Iterative reconstruction algorithm for optoacoustic imaging

G. Paltauf,? J. A. Viator, S. A. Prahl, and S. L. Jacques
Oregon Medical Laser Center and Oregon Graduate Institute, Portland, Oregon

(Received 30 October 2000; revised 18 June 2002; accepted 25 June 2002

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 %8 3letector 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.
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I. INTRODUCTION where they are detected with high bandwidth transducers. An

image reconstruction method is applied to the signals to cre-

C_)ptoagoustlp or thermoacoqshc Imaging 1S a method. Qe a map of the absorbed energy in the medium. The result-
localize objects inside an acoustically homogeneous medlurﬁ]g image is generally not a quantitative reconstruction of a

that have contrast in the V'.S'ble’ infrared, or microwave hysical property of the material. It rather shows the location

range of thee electromagnetic spectrum. It is based on t : . . .

: . of optical absorbers in a similar way as in pulse-echo ultra-

generation of thermoelastic stress waves as a short pulse .
. . .sound, where acoustical scatterers are located. Only under

from a laser or a microwave source is absorbed by an objeC

in the medium. The contrast for image formation is providedCertaln circumstances, such as in the imaging of layered ma-

by enhanced heat and stress generation in structures wi%ﬁ”als \_N'th negllglple opucgl_scattermg, the distribution of
the optical absorption coefficient can be reconstructed.

preferential optical absorption. Compared to conventional ul- Ot ic i o licable t destructi
trasonic pulse-echo imaging, where ultrasound is generated ptoacoustic imaging Is- appiicable o nondestructive

outside the sample and is scattered by acoustical heterogerfgSting of materials where the interesting structures have low
ities, in optoacoustic imaging the source of pressure waves {§129ing contrasts for conventional methods like pulse-echo
the observed target itself. The wavelength of optoacoustitltrasound but at the same time have high contrast for optical
waves depends on size and shape of fluctuations in the digadiation. Sufficient penetration of light to the target struc-
tribution of absorbed energy, thus producing a broadband!rés is also a prerequisite. Since many imaging targets in
acoustic spectrum that extends over the ultrasonic frequendjjological tissue meet these requirements, the optoacoustic
range, from about 0.1 to 100 MHz. The upper limit is given method is particularly promising for noninvasive medical
by 1#,, wheret, is the duration of the exciting pulse. Con- imaging. Some structures that are barely seen by established
sequently the resolution limit and at the same time the smalllmaging methods employing X rays or ultrasound but exhibit
est achievable acoustic wavelength are givemjoywherec & strong contrast for visible or near infrared light are the
is the speed of sound. Structures larger than this limit fulfillincreased blood concentration due to neovasculature in
the condition of stress confinement, which states that maxibreast tumors,vascular abnormalities in skiror inflamed
mum thermoelastic stress is produced if the heating pulse igancerous tissueDue to the strong scattering of light in
shorter than the time the mechanical disturbance needs t&ssue, optoacoustic waves are excited by diffusely propagat-
escape from a target structure of characteristic djze ing light. Other than in pure optical imaging, where imaging
information comes from diffusely backscattered or transmit-
tp<tac=d/C, @) ted light and the resolution is poén the range of 1 cm in

wheret,.is called the acoustic relaxation time. The pressurePPtoacoustic imaging the information about the imaged ob-

waves created in the heated regions propagate to the surfal@ts is carried by pressure waves, which are much less scat-
tered than light and are therefore capable of producing im-

ages with better resolutiotin the range of 1 mm or legs
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mail: guenther.paltauf@kfunigraz.ac.at cal imaging can also be obtained with optoacoustic imaging.
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The techniques used to transform the information con<oustic sound generation from a reconstructed image. Sec-
tained in the optoacoustic signals into images depends on th®n Il describes the algorithm and the models needed for the
complexity of the target structures. Single, static detectoréorward and the inverse problems. A simulation for a known
are used for layered sampt&s.More complicated structures source distribution and a first experimental reconstruction
can be imaged by scanning a focused acoustic transducéallow.
together with the optical source along a line on the surface of
an object, creating an image of a two-dimensional section
perpendicular to the surfa¢é.Scanning is, however, limited Il IMAGE RECONSTRUCTION ALGORITHM
by the available pulse repetition rate of pulsed lasers, which
ranges up to about 100 Hz. To record the amount of data  The basic problem of image reconstruction is to invert
needed for three-dimensional imaging therefore requires pathe forward problem of optoacoustic wave generation and
allel detection and processing of optoacoustic signals usingetection. Solution of the forward problem yields pressure-
ultrasonic transducer arrays. An image of the absorbed lighime signals at the element positions in the ultrasonic sensor
distribution is constructed by backprojecting the acoustic sigarray, given an initial distribution of absorbed energy in the
nals among all possible source locations. For a single isotranedium. This distribution is created by absorption of a laser
pic detector and a point source these locations lie on theulse and can be regarded as the source of the pressure wave.
surface of a sphere with the detector in the center. Summan the inverse problem the three-dimensional absorbed en-
tion of multiple spheres with their centers at different detec-ergy distribution is sought given a set of acoustic signals at
tor positions generates the reconstruction. If the informatiorthe array positions.
contained in the signals about the imaged objects is limited Optoacoustic wave generation is described by the solu-
these backprojection spherésr arcs in a two-dimensional tion of the thermoelastic wave equatibt?’ Since in soft
section) tend to remain in the reconstruction, creating imagetissues the optical contrast, which determines the optoacous-
artifacts. The main limitations are the finite number of detec+ic sources, is generally much higher than the small varia-
tor elements and the finite solid angle of detection. Largdions of acoustic impedance, an acoustically homogeneous
arrays with plane, curved or hemispherical arrangements aghedium is assumed. It is advantageous to use the solution for
up to 4000 detecto?s® or detection principles providing the velocity potential, which is related to the acoustic pres-
spatially continuous, two-dimensional snapshots of thesure by
acoustic pressure distribution in a pldh¥ have therefore aB(r.t)
been used to maximize the information that is acquired from  p(r.t)=—p ey
the optoacoustic sources. To increase the contrast of interest- Jt
ing structures relative to background absorption and to rewhered is the velocity potentialp the densityp the acoustic
duce artifacts, usually a filtering of either the acoustic signalgressure, and the position of the detector. To model the
prior to backprojection or of the reconstructed image is perdetection process we use a discrete, matrix-based formula-
formed. High-pass filters reduce the slowly changing signation of the problem that uses a retarded Green’s function
components caused by background absorptisnmethod  solution of the thermoelastic wave equatidi! The three-
derived from the inverse three-dimensional Radon transforndimensional distribution of volumetric energy denswi(r)
uses backprojection of the temporal derivatives of acoustiafter absorption of a laser pulse is discretized into a grid of
pressure signafs:'* This method creates full three- size N,xN,xN, and described by a vectt¥ where each
dimensional images of the source but needs a high number element;(j=1---N,XN,xN,) contains the average value
detector elements. Filtering methods acting on the reconef the energy density within a volume element of sivé at
structed image use thresholding to remove some of the baclositionr;. A second vectorg contains the values of the
ground or spatial frequency-domain filters to reduce highelocity potential measured as a function of time at all posi-
frequency backprojection artifacts. tions of the sensor array. The number of measured vahyes

In the present work we propose an alternative concepis given by the numbek of temporal samples in the signal
that reduces artifacts even when signals from only a smalbf a single detector, times the numbemnf detectors in the
number of detectorge.g., form a X3 detector arrgyare  array. The measurement is described by
available. This technique increases both contrast and resolu- =AW
tion of the reconstructed images, thereby obviating the filter-
ing step used by other techniques. The reconstruction alger
rithm is iterative and was adapted from algebraic image
reconstruction techniques and in particular from the simulta- ¢k:2 A W;
neous iterative reconstruction technique that is used in com- ]
puter tomography in cases where data sets are noisy angin
incomplete® The method is also closely related to deconvo-
lution techniques commonly used in fields like _ B AV hy
spectroscopy'!’ or microscopy? The basic idea is to treat KT 4mpC, At Ry Wi
the image reconstruction as an inverse problem and to mini-
mize the error between the measured acoustic signals and the R
signals that are calculated with a forward model of optoa-

)

1 if |t,—Ry/c|<At/2, @

=1l hg= 0 else
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whereg is the thermal expansion coefficiel@, the specific A and keep the notatiogp=AW for the signal generation
heat capacity at constant pressure, atdthe time step at procesgto generate a matrix that includes the convolution a
which velocity potentials are sampled. The poiptis the  Toeplitz matrix generated frorg could be multiplied with
position of the detector at theh measurement. The factors A).

w,; contain parameters that describe the detection process. A A first-order reconstructed imadeof the sourceé/V can
directional sensitivity of the detectors can be modeled bybe obtained by backprojecting the measured siggaisto
factorswy; that depend on the angtg; between the vector the source volume using a matri

ry—r; and the normal to the detector plane. According to the | _ #B

definition ofhy;, all nonzero elements in a row &f belong

to volume elements whose centers lie within a spherical sheff’

of radiusct, and width cAt aroundr,. The matrixA is

extremely sparse and can be quite lafgey., 1.64 10° for 'j:; By - (6)
typical numbers oN,=N,=N,=40, M=256 andL=10),
which precludes a direct matnx inversion. Since most of the
elements ofA are zero a compression can be utilized. Fist
is divided intoL submatrices that correspond to single detec-
tor positions. Each of these submatrices has W< N,

X N, elements unequal to zero, one per column. This result§ource vector,

The backprojection matriB is related toA. Different
ways to define its elemen®,; are possible. The following
definition conserves energy, making the sum over all ele-
ments of the image vector the same as the sum over the

from the fact that the center of each volume element can only Ay

lie within one spherical shell. The nonzero elements are BkJ:—Z' 7
stored in a three-dimension&, x N, x N, matrix. A second LEi Aii

auxiliary matrix of the same size stores the valuekdthe

row number in the original submatrix @) of each element. In the resulting image, each volume element is assigned

equalk are summed with the help of the auxmary matrix. uted, normalized by $Af; and weighted withA,; . The sum

The number of elements to be stored is therefore reduced b the denominator of Eq(7) takes into account the number
a factor ofM/2. of volume elements in each spherical shell. This kind of

To avoid a loss of information in the modeling of the Normalization can cause problem in actual measurements be-
detection process the spatial increments, Ay, Az and Cause noise is amplified in image elements that lie on trun-
the time intervalAt have to be matched in a way that the cated shells near the edges of the source volume. We found
average sound propagation time through a volume elemenifiat the following definition of8,; gave better results with
torops IS NOt sSmaller thant. Since the latter is usually pre- €xperimental signals:
determined by the sampling interval of the recording instru- Byj= — hijRy;Uy; - (8)

ment the spatial increments are chosen using the inequality In this definition the IR,; attenuation of the optoacous-

Ax+Ay+Az tic generation process is compensated and the backprojection
3¢ 4 of velocity potentials is weighted with factors,;. For
achieving the best signal to noise ratio in the reconstructed
Some oversamplinfusingAt<t,,) increases the accu- image it has been suggested to sgt= wy; .% No normaliza-
racy of the calculated signals and is sometimes necessary ton with the number of elements is used and consequently
limit the size of matrixA. However, a calculation witlAt no energy conservation is obtained. A separate normalization
<tprop iNduces noisgshot noise induced by the arrival of as described in the following is necessary to achieve energy
waves from individual volume elementthat can be elimi- conservation.
nated by convolvingp with g, a vector containing a Gauss- In the above-defined projection the velocity potential
ian function with an 1 width corresponding to measured at a certain tinigat a certain detector position is
smeared over all cells on a spherical shell with radits
B 2 For a detector array with elements, each point in the source
g‘_t \/_ exrl = (2t; /tprop)°]. ®) volume is imaged by spherical shells intersecting at the
prop point location. This has an effect similar to smearing the
It has been shown previously that the optoacoustic waveriginal with a three-dimensional point spread function. With
emitted from a small spherical source has a pressure profile@ small number of array elements this function is strongly
given by the time derivative of a Gaussian functférg can  dependent on the position in the source volume. Simple fil-
therefore be regarded as the elementary velocity potentiaéring operations in frequency domain are therefore not ap-
signal that is emitted from a volume element. If the laserplicable for deconvolution of the reconstructed image. It is
pulse duration,, is longer thart,,,, accurate modeling ap  obvious that the operation in E¢6) is not an inversion of
requires the use of a broader Gaussian function for the corthe signal generation process described by mariBack-
volution, which is done by replacing,, in Eq. (5) by t,. projection can, however, be used to generate reconstructions
Although in practice we first calculated the signals using Eqof optoacoustic sources under two conditiofis:the data set
(3) and then performed the convolution, we assume for thés sufficiently big, containing signals that are measured from
sake of simplicity the convolution to be integrated in matrix many directions around the sour€2) some kind of filtering

At<tpop=

prop:
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of the signals is used prior to backprojection to improve thetentials by integration. The norm of the residual can be used
image. If the data set is not complete the inverse problem caas a quality measure of the reconstruction and to monitor the
be solved in an iterative process that is related to a method iimprovement achieved by the iterations. The error of the
computer tomography known as simultaneous iterative revelocity potential after theth iteration is defined as
construction techniqu®. It is also related to the van Cittert

algorithm that was originally used to deconvolve spectra err(£)=2 (d— )2 (12

with the response function of the spectroméfér. The basic K

idea is to use backprojection to create a first-order image |n the following simulations and experiments, the itera-
from the measuremeng, calculate new signalg™ from  tions were stopped if the improvement of the error became

the reconstruction by applying signal generation maiign  smaller than 1% of the initial error, that is
the image vector, and then add the backprojection of the

. . . . n-1)_ n)
residual¢p— ¢ to the image. Subsequent iterations are de- erfy ery

. <0.01.
scribed by err) 0.01 13
&M =KAI ™M, Using the definition in Eq(8) for the backprojection
o (9 matrix, the reconstruction algorithm produces a three-
1M D=1+ (- ¢™M)B. dimensional image in arbitrary units. A normalization by the

Since the reconstructed energy density has to be posmax'mlén; Valge IS _usetfr:JI for dlsplaylfntgh se_tctlo?_s of tl?.e m:-
tive, a non-negativity constraint is imposed on each new es29€ andiorobserving th€ progress ot e lerations. 1t 1S also

i i " in uni -
timate. This means that only positive values are kept in thé)osbsu(ajle to cre%te a_r; abs_olute image i n unttS of abS_
image and negative values are set to z&ads a diagonal Sorbed energy densily using conservation of energy. since

the volume integral over the reconstructed image has to be

matrix that contains for each detector position a normaliza- I h | absorbed he i h b
tion coefficient that ensures energy conservation. To deriv€aud 1o the total absorbe eneiQy the images have to be

the coefficienK for a single detector element first a relation multiplied with a normalization factor

between the total absorbed enei@yin the source and the Q
. S . . wWm=_—_=___ |(n (14)
measured velocity potential signar acoustic pressure sig-
nal with Eq.(2)] is obtained from Eq(3) AV? 15"
Q=AV2 W= — %Mz ty . (10) In an experiment the value @ is obtained from measured
] . B K signals using Eq(10). In a simulation it is given by the

To matchg™ energetically withg, K has to be volume integral over the known source distribution.

Zk trd

lll. SIMULATION

We simulated the imaging of two spherical sources us-
- ’ (1) i I f 83 detectors. The detectors were as-
S AL ing a planar array of 83 .
= Tk - kit sumed to be omnidirectional and therefore we setvgl|
=1. This corresponded to the actual experimental conditions

To obtain a correct value for the total energy from rela-that are described in Sec. IV. Instead of using=w,; we
tion (10) requires that allv,;=1 and that the detectors are used u,;=cos; for the directional weights in the back-
absolutely calibrated. However, even if these requirementgrojection. The resulting overall weight factoRy; cosé;
are not entirely met the normalization coefficient derived inare equal to the distance to pomtfrom the detector plane.
Eq. (11) will render ¢ and ¢™ comparable in size, which is Backprojection spheres therefore do not reach the detector
necessary for calculating the residual. It has to be emphéglane, which slightly decreases the lateral resolution but
sized that due to different responses of detectors in an arrayields a better convergence of the algorithm compared to
or due to other fluctuations in the measurement the coeffiisotropic backprojection. The energy density distribution in
cientK can have different values for each detector elementthe sources was given by Gaussian functions with an 1/
K is therefore an important factor in deriving the correctradius ofa=0.2 mm,
signals from backprojected images. It has been pointed out
that the convergence of the van Cittert algorithm requires szexp(—(rj—rc)zlaz), (19
suppression of nois€.We found that the convolution with ~ wherer is the position of the center. The total source cube
described in Eq(5) provides sufficient smoothening of sig- had a size of X2x2 mn? and was divided into a grid of
nals to avoid the buildup of noise and to keep the solutiord0x40xX40 points. The centers of the two sour¢hereafter
converging. Tests with insufficient smoothening, using areferred to as “sphereg’were located at the Cartesian coor-
shorter integration time thaty,,,, yielded solutions that di- dinatesr¢;=(1.5,1,0.8) mm and,=(0.5,1,1.3) mm. The
verged after several iteratiorisot shown. arrangement of spheres and detector array is schematically

Iterations start by setting®=0, creating a first esti- shown in Fig. 1. Figure 2 shows one of the velocity potential
matel ™ that is the backprojection of the measured velocitysignalse¢ calculated from the original source distributig,
potentials. Since ultrasonic detectors usually measure acouthe signal ¢*) calculated froml® and the residualgp
tic pressure, the signals are first converted into velocity po— ¢ that is used to generate the improved estiméte

K
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FIG. 1. Geometry of detector array and optoacoustic sources for the simu-
lation.

The resolution of the two sphere signals is diminished in
¢, leading to the negative components in the residual.
Section images through the centers of the two spheres for the
original W, the initial estimatd (*) and the improved recon-
struction after 12 iteration$(*? are displayed in Fig. 3. For
better comparison of original and reconstruction, all images
are normalized by their maximum. The absolute energy den-
sity values obtained from Eql14) are displayed in the gray
level scales. The maximum of%) is only about 5% of the
maximum value ofN. Furthermore, the source labeled with
1 appears brightefmaximum 0.04Y than source 2maxi-
mum 0.037. The separation of the sources and the accuracy
of their relative strengths are clearly improved after 12 itera-
tions. In 132 both sources are equally bright with a maxi-
mum value of 0.12. Figure 4 displays the error of velocity
potentials as a function of the number of iterations. No sig-
nificant further improvement was achieved after 12 itera-
tions, when the error reached about 40% of its initial value.
The fact that the error cannot be further reduced is believed
to be due to the small number and plane arrangement of 0 0.5 1 1.5 2
detectors in the array. x(mm)

The simulation offers the opportunity to quantitatively
compare the reconstructed distribution with the known origi-FIG. 3. Simulation of image reconstruction using the iterative algorithm.

nal. This analysis was used to investigate the influence of thB'Sp'ayed is a section through the centers of the sphergs-atmm. The
gray level scales show the values of the reconstruction normalized by the

total absorbed energya) original distributionW, (b) first estimatel®.

— M Maximum of source 1: 0.047, of source 2: 0.083). Image after 12 itera-
—_ tions 1*?, Maxima of both sources 1 and 2: 0.12.
=== residual

] number of detectors in the array on the quality of the recon-
struction. The error of the three-dimensional reconstruction
after n iterations can be defined as

N W O DN

-

1 eri" =2 (W,—1{")2 (16)
]

(=]

negative velocity potential (a.u.)

For a comparison of the shapes of the two distributions,
W and I are normalized by their maximum value. This
25 550 100 500 60 500 qorr(_esponds_ to Fhe V|sua_1l impression one gets from the sec-
time(ns) tion images in Fig. 3, which are normalized in the same way.
Alternatively, a comparison of the absolute energy density
FIG. 2. Simulated velocity potential at one of the nine detector positions.

n) (n)
The negative velocity potential is displayed as a function of time. Compari- C?‘n be .done by replacmé by W from Eq' (14) In this
son of the measured signd, the signal derived from the first estimagé ~ Simulation, the detectors were always distributed over a

and the residualp— ¢%). square of X2 mnt. The square was divided into a number

.
-
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FIG. 4. Errors in the simulation betweaf and ¢ as a function of the civefaser glass prism to photo
beam diode

number of iterations.

FIG. 6. Experimental setup for the optoacoustic imaging of two absorbing
of equal areas according to the number of elements and tH@heres. For detection of the acoustic waves, a focused laser beam is modu-
detector points were placed in the centers of these area§'ed Py pressure changes at a glass-water interface.

Figure 5a) shows the errors of the reconstruction for the two | i i

different normalization methods as a function of the numbefion for a single detector, the corresponding error of the ve-
of array elements. In Fig.(B) the mean error of the velocity locity potential vanishes. A reconstruction of any three-
potential is displayed, also as a function of the number offimensional object needs at least three detector positions, as
array elements. The mean error is the value obtained frorffidicated by the high errors of the images for 1 and 2 detec-
Eq. (12) divided by the number of array elements, All tor elements. The final error of the images decreased until the
graphs show the final errors after termination of the iteraUmPer of detectors reached 9. There was no significant fur-
tions. Since the radial backprojection is the ideal reconstruct€r improvement when the number of detectors was in-
creased from 9 to 16. The improvement was much more

. pronounced in the reconstruction that was normalized by its

10 " maximum value than in the absolute reconstruction. The final
e—o shape . (a) error of the velocity potential was constant for 4, 6, 9, and 16
¢—® energy density detector elements. From this analysis it follows that for the

reconstruction of simple objects as the two spheres a number
of 9 detector elements is sufficient. The use of 16 elements
insignificantly improves the reconstruction but almost
doubles the computation time.

final error
-—
o

IV. EXPERIMENT

° 0 In an experiment we tested the iterative algorithm for the

1020 5 10 15 20 imaging of two absorbing sources in an optically clear envi-

number of detectors ronment. Two spheres made of acrylamide gel with added
absorberDirect Red 81, Sigma Chemigalere placed on a
thin plastic film and were surrounded by clear mineral oil

10° (Fig. 6. The absorption coefficient of the gel was,
(b) =60 cm L. The oil prevented the dye from diffusing out of
the spheres. The diameters of the spheres were 1.2 and 1.5
10°} mm, respectively, and the distance between the centers was

2.15 mm. A 1-mm-diameter optical fiber was used to irradi-
ate the spheres from above. The laser source was a
frequency-doubledQ-switched Nd:YAG laser operating at a
wavelength of 532 nm with a pulse duration of 5 ns. The
laser pulse energy was 5 mJ and the laser spot diameter was

final error
-
o_\

-1

10
4 mm. With an optical absorption depthulyof 170 um both
§ le—s velocity potential spheres were optically thick, and therefore only a thin layer
10, 5 10 15 20 facing the incident laser pulse was heated. The acoustic sig-
number of detectors nals were recorded with an optical detector described

previously?® A continuous HeNe probe beam was focused to

FIG. 5. Final errors in the simulation as a function of the number of detec-an elliptical spot with principal diameters of 120 and 24
tors in a quadratic arraya) Error of the reconstructed image. For compari- g the interface of a glass prism and a water Iayer The |ayer

Q) i i i i- . L N
son of shapes botW and!™ are normalized to their maximum. Compari- - g0 3 ateq the glass prism from the plastic film carrying the
son of energy density is done after normalizif§) using the total absorbed . .
energy.(b) Final error of velocity potential. Errors calculated with Efj3) ge! spher_es and had a thickness of 3 mm. An acoustic wave
are divided by the number of array elements. being incident on the glass surface from the water layer
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z=4.19 mm z=4.19 mm
0.6

0 2 4
x (mm) x (mm)

FIG. 7. Experimental image reconstruction. Sections alpag planes[(a), (b)] andx—y planes[(c), (d)] of the first estimaté*) [(a), (c)] and the estimate
after 11 iterations,*Y [(b), (d)] are displayed. The values of the gray level scales are in*Jfime circles in(@) and(b) indicate the positions of the absorbing
spheres.

slightly changed the relative optical refractive index betweersensor measures changes of pressures and associated density
the two media, thereby varying the Fresnel reflectance of thenodulations that occur at the surface of the glass prism.
interface. This caused modulations of the probe beam interiFherefore there is no angle-dependent attenuation of the
sity that were detected with a fast photodiode. The signalpressure wave due to acoustic mismatch for the optical sen-
from the photodiode were amplified and recorded on a digitabor and only the integration effect of the obliquely incident
storage oscilloscope. Choosing an incident angle of the probwave on the detector plane plays a role. In a separate experi-
beam slightly smaller than the critical angle of total internalment (not shown we found that indeed the directional de-
reflection of the glass-water interface maximized the sensipendence of signal shape and maximum can be readily de-
tivity of the detector. The undisturbed optical reflectance ascribed by integration effects over the detector area. It turned
the prism—water interface was 0.8. Calibrating the detectoout that for the experimental signal shapes and within the
using a procedure based on the Fresnel formula and theperture used for the experiment the optical detector can be
change of refractive index with pressurdn/dp=1.35 regarded as omnidirectional. Consequently we set all weight
X 10 ° bar ! yielded a sensitivity of 0.6% modulation per factorsw; =1, independent of angle. To simulate a detector
bar of pressuré® The overall sensitivity of the system taking array, the detector point was scanned over a grid %83
into account the response of the photodiode and the gain gfoints in a plane, with a grid size of 1 mmdirection and
the amplifier was 1 mV/bar. The noise level of averagedof 1.5 mm in they direction.
signals(over 32 sweepswas about 2QuV or 20 mbar.

The directivity of an ultrasound detector for pulsed €X-\, RESULTS
citation is known to depend on the size of the sensor area, the
distance between source and detector and the temporal shape Figure 7 shows two sections of the reconstructed volume
and duration of the signal, which are in turn determined by(size 4x6x4 mnt), one parallel to they—z plane and one
the shape of the source and the pulse duration of the Yaseparallel to thex—y plane. The algorithm stopped after 11
Unlike a piezoelectric element that is sensitive to the presiterations. For each plane, the first-order reconstruction,
sure that enters into the piezoelectric material, the opticaind the final reconstructed imagé!?, are displayed. The
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x 107 The maximum of the absolute source strength was al-
ways too low compared to the original. In the simulations the
maximum reconstructed energy density increased between
6 1M and 1Y from about 5% to 12% of the corresponding
value in the original distributioW. In the experiment, an
eightfold increase of maximum energy density from 0.075 to

54 0.6 J/cni was observed. This was still too low compared to
an estimated value of 2.4 J/émerived from the experimen-
2 tal parameters using
Wmax:Ag/“av (17)
0 las
2 4 6 8 10 whereA . is the laser spot area of 0.126 rand the values
iteration of laser pulse energ® and absorption coefficieni, are 5
FIG. 8. Experimental image reconstruction: errors betwgemd ™ asa ~ MJ and 60 cm', respectively. The reason why the algorithm
function of the number of iterations tends to give too low maximum values is the effect of slight

spreading of energy around a reconstructed source on the

y—z section shows how the backprojection arcs are stronglpum in the denominator of Eql4). The energy content in
reduced after 11 iterations. In an-y section, the back- residual artifacts increases the integral and reduces the maxi-

projection artifacts cause a blur that again nearly disappeaf8Um value of the image. o
in the improved image. The values in the gray level bar are  The error in the velocity potential did not approach zero
absorbed energy density in units of Jicrithey were ob- but rather seemed to converge to a certain constant level.
tained by normalizing(”) using Eq.(14). The total absorbed This shows the limit of the algorithm when it is applied to
energy was calculated from the measured acoustic signafiata recorded on a finite size plane array. Backprojection of
using Eq.(10), giving an average value of 1.5 mJ. This is aresidual terms in Eq9) can only correct the reconstruction
reasonable value considering that the incident laser pulse efrom a limited range of directions, leaving artifacts that can-
ergy was 5 mJ and that the cross section of the spheres onipt be corrected at all. The algorithm is expected to be more
partly filled the laser spot. From iteration 1 to iteration 11 theefficient if spheres from all directions intersect in one image
maximum energy density increased by a factor of 8, due tgoint, that is if the detectors are arranged on a spherical array
the less spreading of energy over the backprojection spher@ound the imaged volume. In practical applications, how-
and increased concentration in the two sources. The corr@ver, this is usually not possible. Applying the algorithm to
sponding errors are shown in Fig. 8. signals from curved arrays with an increased solid angle of
detection compared to a plane array should improve the con-
vergence.

Since all information for the reconstruction comes from

An iterative method has been described to reconstruahe measured signals, the detectors have to be very accurate.
the distribution of absorbed energy density from thermoelasThe main requirements are sufficiently high bandwidth and
tic pressure signals detected with a transducer array. Thie absence of measuring artifacts such as ringing. The opti-
minimization of the error between the measured signals andal detector used in this study met these requirements. An-
the signals calculated from the reconstructed distributiorother advantage of the optical detector is that it is transparent
leads to a self-consistent solution of the optoacoustic imagand can be transilluminated by the laser pulse. This makes it
ing problem and an inversion of Eq3). All knowledge easier to apply laser pulses and to collect the acoustic signals
about the source that is required in the algorithm comes fronon the same surface of a sample. A drawback is that the
the measured signals and the condition that the result has sensitivity of optical detection using changes of Fresnel re-
be positive. flection is limited to about 1% modulation per Baror the

During the iterations the artifacts, which appear as backacoustic pressure amplitudes recorded in our experingants
projection arcs or blur in the two-dimensional sections ofthe range of 0.2 barthis yielded a satisfactory signal to
IV, were markedly reduced. Comparing initial estimatesnoise ratio. However, if higher sensitivity is needed, piezo-
with improved estimates in Figs. 3 and 7 might suggest thaglectric detectors should be employed and appropriate filter-
similar improvements could be achieved by simple threshing of signals incorporated to remove measurement
olding, where parts of the images are set to zero that arertifacts*®
darker than a certain threshold. However, the sources may In optoacoustic imaging, the reconstruction problem is
have different strengths, and thresholding could also removalways three-dimension&l.This is partly caused by the dif-
actual structures together with the artifacts. In addition, aguse propagation of the light pulse that excites the ther-
the simulation has shown the one-step backprojection somenoelastic wave. It is therefore not possible to limit the gen-
times produces incorrect relative source strengths. Applyingration of signals to a plane as in 2D x-ray computer
a threshold to remove backprojection arcs to the reconstru¢emography, where information from only a single, thin sec-
tion in Fig. 3b) would have emphasized this error. Insteadtion of the sample is projected. Reconstruction of a 2D slice
the iterative algorithm was able to correct the reconstructiontherefore requires collection of information from the whole
and to make the brightness of the two sources equal. volume to discriminate sources in the imaged section from

VI. DISCUSSION
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those outside this section. Furthermore, knowing only thdrom an acoustic source can be calculated using a set of
source distribution in a cross-sectional plane, it is impossibléinear equations. The reconstruction method is based on
to solve the optoacoustic wave equation to obtain a set dhese equations, however, the way in which sound is gener-
signals. The algorithm developed in this study can thereforated is not limited to the optoacoustic effect.

only be applied to the full source volume. This makes the
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