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Artifact Trapping During Time Reversal
Photoacoustic Imaging for Acoustically
Heterogeneous Media

Benjamin T. Cox* and Bradley E. Treeby

AbstractbSeveral different reconstruction algorithms have could be realized either by 1) devising new image reconstruc-
been proposed for photoacoustic tomography, most of which pre- tion algorithms that can incorporate additional information that
suppose that the acoustic properties of the medium are constant ;4 he known about the tissue (e.g., sound speed distribution
and homogeneous. In practice, there are often unknown spatial . tructural detalil 2 ® d', hich alqorith ’
variations in the acoustic properties, and these algorithms give, at or prior structural details) (_)r ‘ ) ®n Ing_ whic ago_rl ms r—,_lre
best’ 0n|y approximate estimates of the true image_ The question most I’ObUSt to the uncertainties that W|” be found n pl’actlce
as to which approach is the most robust in these circumstances (e.g., in material properties, detector position, etc.). Both 1)
is tah_erefore oneoof practical importance. Image reconstruction and 2) could be achieved by generalizing existing imaging
by #time reversal®®using a numerical propagation model with @ 519qrithms by lessening their dependence on idealizations and
time-varying boundary condition corresponding to the measured assumptions that are not realistic for typical imaging scenarios
data in reversed temporal orderbhas been shown to be less ] P ) ) yp g _g :
restrictive in its assumptions than most, and therefore a good  This paper is concerned with the robustness of image recon-
candidate for a general and practically useful algorithm. Here, struction using &ime reversal.® It highlights one way in which
it is shown that such reconstruction algorithms can #trap® time  the particular nature of time reversal image reconstruction may,
re"‘?rseg scattered waves, 'eﬁd'”% to artifacts W'”C‘i'“ the image i fact, exaggerate the level of image artifacts due to unknown
region. Two ways to mitigate this effect are proposed. variations in density and sound speed. It is demonstrated that the

Index TermsbArtifact trapping, image reconstruction, photo-  enforced time reversal boundary condition can 2trap® artifacts in
acoustic imaging, time reversal. the ®nal image, and that by truncating the data, or introducing

a thresholded boundary condition, this artifact trapping can be

mitigated to some extent.
[. INTRODUCTION

Il. PHOTOACOUSTICTIME REVERSAL IMAGING

HOTOACOUSTIC tomography (PAT) is an emerging?- Photoacoustic Initial Value Problem
technique for imaging regions of optical absorption in When a pulse of light enters a turbid media with regions of
light-scattering media, such as soft biological tissue. PAonzero absorption, the light is scattered until it is either ab-
images are related to the optical absorption coef®cient, afisthed or exits from the tissue. Under conditions whereby the
so carry structural, compositional, and functional informatiogbsorbed optical energy is converted to heat there is a localized
about the tissue. PAT has been widely demonstrated, andnigrease in temperature andbif the heating occurs much more
increasingly being used in the biomedical and life sciences (fguickly than the thermal relaxation time of the tissueDa pro-
reviews, see [1] and [2], and references therein). It has pasgefitional increase in pressure. Because of the elasticity of the
the @proof-of-principle® phase, and the focus is now turning t@ssue, this excess pressure propagates away as an acoustic wave.
re®ning its capabilities for use as a practical, high resolutiorhis is known as the photoacoustic effect, and the excess pres-
experimental imaging technique. The enhancements necessgji¢ is known as the initial acoustic pressure distribution. It is
to achieve this aim may be effected through improvementsis initial pressure distribution that PAT is designed to image.
in the image reconstruction process, as well as through #§hen longer wavelength electromagnetic radiation, e.g., RF or
development of better hardware, such as more sensitive gaigrowave, is used in place of light, this technique is referred to
smaller detector elements. Progress in image reconstructigiihermoacoustitomography. The acoustic image reconstruc-
tion problem, however, is identical in both cases.) When the du-
ration of the light pulse is a few nanoseconds, broadband ultra-
Lfllaf:]usdu,ilpt recet')ive% ?uzgc?ossta 28, 2009; act}eptedbls_eﬁtszb% 086, 28§9ég§ehic pulses with a bandwidth of tens of megahertz are emitted.
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Pleco = po(a), a_i’ 0 =0 ) [8], [9],_W|th applications sm_Jch as n(_)nc_nlestr_uctlve evaluation and
focussing through scattering media in mind. Boss$l. [10]
have shown experimentally that acoustic waves generated pho-

o . . 4 .
wherep(z, t) IS the acou§t|c pressure at tlmg R .and point toacoustically from an optical absorber can be refocused onto
z € Q C R™ inside the imaging regiof (n is typically 2 or the absorber

3), po(x) is the initial distribution of acoustic pressure, and the The application of the idea of time reversal to tomography

mass density(z) and sound speedz) may vary with position. was suggested by Xu and Wang [11], and Burghoée. [12]

(The effect of spatial variation in the sound speed on PAT h @monstrated that time reversal of a numerical model (rather

been studied by a number of authors [3]:[6] but little has be%ﬁgan the real, physical retransmission of the signals) could be

§aid of the effect of .den§ity heterogeneities. Both are includ ed as an imaging algorithm for PAT. The technique exploits
in the models used in this paper.) the fact that the solutiom(z, 1), to the initial value problem

_ [(3) and (2) in the homogeneous case] is identical to the solution
B. Image Reconstruction p(x,t = T —t) of the boundary value problem given by (3) [or

. . . 1) if p(x (x iti
The photoacoustic image reconstruction problem is to eSQI-) if p(x) ande(x) are known] and the conditions

matepo (x) given measurements pfz, ¢) on an arbitrary mea-
surement surfac8, wherep,(t) = p(zs,t) andxs € S. Here o 5 . .

the measurement surfac and 92, the boundary of2, are ple,t=0)=0, p(zs,t)=ps(t=T—1) (4)
taken to be coincident. Most of the work on photoacoustic image

reconstruction has considered only acoustically homogened{j2ere the reverse-time variableruns from 0 toT', and the

media where» andc are constant and (1) is replaced with thd"ag€ appears at= "7 aspo(z) = p(e,t = 0) = p(z,t = T).
wave equation for homogeneous media The time limitT' is chosen to be a time after whighz,¢ >

T) = 01in €, which is guaranteed in odd dimensions and homo-
0?2 9w geneous media by Huygens' principle, and is approximately true
(ﬁ —cV )p(l”t) =0 (3) i even dimensions and heterogeneous media for suf®ciently
largeT'. It will be helpful to distinguish between the measure-
Several different PAT image reconstruction formulas that ameent domairi2, the physical region in which the acoustic waves
exact for acoustically homogeneous media have been propoggdpagate out from the photoacoustic sources, and the recon-
even though in practice the medium, e.g., soft tissue, is likely struction domairf2 with boundarys, the numerical space into
contain acoustic heterogeneities. However, as typically only tiwich waves are propagated during the time reversal image re-
spatially-averaged acoustic properties are known, algorithmsnstruction©2 andS arein silico equivalents to the real world
based on exact solutions, but using mean values of the matefland S. In a practical sense, the reconstruction is performed
parameters as if they were true values, can be used to obtajyrusing the acoustic pressure time histories measuretfon
good approximations to the true image. t = 0to7 in time reversed order as an enforced (time-varying)
In addition to these 2homogeneous-exact® algorithms, Ririchlet boundary condition o®' within a numerical acoustic
number of approximate algorithms have also been successfydtppagation model. Xu and Wang [11] point out that this is
used for PAT (for more details, see [2] and [5]). Given the margquivalent to the re-transmission of the pressure in a re ective
reconstruction methods now available, an important questioavity formed byS where the time reversad () is injected as
arises: which is the best to use in real imaging scenarios? Whaesource rather than by imposing a boundary condition.
looking for the 2best® algorithm to use in practice, several Recently, time reversal photoacoustic imaging has been de-
factors must be taken into consideration, including accurasgribed as the ?least restrictive® imaging algorithm on the basis
speed, generality, memory requirements, robustness to undkat it relies on fewer assumptions than many other image re-
tainty in the positions of the sensors or partial data, robustnessstruction algorithms [6], [13]. For example, it is applicable
to noise and errors in the measured data, and so on. Thertislosed measurement surfaces of any shape, is immune to
no a priori reason why an 2exact-homogeneous® algorithracoustic sources outside the measurement surface, and makes
must perform better than an approximate algorithm when alb assumptions about the initial time rate of change of the pres-
these criteria are considered. Indeed, when there are unknaure (or equivalently the initial acoustic particle velocity). It has
acoustic heterogeneities, an exact-homogeneous solutioral& been shown to work reasonably well even when certain as-
itself only approximate. sumptions fail, e.g., with a heterogeneous sound speed distribu-
tion, and in two dimensions [6], [13]. In addition to these ad-
vantages, there is no axiomatic constraint on the ef®ciency of
the algorithm; it is as fast as the numerical propagation code on
The notion of recreating acoustic pressure ®elds by retrangdiich it is based. For these reasons, it would seem to be the
mitting measured acoustic pressure signals into the mediumeading candidate as a generally applicable and robust photoa-
reversed temporal order has been used as an experimental teobistic imaging algorithm. However, it is shown below that the
nique for some years, and arose by analogy with the concepbolundary condition inherent in time reversal imaging can act as
phase conjugation in optics [7]. Since then, a great deal of waaikie ector to trap the time reversed versions of waves scattered
has been done on experimental demonstrations and simulatibpscoustic heterogeneities, leading to a greater level of artifacts
of time reversal in acoustics, notably by Fink and colleagu@sthe image.

C. Time Reversal Imaging
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Fig. 1. Artifact trapping and thresholded time reversal, 1-D example. Forward propagation: (a) Step changes in sound speed and density, which lead to re ecte
waves in the measurements (also shown by the dotted lines). The dashed lines indicate the positions of the detectors. (b) The initial acoustic pressure distributic
att = 0, propagates in both directions. (c) The acoustic pressure-at.15 ps showing a re ection from the boundary of the sound speed heterogeneity. (d) The
acoustic pressure at= 13.12 us showing two re”ections, one from the each of the heterogeneity boundaries, propagating in opposite directions. The re ection
from the change in density experiences a change of sign. Time reversal imaging: (e) The mean sound speed and density are used for the reconstruction, simulat
a case in which the details of the acoustic heterogeneities are unknown. (f) The time reversed ®eld ata fime 6.15 us whereT = 78.77 us, which is

equivalent ta = 6.15 us; cp. Fig. 1(c). (g) Reconstructed pressure distribution using conventional time reversal showing the artifacts resulting from the re ection
of the vestigial waves from the measurement surfaces (dashed lines). (h) Reconstructed pressure distribution using a thresholded boundary condition, showing
artifacts, as the vestigial waves have propagated across the boundary.

[ll. ARTIFACT TRAPPING sense that any of them remaining(irat{ = T' (corresponding
to ¢ = 0) would constitute artifacts in the ®nal image. By this

When time reversal image reconstruction is performed inmaechanism, the Dirichlet boundary condition Srcan be said
medium with known acoustic properties, the waveQigener- to trap image artifacts withir2.
ated by the time-varying boundary condition interfere in such alt should be noted that this effect of artifact trapping is a prop-
way as to reproduce exactly, in a time reversed, inward-goiegty of the reconstruction algorithm, and should not be confused
sense, the outward-going pressure ®eld that resulted in Wigh ray trapping, which is a property of a medium, speci®cally
boundary measurements. Howeverypifand c vary spatially one with a sound speed distribution which bends the sound rays
but only theirmeanvalues are known (as is typically the casén such a way that they never reach the measurement surface. In
in practice), the time reversed waves will no longer interfefg], which discusses the effect of ray-trapping on time reversal
precisely to reproduce the original wave®eld. Instead, they withaging in PAT, a nontrapping condition is used to refer to a
form an approximation to it, but with additional waves presentedium with a sound speed distribution such that it does not
These extra waves, generally of lower amplitude than the maiap rays; it does not mean that the images are immune to arti-
wave, are the time reversed relatives of the waves scattered fiiaigt trapping in the sense described in this paper.
the acoustic heterogeneities during the forward propagation. ) )
They persist in the time reversal due to the mismatch betwe®n One-Dimensional Example
the actual heterogeneous mediunliin which the time series  An illustrative 1-D example of artifact trapping is shown in
are recorded) and the homogeneous approximation toSi, in Fig. 1. The propagation medium contains step changes in both
used in the model. These time reversed vestiges of the scattesednd speed, and densityp, as shown in Fig. 1(a). The values
waves, the remaining traces of evidence for the presenceirthe center are = 1500 m/s andp = 1000 kg/m®, with
acoustic heterogeneities, will be referred tovastigialwaves. a 30% increase in the sound speed on the left and a 30% in-

During the time reversal reconstruction, the vestigial wavesease in the density on the right. (The rather large changes in the
will continue to propagate througk until they reach the acoustic properties used in this pedagogic example were delib-
boundary,S, on which the Dirichlet boundary condition, (4), iserately chosen to help describe the concept of artifact trapping
being enforced. Depending on the particular values imposedadsarly.) A smoothly varying initial acoustic pressure distribu-
the boundary at that moment, they may then be re ected baadn (which in 1-D will be a plane wave) will begin to prop-
into . Vestigial waves are artifact-producing waves, in thagate in both directions, as indicated in Fig. 1(b), towards the
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Fig. 2. Artifact trapping, 2-D example: (a) At = 2.8 mm there is a step change in the density from 1B8@¢m? to 700kg/m?®. The position of the square
measurement surface is shown as a solid black line. (b) The initial pressure distribution is a disc of diameter 0.5 mm. (c) A difference imageesbstivivageth
of the initial pressure distribution reconstructed using time reversal and assuming a uniform density distribution minus the true image.drbdifeayp§the
lower circle) is clearly visible. The amplitude of the true initial pressure is underestimated, hence the negative upper circle.

two measurement surfaces (in this case the two points denateel enforced boundary conditions there, and appear as artifacts
by the dashed lines). When the outgoing wave reaches the dierthe ®nal image, Fig. 1(g). If, as in this case, the boundary con-
sity or sound speed change, the impedance mismatch will cadge®n happens to be being set to zero when the vestigial wave
a proportion of the wave to be re ected, as shown in Fig. 1(cg¢aches it, it will be re ected with a change of sign. In general,
for the sound speed change, and Fig. 1(d) for the density chartpe. situation will be more complex, as the boundary condition
Note that on re ection from the density change the pulse undenay be any value. Fig. 1(h) will be discussed in Section IV-B
goes a phase change to become negative. The two pressure belew. In this example, and those given below-gspace prop-
series recorded at the measurement pojnig,, will thus con- agation model based on (1) was used to simulate the measured
tain the initial pressure pulse followed by a series of re ectiorgata, and a similar model, but withandc set to constant values,
of decreasing amplitude. was used for the image reconstruction [14], [15].

If ps(¢) is used in a conventional time reversal reconstruction o _
(i.e., as a time-varying Dirichlet boundary condition) with th&- Vestigial Wave Re ection
correct sound speed and density distributions, the initial presdn this section, a 2-D example, designed to show clearly
sure distribution will be recovered exactly, as the time reversédte phenomenon of artifact trapping, is described. For this
versions of the re ected waves will recombine with the maireason, the initial pressure distribution, acoustic heterogeneity,
pulses correctly. However, if the details of the acoustic heterand measurement surface were chosen to be simple geometric
geneities are unknown (as will typically be the case in prashapes, as it is possible in this case to observe the individual
tice) and the mean sound speed and density are used in placesstigial waves being re ecting from the measurement sur-
the exact ones, then the recombination will not occur propeifigce by the imposed boundary condition. Fig. 2(a) and (b)
and the time reversed versions of the re ected wavesbwhichows a density heterogeneity consisting of a step change in
we have called @vestigial® wavesbwill remain inside the dothe density from 1000 to 70Qg/m3, and a circular initial
main. When they reach the measurement surface, they will laeessure distribution with a diameter of 0.5 mm. The square
re ected due to the enforced boundary condition and, consaeasurement surface is also shown on both ®gures as a solid
quently, trapped within the domain, resulting in artifacts in thielack line. Starting at time¢ = 0, a circular photoacoustic
®nal image. wave propagates outwards from the initial pressure distribution.

This effect is shown in Fig. 1. The mean, rather than the trié/hen it reaches the density heterogeneity, a scattered wave
acoustic properties are used in the reconstruction, as indicaiede ected back upwards (negativedirection). The acoustic
by Fig. 1(e). Fig. 1(f) shows the time reversed ®eld at a tinpgessure time series are recorded at every pixel forming the
corresponding to that in Fig. 1(c). For a perfect time reversaleasurement surface for timées= 0 to ¢ = T, which in
reconstruction these should be identical between the meastingss example islI" = 9.42 ps. In principle, for time reversal
ment surfaces. (The leftmost wave in Fig. 1(f), beyond the mdearaging it is necessary to record the pressure at the boundary
surement point, is due to the boundary condition being enforcedtil the pressure if2 is zero. In 2-D, this will never (quite)
there and is not relevant to the reconstruction. Note the sybe the case, but in practice it is only necessary to record until
metry about the measurement point with its counterpart trate pressure has dropped to a suf®ciently low nonzero value.
eling in the opposite direction.) However, in this case there aftaese forward simulations were performed using the k-space
clearly several differences. First, the pulse widths are slightlgethod described in [14] and [15], on a 25656 pixel square
different due to the different sound speeds in the forward agdd, with a sound speed of 1500 m/s, and time steps of 7.8 ns.
time reversed directions. Second, the negative pulse in Fig. Igandom noise was added at 5% of the maximum value of the
is not evident in Fig. 1(c) because, in Fig. 1(c), the wave has yeteasured® data, and the measurements were interpolated onto
to re ect from the boundary. As the vestigial waves continue ® 304 x 304 pixel grid for use in the image reconstruction.
propagate they will re”ect from the measurement surfaces dugthis arrangement was used for all the 2-D simulations.)
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Fig. 3. Artifact trapping, 2-D example: the vestigial wavebthe time reversed version of the wave scattered from the density change in Fig. 2(ebBis\gee
the main converging circular wavefront, re ecting from the measurement surface because of the boundary condition imposed there by the timagavgrsal
algorithm, and converging on its way to becoming an artifact. The difference image, Fig. 2(c), shows the artifact clearly. The snapshots of ltharwaak@re

at values of the reverse time variablef (a) 7" — 1.63, (b) 7" — 1.24, and (c)T" — 0.77 us, whereT, the duration of the measurements, was $.42The arrows
indicate the direction of the vestigial wave. The colorscale was set to enable the vestigial waves to be seen clearly, which resulted in clippiitugh efdine
main circular wavefront.

For the time reversal image reconstruction, the simulatedlthe vestigial wave could be clearly seen. A similar example
measurements were used as a time-varying Dirichlet bound@&ysed here, but using a circular sensor surface (inscribed in-
condition with the reversed time variabierunning from 0 side the position of the square sensor). The sensor was chosen
to T (equivalent tot from 7T to 0). The wave®eld at timesto have 360 equally spaced pixel-sized elements. For this time
t =T 163, T — 1.24, andT — 0.77 us during the time reversal imaging, a continuous measurement surface was used,
reversal is shown in Fig. 3. The converging circular wave which was divided into 360 equal arcs and the data from each of
the center of the three images (a), (b), and (c) is the tintlee 360 sensor elements associated with its corresponding arc.
reversed wave that will form the image of the initial pressuta this way the surface's continuity is maintained [15].
distribution. The wave just beneath this is a vestigial wave. In Fig. 4(b) shows the image reconstructed using conventional
(), itis traveling downwards towards the measurement surfaaeae reversal. A curved artifact is clearly visible near the bottom
(black line) on which a boundary condition is imposed. In (b)f the image. This is different from the disc artifact in Fig. 2(c)
it has partly been re ected from the surface, and in (c) it isecause the shape of the measurement surface is different, even
converging to form the artifact shown clearly in Fig. 2(c), whiclthough everything else about the two examples is the same. The
shows the difference between the true and reconstruction initsaime artifact is not so clearly visible in Fig. 4(a), which shows
pressure distributions. It is this re ection of the wave fronthe solution obtained using the algorithm in Finethal. [16].
the measurement surface, that we are referring to as artifbis is one example of how, in some circumstances, time re-
trapping. (In Fig. 3 the color scale has been set so that the lowersal image reconstruction can result in images with a greater
amplitude vestigial wave is clearly visible.) number of artifacts than other reconstruction approaches.

It is interesting, although perhaps not surprising, that in this One reason for the superior performance of the Fietcal.
case the amplitude of the distinct artifact [the lower circle ialgorithm may be due to the fact that it only uses data from
Fig. 2(c)] is very similar to the reduction in the amplitude of the¢ = 0 tot = 2R, /¢, where R, is the radius of the circular
original pressure [given by the upper circle in 2(c)]. Of coursepeasurement surface, so none of the waves scattered and re-
this is just a tutorial example. In general, the vestigial wave wilected by the heterogeneities that arrive at the sensor surface
not be so clearly distinguishable from the other waves propafter2R,/c are included in the reconstruction process. In con-
gating inQ, different shaped measurement surfaces will lead tast, the requirement for the pressure ®eld to be (virtually) zero
different shaped ®nal artifacts, the acoustic heterogeneities wilide(2 in the time reversal case, means that much longer time
be less geometric in shape, and there will be heterogeneitiesémies were used in the reconstruction. The fact that the Finch
sound speed as well as density. This simple scenario was &tral. reconstruction only needs data up to the time when all
ranged merely to illustrate the phenomenon clearly, not reptbe wavefront edgesbthe abrupt changesbhave arrived at the
sent a realistic case study. The phenomenon itself is, howeveseasor in order to reconstruct an exact image, is interesting. It
general one and not dependent on the speci®cs of this particdta#s not need the 2tail® of the acoustic waves suggesting they

example. do not carry any extra information even thoughbbecause this
is in 2-Dbthey are always nonzero. The advantage of applying
C. Comparison to Spherical Mean Algorithm this sort of truncation to the data in the time reversal case will

Finchet al. [16] have published a PAT reconstruction algoP® €xplored below in Section IV-A.

rithm based on the inversion of spherical means that is exact
in the 2-D homogeneous case, and which is applicable when
the measurement surface is circular. For the example above, &he reconstruction algorithm of Finakt al. proved supe-

square measurement surface was chosen so that the re ectionto time reversal, in the example considered above, in terms

IV. MITIGATING ARTIFACT TRAPPING
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Fig. 4. Artifact trapping, 2-D example: Images reconstructed using data recorded over a circular measurement surface of radius 3.7 mm, withsgéedual
sensor elements, for the disc-shaped initial pressure distribution shown in Fig. 2(b). (a) Reconstruction usietgg$r&:D algorithm [16] and (b) conventional

time reversal image reconstruction. The grayscale is set @5, 0.05] in order to show the artifacts clearly. The curved artifact trapped by the time reversal
algorithm is clearly visible in (b) but not in (a).

of the level of artifacts in the image resulting from unknowmecorded up to 11.@s. (The initial pressure distribution was
acoustic heterogeneities. Time reversal, however, remains moethunit amplitude. The grayscale on these images covers the
more general in its applicability (e.g., Finehal.require a cir- range [0.05, 0.05] in order to show the artifact more clearly.)
cular measurement surface) and is considerably faster to coineurved artifact due to the trapping of a vestigial wave is vis-
pute. (In Matlab, running on a 3 GHz CPU, the Finch algorithible. Fig. 5(d)£(f) shows the same as (a)%(c), except that this
took more than 600 s compared to 20 s for the time reverstie only the data up to s was used. The artifact has been
even though many of the calculations for the former were peeduced, showing that truncating the data can be bene®cial in
formed on a nVidia Quadro FX 3700 GPU using the MatlaB-D.
GPUmat toolbox (available from gp-you.org). For 3-D recon- Unlike propagation in 3-D, propagation in 2-D does not
structions this30x difference in speed will be much greater.)}atisfy Huygens principle, as the tails of the photoacoustically
Therefore, because of its speed, versatility and generality, tigpenerated waves approach zero only in the limit of in®nite time.
reversal image reconstruction remains an attractive option, d&though in practice, the tail always falls below the noise “oor
spite its tendency to trap artifacts. In an attempt to improvather sooner.) In 2-D, then, truncating the data to times
the performance of time reversal to these sorts of data erraref a range condition, as the measured signals are not expected
two ways to reduce the effect of artifact trapping are describéal fall to zero after this time, even in homogeneous media.
below: data truncation and a thresholded boundary conditionHowever, Finchet als exact 2-D imaging algorithm, used in
Section lI-C, uses the data only up to timg, suggesting
A. Truncated Data that the tails of the signals do not carry additional information
gbout the image. On this basis, truncated time series were

In three-dimensions, in an acoustically homogeneo i X . ;
medium with sound speed,, a spherical sensor surfacedsed for the 2-D time reversal image reconstruction described

with radius R, will detect no photoacoustic signal after timd" Section 1lI-C. The image in Fig. 4(b) was reconstructed
tr = 2Ry/co (Huygens principle). Any waves arriving aftersing time series up to 9.4s. The same data_, but truncateq
time ¢ cannot be primary photoacoustically generated wavi /R = 5 us, was used to reconstruct the image shown in
but must be reections or scattered waves from acousfidd- 6(2)- Comparing these two images itis clear that truncating
heterogeneities. These waves can lead to artifacts in the recbl- data can be advantageous in 2-D. (Anastetsa. [4] take
structions, as described previously, so not including them in tHi id€a of truncating the data to reduce imaging artefacts due
data for the reconstruction seems sensible. In other words, tigd'eterogeneities further, and look at the ameliorating effect

arange condition® can be used as a justi®cation for truncatifify USing more severe temporal truncations to times of only
the signal at . t = Ro/c: @half-time® reconstruction.)

Fig. 5 shows the results from the 3-D simulation equivalen .
to the 2-D example in Fig. 4. The initial pressure distributio%' Thresholded Boundary Condition
is a ball with diameter 0.5 mm, centered at the origin, the mea-Fig. 7(a) shows a simulated pressure time series from the
surement surface is spherical with radius 3.7 mm, also centem@mple described in Section 1lI-B (shown in Figs. 2 and 3).
at the origin. There is a step change in the density from 1000Tbe re ected wave is clearly visible as a second pulse with a
700kg/m3 on the plane; = —2.8 mm, which gives rise to an lower amplitude than the ®rst. In time reversal reconstruction,
artifact when it is not included in the reconstruction. The simuime series such as this are used to de®ne the pressure at the
lation was performed on B8 x 128 x 128 grid, and 5% noise boundary (the measurement surface) as a function of time, i.e.,
was added to the data. Fig. 5(a)t(c) shows orthogonal sli@ssa time-varying Dirichlet condition. Whenever the pressure is
through the center of the image obtained by time reversing datase to zero, a pressure-release boundary condition, equivalent
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Fig. 5. Truncated data reconstruction, 3-D example: The initial pressure distribution was a ball of unit amplitude, diameter 0.5 mm and centered at the origin.
The measurement surface was a sphere of radius 3.7 mm, centered at the origin. The density steps from 10@@1io’ 70 oss the plang = —2.8 mm. A

128 x 128 x 128 grid was used, and 5% noise added to the simulated time series data. The grayscale waf)se5t0]05] in order that the artifacts appear more
distinctly. (a)£(c) Slices through the image obtained by time reversing data recorded up i@ Whén it is assumed that only the mean values of the acoustic
parameters are known. A curved artifact due to the trapping of a vestigial wave is apparent. For the reconstruction shown in (d)£(f) only datavas ts8d.

The artifact has been reduced, showing that truncating the data can be bene®cial.

in ultrasonics to a water-air interface, will result, which will reWhen |p,(z,, T — )| < 7 (which is computed separately for
“ectany incident waves with a re ection coef®cient closeth  each position or$), no boundary condition is imposed and the
A similar interaction will occur when the boundary is enforcedesidual waves can freely propagate out of the imaging region.
to other values, although the characteristics of the re ected walige selection of the numerical value fgrwill be a tradeoff
will be more complex. Itis in this way that the boundary condibetween reducing artifact trapping and including suf®cient data
tionban integral part of the time reversal image reconstructioim the reconstruction.
approachbcan act to trap vestigial waves within the image re- One-Dimensional Examplezig. 1(h) shows the estimate of
gion leading to artifacts in the ®nal image. the initial pressure distribution for the 1-D example described in
Under certain conditions, it may be possible to remove ti&ection IlI-A, reconstructed using time reversal with this thresh-

boundary condition and allow the vestigial waves to pass freedjded boundary condition. It is clear that the vestigial waves
out of the imaging region. Ideally, the boundary condition wouldre now able to propagate freely through the measurement sur-
be removed whenever and wherever on the boundary sucfaee (the two points marked by dashed lines). The reconstruction
wave is incident. However, unless the imposed boundary presthe main wave pulse remains almost identical (the coherent
surep, (T —t) happens to be zero at that moment, this approattieraction between the main wave pulses is barely changed),
will result in a reduction of the amount of useful data used in thehile the two re ection artifacts are no longer present within
reconstruction (not to mention the dif®culty of knowing whethe imaging region.
the vestigial waves are arriving). A balance must be reached beTwo-Dimensional Examplefor the 2-D case, Fig. 8(a)
tween allowing the vestigial waves to pass across the boundahpws the difference between the true initial pressure distribu-
and ensuring the measured data is fed into the reconstructitbon [Fig. 2(b)] and its estimate obtained using the thresholded
This may be achieved by imposingraesholded boundary con- approach. As in Fig. 2(c), the reconstruction assumed the mean
dition of the form value for the density; however, unlike Fig. 2(c) which used

conventional time reversal reconstruction, here a boundary

P2, 1) = ps(T —#) only if |p (T — )| >n (5) condition threshold was setat= 0.003. Clearly the amplitude

of the main artifact is lower, as expected, because the vestigial
wheren is a threshold value. For example, Fig. 7(b) shows thveave was no longer trapped by the boundary condition. How-
same time series as Fig. 7(a), but zoomed in to show the lewer, the thresholding did result in new, lower level, artifacts in
amplitude region, and a threshold set at an amplitude-@f the form of arcs in the vicinity of the source. This exempli®es
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Fig. 6. Truncated and thresholded reconstruction, 2-D example: Images reconstructed using data recorded over a circular measurement Bigfdde(es in
Conventional time reversal image reconstruction using only data up ta time = 2, /¢, whereR, is the radius of the circular measurement surfacecaindhe

mean sound speed. Comparison with Fig. 4(b) clearly shows that truncating the data can have the effect of removing part of the curved artifabbld@dThre
time reversal reconstruction with = 0.005. The artefact visible in Fig. 4(b) has been removed at the expense of a slight increase in lower level artifacts spread
across the image. (c) Truncated and thresholded time reversal reconstructign=wiitD05. Thresholding reduces the level of the artifact further than truncation
alone, showing that the two approaches are complementary and not equivalent. In this case, little advantage is gained by truncating the déteesboldihas

The grayscale in all the images is set +60.05, 0.05].

been widely discussed in the literature (see, for example, [17].)
The optimum value of) will depend on the criteria that is used
to choose it. It is likely that in practice, the signal-to-noise ratio
in the measurements will affect the choicerpfoo. If n is set
close to the noise oor, as indicated in Fig. 7, then all of the
signal above the noise will be included in the reconstruction.
This should not be taken as a strict criterion, however, as there
maybe useful data masked by the noise that nevertheless com-
bines constructively during the image reconstruction process,
while the noise reduces through an averaging effect. The cri-
teria may be qualitativebbased on what the images look like,
for instancebor more quantitative, using techniques such as
the L-curve or generalized cross validation. In the simple case
Fig. 7. (a) Simulated (2-D) pressure time series from the example in Figs. 2 3f¢here the true image is known, such as may be the case when

3, with the re ected wave clearly visible. In the time reversed reconstructio . . - . .
the many values close to zero will result, effectively, in a re ective "‘pressurgt—:“StIng algorithms with simulated data or using phantoms, an ob-

release® boundary wherever it is imposed. In this way, the boundary conditif@Ctive measure of error could be used to chogsguch as the
can act tg trap vestigial waves W_ithin th_e image region leading t(_) artifacts_l'ﬁ norm of the difference between the images. Theorm (the
reshold Cosiion indionted wih valuce gy ) close to zero. Wil 8 PosSipior mean squared error) was calculated for a range of values
of n for the example above, and is shown in Fig. 8(b). The
smallest error occurs whep = 0.003, the difference image
the general point, that there will be a tradeoff between reducingrresponding to which is shown in Fig. 8(a).
the effect of artifact-trapping, and maintaining the amount of Circular Detector Examplein Fig. 6(b), a thresholded algo-
information used to reconstruct the image. rithm with » = 0.005 has been used, which largely removes the
Choice of Threshold Parameter The thresholded time re- curved artifact visible in Fig. 4(b). Fig. 6(c) shows the image
versal algorithm can provide an in®nite family of images: orabtained using temporally truncated data with the thresholded
for each value of the threshold paramejeettingn = 0, for algorithm. Thresholding [Fig. 6(b)] reduces the level of the ar-
instance, gives an image equivalent to that obtained from cdifiact further than truncation alone [Fig. 6(a)] showing that the
ventional time reversal imaging. At the opposite extreme, seétvo approaches are not equivalent. In this particular case, little
ting n larger than any value of the measured pressure will radvantage is gained by truncating the data as well as thresh-
sult in an image that is zero everywhere. It is therefore necesding [Fig. 6(c)] but this will not necessarily be the case in gen-
sary to strike a balance somewhere between these two extrereeal, as the two strategies could be complementary.
Which of the imagesPwhich value ofbis the correct oneto  Random HeterogeneitiesAs a ®nal example, consider the
choose? All the possible images will be approximations to thpeopagation of a circular wave through a medium with random
true image, and none of them will be exactly correct, so a crite@@oustic heterogeneities, as shown in Fig. 9. Here, the waves
to determine the 2best® is needed. A useful comparison can tesulting from a 0.5 mm diameter, disc shaped, initial pres-
made here to image deblurring and related techniques, in whatre distribution with unit amplitude, and propagating within a
a regularization parameter must be chosen in a largely anateedium with random variations in sound speed and density, is
gous way to the problem of selectinchere. This problem has recorded over a circular measurement surface (3.7 mm radius).
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Fig. 8. Thresholded reconstruction, 2-D example: (a) image of the difference between the true initial pressure distribution, Fig. 2(b), andtéterestin-
struction using time reversal with a thresholded boundary conditiomyaad0.003. Comparison with the difference image for the conventional reconstruction,
Fig. 2(c), shows that the thresholded boundary approach achieves almost total removal of the main artifact. (b) The root mean squared errosfruttiedeco
image as a function of the threshold parameter

Fig. 9. Artifact trapping with random heterogeneities, 2-D example. (a) Reconstruction using conventional time reversal. (b) Reconstruction using thresholdec
time reversal with; = 0.04, showing a reduction in the level of artifacts, especially closer to the boundary. (c) Error histograms for conventional and thresholded
time reversal. (d) Reduction of the Lorentzian width parametén estimate of the level of error) with the time reversal threshold

The sound speed and density were set by an algorithm that addetbérogeneous medium with which to test the robustness of the
square sound speed heterogeneities, whose sizes and amplitaligsithms.

were chosen randomly from Gaussian distributions, to a mearThe simulated data, truncated at timg, was used in a
background value in random locations. The sound speed hige reversal reconstruction (that assumed uniform acoustic
erogeneity amplitude was modelled as Gaussian with a mgaoperties with the value of the mean sound speed and density)
of 1500 m/s and a standard deviation of 0.04. The density wagh both conventional and thresholded boundary conditions
selected ap = 0.893 *x ¢ — 349, which is a relation derived (with = 0.04), shown in Fig. 9(a) and (b), respectively. The
from the measured properties of soft tissue [18]. The simulgrayscale range is-0.05 0.05]. Applying the thresholded
tions were performed on a 512 512 grid. While this model boundary condition has reduced the overall level of artifacts,
may not exactly mimic tissue structure, it provides a similarlgspecially near the outer edges of the image. Histograms com-
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paring the magnitude errors in the reconstructions are shown VI. SUMMARY AND CONCLUSION

in Fig. 9(c), demonstrating the superiority of the thresholded The phenomenon of artifact trapping in time reversal pho-
algorithm when random variations of this sort are present [thgacoustic image reconstruction was identi®ed and described.
solid line corresponds to Fig. 9(a), the dashed line to Fig. 9(bj} time reversal image reconstruction, when a model of prop-
To make a quantitative error comparison, a two-parametggation in an acoustically homogeneous medium is used to
centered Lorentziaif = A/(1 + 7°/o?) was ®tted to these {ime reverse measurements made in a heterogeneous medium,
histograms. The reduction of the Lorentzian width parameterestigial waves appear in the image domain. These can subse-
an indicator of the level of error, as the time reversal thresh%enﬂy become trapped by the enforced boundary condition
value 7 is increased is shown in Fig. 9(d). Asincreases, inherent in time reversal imaging and appear as artifacts in the
there is a reduction im to a minimum at which the value of g5 image. Truncating the measurement data and using an

1 reaches the noise oor. Further increases;jnwhich will  3qaptive thresholded boundary condition were both shown to
decrease the time the boundary condition is enforced, V‘ﬁ”itigate this source of error.
result in degradation of the image as the amount of data used
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