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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
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E-mail: michael.pircher@univie.ac.at

Keywords: optical coherence tomography; speckle; biomedical optics; frequency
compounding.

Paper JBO 02066 received Sep. 23, 2002; revised manuscript received Jan. 24,
2003; accepted for publication Feb. 14, 2003.

1 Introduction with the speckle structure observed in OCT images because

Optical coherence tomograpH®CT), originally developed the bipolar signal is rectifit_’—)d and Iow-p_ass_filtered to displ_ay
for cross-sectional imaging of rather transparent ocular only the envelope of the interferometric signal. To describe

tissuestS has found an increasing number of applications in _the speckle observed in OCT images and to compare theoret-

scattering medi&:° ical results with experimental observations, a modified
Like other coherent imaging techniques, OCT suffers from speckle statistic has to be derived. i
speckle noise, which degrades contrast in images of dense SPeckles arise as a result of a coherent superposition of
biological tissues such as human skin. Several techniquesPackscattered light waves from different scattering points or
have been introduced to reduce speckle noise, mainly basedi'€as Of a sample containing densely packed scattering par-
on spatial compoundit§™®2 or on digital signal-processing ticles. The electromagnetic light waves can be described by a
algorithms!* The concept of wavelength compounding was complex-valued phasor repre_s_ented by amplitude_Aand phase
first introduced in the field of OCT by Schmitt et‘alHow- . Because of random positions of the scattering particles
ever, this method was restricted to compounding of wave- within the coherence length of the illuminating light source
lengths contained within the emission spectrum of a single @1d random backscattering potentials, the phasors of waves
light source, which, as a consequence, reduced IongitudinalbaCkscattered from different points can be treated as a random
spatial resolution, a disadvantage that prevented its wide- Variable, with random amplitude and phase. In the plane of
spread use in OCT. In this paper we introduce an alternative °PSérvation we are observing the sum of all phasors. The
approach using a frequency compounding-based speckle re_ampl!tude_A_of tr_]e phasor sum can be described by a Rayleigh
duction technique. By the use of two independent light d€nsity distributiort?
sources with different center wavelengths and emission bands,

. . 2
which do not overlap, we are able to reduce speckle noise. We A exd — A A=0
derive the speckle statistics corresponding to our method and P(A)= o2 2072 , (1)
compare the theoretical results with measurements obtained in 0 otherwise

a uniformly scattering sample. To demonstrate our method in
tissue, we recorded images of human skirvivo and com-  where o denotes the standard deviation. The contesif a
pared the compounded images with those obtained using aspeckle pattern is defined by

single light source.

2 Speckle Statistics == 2

An early paper on speckle in OCT reported, on an empirical .

base, grossly similar statistical properties of these speckleswith o denoting the standard deviation aAddenoting the
compared with those observed in other coherent imaging tech-mean valué?®

niques, if the squared magnitude of the OCT signal is treated In OCT we observe a sum of two electromagnetic
as an analog of intensily. Later the speckle statistics for a fields—a constant field from the reference arm and a ran-
bipolar interferometric OCT signal were mathematically
derived®® This result can, however, not be directly compared 1083-3668/2003/$15.00 © 2003 SPIE
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sample arm consists of a superposition of fields arising from 582 (8)
scattering particles within a coherent volume defined by the

coherence length and the illuminated area. The resulting den-where p,, denotes the cross-correlation between the fre-
sity distribution of the amplitude in the sample arm is given quency band centered xtand the frequency band centered at
by Eqg. (1) when polarized light is used for illumination. Ow- y, andB denotes the full width at half maximuFWHM) of

ing to the ac-detection and postprocessing algorithm in OCT each band. This equation may be written in terms of the
systems(rectifying and low-pass filtering the OCT signal FWHM of the emission spectrum of the light sours®, and
Soctis given by the real part of the cross-correlation term and the wavelength differenceg (assuming the samé\ for both
therefore is proportional to the amplitudes: light sourceg

domly varying field from the sample arm. The field from the — fg
Pxy= exp( ) )

2
Soct(2)=k2AA|(2), ) Pry= exp< T);Z) . )
Therefore, two independent light sources with different center
wavelengths and spectral emissions that do not overlap have a
correlation coefficient rapidly approaching zero with increas-
ing wavelength difference. In other words, the speckle fields
of the two light sources are uncorrelated if the difference of
the center wavelengths is large enough. There is an alternative
definition of the cross-correlation coefficiept0,0) (at zero
displacement between the two speckle figladgich gives us

where k denotes a constant factok, denotes the constant
amplitude from the reference arm, aAd denotes the random
amplitude of the sample arm varying with depthrespec-
tively. The corresponding density distribution for the OCT
signal is found by performing a transformation of the vari-
ables fromAg to Socr Via Egs. (1) and (3).2° This transfor-
mation leads to

Soct SBer an important measure of the correlation between two speckle
P(Socr) = 4(r2—k2ArzeX ~ 8o2kA)" 4 fields™®
If we calculate the mean value of this distribution, we find the p(0,0= W (10)
relationship Tuoy
where u(v) denotes the intensity in a point of the speckle
§OCT:(27T)1/20'kAr (5) field arising from the first(second light source andu(v)

denotes the mean intensity.

whereSocr denotes the mean value of the OCT signal. Sub- 3 Method
stituting Eq.(5) in Eq. (4) leads to the density distribution of

the OCT signal for polarized light: Our method is based on a compounding of two wavelengths.

The scheme of the experimental setup is shown in Fig. 1. It
consists of two single-mode, fiber-coupled superluminescent
7 Soct [( - séCT) diodes (SLD9), with the center wavelengths at 1312 nm

P(Socr) = = (6) (FWHM bandwidthAX =36 nm) and at 1488 nmFWHM
2 bandwidth AN=57 nm), respectively. The corresponding

o ) ) S round-trip  FWHMs of the source intensity coherence
This is a Rayleigh density distribution and therefore has a envelope¥ are 21 and 17um, respectively. The two light
speckle contrast of 0.52. sources are combined by a wavelength division multiplexer

The same result is obtained if we treat £8). as a change  (\pM). The emitted light beams of SLDs used here are par-
of scale, which changes the mean value but not the shape ofja|ly polarized. To eliminate the influence of partially polar-
the density distribution. If we incoherently superimpose two jzed light on our measurements, we place a polarizer into the
speckle fields with distributions given by E@), for example  peam before the dual-wavelength beam is coupled into a free-
by use of nonpolarized light or two uncorrelated light sources space interferometer, where it is split by the nonpolarizing
with different center wavelengths, the new density distribu- peamsplitter into a reference beam and a sample beam. The
tion is given by a convolution of two independent density yeference beam is folded by a retroreflector and backreflected

—
SOCT

distributions;® each of the form given by Ed6): by a mirror. The sample beam is focused on the sample by a
lens that is mounted on the same translation stage as the ret-
8172 o S2 roreflector. This setup provides dynamic focusthghe light
P(Soct) = i _Si;CT xp — = 2ocT) (7) in the sample arm is backscattered by the sample and colli-
128 st ot 16 2, mated by the lens. The nonpolarizing beamsplitter recombines

the reference and sample beam. The recombined beam is
Via the second moment of this distribution we obtained a coupled into a single-mode fiber, and a wavelength division
speckle contrast of 0.36, which corresponds to a speckle con-multiplexer separates the two wavelengths. Separate detectors
trast reduction of 1.4 in comparison with E®). measure the interference patterns corresponding to the two
Melton and Magni®® proposed that the cross-correlation wavelengths that arise from the superposition of sample and
coefficient between fully developed speckle patterns formed reference light independently. By moving the translation stage
in two Gaussian frequency bands of equal width with center with a constant velocity, a Doppler shift of the reference beam
frequencies separated Iy is given by is introduced, causing a heterodyne interferometric signal cen-
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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.

tered at the Doppler frequency. This enables measurementbtained by recording OCT tomograms consisting of 400
with high sensitivity. The electric signals are amplified, cor- A-scans with a transversal step size of 2%, resulting in a
rected for nonlinearities of the translation stagee Sec. % total transversal scan of 100@m (focus beam diameter
digitally bandpass filtered, and rectified. The signal envelopes ~10 um). The depth sampling interval and total sampling
are displayed on a logarithmic gray-scale map. The sensitivity depth were 0.05 and 2500m, respectively. After rectifying

of our system was measured with 94 dB, at an A-scan rate of and low-pass filtering, the data sets were reduced in depth by
8 A-scans per second. To eliminate nonlinearities in scanning a factor of 20. The OCT images of the sample are shown in
speed, an auxiliary interferometer with a long-coherence Fig. 2.

He-Ne laser was added to the experimental setup. The inter- To compare the experimental results with theory, it is nec-
ferometric signal arising from the He-Ne laser was used to essary to correct for the exponential decay with depth in OCT
measure the instantaneous velocity of the scanning stage, angignals. This can be done in several ways. The simplest way,
this information was used to numerically correct nonlineari- which was used in this investigation, is to take the logarithm

ties of the velocity. of the signal and to perform a linear fit. We minimized the
influence of speckle noise on the result of this fitting proce-
4 Results dure by averaging over 200 A-scans before fitting. The slope

of this fit is then used to recalculate the backscattered inten-
sities. Figure 3 shows the logarithmic intensities of the aver-
ged A-scans and the corresponding linear fit and the cor-
ected signal.
To investigate the correlation between the speckle patterns

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 recorde
with the two light sources are statistically uncorrelated. The
e o ety ol e buted SPecke recorae at the two wavelengins, we calculed the cross
’ correlation coefficienp for different subsections and different
nal structure on a scale larger than coherence length, and

hould b bsorbi tthe t lenaths. Aft . “subsection sizes of the OCT images. For optimum speckle
should be nonabsorbing at the o wavelengins. ATler experi- reduction, the cross-correlation coefficient should be zero. As
ments with different materials, we choose a piece of plastic

. shown in Fig. 4, the correlation coefficient is very small. The
rubber as the scattering test sample. Speckle patterns were 9 y
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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 Fig. 3 Averaged logarithmic OCT signals (solid line), linear fit (dashed
illumination). line), and recalculated signal (dotted line).
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0 100 200 300 400 500 Fig. 6 Probability distribution of the speckle intensity values in Fig. 5.
s/um Solid line, theoretical values according to Eq. (6); data points; mea-

sured values.
Fig. 4 Variation of the cross-correlation coefficient p of the speckle

patterns recorded at the two wavelengths with increasing subsection
size; s, side length of the quadratic subsection.

with the sample structure; therefore these speckles are less
effectively reduced by a method based on uncorrelated
speckle fields

To demonstrate our method in real tissue, we recorded
OCT images in human skin across a scar of a fingéntipvo.
Figure 8 shows the result. This tomogram consists of 1900
A-scans with a lateral step size ofgn. To reduce the inten-
sity of the reflex from the skin surface, we applied glycerine
to the surfacdindex matching Figure 8a) shows a raw im-
age obtained at a single wavelendtt312 nm; Fig. 8b)
shows the compounded image. The different layers show

from Fig. 5. The experimental data show good agreement with more contrast in the compounded image; in particular the bor-

the theoretical values. The speckle contrast C was measuredjfer between the S”"?‘t“”? corneum and .s'.[ratum spindgum
from Fig. 5a) to 0.625 and from Fig. ®) to 0.637, respec- dicated by an arrow in Fig.(B)] is more visible. In the center

tively. For speckle reduction, the OCT intensity images of of the image, directly below the surface, the structural damage

Figs. 2a) and 2b) were added incoherently, i.e., the enve- corresponding to the scar can be seen. Within the scar area,

lopes of the OCT signals were added. Figure 7 shows a Sub_.small structures appear better separated in the compounded

section of the compounded imagen area similar to that in image than in the single-wavelength image, wher_eas regions
Fig. 5 and the corresponding theoreti€g. (7)] and experi- with nonresolvable structures appear smoothed in the com-

mental intensity probability distributions. The slight mismatch ppunded '|mag.e{for a visible recqgnmqn of these featqres,
between the experimental data and the theoretical valuesh'gh'(waIIty prints are necessary, the improvement of image

robably results from the residual correlatiQp~0.2) be- quality in .Fig. 8b) i? best opserved .by. viewing the im.age files
fween t);\e images of the two Wavelengths(,)pwhicﬁ) may be provided in the online version of this jourfalo quantify the

caused by larger structures of the sample. From theory We|mprovement of th_e C(_)mpOl_Jnded Image, we calculated the
expect a decrease in speckle contrast by a factor of 1.4, butspeckle Czon”as_t in five different regionigan area 500_

the measured decrease of the speckle contrast from f&y. 7 XSOQ'“m ).Of Figs. 8) and 8b)]. The speckle contrasts in

is by a factor of 1.25. We believe that the residual correlation the five regions were averaged, and the compounded image

between the speckle fields is responsible for this misméch showed an average reduction in the speckle contrast by a fac-

residual correlation caused by larger sample structures givestor of 1.25 cor_npared with the image recorded at a S|_ngle
avelength. This corresponds to an improvement in the signal

rise to speckles whose positions are correlated to some degreé‘v

fluctuations for window sizes smaller th&0x 50 xm? result
from the small numbers of pixels within the windows, and
therefore random intensity correlations have a large impact on
the result. The low correlation coefficient for larger-sized sub-
sections indicates that the speckle fields are essentially uncor
related. Figure 5 shows an example dd@0x 500-um large
subsection of Fig. 2.

Figure 6 is a comparison of the intensity distribution ac-
cording to Eq.(6) with the intensity distributions obtained

fo noise ratio of(1.25%~1.56.

0,0
00 05 10 15 20 25 30 35 40

S/<8>

b)
Fig. 5 Example of a subsection (500X 500 um) of the OCT images Fig. 7 (a) The compounded image of the subsection from Fig. 5(b)
from Fig. 2. (a) Subsection of the 1312-nm image, (b) subsection of the Probability distribution of the speckle intensity from (a). Solid line,

1488-nm image. 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.

5 Conclusions

We derived the speckle statistics for OCT systems and com- 5.
pared the theoretical results with data obtained by a uniformly
scattering test sample. These results show a good agreement
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- 7.
strated a visible increase in image quality. One drawback of
the method is the increased complexity of the system. This
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 the 9
fact that spatial resolution is maintained. Another advantage is
that the same system can be used to perform differential ab-,
sorption measurements if the sample contains substances of
different absorption coefficients at the two wavelengths.
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