normal rod outer

segment mosaic could be visualised.157–162 With this capa-

bility now in hand (Figure 7), researchers are again apply-

ing this relatively recent technological advance to study rod

involvement in retinal disease at the cellular level.145,163–165

Another cell layer absolutely critical for maintaining reti-

nal health is the retinal pigment epithelium (RPE). The

RPE is a monolayer of cells that sits directly posterior to

the photoreceptor outer segments. It serves as the blood

retinal barrier in the eye, participates in the visual cycle to

regenerate 11-cis retinal following photo-isomerization,

and provides metabolic support to the photoreceptors.166

Confocal reflectance AOSLO imaging has enabled visualisa-

tion of the RPE cells but only in cases of retinal disease

where signal from the photoreceptors is no longer pre-

sent.167,168 Visualisation of the normal RPE in confocal

AOSLO has remained elusive because the cone and rod

photoreceptor signal overwhelms any confocal reflectance

signal originating from the RPE and the axial resolution of

AOSLO precludes optical sectioning of these adjacent cell

layers. Other AOSLO detection schemes such as autofluo-

rescence169 and dark-field170 (described below) have proven

more robust for non-invasive observation of the normal

and diseased RPE.

Adaptive optics scanning laser/light ophthalmoscopy

imaging systems acquire individual frames anywhere from

approximately 15 frames per second to hundreds of frames

per second thereby allowing real-time movies of the retina

to be recorded. Blood flow through the retinal vessels

becomes immediately noticeable in AOSLO movies,16

especially once the frames are co-registered and stabilised

to compensate for any fixational eye motion.171 Indeed,

AOSLO imaging allows for the observation of retinal vascu-

lature and blood flow through even the finest retinal capil-

laries without adding invasive contrast agents, such as

fluorescein.172–175 Like OCT angiography, further contrast

of retinal vessels can be obtained by analysing residual dif-

ferences between consecutive frames in the AOSLO sta-

bilised movie, and attributing these differences to blood

flow through the retinal vessels. The result is a motion con-

trast image, or perfusion map just like OCT angiography,

which highlights areas in the retina where blood flow is

observed.174,176 In this manner, AOSLO imaging has also

been used to study the normal and diseased retinal vascula-

ture and the avascular zone surrounding the anatomical

fovea.177–184 In comparison with OCT angiography,

AOSLO vascular perfusion maps consist of a combination

of the superficial and deep vascular plexus and have not

allowed visualisation of choroidal blood flow unless retinal

window defects are present.

Finally, the nerve fibre layer185–189 and the lamina cri-

brosa of the optic nerve190–192 have been examined by con-

focal reflectance AOSLO imaging. The nerve fibre layer

consists of bundles of ganglion cell axons which originate

from the ganglion cell body and traverse the anterior side

of the retina, where they exit the eye through the optic

nerve. The lamina cribrosa is a porous structure in the

optic nerve that the nerve fibres and retinal vasculature pass

through (Figure 8). Both of these retinal features are

affected in glaucoma; Akagi et al.191 found that the size of

the laminar pores were increased in 20 glaucoma eyes com-

pared to normal, and numerous AO studies have shown

nerve fibre layer loss in glaucoma patients.186–189 Future

clinical applications of AOSLO imaging technology will

certainly include the study of these structures in larger

numbers of at risk patients and in treated cases of glauco-

matous eyes.

Fluorescence AOSLO

The clinical utility of confocal AOSLO was expanded with

the incorporation of fluorescence imaging techniques to

AOSLO imaging systems.193 In this detection scheme, the

retina is illuminated using a short wavelength light source

(typically anywhere from 488 to 568 nm) to excite intrinsic

or inserted fluorophores, and chromatic filters are placed

in the detection arm of the system such that the point

detectors collect light emitted at wavelengths longer than

the excitation wavelength. Fluorescence imaging is limited

by the availability of fluorophores within the retina.

AOSLO in combination with fluorescein angiography has

shown the finest retinal capillaries in both normal and

diseased retina along with abnormal vascular changes

Figure 7. Confocal AOSLO image showing the normal cone and rod

outer segment mosaic at 10° temporal to fixation. Scale bar: 25 lm.

Figure courtesy of: Scoles D and Dubra A. (Department of Biomedical

Engineering, University of Rochester, Rochester, New York and Depart-

ment of Ophthalmology, Medical College of Wisconsin, Milwaukee,

Wisconsin).
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such as microaneurysms in diabetes and hypertension

(Figure 9).194–198

Adaptive optics scanning laser/light ophthalmoscopy

autofluorescence imaging has taken advantage of the intrin-

sic fluorescence of lipofuscin granules within the RPE

cells.199 The spatial arrangement of lipofuscin located in

the RPE cell cytoplasm but not the cell nucleus provides

contrast in the autofluorescence image. Autofluorescence

imaging, when combined with the high transverse resolu-

tion afforded by AOSLO imaging, allows visualisation of

the RPE mosaic in both normal and diseased retina

(Figure 10).169,170,200–202 In addition, autofluorescence

AOSLO imaging has enhanced our understanding of retinal

phototoxicity,203–205 the result of which has established

new American National Standards Institute (ANSI) guideli-

nes for the Safe Use of Lasers in ocular exposures.206

Non-confocal AOSLO

For more than a decade AOSLO was used only in confocal

detection mode, thereby excluding multiply scattered and

defocused light from reaching the detectors. This changed

in 2012 when Chui et al.207 used an offset pinhole (a pin-

hole translated from the confocal location to block the

Figure 8. Confocal AOSLO images of the lamina cribrosa in a normal subject and a glaucoma suspect patient overlaid on a non-AO SLO

image of the nerve. Scale bars: 200 lm. Figure courtesy of: Bhakta AS, Marrelli DJ, and Porter J (College of Optometry, University of Houston,

Houston, Texas).

Figure 9. Fluorescein pooling and blood flow pattern of two microaneurysms located at 2° temporal to the fovea in a 47 year old male with hyper-

tensive retinopathy. Figure courtesy of: Chui TY and Rosen RB (Department of Ophthalmology, New York Eye and Ear Infirmary of Mount Sinai, New

York). Reprinted from Chui et al.196 with permission from the Optical Society of America.
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confocal signal and instead collect multiply scattered light)

to increase the visibility of retinal vasculature.208 The

resulting images acquired under offset pinhole conditions

led to the incorporation of other non-confocal microscopy

detection schemes with AOSLO imaging technology. In

two high impact studies,170,209 Scoles et al. described two

different non-confocal detection techniques, each of which

represent a major advance for non-invasive cellular imaging

in the retina. In the first, Scoles et al.170 blocked the confo-

cal reflectance signal, and instead collected the light passing

through an annulus surrounding the confocal signal. Ter-

med ‘dark-field,’ the resulting images elucidated the RPE

cells, by optically blocking the waveguided signal from the

overlaying photoreceptors (Figure 11). This technique has

the major advantage of allowing visualisation of the RPE

cells under near infrared (IR) illumination conditions,

which is both safer and more pleasant for patient viewing

than the autofluorescence illumination techniques that typ-

ically require illumination in the middle wavelength por-

tion of the visible spectrum where the safety limits are

more restrictive and the eye is most sensitive. However,

dark-field AOSLO imaging cannot fully replace autofluo-

rescence imaging for investigating RPE health, as the signal

arising from visible autofluorescence is caused by the pres-

ence of lipofuscin, whose quantity is known to change in

retinal disease.210

The second non-confocal detection technique described

by Scoles et al.209 arises from split detection microscopy. In

this detection scheme, the confocal signal is blocked (or sep-

arated by a mask) from the multiply scattered non-confocal

signal, just as in the dark-field detection scheme. The non-

confocal annular signal is then divided (split) into two

semi-annular signals, each of which is collected by a sepa-

rate detector. The algorithm for the split detection image is

then simply the difference of the two semi-annular signals

divided by the sum. By using this technique, Scoles et al.209

successfully imaged the cone photoreceptor inner segments

in both normal sighted controls (Figure 12) and in patients

with achromatopsia. These images demonstrated that the

(a)

(b)

Figure 10. Autofluorescence AOSLO images depicting the lipofuscin within the RPE cell mosaic in a 41 year old normal subject (a) and a patient with

cuticular drusen (b) located 1.5 mm temporal to fixation. Scale bar: 100 lm. Figure courtesy of: Rossi EA, Song H, Yang Q, Granger C, Latchney LR,

Williams DR and Chung MM (Center for Visual Science, University of Rochester, Rochester, New York).

Figure 11. Dark-field AOSLO image showing the normal RPE cell

mosaic at the fovea. Scale bar: 50 lm. Figure courtesy of: Cooper RF

and Dubra A (Department of Biomedical Engineering, Marquette

University, Milwaukee, Wisconsin and Department of Ophthalmology,

Medical College of Wisconsin, Milwaukee, Wisconsin).
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split detection technique is a method that can provide con-

trast between cells that are otherwise transparent in confo-

cal AOSLO imaging. In addition, this paper shows that loss

of visible, waveguiding cone outer segments does not neces-

sarily mean loss of the cone cell body; in the patients with

achromatopsia cone inner segments remained present in

retina locations corresponding to loss of outer segment

reflectance. Another beautiful feature of the split detection

imaging technique is that by incorporating three point

detectors into the AOSLO system, investigators are able to

collect confocal, dark-field, and split detection images

simultaneously, which therefore allows investigators to

compare photoreceptor inner segments, photoreceptor

outer segments, and RPE cells at the same spatial location.

Split detection AOSLO imaging has also been applied for

high resolution observation of retinal vasculature.211 The

increased contrast afforded by split detection allows supe-

rior observation of retinal vessel walls, endothelial cells,

pericytes, and blood flow. Motion contrast image process-

ing as described above with confocal imaging enhances the

visualisation of retinal perfusion under split detection

schemes as well.

Longitudinal cellular imaging as an assessment of disease

progression and treatment efficacy

Naturally following the ability to observe individual retinal

cells noninvasively, comes the desire to follow the health of

individual cells over an extended period of time. Prior to

AO imaging, the only way to assess retinal disease at an

individual cellular level was through cross-sectional studies

using histological preparations. Histology presents numer-

ous problems including inter-subject variability, lack of

patient samples, in particular samples from young individ-

uals with early stage disease, and changes induced by fixa-

tion and dissection techniques, just to name a few. In vivo

AO imaging circumvents the problems encountered in his-

tological preparations; investigators can use AO techniques

to return to the same retinal location at multiple time

points and thereby follow the health of individual cells even

over years. Longitudinal imaging with AO has been demon-

strated in the normal and diseased retina to track the pho-

toreceptors,212 RPE cells,169 and retinal vasculature.179

Future studies almost certainly will use this technology to

assess disease progression at the cellular level by tracking

the survival and loss of individual cells over time

(Figure 13).

The capability of imaging the same retinal location

with cellular resolution at multiple time points, gives

Figure 12. Split detection AOSLO image showing the normal cone

inner segment mosaic at 20° temporal to fixation. Scale bar: 25 lm.

Figure courtesy of: Scoles D and Dubra A (Department of Biomedical

Engineering, University of Rochester, Rochester, New York and Depart-

ment of Ophthalmology, Medical College of Wisconsin, Milwaukee,

Wisconsin).

(a) (b)

Figure 13. Split detection AOSLO image showing the foveal cone inner segment mosaic in a patient with achromatopsia at the baseline visit (a) and

1 year later (b), illustrating the capability of longitudinal imaging at the cellular level. In this case, the same cone inner segments are visible at the same

retinal location, showing stability of the cone mosaic for this patient over 1 year. Scale bar: 25 lm. Figure courtesy of: Langlo CS, Dubra A, and Car-

roll J (Department of Ophthalmology, Medical College of Wisconsin, Milwaukee, Wisconsin).
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investigators the unique opportunity to assess how a cell,

or group of cells, respond to disease intervention. Despite

this enticing possibility, to my knowledge there has only

been one peer-reviewed publication to date using AOSLO

imaging to assess photoreceptor health in response to an

experimental treatment. In this study, Talcott et al.,212

measured cone density in three eyes treated by a ciliary

neuro-trophic factor (CNTF) implant compared with

sham-treated control eyes and normal sighted control eyes.

They found that cone density in the sham-treated eye

decreased significantly faster over 24 months as compared

to the CNTF treated eye. These results suggest that cellular

imaging can be a highly sensitive way to measure both dis-

ease progression as well as treatment efficacy. Despite the

CNTF implant treated eyes maintaining higher cone densi-

ties than the sham-treated eyes, the unmasked results of a

larger Phase 2 CNTF study showed the CNTF implant had

no therapeutic benefit as determined by the primary out-

come measures of visual acuity and visual field sensitiv-

ity.213 Taken together, these results hint that AOSLO

imaging of cone structure may show treatment efficacy on

a shorter time scale than measures of visual acuity and

visual field sensitivity, or alternatively, that slowing the

decrease of visible cones in AOSLO images may not lead to

a functional benefit for patients.

Either way, the results from Talcott et al.212 certainly will

encourage more studies to test cellular imaging as an out-

come measure for experimental treatments of retinal dis-

ease. For one thing, the capability to assess treatment

efficacy on a faster time scale than is currently available

would enhance treatment development by reducing the

cost and time required to run clinical (and preclinical) tri-

als. Further, while the general rule of thumb stipulates that

clinical trials require a functional measure of vision as the

primary outcome variable, exceptions can be made for

structural outcomes that are shown to correlate with func-

tional results. One example is the size of geographic atro-

phy in age-related macular degeneration, as an increase in

geographic atrophy is known to cause loss of the photore-

ceptors and therefore cause a decrease in visual function.214

More studies are needed to correlate imaging data showing

longitudinal cell survival and loss with remaining visual

function. Despite the lack of this data to date, current

understanding of the visual system would dictate that pre-

serving retinal structure at the cellular level, such as was

observed in the AO CNTF study, remains a positive out-

come.

Functional assessment of the retina using AOSLO
and OCT imaging techniques

The same AO ophthalmoscopy techniques that enable

high-resolution retinal imaging also have been used for

presenting an aberration corrected visual stimulus to the

retina to test subjective visual function, such as color

appearance215 and visual acuity,216 in comparison with reti-

nal structure. Investigators have also developed techniques

to allow microperimetry through the AO system. One ben-

efit of AOSLO microperimetry is that investigators can

conduct functional assessments of the visual system while

also simultaneously imaging the retina and therefore can

determine exactly where on the retina a stimulus falls. In

this manner, investigators have used AO microperimetry

techniques to test the light sensitivity of individual and

small groups of cones as well as the function of local retinal

lesions.168,217–219 Of importance, Wang et al.168 have

shown in patients with macular telangiectasia that locations

within AO confocal images that do not show the cone

mosaic and do not show reflections on OCT corresponding

to photoreceptor layers, can still retain cone function mea-

sured through psychophysical responses to visible stimuli.

This finding has challenged the idea that photoreceptor

structure must be visible in confocal AOSLO images for the

retinal location to retain function.

While a gold standard for assessing the preservation of

individual photoreceptor function can be provided using

cell-by-cell microperimetry, testing vision one cell at a time

is not practical, in particular for studies which aim to assess

either a high number of cells or a high number of patients.

Instead, an appealing alternative is to use retinal imaging

techniques to assess individual cellular function without

requiring a subjective response from study participants. To

do this, investigators must first identify functional imaging

biomarkers and then validate that these biomarkers corre-

late to physiological function.

Early work on this endeavour has been started using

both OCT and AO imaging techniques to identify visual

stimulus induced responses in both photoreceptors and

blood flow. Indeed, initial results in frog,220 rabbit,221

and rat222 retina showed intrinsic optical changes in

near-infrared backscattering on OCT following the onset

of a visible light stimulus. Srinivasan et al.223 pioneered a

functional OCT study in humans noninvasively and

demonstrated a stimulus induced change in OCT

backscattering occurred in retinal layers corresponding to

the inner segment/outer segment (IS/OS) junction and

the rod outer segment tips.

With the encouraging results from OCT showing reflec-

tance changes co-localised with the photoreceptor layers,

investigators have begun using the same general methods

to investigate stimulus evoked intrinsic optical signals in

single cells through en face AO imaging. Several studies

have now shown that the signal arising from the cone outer

segment reflectance changes following a visible stimu-

lus.224–226 Despite these observations, the cause of the

reflectance changes remains unclear. One model predicts
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for long coherence length imaging sources that the stimulus

evoked signal is caused by a change in interference between

the IS/OS junction and the cone outer segment tips that

arises because of a change in the optical path length

between the two layers.227 More work is needed however to

understand the source of these signals, particularly in con-

ditions when the interference model is an incomplete solu-

tion such as when the imaging source has a short coherence

length relative to the length of the outer segment.226

Finally, visual stimuli have been shown to cause changes

in blood velocity and blood flow using both AOSLO228 and

OCT angiography229 techniques. Much more work is

needed before investigators identify and understand all the

mechanisms involved with stimulus evoked optical

responses in the retina. However, the fact remains that the

same AO and OCT techniques used to image the photore-

ceptors and vascular networks non-invasively have the

potential to probe retinal function on a cellular scale, objec-

tively.

Summary

Without doubt, the retinal imaging technologies described

in this review have enhanced our clinical understanding of

the normal and diseased visual system. And while our

field’s cellular imaging achievements to date are impressive,

it is also likely they represent only first steps towards devel-

opments to come in basic vision research and ophthalmic

medicine. Future studies will certainly continue to utilise

OCT and AO capabilities to explore disease pathogenesis

and assess disease progression. In addition, researchers are

increasingly likely to utilise these imaging techniques for

assessing treatment efficacy with high sensitivity, especially

as more gene, cell, and small molecule experimental thera-

pies enter into clinical trials. Eventually, these same imag-

ing tools may provide objective criteria to identify groups

of patients most likely to benefit from a given treatment

and be used to aid in the selection of patients that should

enroll in clinical trials testing experimental interventions.

For example, gene therapy is most likely to benefit patients

whose retinal structure remains intact. Split detection

AOSLO imaging may therefore be helpful by identifying

which patients have remaining cone cell bodies present and

where treatments should be directed in the retina to target

these cells.

Finally, while we have come a long way in observing

individual cells in the human retina, it is important to

remember that the majority of retinal cells (ganglion cells,

amacrine cells, horizontal cells, m€uller cells, and biopolar

cells) currently remain undetectable. Certainly investigators

will continue to develop innovative imaging methodologies

aimed at producing the contrast necessary to visualise these

transparent cells noninvasively in humans.

In conclusion, it is fair to say that like the fundus photo

and fluorescein angiogram, OCT and AO ophthalmoscopy

are here to stay.
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