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Abstract. We are investigating the possibility of a frequency com-
pounding method for speckle reduction in optical coherence tomog-
raphy. The method is based on incoherent summation of the magni-
tudes of two independent interferometric signals, which were
recorded at two different center wavelengths simultaneously. We de-
rive the corresponding statistics and compare the theoretical results
with measurements obtained in a uniformly scattering sample. Finally
we demonstrate our method by comparing images of human skin re-
corded in vivo with and without frequency compounding. The com-
pounding method results in an increased contrast and improved im-
age quality without loss of resolution. © 2003 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1578087]
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1 Introduction
Optical coherence tomography~OCT!, originally developed
for cross-sectional imaging of rather transparent ocula
tissues,1–5 has found an increasing number of applications in
scattering media.6–10

Like other coherent imaging techniques, OCT suffers from
speckle noise, which degrades contrast in images of dens
biological tissues such as human skin. Several technique
have been introduced to reduce speckle noise, mainly base
on spatial compounding11–13 or on digital signal-processing
algorithms.14 The concept of wavelength compounding was
first introduced in the field of OCT by Schmitt et al.11 How-
ever, this method was restricted to compounding of wave
lengths contained within the emission spectrum of a single
light source, which, as a consequence, reduced longitudina
spatial resolution, a disadvantage that prevented its wide
spread use in OCT. In this paper we introduce an alternativ
approach using a frequency compounding-based speckle r
duction technique. By the use of two independent light
sources with different center wavelengths and emission band
which do not overlap, we are able to reduce speckle noise. W
derive the speckle statistics corresponding to our method an
compare the theoretical results with measurements obtained
a uniformly scattering sample. To demonstrate our method in
tissue, we recorded images of human skinin vivo and com-
pared the compounded images with those obtained using
single light source.

2 Speckle Statistics
An early paper on speckle in OCT reported, on an empirica
base, grossly similar statistical properties of these speckle
compared with those observed in other coherent imaging tech
niques, if the squared magnitude of the OCT signal is treate
as an analog of intensity.11 Later the speckle statistics for a
bipolar interferometric OCT signal were mathematically
derived.13 This result can, however, not be directly compared
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with the speckle structure observed in OCT images beca
the bipolar signal is rectified and low-pass filtered to disp
only the envelope of the interferometric signal. To descr
the speckle observed in OCT images and to compare theo
ical results with experimental observations, a modifi
speckle statistic has to be derived.

Speckles arise as a result of a coherent superpositio
backscattered light waves from different scattering points
areas of a sample containing densely packed scattering
ticles. The electromagnetic light waves can be described b
complex-valued phasor represented by amplitude A and ph
F. Because of random positions of the scattering partic
within the coherence length of the illuminating light sour
and random backscattering potentials, the phasors of wa
backscattered from different points can be treated as a ran
variable, with random amplitude and phase. In the plane
observation we are observing the sum of all phasors.
amplitude A of the phasor sum can be described by a Rayle
density distribution:15

P~A!5H A

s2 expS 2
A2

2s2D A>0

0 otherwise

, ~1!

wheres denotes the standard deviation. The contrastC of a
speckle pattern is defined by

C5
s

Ā
, ~2!

with s denoting the standard deviation andĀ denoting the
mean value.15

In OCT we observe a sum of two electromagne
fields—a constant field from the reference arm and a r
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domly varying field from the sample arm. The field from the
sample arm consists of a superposition of fields arising from
scattering particles within a coherent volume defined by the
coherence length and the illuminated area. The resulting den
sity distribution of the amplitude in the sample arm is given
by Eq. ~1! when polarized light is used for illumination. Ow-
ing to the ac-detection and postprocessing algorithm in OCT
systems~rectifying and low-pass filtering!, the OCT signal
SOCT is given by the real part of the cross-correlation term and
therefore is proportional to the amplitudes:

SOCT~z!5k2ArAs~z!, ~3!

where k denotes a constant factor,Ar denotes the constant
amplitude from the reference arm, andAs denotes the random
amplitude of the sample arm varying with depthz, respec-
tively. The corresponding density distribution for the OCT
signal is found by performing a transformation of the vari-
ables fromAS to SOCT via Eqs.~1! and ~3!.15 This transfor-
mation leads to

P~SOCT!5
SOCT

4s2k2Ar
2 expS 2

SOCT
2

8s2k2Ar
2D . ~4!

If we calculate the mean value of this distribution, we find the
relationship

S̄OCT5~2p!1/2skAr ~5!

whereS̄OCT denotes the mean value of the OCT signal. Sub-
stituting Eq.~5! in Eq. ~4! leads to the density distribution of
the OCT signal for polarized light:

P~SOCT!5
p

2

SOCT

S̄OCT
2

expS 2
p

4

SOCT
2

S̄OCT
2 D . ~6!

This is a Rayleigh density distribution and therefore has a
speckle contrast of 0.52.

The same result is obtained if we treat Eq.~3! as a change
of scale, which changes the mean value but not the shape
the density distribution. If we incoherently superimpose two
speckle fields with distributions given by Eq.~6!, for example
by use of nonpolarized light or two uncorrelated light sources
with different center wavelengths, the new density distribu-
tion is given by a convolution of two independent density
distributions,15 each of the form given by Eq.~6!:

P~SOCT!5
81p2

128

SOCT
3

S̄OCT
4

expS 2
9p

16

SOCT
2

S̄OCT
2 D . ~7!

Via the second moment of this distribution we obtained a
speckle contrast of 0.36, which corresponds to a speckle con
trast reduction of 1.4 in comparison with Eq.~6!.

Melton and Magnin16 proposed that the cross-correlation
coefficient between fully developed speckle patterns formed
in two Gaussian frequency bands of equal width with cente
frequencies separated byf s is given by
566 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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rxy5expS 2 f s
2

2B2 D , ~8!

where rxy denotes the cross-correlation between the f
quency band centered atx and the frequency band centered
y, andB denotes the full width at half maximum~FWHM! of
each band. This equation may be written in terms of
FWHM of the emission spectrum of the light sourceDl, and
the wavelength differencels ~assuming the sameDl for both
light sources!:

rxy5expS 2ls
2

2Dl2D . ~9!

Therefore, two independent light sources with different cen
wavelengths and spectral emissions that do not overlap ha
correlation coefficient rapidly approaching zero with increa
ing wavelength difference. In other words, the speckle fie
of the two light sources are uncorrelated if the difference
the center wavelengths is large enough. There is an alterna
definition of the cross-correlation coefficientr~0,0! ~at zero
displacement between the two speckle fields!, which gives us
an important measure of the correlation between two spe
fields15

r~0,0!5
~u2ū!~v2 v̄ !

susv
, ~10!

where u(v) denotes the intensity in a point of the speck
field arising from the first~second! light source andū( v̄)
denotes the mean intensity.

3 Method
Our method is based on a compounding of two waveleng
The scheme of the experimental setup is shown in Fig. 1
consists of two single-mode, fiber-coupled superluminesc
diodes ~SLDs!, with the center wavelengths at 1312 n
~FWHM bandwidthDl536 nm) and at 1488 nm~FWHM
bandwidth Dl557 nm), respectively. The correspondin
round-trip FWHMs of the source intensity coheren
envelopes17 are 21 and 17mm, respectively. The two light
sources are combined by a wavelength division multiple
~WDM!. The emitted light beams of SLDs used here are p
tially polarized. To eliminate the influence of partially pola
ized light on our measurements, we place a polarizer into
beam before the dual-wavelength beam is coupled into a f
space interferometer, where it is split by the nonpolariz
beamsplitter into a reference beam and a sample beam.
reference beam is folded by a retroreflector and backrefle
by a mirror. The sample beam is focused on the sample b
lens that is mounted on the same translation stage as the
roreflector. This setup provides dynamic focusing.18 The light
in the sample arm is backscattered by the sample and c
mated by the lens. The nonpolarizing beamsplitter recomb
the reference and sample beam. The recombined bea
coupled into a single-mode fiber, and a wavelength divis
multiplexer separates the two wavelengths. Separate dete
measure the interference patterns corresponding to the
wavelengths that arise from the superposition of sample
reference light independently. By moving the translation sta
with a constant velocity, a Doppler shift of the reference be
is introduced, causing a heterodyne interferometric signal c



Speckle reduction in optical coherence tomography . . .
Fig. 1 Experimental setup. SLD-1 and SLD-2; SLDs with center wavelengths of 1312 and 1488 nm, respectively; BS, beamsplitter; P, polarizer;
NPBS, nonpolarizing beamsplitter; HE-NE, helium-neon laser; D1–D3, detectors; WDM, wavelength division multiplexer.
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tered at the Doppler frequency. This enables measuremen
with high sensitivity. The electric signals are amplified, cor-
rected for nonlinearities of the translation stage~see Sec. 4!,
digitally bandpass filtered, and rectified. The signal envelope
are displayed on a logarithmic gray-scale map. The sensitivit
of our system was measured with 94 dB, at an A-scan rate o
8 A-scans per second. To eliminate nonlinearities in scannin
speed, an auxiliary interferometer with a long-coherence
He-Ne laser was added to the experimental setup. The inte
ferometric signal arising from the He-Ne laser was used to
measure the instantaneous velocity of the scanning stage, a
this information was used to numerically correct nonlineari-
ties of the velocity.

4 Results
The first aim of our study was to investigate the speckle sta
tistics of the OCT image. For an optimum speckle reduction
it is necessary to ensure that the two speckle patterns record
with the two light sources are statistically uncorrelated. The
ideal test sample for generating randomly distributed speckl
patterns should be uniformly scattering, should have no inter
nal structure on a scale larger than coherence length, an
should be nonabsorbing at the two wavelengths. After experi
ments with different materials, we choose a piece of plastic
rubber as the scattering test sample. Speckle patterns we
s
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obtained by recording OCT tomograms consisting of 4
A-scans with a transversal step size of 2.5mm, resulting in a
total transversal scan of 1000mm ~focus beam diamete
'10mm). The depth sampling interval and total samplin
depth were 0.05 and 2500mm, respectively. After rectifying
and low-pass filtering, the data sets were reduced in depth
a factor of 20. The OCT images of the sample are shown
Fig. 2.

To compare the experimental results with theory, it is n
essary to correct for the exponential decay with depth in O
signals. This can be done in several ways. The simplest w
which was used in this investigation, is to take the logarith
of the signal and to perform a linear fit. We minimized th
influence of speckle noise on the result of this fitting proc
dure by averaging over 200 A-scans before fitting. The slo
of this fit is then used to recalculate the backscattered in
sities. Figure 3 shows the logarithmic intensities of the av
aged A-scans and the corresponding linear fit and the
rected signal.

To investigate the correlation between the speckle patte
recorded at the two wavelengths, we calculated the cro
correlation coefficientr for different subsections and differen
subsection sizes of the OCT images. For optimum spec
reduction, the cross-correlation coefficient should be zero.
shown in Fig. 4, the correlation coefficient is very small. T
Fig. 2 OCT images of a uniformly scattering test sample (plastic rub-
ber). (a) 1488 nm, (b) 1312 nm (the arrow indicates the direction of
illumination).
Fig. 3 Averaged logarithmic OCT signals (solid line), linear fit (dashed
line), and recalculated signal (dotted line).
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 567
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Fig. 4 Variation of the cross-correlation coefficient r of the speckle
patterns recorded at the two wavelengths with increasing subsection
size; s, side length of the quadratic subsection.
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fluctuations for window sizes smaller than50350mm2 result
from the small numbers of pixels within the windows, and
therefore random intensity correlations have a large impact o
the result. The low correlation coefficient for larger-sized sub-
sections indicates that the speckle fields are essentially unco
related. Figure 5 shows an example of a5003500-mm large
subsection of Fig. 2.

Figure 6 is a comparison of the intensity distribution ac-
cording to Eq.~6! with the intensity distributions obtained
from Fig. 5. The experimental data show good agreement wit
the theoretical values. The speckle contrast C was measure
from Fig. 5~a! to 0.625 and from Fig. 5~b! to 0.637, respec-
tively. For speckle reduction, the OCT intensity images of
Figs. 2~a! and 2~b! were added incoherently, i.e., the enve-
lopes of the OCT signals were added. Figure 7 shows a sub
section of the compounded image~an area similar to that in
Fig. 5! and the corresponding theoretical@Eq. ~7!# and experi-
mental intensity probability distributions. The slight mismatch
between the experimental data and the theoretical value
probably results from the residual correlation(r'0.2) be-
tween the images of the two wavelengths, which may be
caused by larger structures of the sample. From theory w
expect a decrease in speckle contrast by a factor of 1.4, b
the measured decrease of the speckle contrast from Fig. 7~a!
is by a factor of 1.25. We believe that the residual correlation
between the speckle fields is responsible for this mismatch~a
residual correlation caused by larger sample structures give
rise to speckles whose positions are correlated to some degr
568 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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with the sample structure; therefore these speckles are
effectively reduced by a method based on uncorrela
speckle fields!.

To demonstrate our method in real tissue, we recor
OCT images in human skin across a scar of a fingertipin vivo.
Figure 8 shows the result. This tomogram consists of 19
A-scans with a lateral step size of 5mm. To reduce the inten-
sity of the reflex from the skin surface, we applied glyceri
to the surface~index matching!. Figure 8~a! shows a raw im-
age obtained at a single wavelength~1312 nm!; Fig. 8~b!
shows the compounded image. The different layers sh
more contrast in the compounded image; in particular the b
der between the stratum corneum and stratum spinosum@in-
dicated by an arrow in Fig. 8~b!# is more visible. In the cente
of the image, directly below the surface, the structural dam
corresponding to the scar can be seen. Within the scar a
small structures appear better separated in the compou
image than in the single-wavelength image, whereas reg
with nonresolvable structures appear smoothed in the c
pounded image@for a visible recognition of these feature
high-quality prints are necessary; the improvement of ima
quality in Fig. 8~b! is best observed by viewing the image file
provided in the online version of this journal#. To quantify the
improvement of the compounded image, we calculated
speckle contrast in five different regions@~an area 500
3500mm2) of Figs. 8~a! and 8~b!#. The speckle contrasts in
the five regions were averaged, and the compounded im
showed an average reduction in the speckle contrast by a
tor of 1.25 compared with the image recorded at a sin
wavelength. This corresponds to an improvement in the sig
to noise ratio of(1.25)2'1.56.

Fig. 6 Probability distribution of the speckle intensity values in Fig. 5.
Solid line, theoretical values according to Eq. (6); data points; mea-
sured values.
Fig. 5 Example of a subsection (5003500 mm) of the OCT images
from Fig. 2. (a) Subsection of the 1312-nm image, (b) subsection of the
1488-nm image.
Fig. 7 (a) The compounded image of the subsection from Fig. 5(b)
Probability distribution of the speckle intensity from (a). Solid line,
theoretical values; data points; measured values.
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Fig. 8 OCT image of human fingertip in vivo. (a) Image taken with a single SLD with the center wave-
length at 1312 nm. (b) Wavelength-compounded image (the white bar indicates a distance of 1 mm). The
arrow marks the border between the stratum corneum and stratum spinosum.
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5 Conclusions
We derived the speckle statistics for OCT systems and com
pared the theoretical results with data obtained by a uniformly
scattering test sample. These results show a good agreeme
with the theoretical predictions. We investigated and demon
strated, to our knowledge for the first time, a frequency com
pounding method with the use of two different light sources
for speckle reduction in optical coherence tomography. An
application of our method to imaging of human skin demon-
strated a visible increase in image quality. One drawback o
the method is the increased complexity of the system. Thi
complexity is further increased if more than two light sources
are compounded, which would be necessary for further reduc
tion of speckle noise. The main advantage of this method
compared with other speckle reduction techniques, lies in th
fact that spatial resolution is maintained. Another advantage i
that the same system can be used to perform differential ab
sorption measurements if the sample contains substances
different absorption coefficients at the two wavelengths.
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