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We present a multielement phased-array approach to diffuse optical imaging based on postprocessing of

continuous-wave data for the improvement of spatial resolution.

In particular, we present a theoretical and

experimental analysis of the performance of a three-element source array in the study of an optically turbid

medium with two embedded cylindrical inclusions.

We find that the proposed phased-array approach is able

to resolve two cylinders with side-to-side separation of 10 mm that are not resolved by the intensity associated

with a single light source.
OCIS codes:

Diffuse optical imaging is a noninvasive technique that
finds applications in the study of highly scattering me-
dia. One important example is near-infrared imaging
of biological tissue in areas such as functional studies
of the brain' and detection of breast cancer.? A
limitation of diffuse optical imaging is its relatively
low spatial resolution. One of the methods proposed
in the literature to better localize optical inclusions is
the phased-array method®~® that uses two out-of-phase
intensity-modulated light sources. The approach de-
scribed here is an extension of the previous phased-
array method in that it uses a three-element (either
three sources or three detectors) array to collect
continuous-wave (cw) data and a postprocess-
ing scheme of data analysis to introduce specific
amplitude—phase relationships among the three
elements.

Let us consider an array of N cw light sources and
a single optical detector that collects intensity I; from
the ith light source. Our phased-array approach con-
sists of normalizing I; and introducing amplitude A;
and phase «; factors to obtain a phased-array inten-
sity (Ip.a) according to the following equation:

N I

IP-A = Z Ai -t cos(ozi) N (1)

i=1 Io;

where the intensity normalization is performed by di-
viding I; by background intensity Iyp;. In this Letter
we present the particular case of a single optical de-
tector and an array of three collinear sources, in which
each source is separated by 1 cm from the next and the
amplitude—phase factors defined in Eq. (1) are A; =
A3 = 1, A2 = 2, @] = g = T, and g = 0. The single
detector is placed across the middle source (i = 2)
at a distance of 6 cm, which is representative of the
source—detector separations used in optical studies of
thick tissues. This particular three-source phased ar-
ray is illustrated in Fig. 1. As a first comparison be-
tween the case of a single source—detector pair and
the phased-array approach of Fig. 1, we consider the
respective areas of sensitivity in a uniform highly scat-
tering medium characterized by an absorption coef-
ficient w9 and a reduced scattering coefficient wugo'.
The background intensity I, detected at position ry
as a result of illumination at position r; is described
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by the solution to the diffusion equation, which in an
infinite-medium geometry is given by’

[ — VP expl—(vpao/Do)?lra — 14l
0 47D, [rg — rsl

(2)

where Dy is the background diffusion coefficient de-
fined as v/[3(uq0 + 1so')], v is the speed of light in the
medium, and P is the source power. We define a sen-
sitivity function as a function of position r = (x, y, z) as
the change in the parameter of interest (single-source
intensity I or phased-array intensity Ip_4) caused by a
small optical perturbation at r relative to the change
caused by the same perturbation at (x4, y,z4), where
x4 and z; are the x and z coordinates of the detector
and the y axis is perpendicular to the linear source ar-
ray. The first-order perturbation solution to the dif-
fusion equation yields the following expression for the
change in intensity AI(r) caused by a small absorbing
object of volume V at position r (Ref. 8):
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where Apu, is the absorption contrast associated with
the object. The intensity measured in the presence of
the absorbing defect at position r is given by

Source array

Detector @ A;=1, o,=n
lcm
1#] ® 4,22, 0,=0
lcm
° 4=1, a=x
6 cm
Fig. 1. Representative phased-array consisting of three

sources with the indicated amplitude (A;) and phase
(a;) factors. These factors are defined in Eq. (1). The
detector faces the central source at a distance of 6 cm, and
the intersource separation is 1 cm.
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The spatial distribution of the sensitivity function in
the plane defined by the detector and by the linear
source array of Fig. 1 is shown in Fig. 2 for the inten-
sity due to the central source (i = 2) [Fig. 2(a)] and for
the phased-array intensity [Fig. 2(b)]. Specifically,
the sensitivity functions of Figs. 2(a) and 2(b) are given
by [Aly(x,y)/AI>(0,y)| and [AlIp.a(x,y)/Alp.4(0,y)l,
where Alp. 4 is calculated from the right-hand side
of Eq. (1) with I; replaced by AI; as given by Eq. (3).
The region of sensitivity of the phased-array intensity
is narrower than that of the single-source intensity,
suggesting an improvement in spatial resolution, even
though it presents two sidelobes that expand the
region of sensitivity toward the source array side.

We performed an experimental test of the improve-
ment in spatial resolution afforded by the proposed
three-element phased-array approach. We used three
multiplexed (i.e., turned on and off in sequence) laser
diodes emitting at 690 nm from a near-infrared tissue
spectrometer (OxiplexTS, ISS, Inc., Champaign, Illi-
nois). These laser diodes were coupled to multimode
optical fibers, 400 um in diameter, whose emitting
ends were arranged in a linear source array according
to the layout in Fig. 1. The collection optical fiber, a
fiber bundle with an internal diameter of 3 mm, was
also placed according to the geometry in Fig. 1, i.e.,
facing the central source fiber at a distance of 6 cm.
The illumination and collection optical fibers were im-
mersed in a highly scattering liquid sample (2% milk
with black India ink added) with an absorption coef-
ficient of 0.047 + 0.002 cm ™! and a reduced scatter-
ing coefficient of 15 = 1 cm™!. At the midplane, i.e.,
equidistant (3.0 cm) from the source array and the col-
lection fiber, we placed two black cylinders, 0.62 cm in
diameter and 12 cm in height. The side-to-side dis-
tance between the cylinders was varied from 0 to 9 cm
in steps of 0.5 cm. For each cylinder separation we
performed a linear tandem scan of the source fiber ar-
ray and the collection fiber to investigate the level of
resolution of the two absorbing cylinders. The linear
scanning speed was 0.13 cm/s and the optical sampling
rate was 3.125 Hz, so that we acquired one optical data
point every 416 um along the scanning direction. Fig-
ure 3 shows the experimental results and theoretical
fits for the cases of side-to-side cylinder separations
of 70, 20, and 10 mm. In particular, Fig. 3(c) shows
the improvement in spatial resolution obtained with
the phased-array method. The theoretical fits were
performed by use of Eq. (4) for center-source inten-
sity I and Egs. (1) and (4) for phased-array intensity
Ip.4. In this case, Eq. (4) consists of two perturbation
terms, one for r = r; and the other for r = r; (with
r; and re being the centers of the first and second
cylinder, respectively) under the assumption that their
contributions combine linearly. The best-fit values of
VAu, for cylinder-to-cylinder separations of 70, 20,
and 10 mm, respectively, are 0.254 = 0.002, 0.249 =
0.002, and 0.240 = 1 cm? for the single-source case and
0.277 = 0.002, 0.265 = 0.002, and 0.344 = 0.002 cm?
for the phased-array case. We also varied the (x,y)
coordinates of the centers of the cylinders to within

their experimental errors, and the theoretical curves
in Fig. 3 represent the best match with the experimen-
tal data. The good agreement between theory and
experiment in Fig. 3 suggests that first-order pertur-
bation theory can be used to predict the shape of the
single-source—single-detector and phased-array inten-
sity curves even beyond its small-perturbation limit of
quantitative applicability.

Further experimental and theoretical trials con-
firmed the better performance of the phased array
with respect to the one-source—one-detector method.
A key result of this study is that the phased-array
method shows an asymmetric resolution and contrast
performance with respect to the midplane. In fact,
the resolution is better close to the single detector [see
Fig. 2(b)], whereas the contrast is higher close to the
source array. The latter result is due to the fact that
the intensities detected from the individual sources
become increasingly similar for objects closer to the
single detector, and they tend to cancel each other
out in the phased-array intensity. The asymmetrical
behavior of the phased-array method with respect to
the midplane can be exploited to selectively enhance
structures located at different depths in the medium.
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Fig. 2. Spatial distribution of the sensitivity function on
the x—y plane defined by the detector and the source ar-
ray for (a) one source and one detector located at (0, —3)
and (0, 3), respectively, and (b) the three-source array of
Fig. 1 consisting of sources located at (—1, —3), (0, —3), and
(1, —3). In both panels, the sensitivity function is defined
relative to the value at x = 0 (i.e., along the line through the
detector and the central source). The optical coefficients
used in Eq. (3) to calculate these sensitivity functions are
o = 0.047 ecm™! and py' = 15 cm™L.
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Fig. 3. Experimental results (thin curves) and theoreti-
cal fits (thick curves) for center-source intensity I, and
phased-array intensity Ip.4 in the linear scans performed in
a highly scattering liquid sample containing two absorbing
cylinders located halfway between the source and detector
scanning lines. The black dots indicate the positions of
the two absorbing cylinders. The side-to-side separation
between the cylinders is 70 mm in (a), 20 mm in (b), and
10 mm in (c).

The three-element phased-array method described
here is similar to a discrete spatial second derivative
of the intensity along the direction of the source
array axis. Looking at Fig. 1, one can see that

the three-source phased-array intensity resembles a
numerical second derivative of the scanned intensity
with a variable step of derivation that is larger
close to the source array and smaller close to the
detector. We recently showed the effectiveness of the
spatial second derivative in enhancing the spatial
resolution of optical mammography.® The second
derivative enhances the minute shape changes of
the one-source—one-detector scanned intensity and
exploits a unique feature of photon migration not only
for edge detection but also for the discrimination of
single versus multiple defects.

In summary, we have presented a multielement
phased-array approach to diffuse optical imaging
that is based on postprocessing of cw data and that
has the potential to improve the spatial resolution
of optical imaging in highly scattering media. Fur-
thermore the asymmetrical contrast performance of
the three-element phased-array method with respect
to the midplane can be used to provide depth infor-
mation. The enhancement in spatial resolution and
the capability of depth discrimination render this
phased-array method potentially effective in practical
applications such as medical imaging.
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