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Abstract. We demonstrate speckle reduction based on
angular compounding using parallel-detection spectral-
domain optical coherence tomography (OCT). An ultrahigh-
speed two-dimensional complementary metal-oxide semi-
conductor camera acquired angular and spectral interfer-
ence fringes (128x1024 pixels) simultaneously at 15,000
frames/s for a single lateral point. A signal-to-noise ra-
tio improvement of 8 dB was achieved for imaging hu-
man skin in vivo by averaging 121 angle-resolved OCT
Images. ©2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOI: 10.1117/1.3589093]
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Optical coherence tomography (OCT) is a noninvasive, non-
contact, imaging modality used to obtain cross-sectional images
of tissue structures with high resolution. Imaging speed and
quality are important in clinical OCT. Fourier-domain OCT has
the advantage of improved imaging speed and sensitivity com-
pared with time-domain OCT. However, OCT images of bio-
logical tissues contain speckles from multiple scattering within
the sample. Speckles appear as a grainy texture in the image
and conceal structural details. However speckles provide infor-
mation about both the structure of the imaged object as well
as image noise. Therefore, several approaches have been devel-
oped for speckle reduction using angular compounding,'™ fre-
quency compounding,’ polarization compounding,® and strain
compounding.”-8

Angular compounding is performed by averaging multiple
images acquired at different angles. The signal-to-noise ratio
(SNR) is improved by taking the square root of the number of
averaged images;' however, the number of averaged images is
too low to reduce speckles, and the compounded images still
contain speckle noise.

A wavelength-swept source and an InGaAs line-scan cam-
era with 400 pixels can simultaneously acquire 100 times more
angles than previous approaches.” However, the A-line rate is
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too slow (25 Hz) for imaging in vivo because the limited camera
readout rate (~19 kHz) prevents the acquisition of interference
signals for adequate depth ranges. To achieve rapid angular com-
pounding, light from different backscattering angles is detected
selectively by adding a scanning mirror.'” However, this beam
scanning decreased the imaging speed for a single lateral point.
Thus, many angle-resolved OCT images must be acquired si-
multaneously for speckle reduction with improved SNR without
reduced imaging speed.

In this paper, we propose a novel method for speckle
reduction based on angular compounding using a parallel-
detection spectral-domain (SD)-OCT with an ultrahigh-speed
two-dimensional (2D) complementary metal-oxide semicon-
ductor (CMOS) camera (1024 x 128 pixels, 15,000 frames/s). A
2D camera (1024- and 128-pixel) detected spectral interference
fringes and angular components, respectively. An improvement
in SNR of 8 dB was achieved for imaging human skin in vivo
by averaging 121 angle-resolved OCT images.

A schematic of our parallel-detection SD-OCT system is
shown in Fig. 1. The collimated output beam of a superlumi-
nescent diode (SLD) (QSDM-830-9; QPhotonics) with center
wavelength of Ao = 838 nm, and spectral width of AA = 26
nm was split into sample and reference arms. Achromatic lenses
(diameter = 25 mm, focal length = 35 mm) were inserted into
both arms. The measured lateral resolution was 12 pum. The
reference mirror was not placed on the focal point, but was po-
sitioned by adjusting the achromatic lens in the reference arm
to detect angle-resolved interference fringes. Light returning
from the two arms was recombined and directed to a diffrac-
tion grating (volume phase holographic grating, 1200 lines/mm;
Wasatch Photonics) and then focused on a 2D CMOS camera
(1024 x 128 pixels, 17x17 pm? pixel size, 10-bit resolution,
15,000 frames/s, FASTCAM-MAX; Photron) using an achro-
matic lens (f = 150 mm). The horizontal (1024 points) and
vertical (128 points) pixels of the 2D camera detected spectral
interference fringes and the angular components of the backscat-
tered light from a sample, respectively and the expanded refer-
ence beam that was generated by displacement of the achro-
matic lens in the reference arm. As the probe beam scanned at
29.3 Hz using a sawtooth waveform (95% duty cycle), modi-
fied to reduce mechanical vibrations, a spectral data set of 512
A-lines was obtained at intervals of 34.1 ms.

To obtain angle-resolved OCT images, we calculated the ref-
erence intensity distribution by averaging 512 captured images
to remove the dc components, including the intensity of the ref-
erence beam and the fixed pattern noise. Next, the dc removed in-
terference signal (1024 points) was resampled from wavelength
(1)-space to wavenumber (k = 2m/A)-space by linear interpo-
lation and subsequent application of an inverse Fourier trans-
form. The resampling and Fourier-transform processes were
performed for 128 angular pointsx512 lateral points. The data
set of OCT images consisted of 512 A-linesx512 axial pixels
with 128 angular points.

In our system, back-reflected light from nonscattering objects
was detected at the center of the camera. The backscattered light
from scattering media was expanded spatially and detected as
angular components in the vertical pixels of the 2D camera.
To confirm this difference, we measured a plane mirror as a
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Fig. 1 Schematic of the parallel SD-OCT system with a 2D camera
(1024x 128 pixels): SLD, superluminescent diode; BS, beam splitter;
GS, galvano scanner; DG, diffraction grating; L, achromatic lens; RM,
reference mirror. The solid and dashed lines show the reflected beams
from the RM and a nonscattering sample, respectively.

nonscattering sample. Figure 2(a) shows an angle- and depth-
resolved image (128 x512 pixels). The reflected point can be
seen only at the center in the angular direction. Figure 2(b) shows
the depth profile of a single A-line obtained from Fig. 2(a). For
comparison, we measured the depth profile of the same mirror,
as shown in Fig. 2(b) when the reference mirror was placed on
the focal point of the lens (i.e. conventional SD-OCT setup).
With 6.5 mW incident on the sample and 50 dB of sample
arm attenuation, the sensitivity of the single-depth profile of our
system was 81.8 dB for the peak at 0.25 mm and was smaller
than the conventional SD-OCT (88.2 dB). This decrease was
caused by the low visibility of interference fringe due to the
mismatch between the sample and reference beams. Note that
the sensitivity, defined as the minimum detectable reflectance
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Fig. 2 (a) Angle- and depth-resolved image of a plane mirror (128 x512
pixels). (b) Depth profiles at angle-resolved OCT and conventional
OCT. (c) Angle- and depth-resolved image of a human fingertip
(128x512 pixels).
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Fig. 3 OCT images of a human fingertip in vivo with an imaging range
of 2.8x1.1 mm? (lateral x axial) by compounding (a) 1, (b) 11, (c) 51,
and (d) 121 angle-resolved images. The scale bar: 0.5 mm.

in the absence of speckles, differed from the SNR improvement
due to speckle reduction.

Next, we measured angle-resolved OCT images of a hu-
man fingertip in vivo. The OCT signals were spatially spread
in the angular direction of the angle- and depth-resolved image
(128512 pixels), as shown in Fig. 2(c). We averaged the A-
lines by adding them one by one on both sides from the center
of the angle- and depth-resolved image. Figures 3(a)-3(d) show
OCT images with an imaging range of 2.8 x 1.1 mm? (lateral x
axial) by compounding 1, 11, 51, and 121 angle-resolved OCT
images, respectively. The speckle reduction in Figs. 3(b)-3(d)
was compared with that of the single angle-resolved OCT image
[Fig. 3(a)].

We estimated SNR improvement based on the number of av-
eraged images in angular compounding, as shown in Fig. 4. SNR
is defined as the ratio of the mean, (/), to the standard deviation of
the intensity, o ;: SNR = (I)/o ;. We calculated the SNR of the re-
gion of interest (ROI) with 20x 20 pixels in the speckle-reduced
OCT images. The ROI in A and B are the OCT signals and the
background of the images, respectively [Fig. 3(a)]. The SNR
was improved by increasing the number of averaged images,
N,. The images were averaged incoherently, improving SNR in
proportion to the square root of the number of averaged images,
N4'2. In ROI B (background), SNR improvement agreed with
N4 because the background noise was random. In ROI A, the
improvement curve agreed with N4 /2 until N4 = 9 and then de-
viated gradually from N4 2. One reason for this difference was
the intensity distribution of the backscattered beam and refer-
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Fig. 4 SNR improvement as a function of the number of averaged
images.
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Fig. 5 Depth profiles at surface in Fig. 3.

ence beam, which decreased in the angular direction. The SNR
improved by 8 dB at N4 = 121, which was 3 dB less than N, /2.
As emphasized by Schmitt! the types of speckle are classified
as signal-carrying speckle and signal-degrading speckle. The
signal-carrying speckle is generated from the sample volume
in the focal zone of the imaging optics. The signal-degrading
speckle is created by the out-of-focus light that scatters mul-
tiple times. To investigate the degrading of axial resolution by
multiple scattering events, we obtained the depth profiles that
was averaged 10 A-lines at the ROI C in Fig. 3(a), as shown
in Fig. 5. The depth profile width at the surface was almost
the same at N4 = 11. However, it broadened by a factor of
~1.4 at Ny = 121. Thus, the wide angular components recorded
the backscattered angular images as well as some out-of-focus
images. Therefore, there is a trade-off between resolution and
SNR for wide angular images. If the OCT system utilizes a
broadband light source to achieve higher axial resolution (2 to
3um), each angle-resolved interference signal needs to com-
pensate the dispersion mismatch using the different parameters
because each reference beam has different aberrations in the
optical system. The advantage of our proposed method is the
acquisition of many angle-resolved OCT images for speckle re-
duction without reduced imaging speed. However our method
works only in a free-space OCT system. To realize our method
in a fiber-optic OCT, a fiber bundle may be useful to detect the
scattered light as angular components. Fourier domain angle-
resolved low coherence interferometer with a fiber bundle probe
has been demonstrated for the measurement of depth-resolved
angular scattering distributions.'! In future work we will con-
sider its feasibility of speckle reduction in a fiber-optic OCT
system.
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In conclusion, we demonstrated speckle reduction based on
angular compounding using SD-OCT with an ultrahigh-speed
2D CMOS camera. This system used a 2D camera instead of
a line-scan camera and the moved lens in the reference arm in
conventional free-space SD-OCT systems. The horizontal (1024
points) and vertical (128 points) pixels of the camera detected
spectral interference fringes and angular components at 15 kHz,
respectively. An improvement in SNR of 8 dB was achieved for
imaging human skin in vivo by averaging 121 angle-resolved
OCT images.
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