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Speckle reduction in optical coherence tomography
by ‘‘path length encoded’’ angular compounding
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Abstract. Speckle, the dominant factor reducing image quality in op-
tical coherence tomography (OCT), limits the ability to identify cellu-
lar structures that are essential for diagnosis of a variety of diseases.
We describe a new high-speed method for implementing angular
compounding by path length encoding (ACPE) for reducing speckle in
OCT images. By averaging images obtained at different incident
angles, with each image encoded by path length, ACPE maintains
high-speed image acquisition and requires minimal modifications to
OCT probe optics. ACPE images obtained from tissue phantoms and
human skin in vivo demonstrate a qualitative improvement over tra-
ditional OCT and an increased SNR that correlates well with theory.
© 2003 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1559060]
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1 Introduction
Optical coherence tomography~OCT! is a promising tech-
nique for obtaining high resolution cross sectional images o
biological tissues. Clinical OCT studies conducted in the gas
trointestinal tract and cardiovascular system have shown tha
OCT is capable of providing images of the architectural~.20
mm! microanatomy of a variety of epithelial tissues, including
the layered structure of squamous epithelium and arteria
vessels.1–3 However, for many important medical applica-
tions, such as the early detection of high-grade dysplasia i
Barrett’s esophagus and the identification of inflammation
within atherosclerotic plaques, visualization of structures tha
are on a size scale of,20 mm is necessary. State of the art
OCT systems, with typical axial resolutions ranging from 8 to
12 mm, have the potential to resolve many of these structures
including nuclei, individual glands, and macrophages. Unfor-
tunately, speckle, which occurs on the same size scale as the
features, prohibits unambiguous identification of the cellular
and subcellular tissue components required for widesprea
clinical utilization of this technology.

Catheter or endoscope access and high-speed imagin
must be achieved to perform OCT in the internal organs o
patients. To minimize diameter, most catheter-based OC
probes employ a single optical fiber to illuminate the sample
and detect the signal from the tissue.4 High frame rates~typi-
cally 4 to 8 frames per second! are required for performing
OCT imaging while minimizing artifacts caused by patient
motion. A means for reducing speckle in OCT images tha
does not significantly increase the complexity of single optica
fiber probe designs while maintaining high frame rates may
be essential for applying OCT to accurately detect and quan
tify key microscopic tissue structures in patients.

The reduction of speckle in OCT images has been ad
dressed in several recent works. Schmitt described a mea
for speckle reduction by averaging multiple images acquired
at different angles, known as angular compounding.5 In this
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work, multiple ~N! detectors received images acquired fro
different angles. The images were averaged incoherently,
viding an improvement(AN) in the signal to noise ratio
~SNR!.5 While this technique has the advantage that the m
surements may be performed in real time, the experime
apparatus as described would not be compatible with a sin
fiber optic catheter. Bashkansky and Reintjes described
alternative means for angular compounding to redu
speckle.6 In this method, translating a retroreflector appara
in front of the objective lens changed the angle of the incid
beam on the tissue.N successive images were acquired a
added incoherently to reduce speckle, again improving
SNR by a factor ofAN.6 While this method is less comple
than the use of multiple detectors, the time needed to acq
the images is increased byN. In addition, implementation of
this method within the confines of a small diameter cathete
endoscope could be difficult.

We describe a new method for performing angular co
pounding to reduce speckle within OCT images, angular co
pounding by path length encoding~ACPE!. With ACPE, high-
speed acquisition is maintained and modifications to stand
OCT catheter optics are minimal.

2 Materials and Methods
A schematic of ACPE is shown in Fig. 1~a!. An optical ele-
ment is inserted prior to the sample arm imaging lens s
that portions of the illuminating beam experience differe
group delays. These new beamlets, now encoded by op
path length, also illuminate the sample at different angles.
a result, multiple OCT images, each acquired at differ
angles, are present in a single OCT frame@Fig. 1~b!#. When
the optical element containsm distinct thicknesses of glass
with each optical thickness a multiple of the others,2m21
OCT images are obtained in one OCT frame. Each imag
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Speckle Reduction in Optical Coherence . . .
Fig. 1 (a) Schematic of ACPE OCT. An optical glass is placed in the imaging path, splitting the incident field into two beamlets. This optical element
causes a portion of the incident beam (beamlet 2) to experience a greater path length delay than beamlet 1. In addition, beamlet 2 illuminates the
sample at a different angle than beamlet 1. As a result, multiple OCT images of the specimen, each acquired at a different angle, appear
simultaneously on the OCT display (b). In (b), the top image (111) corresponds to the image formed from path 1 (incident and reflected), the
middle image (112,211) corresponds to the image formed from path 1 incident, path 2 reflected, and path 2 incident, path 1 reflected. The
bottom image (212) corresponds to the image formed from path 2 (incident and reflected).
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separated by a group delay ofD(n21)/2, where D is the
thickness andn is the refractive index of the optical material.
The distinct OCT images are then averaged to produce a com
posite OCT image with significantly reduced speckle. Since
all of the images are acquired in one OCT frame, single frame
acquisition time can be maintained. In addition, the required
modifications to the OCT probe involve only the insertion of
a small optical element in the beam path of the distal optics
These advantages of ACPE allow speckle averaging to b
performed within the confines of a small diameter catheter o
endoscope without compromising acquisition speed.

Previous work on OCT speckle reduction by image com-
pounding has shown that the addition ofN images of the same
intensity provides an SNR increase by a factor ofAN.5,6

Bashkansky and Reintjes have shown that the speckle distr
bution in OCT takes the form of the probability density func-
tion:

p~SOCT!5
1

~2pk!1/2expS 2SOCT
2

2k2 D , ~1!

wherek52ARs, AR is the amplitude of the reference field,
SOCT is the amplitude of the high-pass filtered OCT signal,
and s is its standard deviation.6 For this probability density
function it can be demonstrated that the SNR improvemen
obtained by averagingN images of the same amplitude is also
a factor of AN, a result that has been experimentally con-
firmed by Schmitt, and Bashkansky and Reintjes.5,6 For
ACPE, however, the distinct OCT subimages do not have
equal amplitudes, but, assuming isotropic backscattering, the
are related to the original OCT image,S0OCT, by b/m2,
whereb is the number of path length combinations that con-
tribute to a distinct subimage. As a result, the SNR for ACPE
may be defined as

SNRACPE5
^SOCT&

~var@SOCT# !1/2}
( i 51

N ui

~( i 51
N ui

2!1/2, ~2!

whereui is the amplitude of the demodulated OCT signal at a
spatial location, andN52m21. In the case ofm52, N53
images are obtained and the relationships between the amp
tudes of the ACPE OCT subimages areS1OCT5S3OCT
-

-

y

i-

51/4S0OCT andS2OCT52S1OCT51/2S0OCT. The theoretical
SNR improvement of the compoundedm52 ACPE image
then becomesSNRACPE/SNR051.63,whereSNR0 is the sig-
nal to noise ratio ofS0OCT.

3 Results and Discussion
To test ACPE, we used a polarization-diverse OCT syst
that has been utilized in previous clinical studies.7 OCT im-
ages were acquired at 2 frames/s~500 axialpixels3500trans-
verse pixels!, displayed with an inverse gray-scale looku
table, and digitally archived. The optical source used in t
experiment had a center wavelength of 1310 nm and a ba
width of 70 nm, providing an axial resolution of approx
mately 8mm in tissue.

A modified hand-held galvanometer probe was inserted
the sample arm of the OCT system@Fig. 1~a!#. The objective
lens had a focal length of 25 mm and a numerical apert
~NA! of 0.11, providing a measured1/e2 focal spot diameter
of 23 mm. A square, antireflection-coatedD53.1-mm BK7
glass(n51.51) was inserted between the optical fiber col
mator and the objective lens@Fig. 1~a!#, so that it overlapped
with half of the illuminating beam. With this configuration
we achieved an OCT image separation of approximately
mm. When the glass plate was inserted, the spot diam
perpendicular to the glass edge increased by a factor of
~46 mm!. In the plane of the OCT image, however, the tran
verse resolution was preserved.

A solid phantom consisting of 1% Intralipid solution an
agar was used to measure the reduction in speckle prov
by ACPE. Four hairs were embedded in the Intralipid-agar
at different transverse positions and depths. A schematic
the phantom is depicted in Fig. 2~a! and the corresponding
OCT images without and with the BK7 glass plate are sho
in Figs. 2~b! and 2~c!, respectively. Insertion of the BK7 glas
plate in the sample arm@Fig. 2~c!# produced three copies o
the original OCT image@Fig. 2~b!#, with each image being
acquired at different illumination angles and separated
group delay increments of 800mm. As predicted, the ampli-
tudes of the signals in the top and bottom images were
proximately half that of the center image(S1OCT/S2OCT
5S3OCT/S2OCT51:2). The ACPE image in Fig. 2~d! was
Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2 261
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Fig. 2 (a) Schematic of the Intralipid-agar phantom. (b) OCT image of
the phantom without insertion of BK7 ACPE element. ROIs labeled 1
to 5 represent locations where the SNR improvement by ACPE was
measured. (c) ACPE OCT images obtained by splitting the sample
beam in two parts with a 3.1-mm BK7 glass element. (d) Compounded
OCT image.
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obtained by incoherently averaging the three images in Fig
2~c!. A substantial reduction of speckle in the compounded
image can be clearly visualized@Fig. 2~d!#. Compared to the
original OCT image, the average ACPE SNR improvemen
for the five regions depicted in Fig. 2~b! was measured to be
1.5460.12 (mean6standarddeviation!.

To demonstrate SNR improvementin vivo, ACPE OCT
imaging was performed on the ventral forearm of a volunteer
Figure 3 shows one representative set of images. Visual a
sessment of these pictures demonstrates a qualitative im
provement in the ACPE image@Fig. 3~b!#. The stratum cor-
neum, epidermis~E! and dermis ~D! are more clearly
demarcated with ACPE@Fig. 3~b!#. In addition, horizontal
structures consistent with dermal vasculature are more easi
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identified in the ACPE image@Fig. 3~b!#. The SNR was mea-
sured for the ACPE and original OCT images in Fig. 3, yie
ing an SNR improvement of 1.56.

In this work, we have demonstrated a novel method
reducing speckle in OCT images that does not decrease
OCT frame rate and requires only minor modifications to t
OCT probe. The implementation of ACPE, however, requi
compromises between speckle reduction and three other
portant OCT system parameters: 1. sample arm transv
resolution, 2. total reference arm path length, and 3. O
image sensitivity. First, for any given objective lens, ACP
compromises the transverse resolution in one dimension
underfilling the lens aperture for each individual beamlet.
most cases, increasing the numerical aperture~NA! of the
objective can compensate for this resolution loss.

Speckle averaged ACPE OCT images can be obtaine
the same rate as conventional OCT images by scanning
increased reference arm path length delay at the same
quency. To acquire each of the individual OCT subimages,
new scan length of the ACPE OCT system needs to
L(2m21), whereL is the original scan length of the OC
system. Using phase control RSOD lines,8 scan ranges up to
10 mm are possible, enablingm53, L52 mm, and a maxi-
mum predicted SNR improvement of;2.1.

Increasing the reference arm path length scan range w
maintaining the scan rate, however, increases the electr
bandwidth and decreases the sensitivity of the OCT syst
Also, because ACPE splits the sample arm power into2m
21 subimages, each subimage contains a fraction of
original sample arm power. When imaging human tiss
these losses primarily affect the penetration depth of the O
image. Since many features of clinical relevance, such as
clei in patients with Barrett’s esophagus or macrophages
atherosclerotic plaques, are present at tissue surfaces, w
pect that for modestm, the improvements in image qualit
provided by ACPE will outweigh sensitivity losses. Moreove
ongoing technical developments toward more efficient int
ferometer designs9,10 and higher power, clinically viable OCT
sources may render ACPE sensitivity losses a nonissue.11,12

The thickness of the path length encoding optical elem
described~3.1 mm BK7! may not be sufficient for OCT im-
aging in some tissues, as it only provided 800-mm separation
between individual subimages. Increasing the thickness of
BK7 glass to 7.7 mm would allow a path length separation
2 mm. This thickness would be adequate for free-space, ha
held OCT probes, but would be problematic in small dia
eter, flexible catheters, where minimizing the rigid length is
importance. To increase the optical thickness of the p
length encoding element, a higher refractive index mate
such as silicon(n53.5) may be used. To create a 2-mm del
with silicon, only 1.6 mm of the material would be neede
When using high-refractive index glass, however, dispers
imbalances between the reference and sample arms mu
considered. For high-resolution OCT imaging(Dl/l
.10%), appropriate selection of the optical material used
path length encoding will depend on the center wavelen
and bandwidth of the source.

To conclude, we have demonstrated a novel method
reducing speckle in OCT images that does not increase
OCT frame rate and requires the addition of only a sin
passive element in the OCT probe. These features of AC
Fig. 3 (a) OCT image of the ventral forearm obtained in vivo prior to
insertion of the BK7 ACPE element. (b) Compounded ACPE OCT im-
age of the skin acquired at the same location as that in (a).
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Speckle Reduction in Optical Coherence . . .
make it compatible with OCT imaging in internal organ sys-
tems in patients. While implementation of ACPE necessitate
tradeoffs between speckle reduction and system sensitivit
the problems caused by speckle noise are arguably more si
nificant for clinical diagnosis than the penetration depth of
modern OCT systems, especially at 1300 nm. Since difficul
ties in interpreting features on the size scale of 20mm or less
is in part a result of speckle noise in OCT images, we expec
that ACPE will greatly improve the capabilities of OCT for
the diagnosis of important diseases such as dysplasia and i
flammation in atherosclerosis.
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