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High-Resolution Imaging of the Retinal Nerve Fiber Layer
in Normal Eyes Using Adaptive Optics Scanning Laser
Ophthalmoscopy
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Masaaki Hanebuchi2, Takashi Inoue3, Nagahisa Yoshimura1

1 Department of Ophthalmology and Visual Sciences, Kyoto University Graduate School of Medicine, Kyoto, Japan, 2 NIDE , Gamagori, Japan, 3 Central Research

Laboratory, Hamamatsu Photonics K.K., Hamakita, Japan

Abstract

Purpose: To conduct high-resolution imaging of the retinal nerve fiber layer (RNFL) in normal eyes using adaptive optics
scanning laser ophthalmoscopy (AO-SLO).

Methods: AO-SLO images were obtained in 20 normal eyes at multiple locations in the posterior polar area and a circular
path with a 3–4-mm diameter around the optic disc. For each eye, images focused on the RNFL were recorded and a
montage of AO-SLO images was created.

Results: AO-SLO images for all eyes showed many hyperreflective bundles in the RNFL. Hyperreflective bundles above or
below the fovea were seen in an arch from the temporal periphery on either side of a horizontal dividing line to the optic
disc. The dark lines among the hyperreflective bundles were narrower around the optic disc compared with those in the
temporal raphe. The hyperreflective bundles corresponded with the direction of the striations on SLO red-free images. The
resolution and contrast of the bundles were much higher in AO-SLO images than in red-free fundus photography or SLO
red-free images. The mean hyperreflective bundle width around the optic disc had a double-humped shape; the bundles at
the temporal and nasal sides of the optic disc were narrower than those above and below the optic disc (P,0.001). RNFL
thickness obtained by optical coherence tomography correlated with the hyperreflective bundle widths on AO-SLO
(P,0.001)

Conclusions: AO-SLO revealed hyperreflective bundles and dark lines in the RNFL, believed to be retinal nerve fiber bundles
and Müller cell septa. The widths of the nerve fiber bundles appear to be proportional to the RNFL thickness at equivalent
distances from the optic disc.
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Introduction

The sensory retina is composed of nine contiguous layers, linked

to each other by synaptic connections. Evaluation of the retinal

nerve fiber layer (RNFL) is crucial for detecting and managing

glaucoma, which is a progressive optic nerve disease characterized

by a loss of the RNFL. Although red-free fundus photography is

the standard approach for examining the RNFL, changes in the

RNFL are often not detectable until there is more than 50% nerve

fiber loss [1]. Another limitation is the difficulty in obtaining

fundus photographs with sufficient quality for interpretation,

especially in eyes with a hypopigmented fundus or myopia, when

background reflection is high and contrast is low. With the advent

of optical coherence tomography (OCT), cross-sectional imaging

of the RNFL has improved detection of damage to the RNFL.

Relatively high diagnostic sensitivity and specificity for glaucoma

detection has been demonstrated using time-domain OCT (TD-

OCT) and spectral-domain OCT (SD-OCT) RFNL thickness

measurements [2,3]. Studies using commercially available OCT

have not, however, provided sufficiently clear images of individual

nerve fiber bundles to identify a specific structural abnormality

that underlies the pathogenesis of glaucoma.

OCT and other imaging modalities such as scanning laser

ophthalmoscopy (SLO) fail to provide sufficiently detailed images

of RNFL microstructure primarily because of aberrations in ocular

optics. These aberrations can be compensated for by using

imaging systems that incorporate adaptive optics (AO), consisting

of wavefront sensor that measures aberrations in ocular optics and

a deformable mirror or a spatial light modulator to compensate for

these aberrations in living eyes [4]. Adding AO to imaging systems
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such as flood-illuminated ophthalmoscopes, SLO equipment, or

OCT has allowed researchers to identify individual cone

photoreceptors, presumed nerve fibers, and blood cells [5–20].

However, to date, the spatial distribution of the nerve fiber layer

has not been investigated using AO equipment.

In the present study, we used an AO-SLO system developed by

the authors to conduct high-resolution imaging of the RNFL of the

posterior pole and around the optic disc in normal eyes by

constructing a large-scale map of RNFL images.

Methods

All investigations adhered to the tenets of the Declaration of

Helsinki, and the study was approved by the institutional review

board and the ethics committee of Kyoto University Graduate

School of Medicine. The nature of the study and its possible

consequences were explained to study candidates, after which

written informed consent was obtained from all participants.

Participants
Self-reported ophthalmologically healthy subjects of $20 years

of age were recruited for the study. Ocular examination at the first

visit included autorefractometry/keratometry, uncorrected and

best-corrected visual acuity measurements using a 5-m Landolt

chart, axial length measurements using an IOL Master (Carl Zeiss

Meditec, Dublin, CA), slit-lamp examinations, intraocular pres-

sure measurements using a Goldmann applanation tonometer,

dilated fundoscopy, stereo fundus photography, red-free SLO

imaging, and visual field testing using the Humphrey 24-2 Swedish

Interactive Thresholding Algorithm (HFA; Carl Zeiss Meditec).

Exclusion criteria were as follows: 1) contraindication to

dilation; 2) Snellen equivalent best-corrected visual acuity worse

than 20/20; 3) spherical equivalent refractive error of .5.0 or

,26.0 diopters; cylindrical refractive error of ,23.0; 4)

intraocular pressure $22 mm Hg; 5) unreliable HFA results

(fixation loss $20%, false positives, or false negatives $20%); 6)

abnormal HFA findings suggesting glaucoma according to the

Anderson and Patella criteria [21]; 7) any abnormal visual field

loss consistent with ocular disease; 8) a history of intraocular

surgery; 9) evidence of vitreoretinal diseases; and 10) evidence of

optic nerve or RNFL abnormality, diabetes mellitus, or other

systemic diseases that might affect the eye.

Patients were first examined by an ophthalmologist using dilated

fundoscopy to rule out retinal or optic nerve diseases. In addition,

two ophthalmologists examined all of the acquired stereo color

fundus photographs and reached a consensus on whether each eye

had evidence of glaucomatous optic neuropathy or other optic

nerve abnormalities and on whether each eye had evidence of

retinal disease.

Adaptive Optics Scanning Laser Ophthalmoscopy System
The utility of incorporating a wide-field SLO with an AO-SLO was

reported by Burns et al. [22,23]; we have designed and constructed

our AO-SLO system based on the same scheme with certain

simplifications [16–18]. The AO-SLO system comprises 4 primary

optical subsystems, the AO subsystem including the wavefront sensor,

the high-resolution confocal SLO imaging subsystem, the wide-field

imaging subsystem, and the pupil observation subsystem for initial

alignment of the subject’s pupil with the optical axis of the AO-SLO

system by adjusting the chin rest (Fig. 1).

Figure 1. Optical system diagram. The adaptive optics scanning laser ophthalmoscopy (AO-SLO) system comprises 4 primary optical subsystems:
the AO subsystem including the wavefront sensor, the high-resolution confocal SLO imaging subsystem, the wide-field imaging subsystem, and the
pupil observation subsystem for initial alignment of the subject’s pupil with the optical axis of the AO-SLO system by adjusting the chin rest. The AO
subsystem incorporates a liquid-crystal spatial light modulator (LC-SLM) based on liquid crystal-on-silicon (LCOS) technology. The LC-SLM and
wavefront sensor are controlled using a custom software to reduce the wavefront errors. The results of high-resolution imaging are linked to the
results of the wide-field imaging subsystem, which are obtained by the line-scan SLO system.
doi:10.1371/journal.pone.0033158.g001

Retinal Nerve Fiber Imaging Using AO-SLO
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The AO subsystem contains a liquid-crystal-on-silicon spatial

light modulator (LCOS-SLM), a Shack-Hartmann wavefront

sensor, and software. The light source for wavefront sensing is a

780-nm laser diode (LD: the light power is 70 mW at the subject’s

pupil). Custom software controls the liquid-crystal spatial-light

modulator and the wavefront sensor in order to reduce the

residual wavefront aberrations arising from the AO-SLO system

and the subject’s eye. The LCOS-SLM consists of a parallel-

aligned liquid crystal layer, a multilayer dielectric mirror, and

active-matrix circuits with pixelated electrodes [24]. The number

of pixels is 7926600, and the pixel size is 20 mm620 mm. The

multilayer dielectric mirror was designed to have 99% reflectivity

in the wavelength range of the LD laser and the SLO. While the

stroke of the LCOS-SLM is almost 1 wavelength, the effective

phase stroke of more than 20 wavelengths can be achieved using

the phase-wrapping technique [25]. The wavefront sensor consists

of a lens array and a high-speed camera [26]. The lens array has

25625 square lenslets in a 10 mm610 mm active sensor area.

The software performs closed-loop AO control at a rate of 10 Hz.

Aberration sensing and correction was performed within a circular

area. The diameter of the area at the corneal plane was

approximately 5.5 mm, and the number of lenslets in the area

was approximately 225.

The SLO subsystem uses an 840-nm superluminescent diode

(SLD) with 50-nm full width and the illuminating source at half-

maximum (the light power at the subject’s pupil is 210 mW). The

custom computer software reads the output of an avalanche

photodiode detector in synchronization with both the horizontal

raster scans made by a resonant scanner (SC-30, Electro-Optical

Products Co., NY) and the vertical scans created by a galvano

scanner (6230H, Cambridge Technology, MA) in order to achieve

an image acquisition rate of 50 frames per second (each image is

5126320 pixels and covers an area of 3.0u61.9u in width and

height, respectively) by using both the forward and return sweeps

of the resonant scanner [27].

This subsystem is optically designed to cancel intrinsic

aberrations. The defocusing aspect of the aberrations of the whole

eye is manually corrected with a Badal optics unit, which is

mounted on the translation stage; other aberrations are compen-

sated for by the AO system, which allows for the achievement of

the diffraction-limited projection of the fiber tip of the light source

onto the arbitrary layer in the retina. Although LCOS-SLM of the

AO subsystem works only for 1 specific wavelength in principle,

we experimentally confirmed significant improvements in lateral

resolution and image contrast.

The principle of line-scan SLO was employed as a wide-field

imaging subsystem, in which we use a 910 nm SLD as a light

source and a one-dimensional charge-coupled device as a detector

and a confocal slit, which suppresses scattering of the reflection

from the retina. The image acquisition rate is 50 frames per

second and the angular field of view is 28u and 24u along the

horizontal and vertical directions, across which the retinal region

can be shifted arbitrarily.

The AO-SLO system is confocal, allowing us to create high-

contrast ‘‘en face’’ images, in any plane in the living retina.

Measurement of Widths of the Hyperreflective Bundles
For each eye, AO-SLO images were obtained at multiple

locations in the posterior polar area and a circular path with a

diameter of 3–4 mm around the optic disc. All participant eyes

were dilated for examination, and AO-SLO imaging was

performed by focusing on the surface of the RNFL. Then, offline,

a montage of AO-SLO images was created by selecting the area of

interest and generating each image to be included in the montage

from a single frame, without averaging. The degree of correspon-

dence of each montage to the area of interest was verified by

comparing the AO-SLO image with the wide-field images for that

eye. To create a large-scale montage of AO-SLO images (Fig. 2A

and Fig. S1), the total acquisition time was 65 minutes (Fig. 2; by

using a 1.5u61.5u field of view) or 5 minutes (Fig. S1; by using a

3.0u61.9u field of view), and an automated image-stitching

algorithm was applied.

To measure the width of individual hyper-reflective bundles, 3–

8 bundles were chosen from 1 AO-SLO image (Fig. 3). The digital

caliper tool built into Image J (National Institutes of Health,

Bethesda, MD) was used to measure the width at a minimum of

3 points in 1 bundle (i.e., the bundle width of each area was

defined as the mean width of 9–24 points) by 2 independent

experienced graders (SO and NA) who were blinded to the bundle

location and other clinical information regarding the eyes. In each

area of each eye, 11.562.7 points were measured and averaged.

To obtain accurate scan lengths, we corrected for the magnifica-

tion effect in each eye using the adjusted axial length method

devised by Bennett et al. [28]. The width of each hyperreflective

bundle was determined as the mean width acquired from these

images. If the values were significantly different between the

graders, the opinion of the first author (KT) was invited and the

results were discussed until consensus was reached.

Comparison of SLO red free images and AO-SLO images
Six experienced ophthalmologists who were masked to the

image information performed independent expert comparisons of

pairs of SLO red free images and AO-SLO images obtained from

the same area of the retina. Three areas were selected randomly

from 1 participant, and 60 images of each type were compared.

The scoring results were as follows [29]: for detecting hyper-

reflective bundles, AO-SLO image had better contrast evidently:

AO-SLO scored 4 and red free scored 0. AO-SLO had slightly

better image: AO-SLO scored 3 and red free scored 1. The two

images had same contrast: AO-SLO scored 2 and red free scored

2. Red free images had slightly better image: AO-SLO scored 1

and red free scored 3. Red free images had better contrast

evidently: AO-SLO scored 0 and red free scored 4.

Comparison of the number of peaks per plot profile
To evaluate the effect of AO on image quality (for detecting

hyperreflective bundles), the number of peaks per plot of AO-on

and AO-off SLO images were compared. AO-off SLO images were

acquired without using an adaptive optics system; images were

taken with remaining aberrations in ocular optics. AO-on SLO

images were acquired using an adaptive optics system that

compensated for the aberration in the ocular optics. The number

of peaks per plot profile between AO-on and AO-off images was

compared using the plot profile tool built into Image J (National

Institutes of Health). One area was selected randomly from each

participant, and a total of 20 images from each participant were

compared. Mean gray value of images was plotted (190 pixel width)

along a line that vertically crosses the hyper-reflective bundles

(Fig. 4), and the number of peaks was counted. A peak was defined

as more than 20 gray values compared to the neighboring baseline.

SD-OCT: RNFL thickness measurement
SD-OCT examinations were performed on all eyes using the

Spectralis HRA+OCT (Heidelberg Engineering, Dossenheim,

Germany). First, horizontal and vertical line scans through the

fovea center were obtained at a 30u angle, followed by serial

horizontal scans with an examination field size 30625uand a

3.4 mm circle scan from the optic disc. The RNFL thickness was

Retinal Nerve Fiber Imaging Using AO-SLO
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manually measured with the digital calipers built into the SD-

OCT system.

The Spectralis HRA+OCT has built-in software that calculates

circumpapillary RNFL thickness, and we used this function to

measure the thickness of the RNFL on circle scan images in each

of the areas within a 3.4 mm circle from the optic disc. The lines

delineating the sectors were automatically drawn by the software.

Statistical Analyses
For comparing bundle width variables among areas, Kruskal-

Wallis test was used. For inter-observer measurements, intraclass

correlation coefficients (ICC) were obtained. The image quality

score and the number of peaks per plot profile were compared

using the Wilcoxon signed-rank test. Statistical analyses were

performed using the SPSS17 statistics software program (SPSS

Inc., Chicago, IL). A P value,0.05 was considered statistically

significant.

Results

Twenty normal eyes of 20 Japanese subjects (12 men, 8 women)

were included in the study. The ages of the enrolled subjects

ranged from 22 to 54 years (average, 36.8 years). The axial length

ranged from 22.96 to 27.06 mm (average, 25.01 mm).

In all of the eyes, the AO-SLO images showed many

hyperreflective bundles in the RNFL (Fig. 2A,B). The hyperre-

flective bundles above and below the fovea appeared from the

temporal periphery on either side of a horizontal dividing line to

the optic disc in an arched shape. The hyperreflective bundles

nasal to the fovea arched from the fovea to the optic disc. The dark

lines among the hyperreflective bundles were narrower around the

optic disc than in the temporal raphe (Fig. 5A,C,D). The

hyperreflective bundles nasal to the fovea were narrower than

those above or below the fovea (Fig. 5B,E). Some of the

hyperreflective bundles had bridges among the bundles (Fig. 5D).

The hyperreflective bundles corresponded with the direction of the

striations on SLO red-free images in all eyes (Fig. 2A,C). However,

the resolution and contrast of the bundles were much higher in the

AO-SLO images than in red-free fundus photography or red-free

SLO images (Fig. 2D–G). In expert comparisons of image quality,

the score for AO-SLO images was 3.9560.22 and the score for

SLO red free images was 0.0560.22 (P,0.001, Wilcoxon signed-

rank sum test). To evaluate the effect of AO on image quality (for

detecting hyperreflective bundles), the number of peaks per plot

Figure 2. Images of the normal retinal nerve fiber layer (RNFL) using AO-SLO compared with red-free fundus photography and red-
free SLO. A, Wide-field montage of high-resolution AO-SLO images (1.5u61.5u) within a 30u arc from the foveal center. AO-SLO images show many
hyperreflective bundles in the RNFL. The hyperreflective bundles above and below the fovea appear in an arched shape from the temporal periphery
on either side of a horizontal dividing line to the optic disc. The hyperreflective bundles on the nasal side of the fovea arch from the fovea to the optic
disc. Small white boxes (a–e) indicate the area of high-magnification AO-SLO images in Fig. 5. B, Magnified view of the area outlined in large white
box in A showing individual hyperreflective bundles. C, Red-free SLO image of the same eye obtained with an F-10 (NIDEK, Gamagori, Japan). The
hyperreflective bundles on AO-SLO (A, B) correspond with the direction of the striations on the SLO red-free image. D, Magnified blue-channel
fundus photography image of the area inside the box in C. E, Magnified red-free SLO image (HRA2; Heidelberg Engineering, Heidelberg, Germany) of
the area inside the box in C. F, Magnified red-free SLO image (F-10) of the area inside the box in C. G, Magnified AO-SLO image of the area inside the
box in C. The resolution and contrast of the bundles are much higher in the AO-SLO images (G) than in red-free fundus photography (D) or the red-
free SLO images (E, F).
doi:10.1371/journal.pone.0033158.g002

Retinal Nerve Fiber Imaging Using AO-SLO
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profiles of AO-on and AO-off SLO images were compared. The

numbers of peaks per plot profile was 6.7562.63 for images with

AO and 0.9661.77 for images without AO (P,0.001, Wilcoxon

signed-rank sum test). (Fig. 4)

The reproducibility of the hyperreflective bundle width

measurements was evaluated through an inter-observer ICC; the

ICC was 0.950 for measurement of bundle width.

The mean widths of the hyperreflective bundles at various

distances from the optic disc are shown in Fig. 6. There were no

significant differences among these bundle widths (P = 0.100,

Kruskal-Wallis test). Though the RNFL thickness on SD-OCT

deceased in proportion as distances from the optic disc increased,

the hyperrefrective bundle width remained constant (Fig. 6).

The mean widths of the hyperreflective bundles at a diameter of

3.4 mm centered on the optic disc are shown in Fig. 7. The

hyperreflective bundles on the temporal and nasal sides of the

optic disc were narrower than those above and below the optic

disc (P,0.001, Kruskal-Wallis test). The bundle width around the

optic disc had a double-humped shape (Fig. 7). The RNFL

thickness measured by SD-OCT around the optic disc also had a

double-humped shape (Fig. 7), and the RNFL thickness correlated

with the hyperreflective bundle widths on AO-SLO (P,0.001,

rs = 0.556, Spearman’s rank correlation coefficient).

Figure 3. Measurement of the width of hyper-reflective
bundles. To measure the width of individual hyper-reflective bundles,
3–8 bundles were randomly chosen from 1 AO-SLO image (1.5u61.5u).
The digital caliper tool was used to measure the width at a minimum of
3 points in 1 bundle by 2 independent experienced graders (i.e., the
bundle width of this area was defined as the mean width of 18 points).
doi:10.1371/journal.pone.0033158.g003

Figure 4. Comparison of the number of peaks of plot profile
between AO-on images and AO-off images. A, B. AO-on image
focused on the RNFL. Mean gray value of images was plotted (190 pixel
width) along a line that vertically crosses the hyper-reflective bundles.
C. Plot profile of gray value along the yellow line of B. The number of
peaks, which was defined as more than 20 gray values compared to the
neighboring baseline, was 8. D, E. AO-off image of same area. F. Plot
profile of gray value along the yellow line of E. The number of peaks
was zero.
doi:10.1371/journal.pone.0033158.g004

Retinal Nerve Fiber Imaging Using AO-SLO
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Discussion

Because morphological changes in the optic disc and the RNFL

often precede observable visual field loss in glaucoma [30], early

diagnosis of glaucoma requires an intimate knowledge of the

configuration of the optic disc and the distribution of the RNFL in

normal subjects. Many previous studies have analyzed RNFL

thickness in normal subjects using various imaging techniques,

such as confocal SLO (Heidelberg Retina Tomography [HRT];

Heidelberg Engineering, Germany) [31], scanning laser polarim-

etry (GDx Nerve Fiber Analyzer; Laser Diagnostic Technologies,

Inc, San Diego, CA), [31–33] and OCT [2,3,31,32,34–37]. In

these reports, RNFL thickness was measured at the optic disc using

HRT, at a diameter of 3.2 mm or a diameter of 1.5–1.75 times

that of the optic disc using GDx, at a diameter of 3.40 or 3.46 mm

using TD-OCT, or at a diameter of 2.2–4.0 mm using SD-OCT.

However, variations in the width of retinal nerve fiber bundles

with distance and direction from the optic disc had not been

evaluated.

Morphological features of nerve fiber bundles have been

identified using various imaging techniques such as fundus

Figure 5. High-magnification RNFL images using AO-SLO of the
area indicated by white boxes in Fig. 2 (a–e in Fig. 2 corresponds
to A–E in Fig. 5). A, Image near the optic disc indicated by a in Fig. 2. B,
Image 2 mm above the fovea. C, D Images at the temporal raphe.
Bridges can be seen among the hyperreflective bundles (arrows). E,
Image of the area around the papillomacular bundle. The dark lines
among the hyperreflective bundles are narrower around the optic disc
(A) than at the temporal raphe (C, D). The hyperreflective bundles on
the nasal side of the fovea (E) are thinner than those above (B) or below
the fovea. Scale bar = 100 mm (A–E).
doi:10.1371/journal.pone.0033158.g005

Figure 6. Mean widths of the hyperreflective bundles at
various distances from the optic disc. (Top,Middle) Mean widths
of the hyperreflective bundles in normal eyes at 1,6 mm from the
optic disc. Measurement points are 1 mm, 2 mm, 3 mm, 4 mm, 5 mm,
and 6 mm from the optic disc. There are no significant differences
among the bundle widths at these distances. (Bottom) RNFL thickness
was measured by SD-OCT in normal eyes at the corresponding area on
AO-SLO measurement points. Note that the RNFL thickness on SD-OCT
deceases in proportion as distances from the optic disc increase,
whereas the hyperrefrective bundle width remains constant. The error
bars are SDs of 20 normal eyes.
doi:10.1371/journal.pone.0033158.g006

Retinal Nerve Fiber Imaging Using AO-SLO
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photography, SLO, and OCT [1,38–43]. Quigley et al. compared

histological features of the RNFL and clinical fundus photography

[1], and suggested that the striations seen in fundus photography

are derived from various reflections from nerve fiber bundles and

the glial septa. Kawaguchi et al. reported that the radial striations

in SLO under argon blue laser illumination are the reflex from the

bundle of retinal ganglion cell axons [40]. Using adaptive optics

OCT (AO-OCT), Cense et al. [19] and Zawadzki et al. [42]

confirmed that the striations seen in C-scan images focused on the

RNFL were retinal nerve fiber bundles. In the present study using

Figure 7. Mean widths of the hyperreflective bundles at the same distance around the optic disc. (Top, Middle) Mean widths of the
hyperreflective bundles in normal eyes at a diameter of 3.4 mm centered on the optic disc. The hyperreflective bundles on the temporal and nasal
sides of the optic disc are narrower than those above and below the optic disc; thus, the bundle widths around the optic disc have a double-humped
shape. (Bottom) RNFL thickness measured by SD-OCT in normal eyes at a diameter of 3.4 mm centered on the optic disc. Note that the RNFL
thickness measured by SD-OCT around the optic disc also has a double-humped shape. The error bars are SDs of 20 normal eyes.
doi:10.1371/journal.pone.0033158.g007

Retinal Nerve Fiber Imaging Using AO-SLO
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AO-SLO, the hyperreflective bundles seen in the inner retina

corresponded with the direction of striations seen in red-free SLO

images in all eyes, and were consistent with the previously reported

histological and AO-OCT features. Thus, it appears reasonable to

suggest that the hyperreflective bundles visible on AO-SLO images

represent individual retinal nerve fiber bundles. The present study,

in addition to confirming the presence of retinal nerve fiber bundle

features such as fiber bridges among the bundles and the direction

of striations, determined the widths of normal retinal nerve fiber

bundles in the posterior pole and around the optic disc.

The resolution and contrast of the bundles were much higher in

AO-SLO images than in red-free fundus photography or red-free

SLO images. Using OCT, the thickness of the nerve fiber layer

can be measured; however, commercially available OCT or red-

free SLO do not provide sufficiently clear images of individual

nerve fiber bundles to identify any specific structural abnormality

that may underlie the pathogenesis of glaucoma. The advantage of

the AO-SLO system is that it enables us to detect and analyze

individual nerve fiber bundles, which may be applied to early-

stage glaucoma detection or to monitor disease progression.

AO-SLO revealed dark lines among the hyperreflective

bundles. It has been established that the axons of ganglion cells

are enclosed by tissue tunnels composed of elongated processes of

Müller cells that transmit, rather than reflect, light through the

retina [44]. Thus, the dark lines among the hyperreflective bundles

on AO-SLO appear to represent Müller cell septa. These dark

lines were narrower around the optic disc than in the temporal

raphe, consistent with histological findings that Müller cell septa

are wider in the temporal raphe [45,46].

The morphological characteristics of retinal nerve fiber bundles

have been studied histologically [45–52]. Ogden reported that in

the primate retina, the arcuate nerve fiber bundles near the disc

contain proportionately more fibers than those in the periphery

[45]. In another study, Ogden showed that the RNFL near the

disc was thicker than that far from the optic disc [46], confirmed

by SD-OCT [37]. In contrast, the present study found that the

width of hyperreflective bundles did not differ significantly at

various distances from the optic disc (Fig. 6). Thus, retinal nerve

fiber bundles nearer the optic disc may be thicker, whereas the

width of retinal nerve fiber bundles may be constant. These

findings suggest that convergence of ganglion cell axons from the

retinal periphery toward the optic disc gives rise to an increasing

thickness of the retinal nerve fiber bundles without increasing their

width.

In the present study, the widths of the hyperreflective bundles

around the optic disc had a double-humped shape (Fig. 7);

hyperreflective bundles at the temporal and nasal side of the optic

disc were narrower than those above and below the optic disc.

Various studies using confocal SLO, scanning laser polarimetry,

and OCT have determined that the thickness of the circumpa-

pillary RNFL (cpRNFL) has a double-humped shape in normal

eyes and that the cpRNFL is thicker above and below compared to

the temporal and nasal sides of the optic disc [34–37], which was

also seen in the current study. In addition, the RNFL thickness

measured by SD-OCT correlated with the hyper-reflective bundle

widths on AO-SLO. These findings suggest that the width of the

retinal nerve fiber bundles may be proportional to the RNFL

thickness at the same distance from the optic disc.

Our study has several limitations: (1) We tried the automated

segmentation of nerve fiber bundles on AO-SLO images, but

found it difficult. Thus, in the current study, in each area of each

eye, 11.562.7 points were measured by 2 independent, experi-

enced graders and the value was averaged. The inter-observer

reproducibility of the hyperreflective bundle width measurements

was high (the ICC was 0.950). In addition, our results were

comparable to the histological findings of the primate retina

reported by Ogden et al. (20–40 mm) [45] and Pocock et al.

(20.8 mm) [52]. (2) Although the lateral resolution of AO-SLO is

superior to that of commercially available SLO or SD-OCT

equipment, currently available AO imaging equipment cannot

clearly show individual nerve fibers or faint nerve fiber bundles in

the temporal raphe. (3) Another limitation of the current study is

that the images taken near the optic disc may show stacks of

bundles rather than individual bundles; the thickness of the RNFL

near the optic disc is considerably larger, and several bundles may

lie on top of each other. The depth resolution of the AO-SLO

system is 50–100 mm, and as a result, several bundles stacked on

top of each other may contribute to the image. However, there

were no significant differences in width between bundles near the

optic disc or bundles at each distance from the optic disc. In

addition, a continuous bundle could be traced from optic disc on a

montage of AO-SLO images. Thus, by focusing on the surface of

the RNFL, hyper-reflective bundles on AO-SLO seem to

represent individual retinal nerve fiber bundles even near the

optic disc.

In conclusion, our study shows that AO-SLO can detect retinal

nerve fiber bundles over a wide area in normal eyes, and we

anticipate using this technology to learn more about RNFL

damage associated with changes in visual function caused by

diseases such as glaucoma.

Supporting Information

Figure S1 Wide-field montage of high-resolution AO-
SLO images (3.0661.96) within a 306 arc from the foveal
center. The total acquisition time was 5 minutes in this field of

view, and an automated image-stitching algorithm was applied to

create the montage.

(TIF)

Author Contributions

Conceived and designed the experiments: KT S. Ooto. Performed the

experiments: KT S. Ooto NA NS M. Hanebuchi. Analyzed the data: KT

S. Ooto NY. Contributed reagents/materials/analysis tools: S. Oshima NS

M. Hanebuchi TI. Wrote the paper: KT S. Ooto M. Hangai NY.

References

1. Quigley HA, Addicks EM (1982) Quantitative studies of retinal nerve fiber layer

defects. Arch Ophthalmol 100: 807–814.

2. Tan O, Li G, Lu AT, Varma R, Huang D, et al. (2008) Mapping of macular

substructures with optical coherence tomography for glaucoma diagnosis.

Ophthalmology 115: 949–956.

3. Tan O, Chopra V, Lu AT, Schuman JS, Ishikawa H, et al. (2009) Detection of

macular ganglion cell loss in glaucoma by Fourier-domain optical coherence

tomography. Ophthalmology 116: 2305–2314.

4. Roorda A, Williams DR (1999) The arrangement of the three cone classes in the

living human eye. Nature 397: 520–22.

5. Roorda A, Williams DR (2002) Optical fiber properties of individual human

cones. J Vis 2: 404–12.

6. Roorda A, Romero-Borja F, Donnelly W, III, Queener H, Hebert T, et al.

(2002) Adaptive optics scanning laser ophthalmoscopy. Opt Express 10:

405–412.

7. Pallikaris A, Williams DR, Hofer H (2003) The reflectance of single cones in the

living human eye. Invest Ophthalmol Vis Sci 44: 4580–4592.

8. Carroll J, Neitz M, Hofer H, Neitz J, Williams DR, et al. (2004) Functional

photoreceptor loss related with adaptive optics: an alternate cause of color

blindness. Proc Natl Acad Sci USA 101: 8461–8466.

Retinal Nerve Fiber Imaging Using AO-SLO

PLoS ONE | www.plosone.org 8 March 2012 | Volume 7 | Issue 3 | e33158



9. Wolfing JI, Chung M, Carroll J, Roorda A, Williams DR (2006) High-resolution

retinal imaging of cone-rod dystrophy. Ophthalmology 113: 1014–1019.

10. Choi SS, Doble N, Hardy JL, Jones SM, Keltner JL, et al. (2006) In vivo imaging

of the photoreceptor mosaic in retinal dystrophies and correlations with visual

function. Invest Ophthalmol Vis Sci 47: 2080–2092.

11. Duncan JL, Zhang Y, Gandhi J, Nakanishi C, Othman M, et al. (2007) High-

resolution imaging with adaptive optics in patients with inherited retinal

degeneration. Invest Ophthalmol Vis Sci 48: 3283–3291.

12. Yoon MK, Roorda A, Zhang Y, Nakanishi C, Wong LJ, et al. (2009) Adaptive

optics scanning laser ophthalmoscopy images in a family with the mitochondrial

DNA T8993C mutation. Invest Ophthalmol Vis Sc 50: 1838–1847.

13. Kitaguchi Y, Fujikado T, Bessho K, Sakaguchi H, Gomi F, et al. (2008)

Adaptive optics fundus camera to examine localized changes in the

photoreceptor layer of the fovea. Ophthalmology 115: 1771–1777.

14. Choi SS, Zawadzki RJ, Keltner JL, Werner JS (2008) Changes in cellular

structures revealed by ultra-high resolution retinal imaging in optic neuropa-

thies. Invest Ophthalmol Vis Sci 49: 2103–2119.

15. Marmor MF, Choi SS, Zawadzki RJ, Werner JS (2008) Visual insignificance of

the foveal pit: reassessment of foveal hypoplasia as fovea plana. Arch

Ophthalmol 126: 907–913.

16. Ooto S, Hangai M, Sakamoto A, Tsujikawa A, Yamashiro K, et al. (2010) High-

resolution imaging of resolved central serous chorioretinopathy using adaptive

optics scanning laser ophthalmoscopy. Ophthalmology 117: 1800–1809.

17. Ooto S, Hangai M, Takayama K, Sakamoto A, Tsujikawa A, et al. (2011) High-

resolution imaging of the photoreceptor layer in epiretinal membrane using

adaptive optics scanning laser ophthalmoscopy. Ophthalmology 118: 873–881.

18. Ooto S, Hangai M, Takayama K, Arakawa N, Tsujikawa A, et al. (2011) High-

resolution photoreceptor imaging in idiopathic macular telangiectasia type 2

using adaptive optics scanning laser ophthalmoscopy. Invest Ophthalmol Vis Sci

52: 5541–5550.

19. Cense B, Koperda E, Brown JM, Kocaoglu OP, Gao W, et al. (2009)

Volumetric retinal imaging with ultrahigh-resolution spectral-domain optical

coherence tomography and adaptive optics using two broadband light sources.

Opt Express 17: 4095–4111.

20. Kurokawa K, Sasaki K, Makita S, Yamanari M, Cense B, et al. (2010)

Simultaneous high-resolution retinal imaging and high-penetration choroidal

imaging by one-micrometer adaptive optics optical coherence tomography. Opt

Express 18: 8515–8527.

21. Anderson DR, Patella VM (1999) Automated Static Perimetry. 2nd ed. St. Louis:

Mosby.

22. Burns SA, Tumbar R, Elsner AE, Ferguson D, Hammer DX (2007) Large-field-

of view, modular, stabilized, adaptive-optics-based scanning laser ophthalmo-

scope. J Opt Soc Am A 24: 1313–1326.

23. Ferguson RD, Zhong Z, Hammer DX, Mujat M, Burns SA, et al. (2010)

Adaptice optics scanning laser ophthalmoscope with integrated wide-field retinal

imaging and tracking. J Opt Soc Am A 27: 265–277.

24. Inoue T, Tanaka H, Fukuchi N, Takumi M, Matsumoto N, et al. (2007) LCOS

spatial light modulator controlled by 12-bit signals foroptical phase-only

modulator. Proc SPIE 6478: 64780Y.

25. Haung H, Inoue T, Hara T (2009) Adaptive aberration compensation system

using a high-resolution liquid crystal on silicon spatial light phase modulator.

Proc SPIE 7156: 71560F.

26. Toyota H, Mukohzaka N, Mizuno S, Nakabo Y, Ishikawa M (2001) Column

parallel vision system (CPV) for high-speed 2D image analysis. Proc SPIE 4416:

256–259.

27. Tam J, Tiruveedhula P, Roorda A (2011) Characterization of single-file flow

through human retinal parafoveal capillaries using an adaptive optics scanning

laser ophthalmoscope. Biomed Opt Express 2: 781–793.

28. Bennett AG, Rudnicka AR, Edgar DF (1994) Improvements on Littmann’s

method of determining the size of retinal features by fundus photography.

Graefes Arch Clin Exp Ophthalmol 232: 361–367.

29. Sakamoto A, Hangai M, Yoshimura N (2008) Spectral-domain optical

coherence tomography with multiple B-scan averaging for enhanced imaging

of retinal diseases. Ophthalmology 115: 1071–1078.

30. Kerrigan-Baumrind LA, Quigley HA, Pease ME, Kerrigan DF, Mitchell RS

(2000) Number of ganglion cells in glaucoma eyes compared with threshold
visual field tests in the same persons. Invest Ophthalmol Vis Sci 41: 741–748.

31. Bowd C, Zangwill LM, Medeiros FA, Tavares IM, Hoffmann EM, et al. (2006)

Structure-function relationships using confocal scanning laser ophthalmoscopy,
optical coherence tomography, and scanning laser polarimetry. Invest

Ophthalmol Vis Sci 47: 2889–2895.
32. Hong S, Ahn H, Ha SJ, Yeom HY, Seong GJ, et al. (2007) Early glaucoma

detection using the Humphrey Matrix Perimeter, GDx VCC, Stratus OCT, and

retinal nerve fiber layer photography. Ophthalmology 114: 210–215.
33. Leung CK, Cheung CY, Lin D, Pang CP, Lam DS, et al. (2008) Longitudinal

variability of optic disc and retinal nerve fiber layer measurements. Invest
Ophthalmol Vis Sci 49: 4886–4892.

34. Budenz DL, Anderson DR, Varma R, Schuman J, Cantor L, et al. (2007)
Determinants of normal retinal nerve fiber layer thickness measured by Stratus

OCT. Ophthalmology 114: 1046–1052.

35. Savini G, Barboni P, Carbonelli M, Zanini M (2007) The effect of scan diameter
on retinal nerve fiber layer thickness measurement using stratus optic coherence

tomography. Arch Ophthalmol 125: 901–905.
36. Parikh RS, Parikh SR, Sekhar GC, Prabakaran S, Babu JG, et al. (2007) Normal

age-related decay of retinal nerve fiber layer thickness. Ophthalmology 114:

921–926.
37. Hirasawa H, Tomidokoro A, Araie M, Konno S, Saito H, et al. (2010)

Peripapillary retinal nerve fiber layer thickness determined by spectral-domain
optical coherence tomography in ophthalmologically normal eyes. Arch

Ophthalmol 128: 1420–1426.
38. Morgan JE, Waldock A, Jeffery G, Cowey A (1990) Retinal nerve fibre layer

polarimetry: histological and clinical comparison. Br J Ophthalmol 82: 684–690.

39. Jonas JB, Muller-Bergh JA, Schlotzer-Schrehardt UM, Naumann GO (1990)
Histomorphometry of the human optic nerve. Invest Ophthalmol Vis Sci 31:

736–744.
40. Kawaguchi I, Higashide T, Ohkubo S, Takeda H, Sugiyama K (2006) In vivo

imaging and quantitative evaluation of the rat retinal nerve fiber layer using

scanning laser ophthalmoscopy. Invest Ophthalmol Vis Sci 47: 2911–2916.
41. Miglior S, Rossetti L, Brigatti L, Bujtar E, Orzalesi N (1994) Reproducibility of

retinal nerve fiber layer evaluation by dynamics scanning laser ophthalmoscopy.
Am J Ophthalmol 118: 16–23.

42. Zawadzki RJ, Choi SS, Jones SM, Oliver SS, Werner JS (2007) Adaptive optics-
optical coherence tomography: optimizing visualization of microscopic retinal

structures in three dimensions. J Opt Soc Am A Opt Image Sci Vis 24:

1373–1383.
43. Kocaoglu OM, Cense B, Jonnal RS, Wang Q, Lee S, et al. (2011) Imaging

retinal nerve fiber bundles using optical coherence tomography with adaptive
optics. Vision Res 51: 1835–1844.

44. Franze K, Grosche J, Skatchkov SN, Schinkinger S, Foja C, et al. (2007) Muller

cells are living optical fibers in the vertebrate retina. Proc Natl Acad Sci USA
104: 8287–8292.

45. Ogden TE (1984) Nerve fiber layer of the primate retina: morphometric
analysis. Invest Ophthalmol Vis Sci 25: 10–29.

46. Ogden TE (1983) Nerve fiber layer of the macaque retina: retinotopic
organization. Invest Ophthalmol Vis Sci 24: 85–98.

47. Ogden TE (1978) Nerve fiber layer astrocytes of primate retina: morphology,

distribution, and density. Invest Ophthalmol Vis Sci 17: 499–510.
48. Radius RL, Anderson DR (1979) The histology of retinal nerve fiber layer

bundles and bundle defects. Arch Ophthalmol 97: 948–950.
49. Radius RL, Anderson DR (1979) The course of axons through the retina and

optic nerve head. Arch Ophthalmol 97: 1154–1158.

50. Kaliner E, Cohen MJ, Miron H, Kogan M, Blumenthal EZ (2007) Retinal nerve
fiber layer split bundles are true anatomic variants. Ophthalmology 114:

2259–2264.
51. Fenkel S, Morgan JE, Blumenthal EZ (2005) Histological measurement of retinal

nerve fibre layer thickness. Eye 19: 491–498.

52. Pocock GM, Aranibar RG, Kemp NJ, Specht CS, Markey MK, et al. (2009)
The relationship between retinal ganglion cell axon constituents and retinal

nerve fiber layer birefringence in the primate. Invest Ophthalmol Vis Sci 50:
5238–5246.

Retinal Nerve Fiber Imaging Using AO-SLO

PLoS ONE | www.plosone.org 9 March 2012 | Volume 7 | Issue 3 | e33158


