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Abstract. The quality of optoacoustic tomographic recon-
structions can be severely affected by acoustic reflections
or scattering arising at interfaces of highly mismatched
organs, such as bones, lungs, or other air-containing cav-
ities. We present a procedure to reduce the associated arte-
facts based on estimation of the acoustic scatterers
distribution within the imaged object. Signals generated by
a strong optical absorber are processed and used in a
weighted back-projection algorithm. Experimental results in
a tissue-mimicking phantom clearly demonstrate improved
performance as compared to the case in which no
information on the distribution of acoustic scatterers is
available. © 2012 Society of Photo-Optical Instrumentation Engineers

(SPIE). [DOI: 10.1117/1.JBO.17.11.110504]
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Optoacoustic tomography (OAT), also referred to as photoa-
coustic tomography, is a noninvasive imaging modality offering
the unique capacity of mapping optical absorption in deep scat-
tering tissues.1 Thereby, high-resolution visualization of spec-
trally distinct functional and molecular biomarkers and
contrast agents can be done with OAT by using illumination
at multiple optical wavelengths.2,3

In common optoacoustic implementations, short-pulsed
illumination is used, in which case the reconstruction procedure
consists of calculating the initial pressure (proportional to
the absorbed optical energy) from the pressure variations mea-
sured at several positions around the imaged object. For simpli-
city, a uniform medium with no acoustic mismatch is usually
assumed, so that the accuracy of the tomographic reconstruc-
tions may deteriorate in case the acoustic impedance varies
within the sample. In general, biological tissues are character-
ized by nonconstant density and speed of sound while different
wave propagation effects take place depending upon the degree

of acoustic heterogeneity. Slight variations of speed of sound
result in time-shift of the acoustic signals without steering the
propagating wavefront.4–6 On the other hand, additional acoustic
phenomena, such as reflections or scattering, take place in
the interface of media with strong acoustic mismatch, which
may cause strong artefacts in the tomographic reconstructions.7,8

Acoustic attenuation may also play a role in the quality of
the reconstructions when imaging at high ultrasonic fre-
quencies.9,10

A procedure for correction of image artefacts due to acoustic
reflections or scattering has been recently introduced.7 It is
based on weighting the detected optoacoustic signals with the
probability that they are not affected by reflected or scattered
waves. In this way, the reconstruction is done preferably with
the signals that more likely correspond to an acoustic wave pro-
pagating directly from the excitation point to the detector.
Indeed, the accuracy of estimating such probability depends sig-
nificantly upon the available information on the distribution of
acoustic scatterers inside the imaged volume. It has been shown
that if an area A, containing the optical absorbers, and an area B
inside A, containing the acoustic scatterers, are a priori known,
the statistical correction procedure attains significantly better
results as compared to the case in which random assumptions
are made regarding the location of acoustic scatterers.8 Thereby,
it is important being able to estimate an area B containing
the strong acoustic scatterers of the object in order to improve
the optoacoustic tomographic reconstructions. This issue is
addressed in this article.

The probability Pi
rðtijÞ that a scattered wave with unit ampli-

tude (in arbitrary units) is measured at the ith detector at instant
tij can be expressed as:8

Pi
rðtijÞ ¼

k
A

Z
A

�Z
B
δ½tirðr 0; r 0 0Þ − tij�dr 0 0

�
dr 0; (1)

where k is a constant that depends on the characteristics of the
scatterers and tirðr 0; r 0 0Þ ¼ jr 0 − r 0 0j∕cþ jr 0 0 − rij∕c is the
instant at which a wave generated at r 0 (inside A) and scattered
at r 0 0 (inside B) arrives at the ith detector. The probability that
the signal captured at the ith detector at instant tij corresponds to
a direct (uninterrupted) propagation is given by Ref. 7:

Pi
dðtijÞ ¼ 1 − Pi

r;distðtijÞ; (2)

where Pi
r;distðtijÞ being the probability that the signal captured at

the ith detector at instant tij is distorted due to acoustic scatter-
ing. As the distortion in the signal is produced when the ampli-
tude of the scattered wave is above the noise level, we consider
that Pi

r;distðtijÞ is proportional to Pi
rðtijÞ [Eq. (1)] and can be esti-

mated via:8

Pi
r;distðtijÞ ¼ min

�
1;ω

Pi
r;histðtijÞ

maxi;j½Pi
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�
; (3)

where ω is a weighting parameter that depends on the internal
object’s features to be determined heuristically. Pi

r;histðtijÞ cor-
responds to the histogram yielded by means of the Monte Carlo
method by randomly generating n pairs of points ðr 0; r 0 0Þ in A
and B, respectively.
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If the area B is not known, the acoustic scatterers can be
assumed to be located randomly within A, so that Pi

r;distðtijÞ can
approximately be expressed as:7

Pi
r;distðtijÞ ¼ min

�
1;ω

Aij

A

�
; (4)

where ω is again a weighting parameter and Aij is the part of A
covered by a circle of a radius ctij centred at the ith detector.

The optical absorption at a given point Hðr 0jÞ can then be
reconstructed by means of the weighted back-projection algo-
rithm via:7

Hðr 0jÞ ¼
X
i

Pi
dðtijÞ

�
pðri; tijÞ − tij

∂pðri; tijÞ
∂t

�
; (5)

where pðri; tijÞ is the pressure measured at the ith detector,
located at ri, at instant tij ¼ jri − r 0jj∕c.

The distribution of acoustic properties within the imaged
object can be estimated using ultrasonic techniques. However,
optoacoustically generated waves can also be used to address
this challenge. For instance, a strong optical absorber can be
introduced into the OAT setup in order to simultaneously gen-
erate speed of sound and optoacoustic tomograms,11 so that the
information retrieved on the speed of sound distribution can be
used to improve the tomographic optoacoustic reconstructions.
In this paper, we describe a method to estimate the distribution
of acoustic scatterers within a sample by introducing a strong
optical absorber in the OAT setup, so that the signals captured
by the ultrasonic transducer are first used to reconstruct the dis-
tribution of acoustic scatterers and subsequently this informa-
tion is used to perform a better optoacoustic reconstruction.

Experimental validation of the proposed method was done
using the setup depicted in Fig. 1. A cylindrically focused ultra-
sonic transducer with a central frequency of 3.5 MHz and a focal
length of 38.1 mm was used to collect the optoacoustic signals
generated with 6-ns duration illumination pulses at 605 nm for a
set of angular positions (projections) of the imaged object. The
captured time-resolved optoacoustic signals were averaged 64
times and band-pass filtered with cutoff frequencies of 0.1
and 5 MHz. The object was rotated over 360 deg with angular
steps of 2 deg using high-speed rotation stage. A black hair with
an approximate diameter of 80 μm was introduced as an optical
absorber in between the imaging sample and the transducer,
which can be considered as a point acoustic source for the

frequency range of the transducer employed. The output
beam was split into two parts and directed through a linear
light diffuser from two opposite sides to attain ring-type uniform
illumination on the surface of the object and simultaneously illu-
minate the hair in the imaging plane. The hair is positioned in a
way that the optoacoustic waves generated by it and scattered
within the sample are all detected later than all the directly pro-
pagating signals originating from the imaged object. This allows
for efficient separation in time between the two types of signals.
Neverthelss, the scattered hair signals can still be affected by
indirect signals, originating at the object and scattered else-
where, although their contribution can be neglected due to
much lower amplitude. Figure 2 shows a typical signal corre-
sponding to the phantom described below. In this case, one
can clearly differentiate the directly propagating signal gener-
ated by the hair (P1), the waves generated in the imaged object
(P2), and the scattered hair signal (P3).

In order to reconstruct an image representing the distribution
of acoustic scatterers, we followed a heuristic approach based on
a modification of the back-projection algorithm of Eq. (5). The
usual algorithm implies back-projecting the quantity 2pðr; tÞ −
2t∂pðr; tÞ∕∂t directly onto the optoacoustic point sources in the
image grid. In the modified reconstruction procedure suggested
herein we back-project the same quantity onto the points where
the optoacoustic signals generated by the hair have been scat-
tered. Subsequently, the distribution of acoustic scatterers Sðr 0jÞ
is estimated via

Sðr 0jÞ ¼ −
X
i

�
pwðri; thijÞ − thij

∂pwðri; thijÞ
∂t

�
; (6)

where thji ¼ jrh − r 0jj∕cþ jr 0j − rij∕c, i.e., the back-projection
is done along an ellipse whose foci are located at the position
of the detector ri and at the position of the optical absorber rh.
pwðri; thijÞ stands for the acoustic pressure being windowed
with a rectangular function so that only the part corresponding
to the scattered hair signal is taken (P3 in Fig. 2). The negative
sign in Eq. (6) is introduced to correct for the pressure inversion
taking place for our phantom experiments due to reflection of
the waves by a hollow cavity, as described in the following.

Fig. 1 Layout of the experimental setup used to measure the distribution
of acoustic scatterers. An optical point absorber (a black hair in our
case) is introduced in between the ultrasonic transducer and the imaged
object.

Fig. 2 Optoacoustic signal captured by the transducer, corresponding
to the phantom experiment described in Fig. 1. The parts of the signals
corresponding to different waves can be differentiated: directly propa-
gating signal generated by the hair (P1), waves generated in the imaged
object (P2), and the scattered hair signal (P3).
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For the validation experiment, a tissue-mimicking agar phan-
tom was used. Black India ink and Intralipid were added to the
agar solution, resulting in absorption and reduced scattering
coefficients of μa ¼ 0.2 cm−1 and μ 0

s ¼ 10 cm−1, respectively.7

Areas with higher optical absorption (μa ¼ 2 cm−1) and a hol-
low cylindrical cavity consisting of a straw filled with air were
included in the phantom. Due to position of the hollow cavity,
the artefacts due to acoustic scattering were mainly created
around the central area of the phantom.

The geometrical features of the phantom are shown in
Fig. 3(a). The darker regions correspond to the higher optical
absorption areas whereas the straw is indicated with a white
area limited by a dashed circumference. Figure 3(b) shows the
tomographic reconstruction obtained with the standard back-pro-
jection algorithm (noweighting). As expected, strong artefacts are
present due to the scattering of the acoustic waves at the surface of
the straw. However, the boundary of the phantom can still be dis-
tinguished, thus, the area A containing all the optical absorbers
and acoustic scatterers can be identified [area inside the dashed
white circumference in Fig. 3(b)]. This information can subse-
quently be used to improve the tomographic reconstruction by
using the weighted back-projection algorithm with Pi

r;distðtijÞ
given via Eq. (4). The resulting image in Fig. 3(c), obtained
with ω ¼ 1, clearly shows reduction of the artefacts. However,
some significant artefacts in the central region of the image
still remain. The image showing the distribution of acoustic scat-
terers, obtained using Eq. (6), is presented in Fig. 3(d). The posi-
tion of the points where scattering of the acoustic waves occurs
(surface of the straw in the current case) can be readily estimated
from this image. An area B containing all the acoustic scatterers
can be subsequently determined [an area inside the dashed white
circumference in Fig. 3(d)], and this information can then be used
for estimating Pi

r;distðtijÞ using Eq. (3). Then, the tomographic
reconstruction obtained with the weighted back-projection
algorithm with ω ¼ 3 is shown in Fig. 3(e). Clearly, most of
the artefacts due to acoustic scattering are removed. Also, the sur-
face of the straw is visible in Fig. 3(e), which allows verification

of the correctness of the reconstructed acoustic scattering distri-
bution. The values of ω in each case are determined heuristically
so that the best possible image is obtained.

Overall, we have presented an adaptation of an optoacoustic
tomographic system that allows determining the distribution of
acoustic scatterers in the imaged volume, which can subse-
quently be used to improve quality of optoacoustic reconstruc-
tions by reducing artefacts due to acoustic scattering. According
to the suggested method, a small strongly absorbing object
(e.g., a black hair) is introduced in between the imaged object
and the ultrasonic detector∕s while a heuristical modification of
the back-projection algorithm is used to reconstruct the distri-
bution of acoustic scatterers. It has been demonstrated that
optoacoustic tomographic reconstructions can be significantly
improved if the distribution of acoustic scattering in the imaged
volume is known and weighted for in the reconstruction proce-
dure. In conclusion, the suggested methodology helps improv-
ing the tomographic optoacoustic images when strong acoustic
scattering or reflections are present in the object, which in rea-
listic imaging scenarios may arise from bones, lungs or other air
cavities in living organisms.
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Fig. 3 Tomographic optoacoustic reconstructions of phantom with
acoustically-scattering air cavity. (a) Geometrical description of the
phantom. (b) Standard back-projection reconstruction. (c) Weighted
back-projection reconstruction, considering the acoustic scattering
occurs in the entire phantom. (d) Reconstruction of the acoustic scatter-
ing distribution. (e) Weighted back-projection reconstruction, for which
the scattering distribution has been taken into account.
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