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Abstract

Speckle noise is a ubiquitous artifact that limits the interpretation of optical coherence tomography
images. Here we apply various speckle-reduction digital filters to optical coherence tomography
images and compare their performance. Our results indicate that shift-invariant, nonorthogonal
wavelet-transform-based filters together with enhanced Lee and adaptive Wiener filters can
significantly reduce speckle and increase the signal-to-noise ratio, while preserving strong edges.
The speckle reduction capabilities of these filters are also compared with speckle reduction from
incoherent angular compounding. Our results suggest that by using these digital filters, the number
of individual angles required to attain a certain level of speckle reduction can be decreased.

1. Introduction

Optical coherence tomography (OCT) is a promising technology for imaging the microscopic
structure of human tissue in vivo [1-14]. Owing to the coherent nature of the image formation
process, OCT images suffer from speckle noise. Speckle noise limits the contrast and the signal-
to-noise ratio (SNR) of OCT images, making the interpretation of architectural morphologic
features required for clinical diagnosis difficult.

Speckle is problematic for other imaging modalities as well, including synthetic aperture radar
(SAR), remote sensing, ultrasound, sonar, etc. In these fields, a substantial amount of signal
processing research has been conducted to combat speckle noise, resulting in the development
of powerful digital filters for reducing speckle while preserving edge sharpness [15-23].
Speckle reduction in OCT has been addressed by modifying imaging configurations and
through the use of signal processing. Recently, some digital algorithms [6,9,12,13] have been
applied to OCT images with encouraging results. Optical approaches that physically reduce
speckle by incoherent averaging (compounding) have also been demonstrated [5,8,10,14].

In this paper, we evaluate classes of digital filters that are optimized to reduce speckle in an
OCT image while maintaining strong edge sharpness. For this purpose, the performance of
seven different speckle-reduction filters [15-23] were compared, namely, an enhanced Lee
filter (ELEE) [15,17], two & trous wavelet-transform-based filters [18,19], a hybrid median
filter (HMF) [20], a symmetric nearest-neighbor (SNN) filter [21], a Kuwahara filter [22], and
an adaptive Wiener filter [23]. These filters have been successfully applied to the problem of
speckle reduction for other imaging technologies as summarized in Table 1 [24-45]. Even
though each filter will perform differently for different imaging modalities (depending on the
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physical origin of speckle), a quantitative comparison of the performance of these filters for
different speckle patterns (e.g., OCT versus ultrasound) is beyond the scope of this paper.

We also compare digital filtering with a physical speckle-reduction technique [8,14], which
involves acquiring several angularly resolved images and incoherently compounding these
images to reduce speckle. With angular compounding, use of a large number of angles increases
the complexity of the imaging system and the overall acquisition time. We therefore studied
the possibility that by combining digital filtering and angular compounding, fewer angles could
be utilized to attain a given speckle-reduction performance level.

Among the filters summarized in Table 1, the ELEE filter [17] is an improved version of the
original Lee filter [15], which operates on the assumption that speckle is a multiplicative noise
process, i.e., the speckle pattern is fully developed. In terms of performance and principles of
operation, the Lee filter [15] is very similar to the Kuan filter [16], and for speckle reduction,
the ELEE filter performs better than the original versions of both the Lee [15] and the Kuan
[16] filters. For this reason, in this study we focus only on the ELEE filter from this class of
filters. This class of filters is based on computing the local coefficient of variation, which
measures the image homogeneity [17].

We also used two speckle-reduction filters that are based on a shift invariant, nonorthogonal
wavelet transform called the a trous wavelet transform [18]. These algorithms reduce visual
artifacts in filtered images that usually occur in regular shift-variant wavelet-transform-based
filters due to the nature of the decimated orthogonal wavelet basis [18]. The main difference
between the two a trous wavelet-transform filters used in this work is that the second filter
[19], which we refer to as wavelet 2, applies a separate threshold value for each individual
wavelet level. This operation results in speckle reduction with reduced ringing artifacts that
usually occur with wavelet-transform-based filters.

Among other digital filters that we investigated, HMF is an edge preserving speckle-reduction
filter that combines the advantages of median filters with adaptive filters [20]. The HMF type
of filtering is especially suitable for nonstationary signals, and the filter output is basically the
median of two adaptive subfilters and the input image [20]. The SNN filter [21] uses spatial-
symmetry and nearest-neighbor constraints within the smoothing window to preserve the edges
and corners in an image. One of the main advantages of the SNN filter is that it operates without
searching the location and the orientation of the edges within the smoothing window, thereby
saving computation time and decreasing complexity.

With the Kuwahara filter [22], the mean and variance of four subquadrants of a windowed
section of the image is computed, and the output value of the center pixel in the window is
replaced by the mean value of the region that has the smallest variance. Finally, the adaptive
Wiener filter [23] computes the local mean and variance and nearest-neighbor constraints
within the smoothing inside a window centered on each pixel of the input image. These local
statistics are then used adaptively to generate a pixelwise Wiener filter. The entire image is
filtered by repeating the same procedure for each pixel [23].

In this work, all of the above digital filters were implemented using MATLAB (version 7.1)
on a 1.6 GHz Pentium M personal computer. Filter performance was evaluated using
established speckle-reduction performance metrics [6,9,12,13], including SNR, contrast-to-
noise ratio (CNR), and equivalent number of looks (ENL), which is a measure of the
smoothness of a homogeneous region of interest. The following definitions for these image
quality metrics were used [6,9,12,13]:
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where Fjj, is the linear magnitude image, ‘lem is the variance of Fj;, in a background noise

region, x4 and (rﬁ are the mean and variance of the same background noise region, x4y and 0'%
are the mean and variance of all the homogeneous regions of interest (H), and finally x, and

o2 are the mean and variance of all the regions of interests (R), including the homogeneous
regions (H). Following earlier work [12], except for the SNR calculations, all the other
parameters were computed from the logarithmic OCT images. In our numerical investigation,
we used H=5 and R=9, excluding the background region. And finally, for ELEE, HMF, SNN,
Kuwahara, and the adaptive Wiener filters, a window size of 5 x 5 pixels was used in the
numerical evaluation of these filters. This choice of window size for these filters is also
commonly made in the literature [24-35,41-45]. On the other hand, for an OCT image to be
filtered, the optimum choice of this window size should also take into account the residual
correlation between two adjacent pixels of the OCT image. For instance, in the case of zero
padding, the adjacent pixels in a single A line start to become correlated, and therefore the
window size needs to be increased. The same phenomenon also holds for oversampled OCT
images, where the physical distance between two adjacent A lines is significantly less than the
beam width. In this work, we did not use zero padding for each A line, and the distance between
two A lines was half of the beam diameter (FWHM), which gave us good results for a window
choice of 5 x 5 pixels. However, for ELEE, HMF, SNN, Kuwahara, and the adaptive Wiener
filters, the quantitative study of the effect of the window size on zero padding and oversampling
in OCT images is left as a future work.

We also defined an average figure of merit (FOM), FOM=SNR,+ENL,+CNR},, where the
subscript n refers to the fact that the image quality metric is normalized, i.e., for the filter that
performed best in, e.g., SNR criteria, SNRp, is equal to 1. Therefore, an FOM of 3 indicates
that the filter performed the best in all of the three image quality metrics, SNR, ENL, and CNR.

To further quantitatively compare the performance of the filters, we defined the resultant image
of the above-described angle compounding technique [14] (where N=64 mutually incoherent
images were combined) as our gold standard image, Ig(X,y). Using this gold standard image,
we defined mean square error (MSE) as another image quality metric for each filter output,

IE(x,Y), i.e.,

wisp L) = I (2x,y)|2dxdy.
[ 11, (x.y)Pdxdy .

2. Experimental Results

To compare the performance of the digital filters, we imaged a bovine retina ex vivo with an
angle-resolved optical frequency-domain imaging (OFDI) system [14]. The OFDI system is
composed of a wavelength-swept source (centered at 1295 nm with a range of 130 nm and a
sweep rate of 25 Hz) and an InGaAs line-scan camera with 512 pixels [14]. We utilized 400
pixels of the InGaAs line camera to simultaneously record the backscattered light collected
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from an angular range of 32°. From these 400 images, approximately, 64 were determined to
be mutually incoherent; these 64 were subsequently used for angular compounding.

The quantitative performance of the angle compounding is summarized in Fig. 1, and image
data are presented in Fig. 2. The top row in Fig. 2 shows the unfiltered images of the same
bovine retina for N=1, 4, and 64, where N refers to the number of angles used to form the
compound image. Other rows of Fig. 2 (as will be explained in detail later on) show four
different filter outputs for N=1, 4, and 64. Therefore each column in Fig. 2 shows the
comparison (for a given N) between the unfiltered image and the filtered images. As can be
seen in the top row of Fig. 2, it is evident that as N increases, speckle noise diminishes, due to
the speckle reduction capability of the physical, angular compounding approach [14].

Digital speckle-reduction filters can be applied in two different ways to OCT images (for

N>1). (1) Postcompounding digital filtering, where the digital filter is applied to the final image
after the angle compounding is done; and (2) precompounding digital filtering, where the digital
filter is applied to each individual angle separately, and N of these filtered images are combined
to form the final image. Next, we present the results of these two methods in separate sections.

A. Postcompounding Digital Filtering

Figure 1(a) shows the performance of the filters, when the filter is applied to the final image
of the angle compounding (postcompounding filtering), and it clearly indicates that, for the
unfiltered [no filtering (NF)] images, as N increases, all the image quality metrics improve as
expected. However, except for the ENL criteria, the improvement by moving from N=16 to
N=64 becomes less visible for the unfiltered images. Figure 1(a) also shows that especially the
ELEE filter, the a trous wavelet-transform-based filters (1 and 2), and the adaptive Wiener
filter significantly increase SNR and CNR (by >20 dB and ~2 times, respectively), and reduce
speckle (an ENL increase of >2 times). Figure 1(c) shows the average FOM computed from
the results of Fig. 1(a). The results show that the FOM was highest for the ELEE filter, the
adaptive Wiener filter, and the wavelet-based filters [see Fig. 1(c)].

In terms of the MSE image quality metric [Eq. (2)], one can clearly see in Fig. 1(e) that as N
increases the MSE drops rapidly, illustrating once again the speckle-reduction capability of
the angular compounding approach [14]. For the NF image, an increase in N from 1 to 4 results
in a decrease in MSE by more than a factor of 3 [see the dashed gray curves in Fig. 1(e)]. But
what is more important is that for each N, the filtered images (except the SNN and Kuwahara
filters) perform significantly better than the NF image corresponding to the same N. This
property of Fig. 1(e) illustrates that for a given image (corresponding to a certain N value)
digital filtering significantly reduces the speckle noise, making the final image look more like
the gold standard image, Ig(x,y). Furthermore, for N=4 [red (middle) solid line in Fig. 1(e)],
the MSE performance of the ELEE, wavelets 1 and 2, HMF and the adaptive Wiener filters is
better than the NF image corresponding to N=8 [green (bottom) solid line in Fig. 1(e)],
illustrating the possibility of using twice as many fewer numbers of angles to achieve the same
level of speckle reduction through digital filtering.

The resulting images obtained using these filters for N=1, 4, and 64 are also shown in Fig. 2,
as rows. The filtered images indicate that the homogeneous regions of the image are smoothed
out due to speckle reduction without any noticeable degradation in the edge sharpness. To
further illustrate the effect of the filters on the edges, in Fig. 3, the retina edge in front of the
background region is plotted in a single A line (400th A line of Fig. 2) for N=1, 4, 16, and 64
for the NF images as well as for the filtered images of Fig. 2. Figure 3 clearly demonstrates
the excellent edge preserving properties of the filters: the background region (corresponding
to pixel numbers ~1-25 in Fig. 3) is significantly smoothened for all N values with the digital
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filters when compared with the NF image; whereas the retina edge (corresponding to pixel
numbers ~28-32 in Fig. 3) remained unchanged.

B. Precompounding Digital Filtering

Figure 1(b) shows the performance metrics for the filters, when the filter was applied to each
individual angle separately. Unless noted as “linear,” for each individual angle the logarithmic
image was filtered, and this filtered image was then transformed back to linear units before the
final compounding. For filters that are marked as linear in parentheses, for each angle the filter
was applied to the linear image, and then the compounding of these filtered angles was again
done in linear units. Therefore the compounding operation of N filtered images was always
done in linear units. After compounding, the performance metrics (except SNR) were
calculated for the logarithmic final compound image. The results of this second numerical
study are only presented for the most promising filters, i.e., for the ELEE filter [17], the adaptive
Wiener filter [23], and the wavelet-based filters [18,19]. The results indicate that, in the case
of precompounding filtering, especially the adaptive Wiener filter together with the wavelet-
based filter (e.g., wavelet 2, applied to linear images) perform relatively well, showing an SNR
improvement of >25 dB with significant ENL and CNR improvements [see Fig. 1(b)]. Similar
to Fig. 1(c), Fig. 1(d) shows the average FOM computed from the results of Fig. 1(b). This
time wavelet 1 and the adaptive Wiener filters performed significantly better with respect to
the above image quality metrics than the other filters, followed by the ELEE and wavelet 2
(applied to linear images).

The MSE performance [shown in Fig. 1(f)] of the precompounding approach was slightly worse
than the MSE performance of the postcompounding approach [Fig. 1(e)]. Overall, in the case
of precompounding filtering, the adaptive Wiener filter performed the best in terms of MSE
criterion, providing for N=4 the same level of MSE as the unfiltered N=8 image yielded [see
Fig. 1(f)]. This again illustrates that digital filtering can help to reduce the total number of
angles used in an angle-compounding speckle-reduction scheme.

Figures 4 and 5 show the filtered images for the wavelet-transform-based filters (1 and 2), the
ELEE filter, and the adaptive Wiener filter illustrating the improved speckle reduction with
respect to the NF images at the top rows.

To be able to better compare the performance of these digital filters for postcompounding
versus precompounding, in Figs. 6 and 7, a zoomed version of the same bovine retina image
[Figs. 2-5] is illustrated for N=4 and 8, respectively. The two columns in these figures represent
a comparison between postcompounding versus precompounding for the filtered images. And
the top row in each figure shows, for comparison purposes, the NF image of the same region.
The results indicate that the performance of each filter (Wiener filter, ELEE, and the wavelet
filters) is very similar visually for both postcompounding and precompounding. This
conclusion is further supported numerically by a comparison of Figs. 1(a) and 1(b). On the
other hand, with respect to computational efficiency, the postcompounding approach is at least
N times faster than precompounding filtering, making the postcompounding option
computationally efficient. Moreover, the MSE performance of the postcompounding approach
is slightly better than the precompounding approach making it even more advantageous.
Meanwhile, in both of these filtering approaches, as one can clearly see in Figs. 6 and 7, the
degree of speckle reduction is significant when compared with the unfiltered images (top rows
in Figs. 6 and 7).

It is quite important to note that, as is evident in Fig. 1, digital filtering improves the image
quality metrics (SNR, ENL, CNR, and MSE) such that the number of individual angles and
hence the total image acquisition time may be decreased with digital filtering. Specifically, the
reader should compare the performance of the unfiltered N=16 image [the first green dots
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(middle line of top panel) in each row of Fig. 1(a)] with the adaptive Wiener filter's output for
N=4 [the last red point (middle line) in each row of Fig. 1(a)], where in all of the three image
quality metrics (SNR, ENL, and CNR) the result of the Wiener filter for N=4 performs better
than the unfiltered N=16 image. A similar comparison between the unfiltered N=16 image and
the filtered N=4 images can also be made in Fig. 1(b) for wavelet 1, ELEE, and the Wiener
filters. These results, combined with the above-discussed MSE results of Figs. 1(e) and 1(f)
imply a possible reduction in the number of required individual angles to achieve a given level
of speckle reduction, defined by SNR, CNR, ENL, and MSE metrics. A comparison between
Figs. 6 and 7 further supports this argument, since the zoomed versions of the filtered images
for N=4 appear to have less speckle noise than the zoomed unfiltered image of N=8, again
suggesting an important reduction in the number of required individual angles for speckle
reduction.

We also applied the above-discussed digital filters to other OCT images and obtained similar
good results. Another example is illustrated in Fig. 8 for an ex vivo human colon image obtained
using the same OFDI system described above (for N=1). The digitally filtered images of Fig.
8 show the ability of these filters to reduce speckle in the OCT image, while strong edges and
fine features are still well preserved.

Finally, Table 2 summarizes the computational performance of the filters for a representative
case (unfiltered N=4 image of Fig. 2). The relative speed of each of the filters is determined

from the computer's CPU time required to complete the processing. The adaptive Wiener filter
was the fastest of all the filters, followed by the wavelet 1 filter. However, the MATLAB codes
of the filters were not necessarily optimized to reduce the running time. The CPU times listed
in Table 2 should therefore be considered preliminary estimates of the speed of the algorithms.

3. Conclusions

We have compared the performance of various speckle-reduction digital filters applied to
optical coherence tomography images. Our findings indicate that shift-invariant,
nonorthogonal wavelet-transform-based filters together with enhanced Lee and adaptive
Wiener filters can significantly reduce speckle and increase SNR while still preserving some
of the fine details of the image. These filters are also compared with a physical speckle reduction
technique that acquires several angularly resolved images and compounds these different
angles to reduce speckle. Our results suggest that by using speckle-reduction filters, the number
of compounded images required to achieve a given set of image quality metrics can be reduced.
This finding may enable easier and more time-efficient implementation of angular
compounding in future OCT systems.
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Fig. 1.

(Color online) Performance summary of various speckle-reduction filters applied to a bovine
retina OFDI image. (a) and (b) show SNR, ENL, and CNR computed for each case. The results
of (a) have been obtained by filtering the final image after angle compounding
(postcompounding), whereas the results of (b) have been obtained by filtering each individual
angle before forming the final angle compound image (precompounding). (c) and (d) show the
average FOM for (a) and (b), respectively. (e) and (f) show the MSE of each filter, as defined
in Eg. (2). N, number of angles; NF, no filtering; CNR, contrast-to-ratio; SNR, signal-to-noise
ratio; ENL, equivalent number of looks; FOM, figure of merit; MSE, mean-square error;
“(Linear),” filter applied to linear image as opposed to the logarithmic image. Only promising
linear filter results are shown.
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(Color online) Image recovery results for the a trous wavelet-transform-based filters (1 and
2), the ELEE, and the adaptive Wiener filters applied to the unfiltered images
(postcompounding filtering). N number of angles; linear, filter applied to the linear image as
opposed to the logarithmic image. The dashed line in the unfiltered N=1 image corresponds to
the 400th A line, where the cross section of Fig. 3 is taken. Each image has 1000 A lines, where
the distance between two adjacent A lines is ~5 um. There are 370 pixels shown for each A
line covering a depth of 2.47 mm in air.
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Fig. 3.

(Color online) Recovery results for the retina edge in a single A line (400th line of Fig. 2) for
N=1, 4, 16, and 64. The edge of the retina boundary is shown for the NF image as well as for
the filtered images. The y axis is in normalized decibel units. Linear, filter applied to the linear
image as opposed to the logarithmic image.
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(Color online) Recovery results for the wavelet-transform-based filters (Refs. [17,18]) applied
to each angle separately and then added in linear units (precompounding filtering). N number
of angles; linear, filter applied to the linear image as opposed to the logarithmic image. Each
image has 1000 A lines, where the distance between two adjacent A lines is ~5 um. There are
370 pixels shown for each A line covering a depth of 2.47 mm in air.
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(Color online) Recovery results for the ELEE and the adaptive Wiener filters applied to each
angle separately and then added in linear units (precompounding filtering). N, number of
angles. Each image has 1000 A lines, where the distance between two adjacent A lines is ~5
um. There are 370 pixels shown for each A line covering a depth of 2.47 mm in air.
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Fig. 6.

(Color online) Comparison of the performance of precompounding versus postcompounding.
In this comparison N=4 is used. Each image has 250 A lines, where the distance between two
adjacent A lines is ~5 um. One hundred pixels are shown for each A line covering a depth of
0.67 mm in air.
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Fig. 7.
(Color online) Same as Fig. 6, except N=8.
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(Color online) Image recovery results for the a trous wavelet-transform-based filters (1 and
2), the ELEE, and the adaptive Wiener filters applied to the unfiltered image (top image) of an
ex vivo human colon tissue imaged using an OFDI system. N=1 is used. Each image has 250
A lines, where the distance between two adjacent A lines is ~5 um. There are 210 pixels shown
for each A line covering a depth of 1.40 mm in air.
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Table 1

Prior Imaging Applications of the Studied Speckle-Reduction Filters

Page 17

Filter's Name Some Applications of the Filter References
ELEE Synthetic aperture radar (SAR), radar, remote sensing, ultrasound, sonar 17, 24-26
HMF Remote sensing, high definition TV (HDTV), electron microscopy, scanning 20,27-30
tunneling microscopy (STM)
SNN Scanning Auger microscopy (SAM) 21,31
A trous wavelet 1 Confocal microscopy, fluorescent imaging, wide-field microscopy, 18, 36-40
astrophysics, astronomical images,
A trous wavelet 2 Same as above 19
Kuwahara [22] MRI, x-ray imaging, single-photon emission computed tomography 22, 41-45
(SPECT), electron backscattered diffraction (EBSD), neural networks
Adaptive Wiener Sonar, microarray imaging, SPECT, computed tomography (CT) 23, 32-35
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