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Abstract
It has been shown that transversal scanning (or en-face) optical coherence tomography (TS-OCT)
represents an imaging modality capable to record high isotropic resolution images of the human
retina in vivo. However, axial eye motion still remains a challenging problem of this technique. In
this paper we introduce a novel method to compensate for this eye motion. An auxiliary spectral
domain partial coherence interferometer (SD-PCI) was integrated into an existing TS-OCT system
and used to measure accurately the position of the cornea. A light source emitting at 1310nm was
used in the additional interferometer which enabled a nearly loss free coupling of the two
measurement beams via a dichroic mirror. The recorded corneal position was used to drive an
additional voice coil translation stage in the reference arm of the TS-OCT system to correct for
axial eye motion. Currently, the correction can be performed with an update rate of ~200Hz. The
TS-OCT instrument is operated with a line scan rate of 4000 transversal lines per second which
enables simultaneous SLO/OCT imaging at a frame rate of 40fps. 3D data of the human retina
with isotropic high resolution, that was sufficient to visualize the human cone mosaic in vivo, is
presented.

1. Introduction
To image the living human retina on a cellular level still remains a major challenge for
ophthalmic instruments. In the recent decades two imaging techniques have been introduced
to the field that improved resolution. Optical coherence tomography (OCT) [1,2] and
adaptive optics (AO) enhanced ophthalmic instruments (e.g. fundus photography [3] or
scanning laser ophthalmoscopy (SLO) [4]). The first technique provides unprecedented
depth resolution with a rather moderate transverse resolution. Further improvement of OCT
technology was introduced with the demonstration of a sensitivity advantage of Fourier
Domain OCT (FD-OCT) compared to standard time domain OCT (TD-OCT) techniques [5,
6]. This dramatically increased imaging speed, enabling to record 3D data of the human
retina in vivo [7]. AO enhanced instruments provide excellent (nearly diffraction limited)
transverse resolution which enabled the visualization of cone photoreceptors in the living
human retina. However, depth resolution of this technique is determined by the confocal
gate and is limited by the optics of the eye to 50 to 100μm [4]. Only very recently a
combination of OCT with AO has been introduced to improve resolution in all dimensions,
and the capability of these instruments to resolve individual retinal cones in vivo in OCT B-
scans has been demonstrated [8, 9].
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However, since most of these instruments are based on recording A-scans (i.e. the fast or
priority scan direction is in depth) several problems remain: To retrieve en-face information,
a whole 3D data set has to be recorded. This is rather time consuming and motion artifacts in
transverse direction are most likely to be observed. Two methods have been proposed to
reduce these artifacts. The first method uses a greatly reduced scanning area of 38 × 19 μm2

or 38 × 285 μm2 [10]. A second method uses a post-processing algorithm which yields very
good results for larger structures, however small features as the human cone mosaic remain
distorted [11]. Another problem inherent in high transverse resolution OCT systems is the
limited depth of field or depth of focus (DOF). Only a small depth range within the retinal
image will be in focus. To obtain data of high transverse resolution throughout the retina
several 3D data sets with shifted focus have to be recorded and merged to obtain a whole
volume of the retina with high isotropic resolution.

Transversal scanning (or en-face) optical coherence tomography (TS-OCT) represents an
alternative imaging scheme [12]. In this technique the fast or priority scan direction is
perpendicular to the imaging beam. Therefore, en-face images can be recorded very rapidly
which minimizes transverse motion artifacts. Another advantage of this technique is the
possibility to record simultaneously SLO images [13, 14] and the possibility to implement a
dynamic shift of focus to maintain high transverse resolution throughout imaging depth [15].
The capability of TS-OCT for ophthalmic imaging was demonstrated in pathologies [16], for
high speed imaging [17], polarization sensitive imaging [17, 19] and ultrahigh resolution
imaging [20] and in combination with adaptive optics [21]. Recently, we reported on
imaging the human cone mosaic in vivo with SLO and OCT without AO [22].

Motion artifacts caused by involuntary axial (in depth) eye movement (or by involuntary
head motion) remains a challenging problem of this technique. In this paper we introduce,
based on our previously published TS-OCT instrument [22] a new development which
includes the improvement of measurement speed and a new method to measure and correct
for axial motion of the eye. The idea is to use the corneal reflex as a reference signal to
determine the depth position of the eye. This signal is then used to drive a translation stage
in the reference arm of the TS-OCT system to correct for eye motion. The simultaneously
recorded SLO channel enabled a correction for transverse eye motion in a post processing
step via software. 3D data of a human retina recorded with the new technique is presented.

2. Methods
2.1 Experimental configuration

The experimental setup is shown in Fig. 1. The instrument consists of two separated parts: A
high speed TS-OCT system operating at 840nm, and a spectral domain (SD) partial
coherence interferometer (PCI) operating at 1310nm. The TS-OCT part is based on our
previous system [22]. In brief, a Mach Zehnder interferometer is used with a light source of
50nm bandwidth that results in a depth resolution of ~6μm in air. The collimated light is
horizontally linear polarized and is split into a reference beam and a sample beam at the first
non-polarizing beam splitter (BS-1). The light in the sample arm traverses dispersion
compensation glass rods (not shown in Fig. 1) and is directed by a second non polarizing
beam splitter (BS-2) to a x-y scanning unit consisting of a resonant scanner operating at a
scanning frequency of 4 kHz (x-direction) and a galvo scanner (y-direction). A telescope
images the pivot point of the resonant scanner into the pupil plane of the eye. The second
lens (L2) is mounted on a translation stage which enables a simultaneous shift of the focal
plane with the coherence gate (dynamic focus) during measurement [15]. On the way back,
scattered light from the retina is split into two parts by BS-2. The first part is directed to the
final non-polarizing beam splitter (BS-3) at the interferometer exit and is recombined with
light from the reference arm. The second part traverses the first beam splitter (BS-1) and is
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detected by an additional detector which enables a simultaneous recording of a SLO signal.
In the reference arm a carrier frequency is introduced to the coherence signal by
implementing two acousto optic modulators (AOM’s). The frequency shift of the AOM’s
was set to −40MHz and +41MHz respectively, which resulted in a net frequency shift of
1MHz. A translation stage placed in the reference arm enables depth scanning. Additionally,
glass prisms (not shown in Fig. 1) are placed in the reference arm to compensate for residual
interferometer dispersion and dispersion introduced by the eye. To correct for axial eye
motion a fast voice coil translation stage (Physik Instrumente, V-102) is mounted on top of
the first translation stage. The recombined light from both interferometer exits was directed
to a balanced receiver, amplified and recorded with a data acquisition board. Data is
processed with a standard personal computer (PC). Two different fast imaging modes can be
used with this instrument: B-scan mode (x-z imaging plane) and C-scan mode (x-y imaging
plane). We used a power of 700μW on the cornea which is well below the laser safety limits
for this wavelength region. The instrument is currently operated at a frame rate of 40 fps,
each frame consisting of 650 (x) × 100 (y) pixels. Only one scan direction of the resonant
scanner is used.

The second part is marked with a black rectangle in Fig. 1 and shows the auxiliary fiber
based SD-PCI that was operated with a light source of 55nm bandwidth resulting in a depth
resolution of ~14μm. Note that the position of the cornea can be determined with higher
precision since only the signal from one interface (reflex) is used and the peak of the
resulting coherence function can be measured more accurately. The collimated beam from
the sample arm of the SD-PCI was coupled into the measurement arm of the TS-OCT
system via a dichroic mirror to minimize losses in both systems. The spectrometer of the
SD-PCI system incorporates a grating (830 lines per mm) and a 1024 pixels InGaAs camera.
The exposure time of the camera was set to 200μs resulting in an A-scan rate of 5000/s. The
camera output was recorded with a data acquisition board implemented in an additional PC.
Before Fourier transformation of the recorded spectral data the standard procedures to
enhance signal to noise ratio were performed (i.e. subtracting of reference spectrum and
rescaling). The position of the corneal signal (note that a collimated beam is used, hence no
internal structure but a reflex at the corneal surface can be observed) is determined very
accurately via a peak detection algorithm. This position is used to drive a voice coil
translation stage in the reference arm of the TS-OCT system. The correction was running
independently from the TS-OCT system and the update time for the correcting signal was
~5ms. The closed loop depth correction system is operated with a simple proportional
control algorithm and the step response time of the voice coil translation stage provided by
the manufacturer is 30 to 60ms.

2.2 Data recording and post processing
The patient was placed on a chin rest. No bite bar was used for all of the measurements. The
instrument can be operated in two different imaging modalities: B-scan mode (y-scanner
held on a fixed position) and C-scan mode. The latter mode was used to record 3D data that
consisted of 120 C-scans in 3 seconds. In this mode the translation stage was moved at a
constant speed. The scanning angle on the retina in x and y direction was ~0.8°.
Simultaneous to the depth scanning the focal plane was shifted in depth by moving lens L2
to maintain the high transverse resolution. A detailed description of the dynamic focus can
be found in reference [15]. 6 channels were recorded simultaneously during measurement:
SLO channel, OCT channel, y-scanner position, x-scanner scanning direction, measured
corneal position and the position of the voice coil translation stage. After data recording, the
signals from SLO channel and OCT channel, respectively, were cut into individual C-scans
with the use of the y-scanner position and x-scanner scanning direction. Each transversal
line (x-direction) was corrected for distortions caused by the sinusoidal motion of the
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resonant scanner. Because of the fast imaging capability of our instrument we can use the
simultaneously recorded SLO images to correct for transverse retinal motion. For this
purpose we used an algorithm described in Ref. [23]. To maintain a pixel to pixel
correspondence between SLO and OCT channel, respectively, we combined both images
(represented in an 8 bit format) into a red-green-blue (RGB) image before applying the
transverse motion correction algorithm. All presented data has been corrected with this post
processing algorithm to correct for transverse motion. After motion correction the data set
was re-sampled into 256×256×120 pixels to provide equal sampling density in x-y-direction.

3. Results
3.1 Performance of axial eye motion correction

Figure 2 shows an example of the recorded corneal position evolving in time during a 3D
measurement with the TS-OCT system. The black line corresponds to the measured axial
position of the corneal apex; the red line corresponds to the position of the voice coil
translation stage. Clearly visible are fast oscillations and a slower drift of the corneal
position. Figure 2(b) shows the difference between measured corneal position and voice coil
translation stage position. Most of the oscillations are reduced and a slower drift in depth
could be eliminated. However, because of the inertia of the used correcting translation stage,
a residual tracking error (in the order of 10-20μm) remains. From these figures we
calculated without motion correction a mean deviation from zero position of the cornea of
30μm with a standard deviation of 26μm. The current correction procedure reduced the
mean deviation to 0μm with a standard deviation of ~6μm. From Fig. 2(a) we could
estimate the closed loop bandwidth of our system by measuring the delay of the voice coil
translation stage position from the actual position of the cornea at 10 different time points.
For this measurement we chose positions of rapid excursions and measured a mean delay of
20ms which corresponds to a closed loop bandwidth of 50Hz.

To test the performance of the axial position correction during TS-OCT imaging we imaged
the retina of a healthy volunteer. 120 en-face images were recorded while the translation
stage (used for depth scanning) was kept at a fixed position that corresponded to a depth
position at the en-face imaging plane within the retina of the junction between inner and
outer segments of photoreceptors (IS/OS). The left hand side of Fig. 3 shows a sequence of
en-face images with no correction (voice coil translation stage kept at a fixed position) and
the right hand side of the image shows a sequence with the correction turned on. In the
uncorrected case a permanent axial motion of the imaging plane is clearly visible (an
example for axial motion is shown in Fig. 2(a), and therefore the retinal plane of interest (IS/
OS) is not visible most of the time. With the correction turned on, the imaging plane is
visible throughout measurement time, and only small variations in depth are visible due to
the residual tracking error (c.f. Fig. 2(b)) caused by the inertia of the voice coil translation
stage.

3.2 Motion corrected imaging of the human retina
To clarify the labeling of the different retinal layers used in this paper, Fig. 4 shows a high
isotropic resolution B-scan recorded with the instrument. All retinal layers which can be
seen with UHR-OCT can be observed. Differing labeling has been reported with respect to
the posterior layers. We used the following labeling of the posterior four bright layers (c.f.
Fig. 4): external limiting membrane (ELM), junction between inner and outer segments of
photoreceptors (IS/OS), end tips of photoreceptors (ETPR) or Verhoeff’s membrane, and
retinal pigment epithelium (RPE). Note that the regular spacing within the IS/OS and ETPR
layer is not very pronounced within the image because the image is displayed on a
logarithmic grey scale in order to reduce the high dynamic range of the OCT image.
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Figure 5 shows a motion corrected 3D data set (fly through movie) recorded with the new
depth position correction at an eccentricity of ~3° to 4° nasally to the fovea. The left hand
side shows SLO images, the center shows en-face OCT images and the right hand side
shows OCT B-scan images. Note that the OCT images are represented on a logarithmic
scale and the SLO images are represented on a linear scale. To reduce the amount of data the
first 40 frames (corresponding to imaging planes within the vitreous of the eye) of the 3D-
data set are omitted. Therefore the image sequence starts at a depth position of the inner
limiting membrane (ILM) and proceeds from the inner retina to the outer retina. Within the
SLO images the shift of focus can be clearly observed. In the first frames the retinal nerve
fiber layer (RNFL) appears sharp whereas in the following frames the photoreceptors come
into focus and start to blur in the final frames of the movie.

When comparing the SLO and en-face OCT images the parallel shift of focus with the
coherence gate can be observed. Note that the best sharpness of the RNFL and cone
photoreceptors observed in the SLO images coincides with the corresponding layers in the
en-face OCT images. The superior depth resolution of OCT enables the separation and
visualization of the ILM, RNFL bundles, capillaries within the GCL, INL and the cone
mosaic within the IS/OS junction and the ETPR layer. To identify the individual layers a
white line in OCT B-scan image marks the corresponding position of the en-face image. A
white line in the en-face OCT images marks the corresponding position of the OCT B-scan.
Interestingly, cone like structures can be observed in the space between the layers of IS/OS
and ETPR (visible in frames 41 to 44 of the en-face OCT movie). Note that this observation
can be made within the en-face OCT images as well as within the B-scan images (visible
e.g. in frames 15 and 16 of the B-scan movie between IS/OS junction and ETPR layer). Due
to the transverse motion correction algorithm black horizontal bars are appearing at the
beginning and the end of each image sequence.

Figure 6 shows a comparison of the cone mosaic imaged with SLO and OCT. For the OCT
images the signal was squared (OCT measures the amplitude of the light, SLO the intensity)
and displayed on a linear scale to enable a direct comparison between both imaging
modalities. To enhance signal to noise ratio the SLO image was averaged over 10 successive
frames. Within this image the cone mosaic can be clearly observed (c.f. Fig. 6(a)). To
measure the (closest neighbor) cone spacing, we calculated a 2D FFT of this image and
measured the radius of the resulting ring, a procedure described in detail in Ref. [24]. With
this procedure we calculated for this eccentricity a cone spacing of ~1.47 arcminutes or
~7μm (if we assume that 1° corresponds to 292μm on the retina). This is in good agreement
with values obtained from histology [25]. Figure 6(b) shows the corresponding OCT data
averaged over the same number of frames (equivalent to an optical depth of ~80 μm)
resulting in a speckle reduced image. Both images are very similar emphasizing the pixel to
pixel correspondence between SLO and OCT. However, the cone mosaic extracted from the
ETPR and the IS/OS junction, respectively appears different because speckles are more
pronounced in these images (c.f. Figs. 6(c) and 6(d)). Even though most of the individual
cones can be resolved and identified in the SLO image, speckles distort some of the small
features in the OCT images. However, the reflection sites of the IS/OS and ETPR layers
might not be exactly within one plane, therefore some maxima of the individual coherence
functions are deviating from the imaging (or coherence) plane leading to varying intensities
of these reflection sites within the image. This further leads to a different appearance of the
cone mosaic in the SLO and OCT images.

Figure 7 shows different imaging planes extracted from the 3D OCT data set. All images are
displayed on a linear scale. Figure 7(a) shows an imaging plane corresponding to the ILM.
Because the imaging plane does not totally coincide with the ILM which is very thin, this
layer is visible mainly in the left part of the image. Figure 7(b) shows an imaging plane
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corresponding to the RNFL. Clearly visible are the nerve fiber bundles extending almost
horizontally within the image. Recently, similar images have been presented with the use of
AO-OCT [11]. The visualization of capillaries is more difficult because theses structures
generally have a three dimensional extension. Therefore only part of the structure will be
visible within one en-face image. However, the signal intensity obtained from capillaries is
very high. Therefore we searched within a specific layer (e.g. GCL, INL) for the maximum
signal along an A-line (in depth). The result is displayed in Figs. 7(c) and 7(d), respectively.
The 2 dimensional structures of the capillaries can be clearly observed. From these images
we estimate the thickness of the smallest capillary (vertical capillary on the left hand side of
Fig. 7(c)) to ~5μm. Note that in Fig. 7(d) the shadows of the capillaries of Fig. 7(c) are
faintly visible. The appearance of the capillaries (separation into small spots) might give the
impression that individual cells within the capillaries can be resolved, however speckles
might cause a similar appearance, therefore we think that further investigations (e.g.
temporal evolution of these spots) are necessary to clarify this point.

4. Discussion
In this paper we introduced a method for TS-OCT to overcome the problem of motion
artifacts in depth, up to now a major limitation of the technique. As shown in Fig. 2 depth
motion can be separated into two parts: a slow drift of a mean position in one direction and
rapid oscillations around this mean position in both directions. The first part could be
completely eliminated with our method while influence of the second part could be greatly
reduced. Depth control is not only valuable during data recording but very important for the
correct alignment of the dynamic focus (i.e. to match the confocal plane with the coherence
gate) [15]. In this case it is sufficient to correct for the slow drift because the depth of field is
in the order of 60-100μm which is larger than the small oscillations. However, to obtain
more accurate depth information it is essential to correct the small oscillations as well.
Currently the inertia of the used translation stage limits the performance of our system.
Therefore, a residual tracking error in the order of 10-20μm remains. Although this error is
in the range of the sampling density of the presented data (~10μm) higher precision should
be possible with the implementation of a faster translation stage or a rapid scanning optical
delay line [26, 27].

Our technique requires a fixed distance between measured corneal position and retinal
position. The correction method can not distinguish between a change of this distance and
eye motion in depth. Fundus pulsation is in the order of a few microns [29] (i.e. below the
axial resolution of the instrument) and can therefore be neglected in the current state of
development. A more detailed analysis of the influence of fundus pulsation might become
necessary if ultra high resolution imaging would be implemented. Another possible change
of distance might be introduced by transverse eye motion because of the curvature of the
cornea. However, we choose a parallel beam incident on the cornea to measure the corneal
position. Therefore transverse motion will result in a decrease of signal strength (only part of
the beam which is backreflected contributes to the signal) not in a change of depth position
as described in detail in reference [30]. More problematic is rotation of the eye. Because the
radius of the exterior corneal curvature generally does not match the distance between
corneal surface and axis of rotation, a change in the distance between cornea and retina
caused by the rotation of the eye is expected. However, we calculated that the error of depth
position even for a rotation of ~1° (larger than the field of view) for the measured volunteer
(measured corneal radius ~7.2mm, measured eye length ~25mm) is smaller than 1.5μm.
This is well below the resolution of the system and can therefore be neglected.

Since the discovery of a sensitivity advantage of FD-OCT compared to time domain OCT,
the latter was more and more regarded as obsolete. However, as we showed in this paper,
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transversal scanning OCT, a variant of time domain OCT, provides some advantages
especially for high transverse resolution systems that are not (yet) accessible with FD-OCT.
1) Dynamic focus: To maintain high transverse resolution throughout imaging depth the
focus has to be moved parallel to the coherence gate. In this paper we demonstrated the
performance of a dynamic focus in TS-OCT. Since in FD-OCT the whole depth is recorded
instantaneously (with one shot) a dynamic focus is not possible. However, it should be
mentioned that efforts are made to overcome this limitation by the use of special
illumination beams (e.g. Bessel beams) [28]. But these methods suffer from a tremendous
loss of sensitivity (decreasing the benefit of FD-OCT) and have not been demonstrated on
the living human eye. 2) Correction of transverse eye motion: To resolve small details as the
human cone mosaic transverse eye motion has to be corrected. In TS-OCT the fast scanning
direction is perpendicular to the imaging beam and en-face images can be recorded very
rapidly. This greatly reduces motion artifacts within a frame. As we showed in this paper the
signal from the SLO channel can be used to correct for transverse motion which further
reduces artifacts caused by eye motion. In FD-OCT en-face information is usually extracted
from a 3D-data set that is rather time consuming. Therefore, transverse eye motion artifacts
will be more pronounced. Although post processing algorithms can be used to reduce these
artifacts [11], residual errors that distort structures of interest (e.g. the human cone mosaic)
remain. Retinal tracker might be used to correct for transverse motion [31, 32], however,
these methods have not yet been demonstrated in combination with FD-OCT with the high
accuracy needed for cellular imaging.

5. Conclusion
We presented a method to compensate for axial eye motion in transverse scanning OCT. We
demonstrated the ability of the instrument to record 3D data of the human retina in vivo with
high resolution. Using a dynamic focus enabled the maintenance of the high transverse
resolution through imaging depth. Transverse motion was corrected using SLO images that
were acquired simultaneously to the OCT images. The transverse resolution of the system
was sufficient to resolve the human cone mosaic at an eccentricity of ~3° to 4° nasally of the
fovea. Furthermore, we presented a direct comparison of cone mosaic images obtained with
SLO and OCT and demonstrated the visualization of the ILM, RNFL bundles, and
capillaries in the inner retina.
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Fig. 1.
Sketch of the experimental setup. L1 fixed lens, L2 lens mounted on a translation stage, DM
dichroic mirror, RM reference mirror, TS translation stage, VC voice coil translation stage,
LS light source, AOM acousto optic modulator, P polarizer, BS non polarizing beam splitter
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Fig. 2.
Performance of axial eye motion correction. a) Black…recorded corneal position, red…
motor position b) difference between curves in a)
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Fig. 3.
Frame No. 8 of a sequence of en-face images recorded at fixed position of the translation
stage. Left side: without depth correction. Right side: correction turned on. Field of view:
0.8°×0.8°. (To reduce file size, the pixel extension of the original movie was reduced by
70%; The bottom horizontal line is an artifact caused by the turning of the y-scanner.)
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Fig. 4.
High resolution B-scan with axial motion correction turned on. (Extension: 0.8° × 670μm
(optical)). ILM inner limiting membrane, RNFL retinal nerve fiber layer, GCL ganglion cell
layer, IPL inner plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL/
HFL outer nuclear layer/ Henle fiber layer, ELM external limiting membrane, IS/OS
junction between inner and outer segments of photoreceptors, ETPR end tips of
photoreceptors, RPE retinal pigment epithelium
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Fig. 5.
Frame No. 39 of a movie showing 3D data of the retina recorded with the instrument. Left
side shows SLO images, the center shows en-face OCT images, right side shows extracted
OCT B-scans. The white line shows the position of the corresponding B-scan (in the center
image) and position of the corresponding en-face image (on the right hand side image),
respectively. SLO images are displayed on a linear scale, OCT images are displayed on a
logarithmic scale. Field of view of SLO and en-face OCT images: 0.8°×0.8°. Dimension of
OCT B-scan: 0.8° × 1mm (To reduce file size, the pixel extension of the original movie was
reduced by 70%)
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Fig. 6.
Comparison of the cone photoreceptor mosaic imaged with different imaging modalities. a)
SLO image (averaged over 10 frames), b) OCT image (averaged over an optical depth of
~80μm), c) OCT retrieved from the ETPR layer, d) OCT retrieved from the IS/OS junction.
Field of view of each image: 0.8°×0.8°. (For a better comparison with the SLO images all
OCT images are squared and displayed on a linear scale)
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Fig. 7.
Imaging planes at different depths extracted from the OCT data. a) ILM, b) RNFL, c) GCL
(maximum intensity within 4 frames), d) INL (maximum intensity within 7 frames) Field of
view of each image: 0.8°×0.8°. (All images are displayed on a linear scale.)
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