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Abstract. We present a novel, high-speed, polarization-sensitive, optical coherence tomography set-up for retinal
imaging operating at a central wavelength of 1060 nm which was tested for in vivo imaging in healthy human
volunteers. We use the system in combination with a Fourier domain mode locked laser with active spectral shap-
ing which enables the use of forward and backward sweep in order to double the imaging speed without a buffering
stage. With this approach and with a custom designed data acquisition system, we show polarization-sensitive
imaging with an A-scan rate of 350 kHz. The acquired three-dimensional data sets of healthy human volunteers
show different polarization characteristics in the eye, such as depolarization in the retinal pigment epithelium and
birefringence in retinal nerve fiber layer and sclera. The increased speed allows imaging of large volumes with
reduced motion artifacts. Moreover, averaging several two-dimensional frames allows the generation of high-def-
inition B-scans without the use of an eye-tracking system. The increased penetration depth of the system, which is
caused by the longer probing beam wavelength, is beneficial for imaging choroidal and scleral structures and
allows automated segmentation of these layers based on their polarization characteristics. © The Authors. Published
by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution
of the original publication, including its DOI. [DOI: 10.1117/1.JBO.18.2.026008]
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1 Introduction

Optical coherence tomography (OCT) is a noninvasive imaging
technique for recording high-resolution images of biological
samples and has been established, in ophthalmology, as a stan-
dard tool for diagnosing ocular diseases and for monitoring
therapeutic success.'™ The essential step, which improved the
technology to a state where it gained interest for clinical use
in ophthalmology, was the introduction of the spectral-domain
detection principle which increased acquisition speed and sen-
sitivity in comparison to the former time-domain technology.”

Currently, state-of-the-art, commercially available retinal
OCT scanners for clinical use work at a central wavelength
of 840 nm and allow the acquisition of high depth resolution
(~5 pm) images of the ocular fundus from the inner retinal
layers to the retinal pigment ephitelium (RPE) with A-scan
rates beyond 20 kHz. These devices are valuable tools for clini-
cal examinations and provide additional information for the
diagnostics of different retinal pathologies.

However, there are three main limiting factors for extending
the use of OCT for acquiring clinically relevant information with
these state-of-the-art retinal OCT scanners. These limiting fac-
tors include slow acquisition speed which limits the maximum
size of the volume that can be imaged with reduced motion
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artifacts, low penetration depth which determines the retinal
layers that can be examined and which is mainly limited by
absorption and scattering of the probing beam in the tissue,
and lack of tissue specific contrast which cannot be obtained
with state-of-the-art retinal scanners since the acquired informa-
tion is based on backscattered intensity only.

With custom-built research OCT set-ups for retinal imaging,
A-scan rates up to ~310 and 500 kHz can be achieved with high-
speed spectrometer based systems, up to 200 kHz with swept
source set-ups using commercially available sources and even
up to ~1.68 MHz with a Fourier domain mode locked
(FDML) laser.'®'* Acquisition speed can be further increased
with multispot approaches, however, the usability of such devi-
ces in clinical retinal imaging still needs to be examined.?
However, at the moment, there are several indications that
the next generation of commercial retinal scanners will work
with acquisition speeds in the ~100 kHz range.

Imaging speeds of ~100 kHz are beneficial, on the one hand,
for acquiring large densely sampled three-dimensional (3-D)
data sets with reduced motion artifacts and, on the other
hand, for generating high-definition two-dimensional (2-D)
scans by averaging several frames without the use of an eye
tracking device. The acquisition of large densely sampled
3-D volumes is especially interesting for the examination of
patients with large pathological changes in the retina like geo-
graphic atrophies, pigment epithelial detachments, etc., since the
whole pathological area can be imaged at once. Additionally,
examination of fine features like micro exudates and small
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drusen is improved due to the dense isotropic coverage of the
measured volume. High-definition 2-D scans are advantageous
because the signal-to-noise ratio is increased and the speckle
contrast is reduced which improves the visibility of small struc-
tures with low contrast,'>!®

The penetration depth, in retinal OCT imaging, can be
increased by using longer probing wavelengths that are less scat-
tered and absorbed in the RPE which enables the examination of
deeper layers in the ocular fundus.'”"!® For this purpose, the
wavelength range around 1060 nm is particularly suitable
because water, the main constituent of the vitreous, has a
local absorption minimum in that range and dispersion is min-
imal as well.?>-?? Increased penetration, in retinal OCT imaging,
is of high interest since recent studies suggest that parameters
like choroidal thickness or, more generally, pathological
changes in the choroid might be suitable parameters for early
diagnosis of several retinal diseases.”>>> Therefore, diagnostic
devices that allow examination of choroid and sclera might pro-
vide promising tools for the early diagnoses of retinal diseases
and, additionally, for the general study of these layers in vivo.

Tissue specific contrast can be obtained by using polariza-
tion-sensitive  OCT (PS-OCT), a functional extension of
OCT.?*? PS-OCT has been shown to be a useful device for
acquiring not only structural information from biological tissue
but, additionally, information about the polarizing properties
which enables the identification of different retinal layers due
to their polarization characteristics.” So far, it is known that,
in the posterior eye, the retinal nerve fiber layer, Henle’s
fiber layer, and the sclera show birefringence.’*> Additionally,
certain layers show depolarizing characteristics including the
RPE and other pigmented tissues like melanoma or naevi.*®*’
This additional information can be used for segmentation of dif-
ferent retinal layers based on tissue specific intrinsic contrast
which has been shown to be a valuable tool in clinical diagnos-
tics for the examination of pathologies involving the RPE.*®
Additionally, the polarization information, acquired by PS-
OCT, allows more precise automated segmentation which
does not suffer from the drawbacks that occur with manual seg-
mentation approaches. Automated segmentation algorithms,
based on PS-OCT data for the RPE and the choroidal scleral
interface (CSI), have been demonstrated which, in combination,
enable precise measurement of choroidal thickness.>*!

In this study, we present a high-speed swept source PS-OCT
system in conjunction with a broadband FDML laser operating
in the 1060 nm range with 350 kHz A-scan rate. The two-chan-
nel system acquires the data for both orthogonal polarization
states simultaneously during each A-scan. Modulation of the
drive current of the FDML laser permits optimizing the spectral
shape and using both sweep directions for OCT imaging. These
features enable, to the best of our knowledge, the fastest acquis-
ition of PS-OCT data reported to date. During in vivo measure-
ments in healthy human volunteers, we achieved high axial
resolution and deep penetration into the choroid and the sclera.
We demonstrate fast acquisition of large 3-D datasets and, addi-
tionally, high-definition 2-D images which permit precise auto-
mated segmentation of the RPE and the CSI within 2-D frames.

2  Methods

The work, presented in this paper, combines two special fea-
tures. The arbitrary spectral shaping capability of the FDML
laser permits the use of both sweep directions for OCT imaging.
Hence, we can double the imaging speed without a buffering
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stage as demonstrated in Ref. 42 while keeping the complexity
of the optical set-up as low as possible. Secondly, we introduced
a PS-OCT set-up, especially designed for large-field, high-speed
polarization-sensitive imaging in the eye, which exploits the full
imaging speed of the presented light source.

2.1 Light Source

The swept source set-up (Fig. 1) is a standard FDML ring-
resonator comprising a single SOA (Exalos ESO330004), a
Fabry-Perot tunable filter (Lambda Quest) with 180 pm line-
width full-width-half-maximum (FWHM), and a 1155 m long
delay line made of standard single-mode fiber (Corning
SME28). Even though the single mode cut-off wavelength of
SMEF28 is specified to ~1250 nm, making it not true single
mode fiber at 1050 nm, the coupling into higher order modes
is sufficiently low as reported in Ref. 43. The resulting resonator
round-trip frequency matches the maximum feasible operating
frequency of the tunable filter, 175 kHz. Broadband isolators
ensure unidirectional lasing and eliminate back reflections
from the imaging interferometer into the FDML laser. A polari-
zation controller corrects for polarization rotation in the fibers.
Seventy percent of the light is coupled out of the resonator.

We operate the SOA with a custom diode driver (Wieserlabs
WL-LDC10D) that permits modulation of the pump current
with 15 MHz analog bandwidth. The tunable filter drive signal
(sine wave and bias) as well as the current modulation waveform
are synthesized by an arbitrary waveform generator controlled
by a computer. The computer receives the signal from a
125 MHz photodetector for monitoring the instantaneous output
power of the light source. With a LabView program running on
the computer, we have full control over the tunable filter and the
SOA current, power monitoring, spectral shaping, and automatic
correction of the tunable filter bias.

For shaping the light source spectrum, we use an iterative
algorithm similar to the one described in Ref. 44. This algorithm
records the sweep intensity from the photodetector as input data
and it can upload waveform data for the current modulation to
the waveform generator. Starting with constant current, the
algorithm compares the photodetector signal with the target
shape and accordingly adjusts the modulation waveform.
This step is repeated until the integrated difference between
actual shape and target shape falls below a preset threshold.
The algorithm finishes typically after five to 10 iterations,
each taking approximately 3 s.

WFG control control

' software

SOA current PD

1502 /'\ 70% out
1% tapped

-
TF voltage

(sine + bias) 99% to OCT

Fig. 1 Set-up of FDML Source, SOA: semiconductor optical amplifier,
FC: fiber coupler, DL: delay line, 1SO: optical isolator, TF: tunable
filter, PC: polarization controller, WFG: waveform generator, PD:
photodetector.
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Once the current modulation waveform has been calculated,
a stable sweep of the tunable filter is crucial. Otherwise, a slow
shift of the sweep range, caused by thermal drift of the piezo-
actuators, would, within a few minutes, lead to a strong distor-
tion of the spectral shape. We compensate for the drift with an
algorithm that automatically adjusts the filter bias voltage,
thereby, enabling hands-off operation of the swept source over
an extended period. After spectral shaping, the bias control algo-
rithm continues to monitor the instantaneous power of the light
source and detects deviations from the target shape. From the
difference, it calculates an error value which it minimizes by
adjusting the filter bias voltage using one channel of the wave-
form generator. With this implementation, we need no additional
hardware for the bias control because we are already using the
photodetector and the waveform generator for spectral shaping.

When the bias control is active, the laser can operate unat-
tended until readjustment of the polarization controller becomes
necessary. Depending on variations of the ambient temperature,
these intervals range from 20 to 30 min.

With a constant pump current of 270 mA, the light source can
support continuous lasing over a total sweep range up to 100 nm
with an average output power of 10 to 15 mW. The sweep spec-
trum is centered, approximately at 1065 nm, and coincides
perfectly with the local minimum in the water absorption spec-
trum which is important for maintaining high axial resolution.”
The power spectrum has a peak on the long-wavelength side and
a flat tail extending to the short wavelengths [Fig. 2(a)] which is
typical for SOA-based swept sources. After linearization, the
spectrum has a FWHM of ~55 nm and point spread functions,
generated with this spectrum, yield a measured axial resolution
of 12 ym in air [Fig. 2(c)]. The power difference between for-
ward and backward sweep (i. e., from short to long wavelengths
and vice versa) is relatively small. During the backward sweep
(form long to short wavelengths) the peak power reaches about
90 percent of the forward sweep peak level [Fig. 2(a)]. By
modulating the SOA pump current synchronously with the
wavelength sweep, we can improve the actual axial resolution
within a given total bandwidth by distributing the power more
homogeneously over the sweep range. We achieve good results
with a Gaussian shape on top of a constant baseline that ensures
laser operation above threshold during the entire sweep. With a
relatively high baseline (2/3 of total amplitude) [Fig. 2(b)] and

(@) Photodetector signal (V)

2r
constant current (270 mA)

modulated
current

forward sweep : backward sweep
1 1 1

0 1

(b) Modulated current (mA)

roughly the same average power as with constant current, we
measured an axial resolution of nine ym in air [Fig. 2(c)].

After the spectral shaping, both sweep directions have equal
power profiles and can both be used for OCT imaging. We mea-
sured a sensitivity of 95 to 96 dB with the forward sweep and
about 94 dB with the backward sweep.

The sensitivity roll-off is relatively fast because the fiber res-
onator exhibits strong chromatic dispersion in the 1060 nm
range.*> At 1 mm probing depth, the roll-off is ~8 dB for the
forward sweep and ~10 dB for the backward sweep. This
residual asymmetry, between the two sweep directions, is a com-
bined effect of the frequency-shift in the SOA and chromatic
dispersion in the fiber resonator.

2.2 PS-OCT Set-Up

For high-speed polarization-sensitive imaging in the human eye,
we used the PS-OCT set-up shown in Fig. 3. The design is
similar to that in Refs. 41 and 46, but necessary adaptions
were implemented in order to increase the data acquisition
speed by a factor of 3.5 and to increase the scanning angle
from ~20 deg to ~32 deg to image larger areas of the retina.

The presented PS-OCT set-up is based on a bulk-optics
Mach-Zehnder configuration which allows balanced detection.
A polarizer ensures a linear polarization state at the entrance of
the interferometer. By the use of quarter and half wave plates,
we generate a circular polarization state for illuminating the eye
and a linear polarization state, rotated by 45 deg, returning from
the reference arm. In general, the light returning from the sample
is in an elliptically polarized state depending on the additional
phase retardation that is accumulated while traversing the sam-
ple. This elliptical state interferes, in the second beam splitter
cube, with the linear state from the reference arm and it is
then coupled into two fiber-based polarizing beam splitters
with polarization maintaining fibers. It is important that the
fast axis of both fiber-based beam splitters is similarly oriented
and complies with the orientation of the linear polarization state
produced by the polarizer at the entrance of the interferometer.
In the polarizing beam splitters, the polarization states are split
into two orthogonal components which are, afterwards, simul-
taneously detected by two similar balanced detectors with a
bandwidth of 350 MHz (Thorlabs PDB130C). For digitizing
the signal, a 2-channel 12 bit data acquisition board, operating

(c)

normalized point spread function

/ constant current

12 um

modulated current

400
200
0 1 L l 1 1 J
0 1 2 3 4 5 6 220 240 260 280
time (us) OCT probing depth (um)

Fig. 2 Spectral shaping of forward and backward sweep of the FDML source: (a) Instantaneous power of forward and backward sweep at constant SOA
current (gray trace) and at modulated SOA current (black trace); (b) modulated SOA current for spectral shaping; (c) resulting point spread functions

with constant or modulated SOA current.
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ch1 (hor.)

<F

ch2 (vert.)

<

swept source

Fig. 3 Polarization sensitive optical coherence tomography set-up used for all images acquired, PC: polarization control, POL: polarizer, DC:
dispersion compensation, PBS: polarizing beam splitter, L1: lense f = 80 mm, L2: lense f = 50 mm. For further details see description in the text.

at 500 MSamples/s, (AlazarTech) was used and controlled by
custom-built LabView software. Additional parts, in the set-
up, were a pair of prisms for hardware dispersion compensation
in the reference arm and galvanometer scanners in the object
arm which allowed scanning with a maximum angle of
20 deg when using lenses with equal focal lengths (L1 =
L2 = 50 mm). For enabling raster scanning of larger areas, a
telescope configuration of lenses with different focal lengths
(L1 =80 mm, L2 =50 mm) were used enlarging the scan
angle to 32 deg.

Since the Fabry-Perot tunable filter of the swept source was
driven with a sinusoidal signal and no k-clocking was available
for our custom built source, numerical rescaling of the raw
signal was necessary. We calculated rescaling functions, for
backwards and forwards sweep from signals, that were acquired
from a common path interferometer before each measurement
session.

For the images presented in this work, we illuminated the eye
with ~1.8 mW which is consistent with the ANSI laser safety
limits, providing a sensitivity of ~94 dB. Due to the relatively
fast roll-off, only the first 2 mm of the imaging range provided
suitable results for retinal imaging.

2.3 Imaging Protocol and Data Postprocessing

Two different imaging protocols were used to acquire the data
presented in this paper. For acquiring the 3-D volumes and gen-
erating the intensity, retardation and fast axis cross-sections
shown in Fig. 4, 200 B-scans were recorded, each consisting
of 1000 A-scans. This covered a square of 32 degx32 deg
on the retina in only 0.65 s. With the second protocol, high-
definition 2-D images of intensity, phase retardation, fast axis
orientation and degree of polarization uniformity (DOPU)
were generated by averaging over a B-scan series of 50 single
frames (1000 A-scans per B-scan), acquired at the same
position.*” For averaging the polarization data, protocols
described in Ref. 47 were used.

For both protocols, we performed standard Fourier domain
OCT data preprocessing (fixed pattern noise removal, rescaling
of the spectral data to remove sweep nonlinearities, spectral side
lobe suppression by a Hanning window, zero padding,
dispersion compensation) and an inverse fast Fourier transform
(FFT). Afterwards, we used the resulting complex data sets
(amplitude and phase information) from both channels for cal-
culating reflectivity, retardation, optic axis orientation and
DOPU values as described previously.***

The three healthy human volunteers, imaged with the
described set-up, were informed about the nature and possible
consequences of the study and consent was obtained. The study
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was approved by the ethics committee of the Medical University
of Vienna and adhered to the tenets of the Declaration of
Helsinki.

3 Results

Three-dimensional and 2-D data sets of healthy human volun-
teers were acquired with the described polarization-sensitive
OCT set-up and the described spectral shaping and imaging

sclera

Fig. 4 3-D data set of the central retinal region of a healthy human vol-
unteer acquired in 0.65 s. (200 B-scans, 1000 A-scans per B-scan, scan-
ning angle ~32 degx32 deg): (a) En face intensity image (log scale),
yellow line: B-scans shown in (c), (e), (g); red line: B-scans shown in
(d), (f), (h); (b) En face retardation image (scale bar O deg to 60 deg);
(c) and (d) Intensity B-scan single frames (log scale); (e) and
(f) Retardation B-scan single frames (scale bar: 0 deg to 90 deg); (g)
and (h) Axis orientation B-scan single frames (scale bar: 0 deg to
180 deg). B-scan dimensions: 32 deg (horizontal) x1 mm (vertical;
geometric distance).
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procedures. Figure 4 shows en face scans of intensity and retar-
dation and B-scans of intensity, retardation, and axis orientation
data taken from a 3-D volume which was acquired in 0.65 s.
The intensity en face image in Fig. 4(a) shows the advantage
of the high acquisition speeds since, even in such large volume,
no motion artifacts are visible. The Fig. 4(c), 4(e), and 4(g)
shows intensity, retardation, and fast axis orientation images
from a central position of the 3-D data set which extends
from the fovea to the optic nerve head [marked by the yellow
line in Fig. 4(a)]. The typical polarization characteristics, such as
the depolarization caused by the RPE and the birefringence of
the sclera, are clearly visible in the retardation image 4(e) and
the fast axis orientation image 4(g). B-scans from an inferior
position [Fig. 4(d), 4(f), 4(h)] marked with the red line in 4(a),
show in addition the birefringence of the retinal nerve fiber layer
(RNFL). The birefringence of the RNFL can be even better
visualized by generating en face retardation maps as shown
in Fig. 4(b), where the thick nerve fiber bundles superior and
inferior to the optic nerve head can be identified as areas
with increased retardation, which is in good agreement with pre-
vious findings.**>? For generating retardation en face maps,
segmentation of the RPE is performed based on DOPU values
and only retardation values within a window above the RPE,
which is mainly representing the junction between inner/outer
segments of photoreceptors and the end tips of the photorecep-
tors are averaged.**>" Birefringence, caused by the anterior seg-
ment, is compensated using a software based algorithm
described in detail elsewhere.>®

For comparing the birefringence of the RNFL with previ-
ously published data, we additionally calculated quantitative
birefringence values based on a method described in
Refs. 31 and 54. The retardation values, within the RNFL,
are plotted over the A-scan depth and with a linear fit, the
slope of the retardation is determined and, thereby, the birefrin-
gence. In a second step, an annular area centered at the optic-
nerve head, with an inner radius of approximately 1.3 mm and
an outer radius of approximately 1.7 mm, is divided in four
quadrants. The four quadrants are temporal (spanning an
angle of 50 deg), superior (120 deg), nasal (70 deg), inferior
(120 deg), and are the same quadrants as used for the temporal,
superior, nasal, inferior, temporal diagrams of scanning laser
polarimetry, a common tool in glaucoma diagnostics for exam-
ining the RNFL and its degradation. The used algorithm only
delivers reliable data if the RNFL thickness is above a certain
threshold, therefore, we decided to calculate quantitative data
only for the superior and inferior quadrant. The birefringence
values, within these sectors, were averaged over the respective
A-scans. Birefringence values extracted for the superior
and inferior region from the measurements performed in
the three measured volunteers vary between 2.5 10™* and
2.9 x 107*. This seems to be lower than the values that can
be found in literature. Cense et al. reported in 2002 birefrin-
gence values of 4.5 x 107 near the optic nerve head region
and, in a later work, he presented values ranging from 1.2
to 4.1x10™* for different areas around the optic nerve
head.’>* Yamanari et al. reported values from 1.2 to
6.3 x 10™ around the optic nerve head and Mujat et al.
reported an average birefringence of 3.04 x 10™* for the
RNFL.3 Kemp et al. found values of 3.9x10~* for
RNFL birefringence in the inferior region measured in an
anesthetized primate.S(’ All values, mentioned here, were mea-
sured with PS-OCT set-ups working at a central wavelength
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of 840 nm. A recent paper also presents birefringence values,
measured with a PS-OCT set-up, working at a central wave-
length of 1060 nm.>” The values are in range of 2.94 to 4.71 X
10~ around the optic nerve head.

The discrepancies in the reported values could be caused by
the different probing wavelengths or by variations in the RNFL
birefringence between different subjects.

To investigate this further, we measured the three volunteers,
additionally, with a PS-OCT set-up working at a central
wavelength of 840 nm, which is described in detail in
Ref. 58. In this case, averaged birefringence values, between
2.8 and 3.0 x 107, were observed for the superior and inferior
quadrants. Based on this comparison, one can conclude that
there seems to be a trend towards slightly lower birefringence
values in the superior and inferior quadrant at 1060 nm, how-
ever, the low number of measured subjects does not allow a
definite conclusion.

Figure 5 shows high-definition 2-D scans of intensity, retar-
dation, fast axis, and DOPU calculated from 50 single frames.
The averaged images show reduced speckle characteristics and
improved signal to noise ratio for the intensity [Fig. 5(a)], retar-
dation [Fig. 5(b)], and fast axis orientation [Fig. 5(c)] values.
Because the DOPU values [Fig. 5(d)] are calculated from the
corresponding pixels in 50 frames instead of from a 2-D window
that is moving within a single frame, we maintain nearly the full
spatial resolution for the DOPU images.*’

The depolarization in the DOPU image, in Fig. 5(d), seems
less pronounced than in previously reported findings.*’>® To fur-
ther investigate if the difference is caused by the different prob-
ing wavelength, we examined DOPU images from the same
subject acquired with PS-OCT set-ups working with different
probing wavelengths. Since the imaging speed of the two
set-ups is different (70 and 350 kHz), we decided to use the
2-D window method because, for this method, the window size
for calculating the DOPU values can be better matched. Since
DOPU values are statistic values, varying the window size can
influence the DOPU values.

For a quantitative comparison, two areas of the same size
and at the same spot within each DOPU image, were extracted
and average DOPU values were calculated. One position was
within the RPE directly in the fovea centralis where we observed
average DOPU values of 0.5 for the 840 nm set-up and 0.74 for
the set-up presented here. For a spot more nasal (5 deg from
fovea centralis) on the RPE, we found averaged DOPU values
of 0.64 (840 nm) and 0.78 (1060 nm).

There seems to be a trend to higher DOPU values (less depo-
larization) in the RPE for the 1060 nm set-up, however, more
detailed studies in a larger study group are needed to support
this preliminary finding.

Additionally, we applied an automated algorithm to the
high-definition images, using polarization characteristics for
segmenting the RPE and the choroid-scleral interface (CSI),
for choroidal thickness measurements. The segmentation is per-
formed using polarization data solely based on the procedures
explained in Ref. 39. However, the data sequence used for aver-
aging was acquired in 0.16 s (instead of 0.53 s), which is
3.3 times faster. Moreover, the scanning area was increased
by a factor of 1.6 (32 deg instead of 20 deg). The resulting seg-
mentation lines, generated by the algorithm, are drawn in the
intensity [Fig. 5(e)] and retardation image [Fig. 5(f)]. In a sec-
ond step, the choroidal thickness (ChT) was measured by
calculating the distance between RPE and CSI. For the data
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Fig. 5 Averaged 2-D data sets of the fovea of a healthy human volunteer. (50 frames averaged): (a) intensity image (log scale); (b) retardation image
(scale bar 0 deg to 90 deg); (c) fast axis orientation (scale bar 0 deg to 180 deg); (d) degree of polarization uniformity B-scan (scale bar 0-1); (e) and
(f) Segmentation of choroid based on PS-OCT data; (e) Intensity B-scans (red line: RPE, green line: CSI); (f) Retardation B-scans (top white line: RPE,
bottom white line: CSl; scale bar 0 deg to 90 deg). B-scan dimensions: 32 deg (horizontal) X1 mm (vertical; geometric distance).

set presented here, the mean ChT was 360 ym, which is in good
agreement with the ChT measurement of the same subject
performed with the set-up presented in Ref. 41.

4 Conclusion

We developed a high-speed swept source PS-OCT system
operating at 1060 nm in combination with an FDML laser
that enables an A-scan rate of 350 kHz. By acquiring in vivo
retinal images of healthy human volunteers, we demonstrate
the feasibility of the set-up for high-speed retinal PS-OCT
measurements.

The high imaging speed allows generating 3-D data sets
with less motion artifacts and the wavelength around
1060 nm which is particularly well suited for imaging polariza-
tion characteristics of deeper layers beneath the RPE. Even in
single frames, the birefringence of the sclera is clearly visualized
and in averaged high-definition 2-D frames where the signal to
noise ratio in the deeper layers is further increased, therefore,
birefringence can be detected sufficiently well for segmentation
of the CSL

The FDML laser features a relatively simple and, therefore,
robust optical set-up combined with the capability of arbitrary
spectral shaping. This improves the axial resolution for a given
sweep bandwidth and permits using both sweep directions for
OCT imaging without a buffering stage. Hence, we achieve high
imaging speed while keeping the optical system complexity low.

However, uncompensated chromatic dispersion, in the
long fiber resonator leads, to a rather short coherence length
of the light source which, in turn, causes a fast sensitivity
roll-off for OCT imaging. The FDML laser performs sufficiently
well for imaging thin samples, like the retina, as we have
demonstrated. However, a slower roll-off would be highly ben-
eficial for a practical application. Slower roll-off would allow

Journal of Biomedical Optics

026008-6

imaging of structures spanning a longer depth range, reduce
or even eliminate the residual asymmetry of the roll-off
for both sweep directions, and increase the tolerance for adjust-
ing the reference path length. Especially, the first point is crucial
for introducing high-speed polarization-sensitive imaging
for clinical use since, in patients, thick pathological structures
might occur which can only partly be imaged with the system
presented here. Additionally, it would allow the positioning
of the imaged object further away of the imaging artifact that
is visible in Fig. 5 which could not be removed with fixed
pattern noise removal. Once these issues have been addressed
by further technical development, high-speed PS-OCT, at
1060 nm, has the potential to become a valuable tool for oph-
thalmologic diagnostics. A possible solution might be using a
concept for improving the roll-off for FDML sources which
has been presented recently.*?

Additionally, further investigation and comparison of bire-
fringence values, in the RNFL and DOPU values, obtained
from measurements with different probing wavelengths,
would be interesting to see if our findings can be reproduced.
Our suggestion for such a study would be to increase the number
of subjects and take PS-OCT set-ups with different probing
wavelengths, but with similar parameters (imaging speed, res-
olution, sensitivity, etc.), to ensure that observed differences
are caused solely by different probing wavelengths.
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