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Simultaneous imaging of human cone mosaic with
adaptive optics enhanced scanning laser
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We describe a novel instrument capable of acquiring, simultaneously, adaptive optics enhanced scanning
laser ophthalmoscopy and optical coherence tomography (OCT) images of the human cone mosaic in vivo.
The OCT system is based on transversal scanning of the sample with a line scan rate of 14 kHz, �20 times
faster than a previously reported instrument. We demonstrate the capability of this instrument with the
measurement of the human cone spacing in perifoveal retina. © 2007 Optical Society of America

OCIS codes: 170.4500, 120.3890, 170.0110, 010.1080.
Imaging the human retina in vivo on a cellular level
can only be achieved on a limited basis due to imper-
fections of the eye optics. It has been successfully
demonstrated with the use of adaptive optics (AO)
that aberrations introduced by the ocular media (cor-
nea and lens) can be reduced [1], and a nearly diffrac-
tion limited transverse resolution can be achieved in
retinal imaging. Confocal gating is often used to ob-
tain depth information [2]; however, differentiating
between neighboring layers of the retina requires
better depth resolution. Therefore, in recent years, a
combination of AO with Fourier-domain optical co-
herence tomography (FD-OCT) has been presented
that could further enhance not only depth resolution
but sensitivity as well [3,4]. With this approach, the
priority scan direction is in depth, motion artifacts in
the transverse direction are more likely, and small
structures (e.g., the human cone mosaic) that are
only observable in the en-face imaging plane might
be distorted. This limitation can be reduced by imag-
ing small areas of the retina [5]; however, this greatly
limits the functionality of the instrument for clinical
uses. Transversal scanning (TS) (or en-face) OCT [6]
uses a different concept of image acquisition and may
overcome this limitation. Another advantage of TS-
OCT is the possibility of acquiring, simultaneously,
scanning laser ophthalmoscope (SLO) images [7] and
to dynamically shift the focus together with the co-
herence gate to maintain high transverse resolution
throughout the imaging depth [8]. Recently, a first
combination of TS-OCT with AO has been presented,
however, at a rather low imaging speed [9].

In this Letter we introduce a high-speed imaging
system based on TS-OCT that is capable of acquiring,
simultaneously, SLO and OCT images of the human
cone mosaic. The experimental setup consists of a
fiber based Mach–Zehnder interferometer as shown
in Fig. 1. The light that is emitted by a superlumi-

nescent diode (Superlum, Russia, �=841 nm,

0146-9592/08/010022-3/$15.00 ©
��=51 nm) is coupled into a single-mode-fiber beam
splitter, where 20% of the light is directed into the
sample arm, and 80% is directed into the reference
arm. The light path in the sample arm contains the
AO subsystem that is similar to a previously pub-
lished instrument [10]. Additionally, the sample arm
incorporates a resonant scanner (x direction) working
at 14 kHz and a galvanometer scanner (y direction).
Each scanner was placed at a plane that was conju-
gate with the pupil plane of the eye. The light power
on the cornea was measured with 300 �W, which is
well below the safety limits for this wavelength re-
gion. The light returning from the eye followed the
same path through the AO system and was coupled
back into the 80:20 fiber beam splitter. After travers-
ing this first fiber beam splitter, the light was split by
a 50:50 fiber beam splitter into two equal parts to
provide the same power returning from the eye for

Fig. 1. Sketch of the instrument. SLD, superluminescent
diode; AOM, acousto-optic modulator; TS, motorized trans-

lation stage; DC, prism for dispersion compensation.
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the SLO and OCT channels, respectively. Note that
this configuration ensures a pixel-to-pixel correspon-
dence between both channels. The reference arm con-
sists of a motorized translation stage for depth scan-
ning and two acousto-optic modulators (AOMs) that
generate a net carrier frequency of 2.5 MHz. Light
from the sample and reference arms were recom-
bined by the final 50:50 fiber beam splitter. The in-
terference signal was detected by a balanced receiver,
amplified, and recorded by a data acquisition board.
The current configuration records SLO and OCT im-
ages, simultaneously, each consisting of �700
�500 pixels at a frame rate of 28 fps. This imaging
speed is approximately 20 times faster than a previ-
ously reported AO equipped TS-OCT instrument [9].

To calibrate the scanning angle of our instrument
we used a model eye consisting of a lens and a well-
defined pattern that was placed in the focal plane of
the lens. With this configuration we measured the
imaged area to be �0.75° �0.75° on the retina. In
this Letter we were interested in imaging the photo-
receptors; therefore the coherence gate was shifted
by only 200 �m during measurement. The total re-
cording time was 3 s, resulting in a 3D data set with
each channel consisting of 84 frames. After image ac-
quisition, we corrected image distortion caused by
the sinusoidal motion of the resonant x scanner in a
software based postprocessing step. This step was
not necessary for the y direction because the scanner
was operated with a sawtooth voltage. The images
were corrected for transverse motion using an algo-
rithm described in [11]. To extract the signal from a
specific layer [e.g., junction between the inner seg-
ments (IS) and outer segments (OS) of the photore-
ceptors] from the OCT 3D data set (note that the
OCT imaging plane does not necessarily coincide
with the plane of a retinal layer) we used the follow-
ing procedure: first, we separated the frames contain-
ing the desired layer from the rest of the volumetric
data. Then we searched along an A line for the maxi-
mum signal. In parallel we enhanced the signal-to-
noise ratio of the SLO channel by averaging over the
same number of frames used to extract the desired
layer in the OCT channel.

It has been shown that a regular spacing owing to
the arrangement of the photoreceptor mosaic can be
observed within two OCT layers; the junction be-
tween the IS and OS of the photoreceptors and the
end tips of the photoreceptors (ETPR) (or Verhoeff ’s
membrane) [3–5,7]. Therefore, we extracted both lay-
ers from our data.

The human cones are packed most closely in the
foveal center, or foveola, and the packing density de-
creases with increasing retinal eccentricity [12]. To
demonstrate the transverse resolution of our system,
Fig. 2 presents an example of images of the human
cone mosaic recorded with SLO and OCT at an eccen-
tricity of �0.5° from the fovea. This location includes
the border between a cone spacing that can be re-
solved with our instrument (see the left-hand side of
the images) and a cone spacing that cannot. Note
that due to transverse motion occurring between the

recording of Figs. 2(b) and 2(c) the imaged areas are
not identical. The motion correction algorithm shifts
each image to compensate for the displacement;
therefore a black bar is visible on the right-hand side
of Fig. 2(c). It appears that the cone mosaic imaged
with SLO can be observed a little closer to the fovea
than the cone mosaic imaged with OCT [see Fig. 2(a)
and 2(b)]. This might be caused by different speckles
that are present in OCT and SLO images and by the
different physical quantities measured with the two
techniques (intensity in SLO versus amplitude in
OCT). At this eccentricity, surprisingly, the cone mo-
saic retrieved from the ETPR is not clear [see Fig.
2(c)]. One possible explanation might be that a signal
originating from the retinal pigment epithelium
(RPE) influences the visibility of the mosaic, because
at this location our depth resolution might not be suf-
ficient to clearly separate these layers. Close to the
fovea the separation between ETPR and RPE is
much smaller than elsewhere. To quantitatively
evaluate the cone spacing within these images we
used 2D fast Fourier transformation (FFT) and cus-
tom cone-counting software [13]. Taking into account
that the cone mosaic is only observable in the left-
hand side of the image we calculated the 2D FFT on
the left quarter of each image. Figure 3 shows the re-
sult. The regular spacing of the photoreceptors
should result in the observation of Yellott’s rings [14].
Instead in Figs. 3(a) and 3(b) (close to the fovea) the
intensity distribution resembles a hexagonal shape,
and within the image calculated from the SLO chan-
nel the intensity distribution is not uniform. It ap-
pears that six points with increased intensity form-
ing the hexagon can be observed [see the arrows in
Fig. 3(a)], which is most likely caused by the strict
hexagonal packing of the photoreceptors at this ec-
centricity. Close to the fovea a similar observation
has been made with speckle interferometry [15]. The
broadening of the six points in Figs. 3(a) and 3(b)
might be explained by small changes in the principal

Fig. 2. Images recorded at 0.5° nasally from the fovea. (a)
SLO image (average of nine frames), (b) OCT image re-
trieved from the IS/OS junction, (c) OCT image retrieved
from the ETPR layer.

Fig. 3. Two-dimensional FFT of SLO and OCT images, re-
spectively. (a) FFT of Fig. 2(a) (arrows point to locations
with increased intensity), (b) FFT of Fig. 2(b), (c) FFT ob-
tained from SLO image recorded at 2° eccentricity, (d) FFT
obtained from OCT image (ETPR layer) recorded at 2°

eccentricity.
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axis of the hexagonal arrangement within the evalu-
ation area.

For other eccentricities we calculated the FFT over
the whole image. Figures 3(c) and 3(d) show ex-
amples of the FFT obtained from images recorded at
2° nasally from the fovea. At this location the hexago-
nal shape is lost, and Yellott’s rings are observable,
which might indicate that at this eccentricity cones
are losing their hexagonal packing because of addi-
tional rods placed in between them and that the prin-
cipal axis of the hexagon is changing very often
within the imaging area [15]. Moreover the rings ap-
pear more homogeneous in intensity. We observed
that rings retrieved from the OCT images, at all mea-
sured eccentricities, are less pronounced than that
from the SLO images. Again, speckle and the differ-
ent measured physical quantity might be the origin
for this discrepancy. To compare our results with his-
tology [12] we measured the radius of each ring at
eight different locations and performed an average.
The shape of the rings was not circular for every ec-
centricity; nevertheless we think that this procedure
yielded mean cone spacing for each eccentricity. For
the calculation from cone density to cone spacing we
assumed that 1° scanning angle corresponds to
291 �m on the retina. Note that the radius of the
rings corresponds to the spatial frequency of cone

Fig. 4. Cone spacing depending on the eccentricity from
the fovea. SLO cone spacing retrieved from the SLO chan-
nel, OCT-ETPR cone spacing retrieved from an imaging
depth corresponding to the end tips of photoreceptors, OCT-
IS/OS cone spacing retrieved from an imaging depth corre-
sponding to the junction between the IS and OS of photo-
receptors; solid curve represents values retrieved from
histology [12].
rows or modal frequency of the cone mosaic [16]. If
we assume a hexagonal packing of the cones a multi-
plication by �1/cos 30° � can be used to convert the
spacing between cone rows into the closest neighbor
cone spacing. Figure 4 summarizes the closest neigh-
bor cone spacing measured at different eccentricities
from the fovea. The cone counting software (again as-
suming hexagonal packing) yielded results identical
to that obtained via FFT. All results are in good
agreement with histology [12].

In conclusion, we introduced a new high-speed TS-
OCT system equipped with AO that is capable of im-
aging the human cone mosaic in vivo with SLO and
OCT simultaneously. To the best of our knowledge,
the cone mosaic has not previously been visualized
this close to the fovea with OCT. The cone spacing
could be measured from SLO and OCT images at dif-
ferent eccentricities from the fovea.

The authors thank B. Xue for performing the cone
counting. Financial support from the National Eye
Institute (grant EY 014743) and the Austrian Science
Fund (FWF grant P16776-N02) is gratefully ac-
knowledged.
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