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Abstract

We present a high speed polarization sensitive spectral domain optical coherence tomography
system based on polarization maintaining fibers and two high speed CMOS line scan cameras
capable of retinal imaging with up to 128 k A-lines/s. This high imaging speed strongly reduces
motion artifacts and therefore averaging of several B-scans is possible, which strongly reduces
speckle noise and improves image quality. We present several methods for averaging retardation
and optic axis orientation, the best one providing a 5 fold noise reduction. Furthermore, a novel
scheme of calculating images of degree of polarization uniformity is presented. We quantitatively
compare the noise reduction depending on the number of averaged frames and discuss the limits of
frame numbers that can usefully be averaged.

1. Introduction

Optical coherence tomography (OCT) has developed into a very useful technique for
imaging of transparent and scattering tissue [1, 2], and can now be regarded as a standard
tool in retinal diagnostics [3]. The main advantages of OCT are its high sensitivity, high
acquisition speed and its high resolution down to a few microns. Spectral domain (SD) OCT
techniques [4-6] have enabled high speed imaging in 3 dimensions with several 100k A-
lines per second [7].

Polarization sensitive (PS) OCT is a functional extension of OCT [8, 9, 10]. It takes
advantage of the additional polarization information carried by the reflected light, and can
therefore add new image contrast compared to intensity based OCT. PS-OCT can reveal
important information about biological tissue, such as quantitative distribution of
birefringence, which is unavailable in conventional OCT.

A very interesting application field for PS-OCT is retinal imaging [11, 12]. One can
distinguish between polarization preserving (e.g. photoreceptor layer), birefringent (e.g.
retinal nerve fiber layer (RNFL), Henle’s fiber layer) and depolarizing layers (e. g. retinal
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pigment epithelium (RPE)). In addition, PS-OCT can provide qualitative and quantitative
information on birefringent [13-15] and depolarizing tissues [16-21].

First PS-OCT systems were based on bulk optics [8-10], which is not as convenient in terms
of easy alignment and handling compared to fiber based systems. Therefore different fiber
based PS-OCT system have been proposed [22-24].

Recently time and spectral domain (SD) PS-OCT systems based on polarization maintaining
fibers have been presented [25-27]. PM fiber based PS-OCT allows to maintain one of the
main advantages of previous bulk-optics PS-OCT [17], i.e. the use of only a single input
polarization state to simultaneously acquire reflectivity, retardation, optic axis orientation,
and Stokes vector. Various methods have been proposed to correct the phase shift between
the orthogonal polarization states traveling in the two orthogonal modes of the PM fiber
(e.g. insertion of birefringent wedges, exact length matching of reference arm and object
arm fiber). In our recent work, this phase shift is compensated by software in post
processing.

One of the main limiting factors of PS-OCT image quality and quantitative data is speckle
noise. Various methods of speckle noise reduction, based on hardware or software methods
have been proposed for intensity based OCT [28-33]. A very successful method is averaging
of several B-scans that are successively recorded at the almost the same position. This
method is implemented in a commercially available OCT retinal scanner (Spectralis,
Heidelberg Engineering) [34]. By employing a retinal tracker, the instrument is able to
record several successive B-scans almost on the same retinal location. Typically 20 B-scans
are averaged to provide a high-quality nearly speckle free image of the retina.

In this paper, we demonstrate a related method for generation of high quality speckle
reduced PS-OCT images. Instead of using a hardware eye-tracker, we take advantage of new
high-speed CMOS line scan cameras. We record images at a scanning speed of 70-128
kAlines/s, up to more than 6 times faster than with our previous systems for retinal imaging.
This reduces motion artifacts considerably. Residual motion artifacts are corrected by a
software algorithm. Up to 60 successively recorded and motion corrected B-scan data sets
are averaged. We record images at nominally the same position (i.e. at similar settings of the
x-y galvo scanner). Due to eye mation, the speckle pattern of each B-scan changes slightly
and therefore after averaging one can obtain speckle reduced PS-OCT images of intensity,
retardation, and optic axis orientation. Different averaging schemes are compared, the best
ones providing a ~5 fold noise reduction in polarization sensitive images. Furthermore, a
novel scheme of calculating images of degree of polarization uniformity (DOPU), is
presented. Instead of spatial averaging of Stokes vector data, temporal averaging over
successive images is used, which provides a considerably improved spatial resolution of
DOPU images. Finally the limits of these methods are discussed.

2. Methods

The modified system is based on the instrument presented in [26], with the main difference
of a modified spectrometer design including new CMOS cameras. We used a light source
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with a bandwidth of 50 nm and a center wavelength at 840 nm. Light emitted from the
source enters a fiber based isolator to prevent damage of the source due to backreflection. A
polarization control paddle is implemented to match the polarization state of light with the
orientation of the fiber based polarizer. The polarizer provides vertically polarized light
which enters the PM-fiber based interferometer, where it is split by a 50/50 coupler into a
reference and a sample arm. In the reference arm, light exits the PM fiber via a collimator
and passes a variable neutral density filter (for optimizing reference power), a quarter wave
plate (QWP) oriented at 22.5°, a pair of glass prisms for variable dispersion compensation,
and is finally reflected by the reference mirror. After double passage of the QWP, the
orientation of the polarization plane is at 45° to the horizontal, providing equal reference
power in both channels of the polarization sensitive detection unit. In the sample arm, after
exiting the fiber through a collimator, light passes a QWP oriented at 45° which provides
circularly polarized light onto the sample. With the help of an x-y galvanometer scanner and
a telescope the beam is scanned over the retina. After recombination of light from the
reference and the sample arm at the 2x2 fiber coupler, light is directed via a PM fiber to a
fiber based polarizing beam splitter. The two orthogonally polarized beams are guided into
two separate, identical spectrometers. Each spectrometer consists of a transmission grating
(1200 lines/mm), a camera lens with a focal length of 150 mm, and a 4096 element line scan
CMOS camera (Basler sprint spl 4096). To reduce the data transfer rate, only 2048 pixels of
each camera were read out. Our system was operated at an A-scan rate of 70 k A-lines /sec
and 128k A-lines/sec, covering a scan field of 15°x15°. One B-scan consists of 1000 A-
scans (14 ms acquisition time @ 70kHz and 7.8ms @128kHz). For speckle reduced images,
60 B-scans are averaged (840 ms acquisition time @ 70 kHz and 468ms @128kHz), and 3D
data sets consist of 120 B-scans (acquisition time 936ms). The sensitivity of the system was
96 dB at 70k A-lines/sec and 94 dB at 128k A-lines/sec. The depth resolution of the system
is 4.5um in tissue and the transversal resolution is 12um.

3. Signal Processing

After standard SD-OCT data preprocessing (fixed pattern noise removal, zero padding,
rescaling of the spectral data from wavelength to wave number space, dispersion
compensation) an inverse FFT is performed. In a next step, the PM fiber length mismatch is
compensated (a detailed description of this method can be found in [26]), and from the
resulting structure term the amplitude and phase values of each channel are calculated. From
these quantities the reflectivity, the retardation, and the optic axis orientation can be
calculated as described in [35].

With the system used for this work an imaging speed of up to 128 kHz A-scans/s was
achieved. This high acquisition speed enables imaging the retina with minimal motion
artifacts, which allows to average several B-scans recorded at nominally the same location,
which strongly improves the image quality by increasing the signal to noise ratio and
reducing speckle noise. Therefore, up to 60 B-scans where acquired at the same position and
averaged afterwards. To minimize remaining motion artifacts custom made correction
software was applied [36]. The software is based on the calculation of a cross correlation of
each individual B-scan to a fixed reference frame. This fixed reference frame can be
arbitrarily chosen from the stack of B-scans. First, the amplitude square sum of channel 1
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and 2 is calculated for each B-scan afterwards the resulting images are motion corrected.
The resulting translation matrix for each B-scan is saved. With the help of these matrices all
other parameters can be motion corrected (i.e.: amplitude of channel 1 and channel 2,
retardation, optic axis orientation, and each Stokes vector element). After motion correction,
the image stacks are averaged. While averaging of the intensity data is straightforward, there
are different possibilities to average the polarization data which yield different image
quality. First, different averaging techniques for retardation are discussed. The first method
is based on calculating the retardation for each individual B-scan and averaging all
calculated images afterwards (retardation averaging method 1)
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were Ay (X, z) denotes the amplitude of the vertical polarization channel, x the transversal
position, z the depth position, Ay (X, z) denotes the amplitude of the horizontal polarization
channel, i is the frame number and n is the number of averaged B-scans. The second method
averages all images of the vertical (Ay) and horizontal (Ay) channel separately. Afterwards
one can calculate the retardation & with the following formula (retardation averaging method
2):
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The third method is to apply a histogram based algorithm (similar to modal averaging).
First, in each individual retardation B-scan the retardation at each pixel coordinate 8; (x, z)
(i...frame number) is taken and stored in a separate linear array A8 (x, z) holding all
retardation values of the corresponding position (x,z). Afterwards for each array A8 a
histogram of retardation values is calculated. The peaks of the histograms obtained for each
array AS are regarded as the corresponding retardation value (retardation averaging method
3).

With the setup used in this work the optic axis orientation 0 can be calculated with the
following formula

180" — AP
2

0 3

were A® is the phase difference of the vertical and horizontal channel. As can be seen from
the above equation, the optic axis orientation is entirely encoded in the phase difference. The
2m ambiguity of the phase difference of the two channels makes simple averaging not
meaningful. Due to noise, phase values near the limits —m or  can randomly jump from one
of the extremes to the other and therefore an averaging would yield values near 0. To solve

that problem one can either use a similar histogram based algorithm as described above for
averaging retardation (optic axis averaging method 1), or one can use an extended averaging

Opt Express. Author manuscript; available in PMC 2015 April 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Gotzinger et al.

Page 5

algorithm for phase values as described for Doppler imaging [37]. For this method a
complex phasor A, (x,y) for each phase difference is calculated:

AD; (z,y) =exp (IAD (z,y)) @)

Afterwards the average phase difference A®ay/(X,y) can be calculated with the following
formula (optic axis averaging method 2)
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This method is similar to the Kasai estimator method used for Doppler OCT imaging [38],
however applied to unit amplitude phasors.

As an additional polarization parameter we calculated the degree of polarization uniformity
(DOPU) [19], a parameter closely related to the degree of polarization (DOP) (which cannot
be directly measured by a coherent detection technique like OCT). According to the original
definition, DOPU is calculated from Stokes vector elements averaged within a tiny
evaluation window which floats over the whole B-scan. This value can be used to segment
depolarizing layers such as the retinal pigment epithelium. A detailed description of this
method can be found in [19]. This method has the drawback of reduced spatial resolution of
DOPU images because the images are a convolution of real structure with an evaluation
window size. Here we chose a different approach to calculate DOPU maps with improved
resolution. Since our new high speed PS-OCT setup allows very fast acquisition of B-scans
at nominally the same location, we can replace the spatial evaluation window for calculating
DOPU with a temporal window. Due to eye motion between successively acquired B-scans
the speckle pattern at each xz position changes slightly and therefore a meaningful ensemble
of speckles can be used for calculating DOPU. Similar as in the histogram based algorithms
described above, arrays S; (x, z) of Stokes vectors are built. From these, sub-arrays of
normalized Stokes vector elements Qj(x,z), Uj(x,z),Vi(x,z) are calculated. DOPU (x,z) is
now calculated by:

DOPU (z,z) = \/an (z,2) +U2 (z,2)+V2 (z,2) (6)

Were the index m indicates that the respective Stokes vector element was averaged within
the respective sub array (i.e. the averaging of Stokes vector elements is performed over
pixels recorded successively at nominally the same spatial position). This enables to
calculate DOPU images with improved spatial resolution. The actual resolution depends on
the residual motion artifacts after software motion correction. It should be mentioned that
there is a trade-off between actual resolution and number of independent speckles included
in the averaging process (see discussion).

An interesting parameter for glaucoma diagnosis is birefringence of the RNFL. The typical
approach for calculation of the birefringence is described in [13-15]. Briefly, first one has to
align each A-scan of the retardation image with respect to the detected retinal surface in a
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way that the RNFL surface appears as a horizontal line in the B-scan. After this alignment,
the retardation data are averaged in transverse direction along the B-scan (floating average
over typically 75 adjacent A-scans) to reduce speckle noise. Then a linear regression in
depth direction is performed on the data points between surface and posterior border of the
RNFL. The slope of the linear regression is proportional to the birefringence value at this
location. Since our methods described above provide already reduced speckle noise by
averaging the intensity and retardation data, no further averaging for calculation of the
birefringence is necessary, and therefore an A-scan wise calculation of birefringence is
possible, thus improving the spatial resolution of birefringence measurement.

4. In Vivo Imaging

PS-OCT imaging was performed in a healthy volunteer after informed consent was obtained.
All measurements were approved by the ethics committee of the Medical University of
Vienna and followed the tenets of the Declaration of Helsinki.

A promising application of PS-OCT is glaucoma diagnosis. In glaucoma, the RNFL is
damaged, leading to reduced RNFL thickness and birefringence. It is hypothesized that a
decrease of birefringence precedes a thickness reduction of the RNFL [39]. This effect can
best be observed in areas of thick RNFL bundles around the optic nerve head. Therefore,
circular scans around the optic nerve head are standard protocols of glaucoma diagnostics by
OCT.

Figure 1 shows a circular scan around the optic nerve head (healthy subject) with a diameter
of ~10 deg (~3 mm diameter). The images were acquired with 70k A-lines per second.
Figure 1(a) shows the intensity image of a single circular scan, and Fig. 1(b) shows the
intensity image averaged over 60 B-scans.

The image shows increased thickness of the RNFL, the topmost bright reflecting layer, in
the superior and inferior region, and a thin RNFL in the nasal and temporal region. Also
several blood vessels can be observed. Figure 1(b) shows that averaging strongly improves
the signal to noise ratio and also reduces speckle noise. Figure 1(c), 1(d) show a zoomed
region of Fig. 1(a) and 1(b) (white rectangular window). The ghost images in the area in
front of the retina are probably caused by imperfect optical elements that cause cross
coupling of polarization states into the wrong mode of the PM fibers. A solution for
removing these ghost images would be using longer PM fibers in the Michelson
interferometer which would further separate the position of the ghost images (for a detailed
discussion see [26]).

Figure 2(a) shows a single circular scan of retardation (same data set as in Fig. 1). To avoid
erroneous data points of retardation and optic axis orientation caused by noise we first apply
a thresholding procedure based on the intensity data to gate out areas with low signal
intensity (threshold value: 3 times local intensity noise). Areas below the intensity threshold
are displayed in grey. To reveal the true birefringent properties of the RNFL we had to
compensate for corneal birefringence. We used the retardation and axis orientation measured
locally at the retinal surface around the nerve head to correct for anterior segment
birefringence by a software algorithm [40]. The expected increase of retardation with depth
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at the thickest RNFL bundles can be observed in the retardation image. To compare the
performance of the different averaging techniques described in section 3 we applied the
different averaging algorithms to the data set. Figures 2(b)-2(d) show images where
retardation averaging methods 1, 2 and 3 have been used. One can clearly see that all three
averaging techniques strongly improve the overall image quality, compared to the single
circular scan. Figure 2(e), 2(f) show a zoomed region of Fig. 2(a) and 2(c), respectively
(black rectangular window).

Figure 3(a) shows a single circular scan of optic axis orientation (same data set as in Figs. 1
and 2). The optic axis orientation image shows two full color oscillations from left to right,
in good agreement with the radial orientation of the nerve fiber bundles around the optic
nerve head (corresponding to 2 x 180° axis orientation change). For the optic axis
orientation data we also applied the different averaging techniques described in section 3
and compared the results. Figures 3(b), 3(c) show images where optic axis orientation
averaging methods 1, 2 have been used. Figure 3(d) shows the same data as Fig. 3(c)
however, with a cyclic color scale [41]. An advantage of such a cyclic color scale is that
there are no abrupt color jumps at the -ni/+m border; instead, a smooth change is observed, in
agreement with the continuous transition along the circle circumference. Figures 3(e), 3(f)
show a zoomed region of Fig. 3(a) and 3(d), respectively (black rectangular window).

We also quantitatively compared the signal improvement achieved by the averaging
techniques. For this purpose we cut out a window with a size of 50(x-direction) x 100(z-
direction) pixels at a position where the retardation and optic axis orientation should stay
rather constant (see white rectangle in Fig. 2(a), window not drawn to scale) and calculated
the mean value and the standard deviation of these values within the evaluation window.
This procedure was applied for each image in Fig. 2 and 3.

The results for the retardation averaging methods are shown in Table 1. As can be seen all
averaging methods strongly decrease the standard deviation. Retardation averaging method
2 yields the best results and reduces the standard deviation by a factor of 5. Therefore for the
remaining part of this paper only retardation averaging method 2 was used. Similar analysis
was performed for the optic axis orientation averaging methods. The results are shown in
Table 2. It can be seen that optic axis orientation averaging method 2 yields the best results
and decreases the standard deviation by a factor of ~3.5. Therefore for the remaining part of
this paper only optic axis orientation averaging method 2 was used.

We also quantitatively compared the signal improvement depending on the number of
averaged frames. For this purpose a similar analysis as described above was performed. The
results are shown in Table 3 and are discussed in detail in section 5. Figure 4(a), 4(c), 4(e)
shows images of intensity, retardation, and optic axis orientation averaged over 40 frames
and Fig. 4(b), 4(d), 4(f) images averaged over 10 frames (same data set as in Figs. 2 and 3).
As can be seen, the quality of the images averaged over 40 frames looks similar to the
images averaged over 60 frames, whereas when only averaging over 10 frames the image
quality is considerably decreased.
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As mentioned before, birefringence, i.e. retardation per unit depth, is an important quantity
that might be useful for glaucoma diagnostics and that can be measured directly by PS-OCT.
Figure 5 shows birefringence evaluation of the RNFL along the circumpapillary scan of
Figs. 1, 2, and 3. The boundaries of the RNFL which were detected by an intensity based
algorithm (as described in [15]) are indicated by red lines (Fig. 5(a)). Figure 5(b) shows a
circumpapillary plot of birefringence without any lateral averaging.

Another important region for retinal diagnostics is the foveal area. Figure 6 shows images of
the fovea of a healthy volunteer. Figure 6(a) shows the intensity image of a single B-scan
scan, and Fig. 6(b) shows the intensity averaged over 60 B-scans.

In the single scan image (6a) all the layers and features known from non polarization
sensitive ultra high resolution OCT systems can be observed. Figure 6(b) shows that
averaging strongly improves the signal to noise ratio in general and especially reduces
speckle noise.

Figure 7 shows images of retardation and optic axis orientation obtained from the same data
set as used in Fig. 6. Figures 7(a), 7(c) show the retardation and optic axis orientation of a
single B-scan, respectively. Figure 7(b) (retardation) and Fig. 7(d) (optic axis orientation)
show images averaged over 60 B-scans. The single scan images show, that most of the
retinal layers in this area do not alter the polarization state. However, the RPE changes the
polarization state of backscattered light in a random way (random variation from speckle to
speckle), indicating depolarization [16]. Due to speckle noise reduction the averaged images
of retardation and optic axis orientation look much smoother. However, due to the averaging
process the depolarizing effect of the RPE is washed out.

From the PS-OCT data the DOPU image can be calculated [19]. The DOPU image
quantitatively shows the extent of depolarization caused by retinal layers, and was shown to
be a helpful tool for segmenting the RPE. Figure 8(a) shows a DOPU image of a healthy
human retina obtained by the originally reported method from a single B-scan set of Stokes
vectors with an evaluation window size of ~70(x) um x 18um(z). The depolarizing RPE
with its low DOPU value (green color) is clearly observed. Figure 8(b) shows a DOPU
image which was calculated from 60 successive B-scans as described in section 3. Since in
this case no spatial averaging within one B-scan is necessary, the resolution of the resulting
DOPU image is strongly improved. Figures 8(e), 8(f) show a zoomed region of Fig. 8(a) and
8(c), respectively (black rectangular window).

To further reduce remaining motion artifacts we increased the imaging speed to 128k A-
scans per second. Figure 9 shows intensity images of the fovea of a healthy volunteer.
Figures 9(a) and 9(b) show a single B-scan scan, and an average of 60 B-scans, respectively.

Although S/N is reduced at 128 kHz scan rate, still all the major layers are visible. Figure
9(b) shows that the averaged image is nearly without any motion artifacts. Compared to 6b
the higher imaging speed seems to improve the visibility of fine structures like capillaries in
the anterior retinal layers, probably because less residual motion artifacts are present.
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Figure 10 shows polarization sensitive images retrieved from the data set of Fig. 9. Figures
10(a) and 10(c) show retardation and optic axis orientation of a single B-scan. The
polarization scrambling caused by the RPE is still visible, although S/N is reduced. Figures
10(b) (retardation) and 10d (optic axis orientation) are averaged over 60 B-scans. Figure
10(e) shows a DOPU image calculated from 60 successive B-scans.

To demonstrate the 3D imaging capability of our instrument we imaged the optic nerve head
region of a healthy volunteer. The 3D image stack consists of 120 B-scans (1000 A-scans
per B-scan) and was recorded at an A-scan rate of 128 kHz, which results in 930ms for the
whole 3D data set. A reconstructed fundus intensity image of the optic nerve head region
can be seen in Fig. 11(a). The fundus image is obtained via intensity summation along A-
scans (z-projection) [42].

From this 3D data set we also calculated phase retardation maps showing retardation
introduced by the RNFL. A detailed description of this method can be found in [43]. We
further compared the results with scanning laser polarimetry (SLP) [44], a commercially
available SLO based polarimetry technique (Carl Zeiss GDx VCC). Figures 11(b) and 11(c)
show phase retardation maps obtained by PS-OCT and SLP in the same eye. In the SLP
image (Fig. 11(c)) the expected nerve fiber layer retardation pattern can be observed (i.e.
increased retardation superior and inferior to the nerve head, indicating thicker RNFL
compared with decreased retardation temporally and nasally, indicating thinner RNFL). In
the PS-OCT image (Fig. 11(b)) a very similar pattern can be observed and both images are
in good agreement.

5. Discussion

We have presented an improved SD PS-OCT system capable of retinal imaging with up to
128 k A-lines/s. The improved imaging speed reduces motion artifacts and enables to record
several ten B-scans at nominally the same location within a fraction of a second. Residual
motion artifacts can be compensated by software postprocessing. The acquisition of several
B-scans at the same position allows to generate averaged images with greatly improved
image quality which is due to reduced noise. While noise reduction by averaging is already
commercially available for intensity based retinal imaging (Spectralis OCT, Heidelberg
Engineering), it has not yet been demonstrated for PS-OCT. In this paper, we demonstrated
noise reduction by averaging for PS-OCT and, furthermore, compared different averaging
methods quantitatively. A noise reduction of up to a factor of 5 for retardation and 3 for
optic axis orientation could be achieved. Furthermore, the use of a temporal window for
averaging Stokes vector elements instead of the previously used spatial window improved
the spatial resolution of DOPU images by eliminating the convolution of the image structure
with the evaluation window.

Interesting questions in the context of noise reduction by averaging are the contributions of
statistical noise (shot noise, excess noise, receiver noise) and deterministic noise (speckle
noise), the limit of the number of frames to be averaged, beyond which no further
improvement is achieved, and the trade-off between S/N improvement by averaging and loss
of spatial resolution. If the spatial relation between instrument and eye would be exactly the
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same for all averaged B-scans, each B-scan would have exactly the same speckle structure,
and averaging would only reduce the statistic noise but not the deterministic speckle noise.
To improve the speckle noise, averaging has to be performed over several independent
speckles, i.e., over a volume that contains several speckles.

Different mechanisms can generate independent (decorrelated) speckles at the same nominal
position (same settings of x-y scanner): (i) Rotations and axial motions of the eye. These
rotations are translated into lateral shifts of the image, so these movements are equivalent to
image shifts in three dimensions. (ii) A translational movement of the eye with respect to the
illuminating beam will cause the beam to enter the pupil at different positions, which
slightly changes the angle of the beam incident on the retina; oblique beams sample slightly
different positions, giving rise to a different speckle structure. (iii) Focus changes by
residual accommodation during the scan will change the wave fronts and might also slightly
change the speckle pattern. The latter effect (iii) is probably negligible for an
unaccommodated eye looking towards infinity, and within the short acquisition time of less
than a second. Regarding point (ii): If we assume a maximum shift of the eye’s entrance
pupil of ~+ 1 mm, and a focus position at the photoreceptor layer, the maximum lateral shift
of the beam at the surface of a retina of ~300 um thickness is of the order of + 10 ym, i.e., in
total not more than the size of a speckle (in transverse direction). This effect might therefore
slightly add to averaging of independent speckles, however, we think that mechanism (i) is
the dominating one.

Speckle reduction by averaging of independent speckles generated by mechanism (i) can
only work if the motion correction is not perfect, i.e. if there is a shift between individual
frames so that several independent speckles are covered by averaging. We can roughly
estimate the number of independent speckles included by the averaging process. The shift of
individual frames that the software motion correction algorithm applies can be extracted
from the processing algorithm. It covers ~45-60 um or ~3-4 speckles in x direction and ~10
um (2 speckles) in z-direction. From the sharpness of individual very fine features (e.g.
external limiting membrane, capillaries in anterior retinal layers), we can conclude that the
motion correction algorithm reduces the residual motion artifacts to within ~0.5 — 1 speckle
diameters (these residual artifacts are probably caused by in-frame distortions). Therefore,
within the x-z plane ~2-4 independent speckles contribute to the averaging process. Previous
work has shown, that the eye motions in y-direction have approximately similar magnitude
as in x-direction [7], i.e. extends over ~3-4 speckles. Motions in y-direction are not corrected
by our algorithm. Therefore, we estimate that a total of ~6 — 16 independent speckles are
included in the averaging process. Since noise reduction scales with the square root of
independent measurements, one would expect an improvement by roughly a factor of 3-4
from speckle noise reduction.

If we compare these results with Tables 1 and 2, we see that the total noise reduction
achievable is somewhat larger, at least in the case of retardation imaging. For this quantity,
the standard deviation can be improved by a factor of ~5 (averaging method 2) for averaging
over n = 60 frames. The additional reduction can be explained by reduction of statistical
noise. For the axis orientation, the improvement factor is only ~3. The reason for this
discrepancy is probably that the axis orientation is encoded in the phase difference of the
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signals. Phase images suffer more from statistical noise than intensity images. A look at
Table 3 shows that, while the maximum number of n beyond which no further noise
reduction is observed, is n ~40 for retardation images, whereas axis imaging benefits from
larger n, and with n = 60 the maximum number of useful frames might not yet be reached.

There is a trade-off between noise reduction by averaging and loss of spatial resolution. The
averaging over several spatially separated speckles means that each resolved image point
contains signal smeared out over the physical locations corresponding to these speckles,
equivalent to a resolution loss. However, one should be aware that the definition of
resolution within an OCT image of a scattering sample is not simply the size of the point
spread function (as in case of imaging a single point scatterer or a specular reflecting
surface). While the speckle size resembles the point spread function, a single speckle cannot
be regarded as corresponding to a resolved structure. Usually a few speckles are necessary to
judge, e.g., the position of a boundary. Therefore, the sampling over 2-4 independent
speckles within the x-z plane seems not to be a real sacrifice, given the reduced noise. On
the other hand, the averaging in y-direction over ~3-4 speckles is equivalent to acquiring
data from a sheet of ~50-100 um thickness, i.e., fine details perpendicular to the B-scan
direction will get smeared out by the averaging procedure.

Finally, it should be mentioned that the numbers presented in this analysis are system
dependent. Different system parameters (axial and transverse resolution, sampling density,
imaging speed) can influence the motion correction and also the speckle size, and thereby
the number of independent speckles that can be averaged. Furthermore, the software based
motion correction works only with subjects of sufficient fixation capabilities. In the data sets
used in this work, we observed translational shifts among all B-scans of a set within a range
of 30 to 500pm, which were well tolerated by the motion correction algorithm. For larger
motions that might occur with unstable patients, hardware tracking might be required.
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Fig. 1.

Cigrcumpapillary PS-OCT scans (1000 A-scans from healthy human retina in vivo. Intensity
image on log scale (a) single scan; (b) averaged over 60 circular scans; Orientation of scan
from left to right: Inferior, nasal, superior, temporal, inferior. (c) zoomed in region of Fig.
1(a) (rectangular window), (d) zoomed in region of Fig. 1(b) (rectangular window). Scan
diameter: ~10 deg (corresponds to a circumference of ~9.4 mm, equal to horizontal image
width; optical image depth: 1.8 mm).
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Fig. 2.

Ci?cumpapillary retardation PS-OCT scans. (a) retardation of single circular scan; (b)
retardation averaging method 1; (c) retardation averaging method 2; (d) retardation
averaging method 3; color bar for all scans 0°-90°.) (e) zoomed in region of Fig. 2(a)
(rectangular window), (f) zoomed in region of Fig. 2(c) (rectangular window). Rectangular
window in (b) (not drawn to scale) indicates position where statistics was performed (see
text). Scan diameter: ~10 deg (corresponds to a circumference of ~9.4 mm, equal to
horizontal image width; optical image depth: 1.8 mm).
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Fig. 3.
Circumpapillary optic axis orientation PS-OCT scans. (a) optic axis orientation of single

circular scan; (b) optic axis orientation averaging method 1; (c) optic axis orientation
averaging method 2; (d) optic axis orientation averaging method 2 with cyclic color bar
(color bar on bottom right); color bar for all scans —90° to +90° (e) zoomed in region of Fig.
3(a) (rectangular window), (f) zoomed in region of Fig. 3(d) (rectangular window). Scan
diameter: ~10 deg (corresponds to a circumference of ~9.4 mm, equal to horizontal image
width; optical image depth: 1.8 mm).
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Fig. 4.

Ci?cumpapillary PS-OCT scans. (a), (), (e):Intensity, retardation, optic axis orientation
averaged over 40 circular scans; (b), (d), (f): Intensity, retardation, optic axis orientation
averaged over 10 circular scans. Scan diameter: ~10 deg (corresponds to a circumference of
~9.4 mm, equal to horizontal image width; optical image depth: 1.8 mm).
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Fig. 5.
(a) Circumpapillary intensity scan (averaged) with segmented RNFL (red lines); (b)
Circumpapillary plot of birefringence.
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Fig. 6.

Intensity image of the fovea of a healthy volunteer @ 70 kHz A-scan rate. (a) Single scan;
(b) Intensity averaged over 60 B-scans. Image size: 15° (horizontal) x 0.75 mm (vertical,
optical distance).
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Fig. 7.
PS-OCT B-scan image of healthy human fovea in vivo. (a) retardation of single B-scan; (b)
retardation averaging method 2; (c) optic axis orientation of single B-scan; (d) optic axis

orientation averaging method 2; color bars similar to Figs. 2 and 3. Image size: 15°
(horizontal) x 0.75 mm (vertical, optical distance).
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Fig. 8.
PS-OCT B-scan of healthy human fovea in vivo. (a) degree of polarization uniformity

DOPU (color bar: 0-1) calculated from single frame (b) DOPU image calculated from 60 B-
scans. (c) zoomed in region of Fig. 8(a) (rectangular window), (d) zoomed in region of Fig.
8(b) (rectangular window). Image size: 15° (horizontal) x 0.75 mm (vertical, optical
distance).
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Fig. 9.

Intensity image of the fovea of a healthy volunteer @ 128 kHz A-scan rate. (a) single scan;
(b) average of 60 B-scans. Image size: 15° (horizontal) x 0.75 mm (vertical, optical
distance).
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Fig. 10.

PS-OCT B-scan image of healthy human fovea in vivo @ 128 kHz A-scan rate (a)
Retardation of single B-scan; (b) retardation averaging method 2; (c) optic axis orientation
of single B-scan; (d) optic axis orientation averaging method 2; (¢) DOPU image calculated
from 60 B-scans; color bars similar to Figs. 2-3. Image size: 15° (horizontal) x 0.75 mm
(vertical, optical distance).
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Fig. 11.
Comparison of phase retardation introduced by the RNFL in the nerve head region of a

healthy volunteer measured with SLP and PS-OCT (a) Fundus image reconstructed from the
3D data set; (b) Phase retardation map calculated from the PS-OCT data (color bar: deg); (c)
Phase retardation map recorded with SLP (color bar: deg).
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Table 1
Quantitative Comparison of Retardation Averaging Techniques

Retardation averaging method | Retardation [°] (mean+/- SD)
Single scan 14.1+/-9.2
averaging method 1 17.2+/-3.4
averaging method 2 13.4+/-1.9
averaging method 3 9.3+/-4.3
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Table 2
Quantitative Comparison of Optic Axis Orientation Averaging Techniques

Optic axis orientation averaging method | Optic axis orientation [°] (mean+/- SD)
Single scan -42.1+/-13.5
averaging method 1 -51.4+/-7.6
averaging method 2 -48.7+/-4.3
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Table 3
Quantitative Comparison of Number of Averaged Frames

number of averaged scans | Retardation [°] (mean+/- SD) | Optic axis [°] (mean+/- SD)
60 13.2+/-19 —48.9 +/- 4.3
50 13.1+/-19 -49.1 +/- 4.8
40 13.2+/-21 -49.3+/-5.1
30 13.2+/-24 -49.5 +/- 5.8
20 13.3+/-29 -49.8 +/- 6.9
10 13.2+/-3.9 -49.0 +/- 9.1
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