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Optoacoustic imaging is based on the generation of thermoelastic stress waves by heating an object
in an optically heterogeneous medium with a short laser pulse. The stress waves contain information
about the distribution of structures with preferential optical absorption. Detection of the waves with
an array of broadband ultrasound detectors at the surface of the medium and applying a
backprojection algorithm is used to create a map of absorbed energy inside the medium. With
conventional reconstruction methods a large number of detector elements and filtering of the signals
are necessary to reduce backprojection artifacts. As an alternative this study proposes an iterative
procedure. The algorithm is designed to minimize the error between measured signals and signals
calculated from the reconstructed image. In experiments using broadband optical ultrasound
detectors and in simulations the algorithm was used to obtain three-dimensional images of multiple
optoacoustic sources. With signals from a planar array of 333 detector elements a significant
improvement was observed after about 10 iterations compared to the simple radial backprojection.
Compared to conventional methods using filtered backprojection, the iterative method is
computationally more intensive but requires less time and instrumentation for signal acquisition.
© 2002 Acoustical Society of America.@DOI: 10.1121/1.1501898#

PACS numbers: 43.60.Pt, 43.60.Rw, 43.35.Ud@JCB#
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I. INTRODUCTION

Optoacoustic or thermoacoustic imaging is a method
localize objects inside an acoustically homogeneous med
that have contrast in the visible, infrared, or microwa
range of thee electromagnetic spectrum. It is based on
generation of thermoelastic stress waves as a short p
from a laser or a microwave source is absorbed by an ob
in the medium. The contrast for image formation is provid
by enhanced heat and stress generation in structures
preferential optical absorption. Compared to conventional
trasonic pulse-echo imaging, where ultrasound is gener
outside the sample and is scattered by acoustical heterog
ities, in optoacoustic imaging the source of pressure wave
the observed target itself. The wavelength of optoacou
waves depends on size and shape of fluctuations in the
tribution of absorbed energy, thus producing a broadb
acoustic spectrum that extends over the ultrasonic freque
range, from about 0.1 to 100 MHz. The upper limit is giv
by 1/tp , wheretp is the duration of the exciting pulse. Con
sequently the resolution limit and at the same time the sm
est achievable acoustic wavelength are given bytpc, wherec
is the speed of sound. Structures larger than this limit fu
the condition of stress confinement, which states that m
mum thermoelastic stress is produced if the heating puls
shorter than the time the mechanical disturbance need
escape from a target structure of characteristic sized,

tp!tac5d/c, ~1!

wheretac is called the acoustic relaxation time. The press
waves created in the heated regions propagate to the su

a!Present address: Institut fuer Experimentalphysik, Karl-Franze
Universitaet Graz, Universitaetsplatz 5, A-8010 Graz, Austria; electro
mail: guenther.paltauf@kfunigraz.ac.at
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where they are detected with high bandwidth transducers
image reconstruction method is applied to the signals to
ate a map of the absorbed energy in the medium. The re
ing image is generally not a quantitative reconstruction o
physical property of the material. It rather shows the locat
of optical absorbers in a similar way as in pulse-echo ult
sound, where acoustical scatterers are located. Only u
certain circumstances, such as in the imaging of layered
terials with negligible optical scattering, the distribution
the optical absorption coefficient can be reconstructed.

Optoacoustic imaging is applicable to nondestruct
testing of materials where the interesting structures have
imaging contrasts for conventional methods like pulse-e
ultrasound but at the same time have high contrast for opt
radiation. Sufficient penetration of light to the target stru
tures is also a prerequisite. Since many imaging target
biological tissue meet these requirements, the optoacou
method is particularly promising for noninvasive medic
imaging. Some structures that are barely seen by establi
imaging methods employing x rays or ultrasound but exh
a strong contrast for visible or near infrared light are t
increased blood concentration due to neovasculature
breast tumors,1 vascular abnormalities in skin2 or inflamed
cancerous tissue.3 Due to the strong scattering of light i
tissue, optoacoustic waves are excited by diffusely propa
ing light. Other than in pure optical imaging, where imagi
information comes from diffusely backscattered or transm
ted light and the resolution is poor~in the range of 1 cm!, in
optoacoustic imaging the information about the imaged
jects is carried by pressure waves, which are much less s
tered than light and are therefore capable of producing
ages with better resolution~in the range of 1 mm or less!.
Using multiple wavelengths the spectral information of op
cal imaging can also be obtained with optoacoustic imagi
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The techniques used to transform the information c
tained in the optoacoustic signals into images depends on
complexity of the target structures. Single, static detec
are used for layered samples.4–7 More complicated structure
can be imaged by scanning a focused acoustic transd
together with the optical source along a line on the surfac
an object, creating an image of a two-dimensional sec
perpendicular to the surface.7,8 Scanning is, however, limited
by the available pulse repetition rate of pulsed lasers, wh
ranges up to about 100 Hz. To record the amount of d
needed for three-dimensional imaging therefore requires
allel detection and processing of optoacoustic signals u
ultrasonic transducer arrays. An image of the absorbed l
distribution is constructed by backprojecting the acoustic s
nals among all possible source locations. For a single iso
pic detector and a point source these locations lie on
surface of a sphere with the detector in the center. Sum
tion of multiple spheres with their centers at different det
tor positions generates the reconstruction. If the informat
contained in the signals about the imaged objects is lim
these backprojection spheres~or arcs in a two-dimensiona
section! tend to remain in the reconstruction, creating ima
artifacts. The main limitations are the finite number of det
tor elements and the finite solid angle of detection. La
arrays with plane, curved or hemispherical arrangement
up to 4000 detectors9,10 or detection principles providing
spatially continuous, two-dimensional snapshots of
acoustic pressure distribution in a plane11,12 have therefore
been used to maximize the information that is acquired fr
the optoacoustic sources. To increase the contrast of inte
ing structures relative to background absorption and to
duce artifacts, usually a filtering of either the acoustic sign
prior to backprojection or of the reconstructed image is p
formed. High-pass filters reduce the slowly changing sig
components caused by background absorption.1 A method
derived from the inverse three-dimensional Radon transf
uses backprojection of the temporal derivatives of acou
pressure signals.13,14 This method creates full three
dimensional images of the source but needs a high numb
detector elements. Filtering methods acting on the rec
structed image use thresholding to remove some of the b
ground or spatial frequency-domain filters to reduce hi
frequency backprojection artifacts.1

In the present work we propose an alternative conc
that reduces artifacts even when signals from only a sm
number of detectors~e.g., form a 333 detector array! are
available. This technique increases both contrast and res
tion of the reconstructed images, thereby obviating the fil
ing step used by other techniques. The reconstruction a
rithm is iterative and was adapted from algebraic ima
reconstruction techniques and in particular from the simu
neous iterative reconstruction technique that is used in c
puter tomography in cases where data sets are noisy
incomplete.15 The method is also closely related to deconv
lution techniques commonly used in fields lik
spectroscopy16,17 or microscopy.18 The basic idea is to trea
the image reconstruction as an inverse problem and to m
mize the error between the measured acoustic signals an
signals that are calculated with a forward model of opt
J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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coustic sound generation from a reconstructed image. S
tion II describes the algorithm and the models needed for
forward and the inverse problems. A simulation for a know
source distribution and a first experimental reconstruct
follow.

II. IMAGE RECONSTRUCTION ALGORITHM

The basic problem of image reconstruction is to inv
the forward problem of optoacoustic wave generation a
detection. Solution of the forward problem yields pressu
time signals at the element positions in the ultrasonic sen
array, given an initial distribution of absorbed energy in t
medium. This distribution is created by absorption of a la
pulse and can be regarded as the source of the pressure w
In the inverse problem the three-dimensional absorbed
ergy distribution is sought given a set of acoustic signals
the array positions.

Optoacoustic wave generation is described by the s
tion of the thermoelastic wave equation.19,20 Since in soft
tissues the optical contrast, which determines the optoac
tic sources, is generally much higher than the small va
tions of acoustic impedance, an acoustically homogene
medium is assumed. It is advantageous to use the solutio
the velocity potential, which is related to the acoustic pr
sure by

p~r ,t !52r
]f~r ,t !

]t
, ~2!

wheref is the velocity potential,r the density,p the acoustic
pressure, andr the position of the detector. To model th
detection process we use a discrete, matrix-based form
tion of the problem that uses a retarded Green’s funct
solution of the thermoelastic wave equation.13,21 The three-
dimensional distribution of volumetric energy densityW(r )
after absorption of a laser pulse is discretized into a grid
size Nx3Ny3Nz and described by a vectorW where each
elementWj ( j 51•••Nx3Ny3Nz) contains the average valu
of the energy density within a volume element of sizeDV at
position r j . A second vectorf contains the values of the
velocity potential measured as a function of time at all po
tions of the sensor array. The number of measured valuefk

is given by the numberM of temporal samples in the signa
of a single detector, times the numberL of detectors in the
array. The measurement is described by

f5AW

or

fk5(
j

Ak jWj

with

Ak j52
b

4prCp

DV

Dt

hk j

Rk j
wk j

~3!

Rk j5ur k2r j u, hk j5H 1 if utk2Rk j /cu,Dt/2,

0 else,
1537Paltauf et al.: Optoacoustic imaging algorithm
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whereb is the thermal expansion coefficient,Cp the specific
heat capacity at constant pressure, andDt the time step at
which velocity potentials are sampled. The pointr k is the
position of the detector at thekth measurement. The factor
wk j contain parameters that describe the detection proces
directional sensitivity of the detectors can be modeled
factorswk j that depend on the angleuk j between the vecto
r k2r j and the normal to the detector plane. According to
definition ofhk j , all nonzero elements in a row ofA belong
to volume elements whose centers lie within a spherical s
of radius ctk and width cDt around r k . The matrix A is
extremely sparse and can be quite large~e.g., 1.643105 for
typical numbers ofNx5Ny5Nz540, M5256 andL510!,
which precludes a direct matrix inversion. Since most of
elements ofA are zero a compression can be utilized. FirsA
is divided intoL submatrices that correspond to single det
tor positions. Each of these submatrices has onlyNx3Ny

3Nz elements unequal to zero, one per column. This res
from the fact that the center of each volume element can o
lie within one spherical shell. The nonzero elements
stored in a three-dimensional,Nx3Ny3Nz matrix. A second
auxiliary matrix of the same size stores the value ofk ~the
row number in the original submatrix ofA! of each element.
To perform the matrix multiplication in Eq.~3!, elements of
equalk are summed with the help of the auxiliary matri
The number of elements to be stored is therefore reduce
a factor ofM /2.

To avoid a loss of information in the modeling of th
detection process the spatial incrementsDx, Dy, Dz and
the time intervalDt have to be matched in a way that th
average sound propagation time through a volume elem
tprop, is not smaller thanDt. Since the latter is usually pre
determined by the sampling interval of the recording inst
ment the spatial increments are chosen using the inequa

Dt<tprop5
Dx1Dy1Dz

3c
. ~4!

Some oversampling~usingDt,tprop! increases the accu
racy of the calculated signals and is sometimes necessa
limit the size of matrixA. However, a calculation withDt
,tprop induces noise~shot noise induced by the arrival o
waves from individual volume elements! that can be elimi-
nated by convolvingf with g, a vector containing a Gauss
ian function with an 1/e width corresponding totprop,

gi5
2

tprop Ap
exp@2~2t i /tprop!

2#. ~5!

It has been shown previously that the optoacoustic w
emitted from a small spherical source has a pressure pr
given by the time derivative of a Gaussian function.22 g can
therefore be regarded as the elementary velocity pote
signal that is emitted from a volume element. If the las
pulse durationtp is longer thantprop, accurate modeling off
requires the use of a broader Gaussian function for the c
volution, which is done by replacingtprop in Eq. ~5! by tp .
Although in practice we first calculated the signals using E
~3! and then performed the convolution, we assume for
sake of simplicity the convolution to be integrated in mat
1538 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
. A
y

e

ll

e

-

ts
ly
e

by

nt,

-
ty

to

e
le

ial
r

n-

.
e

A and keep the notationf5AW for the signal generation
process~to generate a matrix that includes the convolution
Toeplitz matrix generated fromg could be multiplied with
A!.

A first-order reconstructed imageI of the sourceW can
be obtained by backprojecting the measured signalsf into
the source volume using a matrixB,

I5fB

or

I j5(
k

fkBk j . ~6!

The backprojection matrixB is related toA. Different
ways to define its elementsBk j are possible. The following
definition conserves energy, making the sum over all e
ments of the image vector the same as the sum over
source vector,

Bk j5
Ak j

L(
i

Aki
2

. ~7!

In the resulting image, each volume element is assig
the sum of measured velocity potentials to which it contr
uted, normalized byL(

i
Aki

2 and weighted withAk j . The sum
in the denominator of Eq.~7! takes into account the numbe
of volume elements in each spherical shell. This kind
normalization can cause problem in actual measurements
cause noise is amplified in image elements that lie on tr
cated shells near the edges of the source volume. We fo
that the following definition ofBk j gave better results with
experimental signals:

Bk j52hk jRk juk j . ~8!

In this definition the 1/Rk j attenuation of the optoacous
tic generation process is compensated and the backproje
of velocity potentials is weighted with factorsuk j . For
achieving the best signal to noise ratio in the reconstruc
image it has been suggested to setuk j5wk j .

9 No normaliza-
tion with the number of elements is used and conseque
no energy conservation is obtained. A separate normaliza
as described in the following is necessary to achieve ene
conservation.

In the above-defined projection the velocity potent
measured at a certain timetk at a certain detector position i
smeared over all cells on a spherical shell with radiusctk .
For a detector array withL elements, each point in the sourc
volume is imaged byL spherical shells intersecting at th
point location. This has an effect similar to smearing t
original with a three-dimensional point spread function. W
a small number of array elements this function is stron
dependent on the position in the source volume. Simple
tering operations in frequency domain are therefore not
plicable for deconvolution of the reconstructed image. It
obvious that the operation in Eq.~6! is not an inversion of
the signal generation process described by matrixA. Back-
projection can, however, be used to generate reconstruc
of optoacoustic sources under two conditions:~1! the data set
is sufficiently big, containing signals that are measured fr
many directions around the source,~2! some kind of filtering
Paltauf et al.: Optoacoustic imaging algorithm
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of the signals is used prior to backprojection to improve
image. If the data set is not complete the inverse problem
be solved in an iterative process that is related to a metho
computer tomography known as simultaneous iterative
construction technique.15 It is also related to the van Citter
algorithm that was originally used to deconvolve spec
with the response function of the spectrometer.16,17The basic
idea is to use backprojection to create a first-order im
from the measurementf, calculate new signalsf(1) from
the reconstruction by applying signal generation matrixA on
the image vector, and then add the backprojection of
residualf2f(1) to the image. Subsequent iterations are
scribed by

f~n!5KAI ~n!,
~9!

I ~n11!5I ~n!1~f2f~n!!B.

Since the reconstructed energy density has to be p
tive, a non-negativity constraint is imposed on each new
timate. This means that only positive values are kept in
image and negative values are set to zero.K is a diagonal
matrix that contains for each detector position a normali
tion coefficient that ensures energy conservation. To de
the coefficientK for a single detector element first a relatio
between the total absorbed energyQ in the source and the
measured velocity potential signal@or acoustic pressure sig
nal with Eq.~2!# is obtained from Eq.~3!

Q5DV(
j

Wj52
4prcCp

b
Dt(

k
tkfk. ~10!

To matchf(n) energetically withf, K has to be

K5

(
k

tkfk

(
k

tk(
j

Ak jI j
~n!

. ~11!

To obtain a correct value for the total energy from re
tion ~10! requires that allwk j51 and that the detectors ar
absolutely calibrated. However, even if these requireme
are not entirely met the normalization coefficient derived
Eq. ~11! will renderf andf(n) comparable in size, which is
necessary for calculating the residual. It has to be emp
sized that due to different responses of detectors in an a
or due to other fluctuations in the measurement the co
cient K can have different values for each detector eleme
K is therefore an important factor in deriving the corre
signals from backprojected images. It has been pointed
that the convergence of the van Cittert algorithm requi
suppression of noise.17 We found that the convolution withg
described in Eq.~5! provides sufficient smoothening of sig
nals to avoid the buildup of noise and to keep the solut
converging. Tests with insufficient smoothening, using
shorter integration time thantprop, yielded solutions that di-
verged after several iterations~not shown!.

Iterations start by settingI (0)50, creating a first esti-
mateI (1) that is the backprojection of the measured veloc
potentials. Since ultrasonic detectors usually measure ac
tic pressure, the signals are first converted into velocity
J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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tentials by integration. The norm of the residual can be u
as a quality measure of the reconstruction and to monitor
improvement achieved by the iterations. The error of
velocity potential after thenth iteration is defined as

errf
~n!5(

k
~fk2fk

~n!!2. ~12!

In the following simulations and experiments, the iter
tions were stopped if the improvement of the error beca
smaller than 1% of the initial error, that is

errf
~n21!2errf

~n!

errf
~1! ,0.01 . ~13!

Using the definition in Eq.~8! for the backprojection
matrix, the reconstruction algorithm produces a thre
dimensional image in arbitrary units. A normalization by t
maximum value is useful for displaying sections of the im
age and for observing the progress of the iterations. It is a
possible to create an absolute imageW(n) in units of ab-
sorbed energy density using conservation of energy. S
the volume integral over the reconstructed image has to
equal to the total absorbed energyQ, the images have to be
multiplied with a normalization factor

W~n!5
Q

DV(
j

I j
~n!

I ~n!. ~14!

In an experiment the value ofQ is obtained from measure
signals using Eq.~10!. In a simulation it is given by the
volume integral over the known source distribution.

III. SIMULATION

We simulated the imaging of two spherical sources
ing a planar array of 333 detectors. The detectors were a
sumed to be omnidirectional and therefore we set allwk j

51. This corresponded to the actual experimental conditi
that are described in Sec. IV. Instead of usinguk j5wk j we
used uk j5cosukj for the directional weights in the back
projection. The resulting overall weight factorsRk j cosukj

are equal to the distance to pointr j from the detector plane
Backprojection spheres therefore do not reach the dete
plane, which slightly decreases the lateral resolution
yields a better convergence of the algorithm compared
isotropic backprojection. The energy density distribution
the sources was given by Gaussian functions with ane
radius ofa50.2 mm,

Wj5exp~2~r j2r c!
2/a2!, ~15!

wherer c is the position of the center. The total source cu
had a size of 23232 mm3 and was divided into a grid o
40340340 points. The centers of the two sources~hereafter
referred to as ‘‘spheres’’! were located at the Cartesian coo
dinatesr c15(1.5,1,0.8) mm andr c25(0.5,1,1.3) mm. The
arrangement of spheres and detector array is schemati
shown in Fig. 1. Figure 2 shows one of the velocity poten
signalsf calculated from the original source distributionW,
the signal f(1) calculated fromI (1) and the residualf
2f(1) that is used to generate the improved estimateI (2).
1539Paltauf et al.: Optoacoustic imaging algorithm
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The resolution of the two sphere signals is diminished
f(1), leading to the negative components in the residu
Section images through the centers of the two spheres fo
original W, the initial estimateI (1) and the improved recon
struction after 12 iterations,I (12) are displayed in Fig. 3. Fo
better comparison of original and reconstruction, all imag
are normalized by their maximum. The absolute energy d
sity values obtained from Eq.~14! are displayed in the gray
level scales. The maximum ofI (1) is only about 5% of the
maximum value ofW. Furthermore, the source labeled wi
1 appears brighter~maximum 0.047! than source 2~maxi-
mum 0.037!. The separation of the sources and the accur
of their relative strengths are clearly improved after 12 ite
tions. In I (12) both sources are equally bright with a max
mum value of 0.12. Figure 4 displays the error of veloc
potentials as a function of the number of iterations. No s
nificant further improvement was achieved after 12 ite
tions, when the error reached about 40% of its initial val
The fact that the error cannot be further reduced is belie
to be due to the small number and plane arrangemen
detectors in the array.

The simulation offers the opportunity to quantitative
compare the reconstructed distribution with the known or
nal. This analysis was used to investigate the influence of

FIG. 1. Geometry of detector array and optoacoustic sources for the s
lation.

FIG. 2. Simulated velocity potential at one of the nine detector positio
The negative velocity potential is displayed as a function of time. Comp
son of the measured signalf, the signal derived from the first estimatef(1)

and the residualf2f(1).
1540 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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number of detectors in the array on the quality of the rec
struction. The error of the three-dimensional reconstruct
after n iterations can be defined as

errI
~n!5(

j
~Wj2I j

~n!!2. ~16!

For a comparison of the shapes of the two distributio
W and I (n) are normalized by their maximum value. Th
corresponds to the visual impression one gets from the
tion images in Fig. 3, which are normalized in the same w
Alternatively, a comparison of the absolute energy dens
can be done by replacingI (n) by W(n) from Eq. ~14!. In this
simulation, the detectors were always distributed ove
square of 232 mm2. The square was divided into a numb

u-

.
i-

FIG. 3. Simulation of image reconstruction using the iterative algorith
Displayed is a section through the centers of the spheres aty51 mm. The
gray level scales show the values of the reconstruction normalized by
total absorbed energy:~a! original distributionW, ~b! first estimateI (1).
Maximum of source 1: 0.047, of source 2: 0.037.~c! Image after 12 itera-
tions I (12). Maxima of both sources 1 and 2: 0.12.
Paltauf et al.: Optoacoustic imaging algorithm



t
e
o

be

o
ro

ra
u

ve-
e-
s, as
ec-
l the
fur-
in-
ore
its

nal
16
he
ber
nts
st

he
vi-
ed

oil

f
d 1.5
was

di-
s a
a
he
was

yer
sig-
ed
to

yer
the
ave
yer

tec
ri-
i-

ing
odu-
of equal areas according to the number of elements and

detector points were placed in the centers of these ar
Figure 5~a! shows the errors of the reconstruction for the tw
different normalization methods as a function of the num
of array elements. In Fig. 5~b! the mean error of the velocity
potential is displayed, also as a function of the number
array elements. The mean error is the value obtained f
Eq. ~12! divided by the number of array elements,L. All
graphs show the final errors after termination of the ite
tions. Since the radial backprojection is the ideal reconstr

FIG. 4. Errors in the simulation betweenf and f(n) as a function of the
number of iterationsn.

FIG. 5. Final errors in the simulation as a function of the number of de
tors in a quadratic array.~a! Error of the reconstructed image. For compa
son of shapes bothW and I (n) are normalized to their maximum. Compar
son of energy density is done after normalizingI (n) using the total absorbed
energy.~b! Final error of velocity potential. Errors calculated with Eq.~13!
are divided by the number of array elements.
J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
he
as.

r

f
m

-
c-

tion for a single detector, the corresponding error of the
locity potential vanishes. A reconstruction of any thre
dimensional object needs at least three detector position
indicated by the high errors of the images for 1 and 2 det
tor elements. The final error of the images decreased unti
number of detectors reached 9. There was no significant
ther improvement when the number of detectors was
creased from 9 to 16. The improvement was much m
pronounced in the reconstruction that was normalized by
maximum value than in the absolute reconstruction. The fi
error of the velocity potential was constant for 4, 6, 9, and
detector elements. From this analysis it follows that for t
reconstruction of simple objects as the two spheres a num
of 9 detector elements is sufficient. The use of 16 eleme
insignificantly improves the reconstruction but almo
doubles the computation time.

IV. EXPERIMENT

In an experiment we tested the iterative algorithm for t
imaging of two absorbing sources in an optically clear en
ronment. Two spheres made of acrylamide gel with add
absorber~Direct Red 81, Sigma Chemical! were placed on a
thin plastic film and were surrounded by clear mineral
~Fig. 6!. The absorption coefficient of the gel wasma

560 cm21. The oil prevented the dye from diffusing out o
the spheres. The diameters of the spheres were 1.2 an
mm, respectively, and the distance between the centers
2.15 mm. A 1-mm-diameter optical fiber was used to irra
ate the spheres from above. The laser source wa
frequency-doubled,Q-switched Nd:YAG laser operating at
wavelength of 532 nm with a pulse duration of 5 ns. T
laser pulse energy was 5 mJ and the laser spot diameter
4 mm. With an optical absorption depth 1/ma of 170mm both
spheres were optically thick, and therefore only a thin la
facing the incident laser pulse was heated. The acoustic
nals were recorded with an optical detector describ
previously.23 A continuous HeNe probe beam was focused
an elliptical spot with principal diameters of 120 and 250mm
on the interface of a glass prism and a water layer. The la
separated the glass prism from the plastic film carrying
gel spheres and had a thickness of 3 mm. An acoustic w
being incident on the glass surface from the water la

-

FIG. 6. Experimental setup for the optoacoustic imaging of two absorb
spheres. For detection of the acoustic waves, a focused laser beam is m
lated by pressure changes at a glass–water interface.
1541Paltauf et al.: Optoacoustic imaging algorithm
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FIG. 7. Experimental image reconstruction. Sections alongy–z planes@~a!, ~b!# andx–y planes@~c!, ~d!# of the first estimateI (1) @~a!, ~c!# and the estimate
after 11 iterations,I (11) @~b!, ~d!# are displayed. The values of the gray level scales are in J/cm3. The circles in~a! and~b! indicate the positions of the absorbin
spheres.
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1

slightly changed the relative optical refractive index betwe
the two media, thereby varying the Fresnel reflectance of
interface. This caused modulations of the probe beam in
sity that were detected with a fast photodiode. The sign
from the photodiode were amplified and recorded on a dig
storage oscilloscope. Choosing an incident angle of the pr
beam slightly smaller than the critical angle of total intern
reflection of the glass-water interface maximized the se
tivity of the detector. The undisturbed optical reflectance
the prism–water interface was 0.8. Calibrating the dete
using a procedure based on the Fresnel formula and
change of refractive index with pressure,dn/dp51.35
31025 bar21 yielded a sensitivity of 0.6% modulation pe
bar of pressure.23 The overall sensitivity of the system takin
into account the response of the photodiode and the gai
the amplifier was 1 mV/bar. The noise level of averag
signals~over 32 sweeps! was about 20mV or 20 mbar.

The directivity of an ultrasound detector for pulsed e
citation is known to depend on the size of the sensor area
distance between source and detector and the temporal s
and duration of the signal, which are in turn determined
the shape of the source and the pulse duration of the la9

Unlike a piezoelectric element that is sensitive to the pr
sure that enters into the piezoelectric material, the opt
1542 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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sensor measures changes of pressures and associated d
modulations that occur at the surface of the glass pri
Therefore there is no angle-dependent attenuation of
pressure wave due to acoustic mismatch for the optical s
sor and only the integration effect of the obliquely incide
wave on the detector plane plays a role. In a separate ex
ment ~not shown! we found that indeed the directional de
pendence of signal shape and maximum can be readily
scribed by integration effects over the detector area. It tur
out that for the experimental signal shapes and within
aperture used for the experiment the optical detector can
regarded as omnidirectional. Consequently we set all we
factorswjk51, independent of angle. To simulate a detec
array, the detector point was scanned over a grid of 333
points in a plane, with a grid size of 1 mm inx direction and
of 1.5 mm in they direction.

V. RESULTS

Figure 7 shows two sections of the reconstructed volu
~size 43634 mm3!, one parallel to they–z plane and one
parallel to thex–y plane. The algorithm stopped after 1
iterations. For each plane, the first-order reconstruction,I (1),
and the final reconstructed image,I (11), are displayed. The
Paltauf et al.: Optoacoustic imaging algorithm
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y–z section shows how the backprojection arcs are stron
reduced after 11 iterations. In anx–y section, the back-
projection artifacts cause a blur that again nearly disapp
in the improved image. The values in the gray level bar
absorbed energy density in units of J/cm3. They were ob-
tained by normalizingI (n) using Eq.~14!. The total absorbed
energy was calculated from the measured acoustic sig
using Eq.~10!, giving an average value of 1.5 mJ. This is
reasonable value considering that the incident laser pulse
ergy was 5 mJ and that the cross section of the spheres
partly filled the laser spot. From iteration 1 to iteration 11 t
maximum energy density increased by a factor of 8, due
the less spreading of energy over the backprojection sph
and increased concentration in the two sources. The co
sponding errors are shown in Fig. 8.

VI. DISCUSSION

An iterative method has been described to reconst
the distribution of absorbed energy density from thermoe
tic pressure signals detected with a transducer array.
minimization of the error between the measured signals
the signals calculated from the reconstructed distribut
leads to a self-consistent solution of the optoacoustic im
ing problem and an inversion of Eq.~3!. All knowledge
about the source that is required in the algorithm comes f
the measured signals and the condition that the result ha
be positive.

During the iterations the artifacts, which appear as ba
projection arcs or blur in the two-dimensional sections
I (1), were markedly reduced. Comparing initial estima
with improved estimates in Figs. 3 and 7 might suggest t
similar improvements could be achieved by simple thre
olding, where parts of the images are set to zero that
darker than a certain threshold. However, the sources
have different strengths, and thresholding could also rem
actual structures together with the artifacts. In addition,
the simulation has shown the one-step backprojection so
times produces incorrect relative source strengths. Apply
a threshold to remove backprojection arcs to the reconst
tion in Fig. 3~b! would have emphasized this error. Inste
the iterative algorithm was able to correct the reconstruc
and to make the brightness of the two sources equal.

FIG. 8. Experimental image reconstruction: errors betweenf andf(n) as a
function of the number of iterationsn.
J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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The maximum of the absolute source strength was
ways too low compared to the original. In the simulations t
maximum reconstructed energy density increased betw
I (1) and I (11) from about 5% to 12% of the correspondin
value in the original distributionW. In the experiment, an
eightfold increase of maximum energy density from 0.075
0.6 J/cm3 was observed. This was still too low compared
an estimated value of 2.4 J/cm3 derived from the experimen
tal parameters using

Wmax5
Q

Alas
ma , ~17!

whereAlas is the laser spot area of 0.126 cm2, and the values
of laser pulse energyQ and absorption coefficientma are 5
mJ and 60 cm21, respectively. The reason why the algorith
tends to give too low maximum values is the effect of slig
spreading of energy around a reconstructed source on
sum in the denominator of Eq.~14!. The energy content in
residual artifacts increases the integral and reduces the m
mum value of the image.

The error in the velocity potential did not approach ze
but rather seemed to converge to a certain constant le
This shows the limit of the algorithm when it is applied
data recorded on a finite size plane array. Backprojection
residual terms in Eq.~9! can only correct the reconstructio
from a limited range of directions, leaving artifacts that ca
not be corrected at all. The algorithm is expected to be m
efficient if spheres from all directions intersect in one ima
point, that is if the detectors are arranged on a spherical a
around the imaged volume. In practical applications, ho
ever, this is usually not possible. Applying the algorithm
signals from curved arrays with an increased solid angle
detection compared to a plane array should improve the c
vergence.

Since all information for the reconstruction comes fro
the measured signals, the detectors have to be very accu
The main requirements are sufficiently high bandwidth a
the absence of measuring artifacts such as ringing. The o
cal detector used in this study met these requirements.
other advantage of the optical detector is that it is transpa
and can be transilluminated by the laser pulse. This make
easier to apply laser pulses and to collect the acoustic sig
on the same surface of a sample. A drawback is that
sensitivity of optical detection using changes of Fresnel
flection is limited to about 1% modulation per bar.12 For the
acoustic pressure amplitudes recorded in our experiment~in
the range of 0.2 bar! this yielded a satisfactory signal t
noise ratio. However, if higher sensitivity is needed, piez
electric detectors should be employed and appropriate fi
ing of signals incorporated to remove measurem
artifacts.10

In optoacoustic imaging, the reconstruction problem
always three-dimensional.14 This is partly caused by the dif
fuse propagation of the light pulse that excites the th
moelastic wave. It is therefore not possible to limit the ge
eration of signals to a plane as in 2D x-ray compu
tomography, where information from only a single, thin se
tion of the sample is projected. Reconstruction of a 2D sl
therefore requires collection of information from the who
volume to discriminate sources in the imaged section fr
1543Paltauf et al.: Optoacoustic imaging algorithm
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those outside this section. Furthermore, knowing only
source distribution in a cross-sectional plane, it is imposs
to solve the optoacoustic wave equation to obtain a se
signals. The algorithm developed in this study can theref
only be applied to the full source volume. This makes
method computationally intensive. Generating or ba
projecting a signal from or to a volume of 40340340 points
took about 6 s on a G4Power PC~Apple Computer, Inc.!.
Using 9 detector positions, one full iteration was acco
plished in a little less than 2 min and the whole reconstr
tion using 11 iterations required 22 min.

An important question is the performance of the iterat
algorithm in comparison with existing methods. Thermo
coustic images with a quality comparable to x-ray CT ha
been obtained with hemispherical arrays and microw
pulse sources.10 Pressure signals from an array of 4000
more elements are differentiated before backprojection, le
ing to a reconstruction method similar to the inverse thr
dimensional Radon transform. Taking the first derivative
pressure~equivalent to the second derivative of velocity p
tential! leads to signals that have some similarity to the
siduals that are used to improve the first image estimat
the iterative algorithm~Fig. 2!. Employing the filtered back-
projection to our experimental signals we obtained a rec
struction with an error of the velocity potential of 7.
31024, which is lower than 7.831024 achieved with back-
projection of unfiltered signals but higher than the final er
of the iterative algorithm of 2.631024. This shows that the
inverse Radon method is not designed to work with a l
number of detectors, where the feedback provided by
iterative algorithm has the better correcting effect. Anoth
method of filtered backprojection uses a high pass filte
remove the slowly changing signal from background abso
tion. This creates new pressure and velocity potential sig
that correspond only to small structures with contrast rela
to the background.1 A similar kind of filtering could be usefu
to process the signals that are used as input for the itera
algorithm, which would then produce a corrected image
only these structures.

VII. CONCLUSION

Iterative reconstruction of three-dimensional optoaco
tic images leads to a significant reduction of artifacts, a c
rection of relative source strengths and an improvemen
contrast compared to a single backprojection of velocity
tentials. Compared to existing reconstruction techniques
three-dimensional optoacoustic or thermoacoustic imag
that use filtered backprojection of signals and high numb
of detector array elements the iterative method uses a
number of elements and a minimization technique that
places the filtering step. The method may be useful in im
ing applications where only a small number of array e
ments can be used, for example if the time for sig
acquisition and the size of the transducer are limited.

Apart from the optoacoustic imaging problem the pr
posed reconstruction technique could also be applied to o
problems in acoustics where the imaged objects are at
same time sources of acoustic waves. In the theoretical
scription it is shown how the temporally retarded sign
1544 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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from an acoustic source can be calculated using a se
linear equations. The reconstruction method is based
these equations, however, the way in which sound is ge
ated is not limited to the optoacoustic effect.
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