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Photoacoustic mammography laboratory prototype:
imaging of breast tissue phantoms
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Abstract. We present a laboratory version of a photoacoustic mam-
moscope, based on a parallel plate geometry. The instrument is built
around a flat high-density ultrasound detector matrix. The light source
is a Q-switched Nd:YAG laser with a pulse duration of 5 ns. To test the
instrument, a novel photoacoustic phantom is developed using poly-
(vinyl alcohol) gel, prepared by a simple procedure that imparts opti-
cal scattering suggestive of breast tissue to it without the requirement
for extraneous scattering particles. Tumor simulating poly(vinyl alco-
hol) gel spheres appropriately dyed at the time of preparation are
characterized for optical absorption coefficients. These are then em-
bedded in the phantom to serve as tumors with absorption contrasts
ranging from 2 to 7, with respect to the background. Photoacoustic
studies in transmission mode are performed, by acquiring the laser-
induced ultrasound signals from regions of interest in the phantom.
Image reconstruction is based on a delay-and-sum beamforming algo-
rithm. The results of these studies provide an insight into the capabili-
ties of the prototype. Various recommendations that will guide the
evolving of our laboratory prototype into a clinical version are also
discussed. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1803548]
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1 Introduction
Room for improvement in the current practice of breast can
cer screening and diagnosis, and the fact that breast cancer
an enormous burden on society, have been the stimuli fo
relentless efforts on two fronts. On the one, the current stat
of the art in detection and diagnosis, using x-rays, ultrasound
and magnetic resonance, is being pushed forward. On the se
ond front, there is a quest for new modalities that can addres
the limitations and drawbacks of the current technologies.

Of the myriad alternative techniques,1 a promising area is
optical imaging, which uses near-infrared~NIR! light as the
probe. Optical imaging is a simple, low-cost and risk-free
technique that does not use ionizing radiation. The techniqu
involves the detection of photons that propagate through th
breast, and using models based on the nature of their prop
gation, reconstructing the optical properties of the illuminated
tissue. It has been demonstrated in several studies2–4 that tu-
mors possess absorption and scattering contrast compared
healthy, background tissue for NIR light due to fundamenta
changes associated with tumor growth. These changes may
abnormal structural features, enhanced vascularization, an
differences in blood oxygen consumption at tumor sites. In
addition to intrinsic contrast of tumors, there have been efforts
to improve the sensitivity of the technique with the use of
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contrast enhancers such as indocyanine green~ICG!, intrave-
nously administered to subjects.5,6

However, light propagation in biological tissue is high
scattering, which results in poor resolution. There have b
several approaches to surmount the resolution impedime
computational resolution enhancement7,8 using continuous
waves~cw!, and additional technological and methodologic
modifications to the cw case to permit time-domain9,10 and
frequency-domain measurements11,12.

Improving spatial resolution and discriminating betwe
absorption and scattering remain the biggest challenges
are faced by optical imaging. A technique that can avail
endogenous contrast exhibited by tumors to NIR light, wi
out having to combat the problems associated with scatter
is photoacoustic imaging. In this technique, the interaction
photons with an object of interest is studied not by detect
and analyzing photons that have escaped the interaction,
conventional optical techniques. On the contrary, the data
obtained as a direct measure of those photons absorbed b
structure. The absorbed photon energy is thermalized, re
ing in a local deposition of heat. Under conditions of adiaba
heating and stress confinement, the resulting localized t
perature rise causes stress transients to be set up by the
expansion. This propagates through the embedding med
as ultrasound to be detected at the surface. Thus, in this hy
technique, optical absorption contrast of tumors on the
hand, and lower acoustic scattering in tissue on the o
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Photoacoustic mammography laboratory prototype . . .
hand, are brought together. Since the technique does n
‘‘look’’ for photons and the resulting ultrasound propagates
with low scattering through tissue, photoacoustics yields
higher resolution than purely optical techniques.

The hypothesis of using photoacoustics for breast tumo
detection, based on increased optical absorption by hemoglo
bin in the enhanced cancer vascularization, has been demo
strated in restricted studies by the group of Oraevsky and hi
collaborators.13,14 They used an arc-shaped 32-element piezo
electric polyvinylidene fluoride~PVDF! transducer array in
their clinical prototype, the laser optoacoustic imaging system
~LOIS!. The group has experimented with two modes, trans
mission and reflection, and used wavelengths of 1064 and 76
nm for the light excitation.

There is also expected to be an increased ionic water con
tent associated with the neovascularization. This has bee
demonstrated by the group of Kruger15–17 using radio waves
~434 MHz! for ultrasound generation in a few studies using a
thermoacoustic computed tomography~TCT! scanner. This
device uses an arrangement of three planar arrays comprisin
128 elements in total, which when rotated around the pendan
breast, provide a uniform detection coverage over a hemi
spherical surface.~In this work, the term photoacoustic is
used equivalent to optoacoustic and thermoacoustic. The ra
tionale behind this is the fact that the term photoacoustic con
veys the quintessential feature of the technique: the inciden
energy is in the form of photons of the electromagnetic spec
trum, whether in the optical, microwave, or radiowave range
and the data are obtained as acoustic signals.!

However, there have been as yet no large published clini
cal trials from either group, and the technique is in its incipi-
ent stages; the original patents being issued as late a
1998.18,19

In this work, we introduce a laboratory version of a pho-
toacoustic~PA! mammoscope based on a parallel plate geom
etry, built around a flat high-density ultrasound detector ma
trix. The instrument uses NIR excitation at 1064 nm. We also
describe a photoacoustic breast tissue phantom developed
validate the feasibility of the instrument in detecting deeply
embedded inhomogeneities. We present photoacoustic studi
on this phantom, which provide an insight into the capabilities
of the instrument. Various recommendations that will guide
the evolving of our laboratory prototype into a clinical version
are also discussed.

2 Methods and Materials
2.1 Photoacoustic Imaging
The field of radiation-induced ultrasound for biomedical stud-
ies was pioneered by Bowen et al.20,21 in 1981, using micro-
waves. In 1994, Kruger22 and Oraevsky et al.23 explored the
phenomenon using optical radiation. Since then, photoacou
tics has been applied in a variety of biomedical themes. Ap
plications have been seen in small-animal imaging;24,25 imag-
ing of human blood vessels;26 temperature27 and photo-
coagulation28 monitoring during ophthalmic laser therapy;
burn depth estimation;29 port-wine stain depth estimation;30

glucose monitoring;31,32 blood oxygenation monitoring;33,34

and mammography.13,17

The photoacoustic phenomenon is the result of photother
mal heating. Photothermal heating follows from absorption of
Journal of Bio
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optical energy and subsequent nonradiative deexcitation o
excited internal energy levels. The resulting temperature
produces thermal expansion, which under certain conditio
produces a pressure transient that propagates as ultras
The shape, amplitude, and duration of the ultrasound pulse
governed by the geometry and dimensions of the absorbe
optical and acoustic properties, and properties of the exci
beam such as pulse characteristics and local fluence rate

Consider a situation when an absorbing sphere in a
absorbing embedding medium is illuminated with pulsed la
light. Let the laser pulse durationtp satisfies the following
inequality,

tp!ta!th , ~1!

whereth is the thermal diffusion time andta is the acoustic
transit time. The symbols and terms used here and later on
explained in Table 1. Equation~1! describes the regime o
thermal and stress confinement, which is characterized by
significant heat diffusion and pressure relaxation during
time scale of the laser~heating! pulse duration. In such a case
the mechanisms leading to pressure generation are efficie
yield higher amplitudes of the ultrasound than when the h
and pressure are allowed to ‘‘leak’’ during the heating pul
Photoacoustic theory, when applied to the spherical abso
under the irradiation conditions described by Eq.~1!, yields
the following expression for the pressure,35,36

p~r ,t !52Pmax

A2ev
r o

expH 2F v
r o

S t2
r

v D G2J ; ~2!

Pmax52Pmin5
bEav2

~2p!3/2Aecpr o
2r

. ~3!

This expression describes a positive~compression! peak fol-
lowed by a negative~rarefaction! peak.35,36 The peak ampli-
tudes are located at,

t5
r

v
6

tpp

2
, where tpp5&

r o

v
or &ta . ~4!

Thus, the ultrasound pulse has a bipolar shape with a dura
that can be related to the dimensions of the absorbing sph
and with an amplitude that depends on its absorption coe
cient.

The ultrasound that is produced is then detected at
surface of the embedding medium using either pie
electric37,38 or optical detection39–42 schemes.

2.1.1 Image reconstruction
Reconstruction of absorbers is performed using the delay-a
sum beamforming algorithm.43 This applies a phase-array ap
proach to focus the sensitivity of the detectors in a pla
matrix to single volume elements or voxels in turn, into whi
the investigated bulk volume is assumed to be divided. Thi
performed off-line for the acquired signals from a set of d
tectors. Each voxel is thus probed as a potential source
photoacoustic signals, which for spherical sources are bipo

The output of the beamformerSV(t), can be expressed as
medical Optics d November/December 2004 d Vol. 9 No. 6 1173
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Table 1 Nomenclature and symbols.

tp laser pulse width (s) r distance to field point (m)

ta5ro /v acoustic transit time through a sphere (s) t time (s)

th5ro
2/k t thermal diffusion time (s) b thermal expansion coefficient (cm23)

ro radius of sphere (m) Ea absorbed laser energy (J)

v acoustic velocity (m s21) tpp peak-peak time (s)

k t5K/rcp thermal diffusivity (m2 s21) SV beamformer output

K thermal conductivity (J m21 s21) wi
V weight factor

r mass density (kg m23) Si signal (V)

cp specific heat capacity (J kg21 K21) d i
V time delay (s)

p PA pressure disturbance (Pa) i specific detector element

Pmax maximum amplitude of PA pressure (Pa) V specific voxel

Pmin minimum amplitude of PA pressure (Pa) ma absorption coefficient (mm21)

e exp(1) ms8 reduced scattering coefficient (mm21)
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SV~ t !5
( iwi

VSi~ t1d i
V!

( iwi
V , ~5!

wherewi
V is a weight factor,Si(t) is the signal, andd i

V is the
delay applied, withi being a specific detector element andV
a specific voxel. As seen in Eq.~5!, signal traces are delayed
appropriately to account for the acoustic transit time from a
certain voxel to each of the detectors. The individual signals
are also treated by applying weights to account for the
angular/directional sensitivity of the elements. The weight
factors depend on the distance between the voxel plane an
the detector plane, and the angle between the voxel and ea
detector element. These weights are available either from
prior experiment or from simulation.43 The signals are then
windowed in time corresponding to the dimensions of the
voxel. The delayed, weighted, and windowed signals from al
the detectors are then summed. The peak-peak value of th
resultants are normalized with the weights to make them in
dependent of the actual set of detectors. The net result is th
a source, if present in the voxel, will become conspicuous by
a constructive interference from PA signals recorded by mor
than one detector, while noise will be suppressed. This proce
dure is applied to every voxel in turn to obtain a 3-D recon-
struction of the investigated volume.

2.2 Instrumentation

2.2.1 Envisaged photoacoustic mammoscope
A schematic of the proposed mammoscope based on a paral
plate geometry is shown in Fig. 1~a!.

The breast is held between a transparent glass plate and
ultrasound detector matrix. A scanning system translates
pulsed laser beam in two dimensions to illuminate the top
surface of the breast through the glass window. The breast
compressed gently to obtain good acoustic contact with th
iomedical Optics d November/December 2004 d Vol.
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detector matrix. The signals from the ultrasound detector
acquired and analyzed using a personal computer.

2.2.2 Laboratory prototype
The laboratory implementation is shown in Fig. 1~b!. The
light source is a Q-switched Nd:YAG laser~Quantel
Brilliant-B, Paris! operating at 1064 nm with a pulse duratio
of 5 ns and a repetition rate of 10 Hz. The pulse width(tp) of
the laser fulfills the conditions for thermal and stress confi
ment as per Eq.~1!. The choice of laser wavelength is dictate
by the fact that mammography involves imaging throu
large volumes of tissue; light penetrance in breast tissu
expected to be maximum in the 1000 to 1100 nm region.2 The
light beam is coupled to a liquid light guide~LLG!. The LLG
~Oriel Instruments, Stratford! of diameter 8 mm is mounted
on a holder, which forms a payload to a stepper motor-driv
scanning system. The scanning system is based on
screws providing a stroke of2003200 mm,which thus per-
mits the LLG to be scanned across the surface of a br
simulating phantom. There is no glass plate and no requ
ment for any compression in the prototype, since the subj
are liquid or solid phantoms that are placed in an imag
tank. The tank is constructed from Perspex, with an aper
at the bottom, through which the detector matrix is fitted.

The heart of the instrument is a PVDF-based hydropho
matrix developed by the Lunar Division of General Electr
~Madison, Wisconsin!. The matrix is an ultrasound receiver i
the Achilles InSight™, for bone-density measurements for
purpose of osteoporosis detection.~Further information re-
garding the bone ultrasonometer, the Achilles InSight™, c
be found at the Internet site: www.gemedicalsystems.com/
bonedens/peripheral/insight.html.! It consists of 590 elements
comprising spring-loaded contacts on the uncoated face
single-side metallized PVDF film of thickness 110mm. The
film is supported on its free surface by an 18.6-mm-th
9 No. 6
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Fig. 1 (a) Schematic diagram of the envisaged photoacoustic mammoscope, based on a parallel plate geometry. (b) A photograph of the laboratory
implementation. The experiments are conducted in a transmission mode by positioning the liquid light guide at different points above the phantom.
The phantom is contained with water in a Perspex tank, at whose bottom the detector matrix is fixed. The face of the matrix is flush with the floor
of the tank, and makes good contact with the bottom surface of the phantom.
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layer of a proprietary material that forms the face of the unit.
This layer serves as a protective layer, and possesses acous
properties close to those of tissue. The detector elements a
232 mm square and arranged in a Cartesian grid with an
interelement separation of 3.175 mm. The active area of th
detector matrix is approximately 90 mm in diameter.

In the photoacoustic prototype, the receiver unit is sealed
through an aperture at the bottom of the imaging tank, so tha
the free surface of the protective layer is flush with the floor
of the tank. The tank may be filled with a liquid phantom such
as Intralipid™, but can also accommodate a solid phantom
~discussed later! for experiments.

The frequency response of an individual element is cen
tered around 500 KHz with a23-dB bandwidth of 80%. The
signal processing and multiplexing schemes are on board an
provide the capability of accessing one element at a time. Th
required element can be activated with a set of logic levels o
the appropriate control pins of the device. The control lines o
the device are controlled via a digital input-output card~NI-
6305, National Instruments, Austin, Texas! in the PC. The
data line is fed to one channel of a dual-channel 100-MHz
100-MS/s, 8-bit digitizer ~NI-5112, National Instruments!
card in the PC. The PC runs a LABView™~National Instru-
ments! program that controls the scanning system, the detec
tor array, and digitizer.

2.3 Breast Phantom with Embedded Absorbing
Inhomogeneities
To validate the feasibility of the laboratory prototype in de-
tecting deeply embedded tumors, we first performed phantom
studies. A phantom suitable for photoacoustic studies mus
possess not only the optical properties of tissue but also th
acoustic properties. The breast tissue phantom we develope
was based on poly~vinyl alcohol! ~PVA! gel, recently shown
Journal of Bio
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by us as being able to be prepared with properties of tiss44

relevant to photoacoustics, and possessing superior mec
cal properties to conventional gel phantoms.

2.3.1 Turbid gels to mimic breast tissue—method 1
Poly~vinyl alcohol! gel formation, achieved by cross-linkin
of the polymer chains in an aqueous solution, is most ea
accomplished by a process of repeatedly freezing and thaw
the solution.45 In addition to the formation of the cross-links
crystallites are also formed that serve to further increase
dimensionality and reinforce the gel structure. The numb
size, and stability of the crystallites increase with increas
number of freeze-thaw cycles resulting in rigidification of th
gel.46 An attendant phenomenon to this is an increasing
bidity from the clear solution state with an increasing numb
of cycles.45

This property was investigated by us44 with the aim of
designing a breast phantom, which led to an optimization
the number of freeze-thaw cycles to obtain reduced scatte
coefficients(ms8) close to breast tissue literature values.
addition, we measured other optical properties relevant
photoacoustics such as absorption coefficient(ma), scattering
anisotropy, and refractive index, and found these to be s
stantially approximate to literature values for tissue. Acous
properties such as acoustic velocity, acoustic attenuation,
density were measured and also found to be admissible.44

The procedure followed for the preparation of the turb
PVA gels for the tissue phantom is discussed in de
elsewhere.44 The procedure involves submitting aqueous s
lutions of 20% by weight PVA to freezing and thawing cycle
One freezing-thawing cycle constitutes refrigeration
220°C for 12 h, followed by a defreezing of the frozen s
lution at room temperature for 12 h.
medical Optics d November/December 2004 d Vol. 9 No. 6 1175
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Fig. 2 (a) The clear aqueous PVA solution in the Perspex mold carries the dyed, rigid PVA gel spheres suspended with nylon thread. The solution
is allowed to stand at room temperature for a few hours to allow bubbles to rise to the surface, before it undergoes freezing and thawing cycles. (b)
The resulting PVA gel breast phantom after submitting the solution to four freezing-thawing cycles.
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2.3.2 Dyed gels to simulate tumors—method 2
One of the mechanisms explaining the origin of the turbidity
of samples prepared by method 1, has been that of phas
separation in the gel. The structure of the gel may be unde
stood to be composed of three distinct phases: a water pha
with a low PVA concentration, an amorphous PVA phase, and
a crystalline PVA phase.46 When refrigerated, the water
freezes over with an accompanying large volume expansion
This leads to the formation of large pores; the resulting refrac
tive index fluctuations in the medium due predominantly to
the presence of these pores leads to the observed turbidity.
was demonstrated by Hyon and Ikada47 that if the water phase
in the gel was prevented from freezing over at the time of
refrigeration, it would be possible to obtain a transparent gel
Strong cooling is fundamental to the process of formation o
the cross-links and crystallites, and is unavoidable. It was
shown that dissolving PVA in a mixture of dimethylsulphox-
ide ~DMSO! and water, and submitting the solution to a single
freezing-thawing cycle, yields highly transparent and me-
chanically strong gels.48,49 The role of DMSO is to inhibit
freezing of the solution.

The procedure followed for the preparation of the dyed
samples was similar to the procedure for preparing the trans
parent gels, which is described in detail in the literature,44,47,48

with the one exception that a dye was added to the DMSO an
water mixture that carries the PVA. Suitable amounts of the
dye, Ecoline 700 black watercolor~Royal Talens, Apeldoorn!,
were added to the solution. An empirical formula was used to
determine the amount of dye required for various absorption
coefficients(ma), from the best fit to the experimentally de-
rived graph of absorption versus concentration of the dye in
water. The absorption of the dye in water had been previousl
ascertained for varying concentrations at 1064 nm, using
spectrophotometer. The resulting dyed solutions were allowe
to undergo freezing for 24 h; on thawing, rigid gels were
obtained. The resulting samples were then immersed in wate
to remove the organic solvent. The water was continuously
agitated and regularly recharged to promote a thorough ex
change of DMSO in the gel with water to yield PVA hydro-
1176 Journal of Biomedical Optics d November/December 2004 d Vol.
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gels. During this process, there was also a release of the
in the water by diffusion, as was observed by the discolorat
of the water. The discharge of the dye reduced after a
days. Three series of gels were prepared with designedma of
0.2, 0.1, and0.05 mm21. The samples in each series we
fashioned into spheres of sizes 10, 5, and 2 mm in diame

2.3.3 Finished breast phantom
The strategy to create the breast phantom with the embed
inhomogeneities was to first prepare the dyed spheres
method 2. These were then suspended using 80-mm nylon
thread in a Perspex mold of size approximately150360
3180 mmdimensions. The mold with its spheres was kept
a tank under water to keep the gels moist. The procedure
making the tissue component of the phantom, method 1,
then executed. The aqueous PVA solution was removed f
the heat and allowed to stand for a while as it cooled. Wh
the average temperature had fallen to45°C, the solution was
carefully poured into the mold along its sides, up to a hei
of 120 mm. It was necessary for the solution to be co
enough to not soften the inhomogeneities~glass transition
temperatureTg'60°C), yet sufficiently high for the solution
to be mobile enough to be poured. The solution in the m
shown in Fig. 2~a! was then made to undergo four freezin
and thawing cycles to realize the finished breast phan
shown in Fig. 2~b!. It is expected that the breast phantom h
a reduced scattering coefficientms8'0.5 mm21 at 1064 nm,
which is fairly close to that which is typically quoted fo
breast tissue~0.6 to1.1 mm21).2,50 The relevant optical prop-
erties of the phantom compared to breast literature values
consolidated in Table 2.

2.4 Experimental Details

2.4.1 Spectroscopic studies of dyed gels
The actualma of the dyed gels with respect to gels prepar
by method 1, were studied using a spectrophotometer~Shi-
madzu UV–3101 PC, Tokyo!, after 2 to 3 weeks of solven
exchange in water. The gels were melted down by heatin
9 No. 6
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Table 2 Relevant optical properties of the phantom compared with literature values for breast tissue.
The effective attenuation coefficient me5@3ma(ma1ms8)#

1/2. Literature values for breast tissue were taken
from Refs. 2 and 50.

Reduced scattering
coefficient (ms8)

Absorption coefficient
(ma)

Effective attenuation
coefficient (me)

Phantom
(at 1064 nm)

0.5 mm21 0.0342 mm21 0.234 mm21

breast tissue 0.6–1.1 mm21 0.005–0.015 mm21 0.166–0.223 mm21
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sealed vessels to around90°C, poured into 10-mm path-
length microcuvettes, and the absorption spectrum was the
measured. Melting ensured that the turbid gel was no longe
scattering, so that the attenuation through the sample could b
attributed only to absorption. Beer-Lambert’s law was applied
to obtainma for the gels from method 1 as shown in Fig. 3~a!,
and for the three series from method 2 as shown in Fig. 3~b!.
The absorption contrast at 1064 nm for each series was ca
culated from the ratio ofma and that obtained for method 1
samples, and is indicated against each curve in Fig. 3~b!.
Thus, series 1 comprised samples with ama of 0.25 mm21,
series 2 with ama of 0.136 mm21, and series 3 withma of
0.072 mm21 at 1064 nm; and absorption contrasts of approxi-
mately 7, 4, and 2, respectively, with respect to the back
ground.

2.4.2 Photoacoustic studies
The solid phantom was placed at the bottom of the Perspe
tank face down, as shown in Fig. 1~b!, so that the distance
between the free surface of the phantom and the detector un
on which it rests is 60 mm. The tank was filled with water to
keep the phantom moist, and to provide a good acoustic cou
pling to the detector matrix. The LLG was positioned at a
certain point above the phantom. The light energy was 50 m
per pulse; the separation between the LLG and the phanto
was adjusted to allow the beam to expand to approximately 1
Journal of Bio
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mm, providing a laser fluence at the phantom surface
around20 mJ/cm2. For this position of the LLG, a set of 120
elements was accessed beneath the phantom, 12 in thex di-
rection and 10 in they direction. One element was accessed
a time, averaging the signal 128 times. This covered an a
of approximately37331 mm. The data from this set consti
tuted a volume of interest~VOI!. The LLG was then moved to
another position and another VOI adjacent to the first w
imaged; other such VOIs were recorded in sequence
achieve complete coverage of the phantom.

3 Results
3.1 Raw Signals
The graph in Fig. 4 shows a signal trace recorded by a de
tor element from the volume of interest~VOI! containing the
2-mm sphere at a depth of 15 mm. The trace is obtained
averaging 128 times. The topx axis has the times of flight of
the signal, which can be converted into equivalent distan
via the speed of sound in the phantom and marked on
bottom x axis. The origin of thex axis corresponds to the
position of the detector element. The 18.6-mm-thick prot
tive layer is indicated in the graph by the dotted line at le
Beyond this point the signal trace originates from within t
phantom.
Fig. 3 Wavelength dependence of absorption coefficients of (a) melted-down and optically clear freeze-thawed PVA gel samples, and (b) melted-
down dyed PVA gel samples. The absorption coefficients at 1064 nm are marked in the graphs, and the absorption contrasts of the dyed samples
obtained from these values with respect to the clear sample are indicated against each curve.
medical Optics d November/December 2004 d Vol. 9 No. 6 1177



Manohar et al.
Fig. 4 Signal traces from an element in the volume of interest (VOI) that contained the 2-mm-diam sphere with absorption contrast 4 at a depth of
15 mm from the illuminated surface of the phantom. The graph has been zoomed in on the Y axis to elucidate the transient arising from the sphere;
the surface signal is clipped in the figure.
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Two sharp features are evident in the trace: 1. a stron
signal at the phantom surface,~shown clipped in the graph!,
and 2. a bipolar signal at a depth of 15 mm from the phantom
surface.

Feature 1 is the photoacoustic signal due to absorption a
the free boundary between the phantom and water/air. This
due to the high laser fluence rate at the surface, and the fini
absorption coefficient of the phantom. This signal can be use
to identify the surface of the phantom.

The second pressure disturbance is from the 2-mm-diam
sphere with an absorption contrast(43) that is known to be
present in the VOI at a depth of 15 mm from the illuminated
phantom surface. The bipolar nature of the transient is th
signature of a spherical absorber as predicted by theory. How
ever, the signal trace in Fig. 4 is noisy with a signal-to-noise
ratio ~SNR! of the order of 2 to 3, which does not permit the
derivation of the size of the sphere accurately, as predicte
from Eq. ~4!.

3.2 Image Reconstruction
The raw signals from each VOI in turn are fed to the image
reconstruction program, which implements the delay-and-sum
beamforming algorithm in Matlab 6.5~The MathWorks, In-
corporated, Natick, Massachusetts!. The other inputs to the
program are the simulated directivities of a square elemen
(232) mm square for various depths from 0 to 80 mm in
discrete steps. For calculations of weight factors for othe
depths, a process of interpolation is used. The voxel size wa
chosen for all VOIs as13131 mmin x, y, andz directions.
The reconstruction is available as 2-D slices of data withx
andy axes corresponding to the VOI area covered, and eac
slice separated by 1 mm in thez direction. In the procedure
1178 Journal of Biomedical Optics d November/December 2004 d Vol.
t

e

-

t

s

for the reconstruction, the entire dataset is normalized to
largest signal intensity in the data matrix. For this reason,
surface signal was excluded~between dotted lines on the righ
of Fig. 4! in the reconstructions, which would otherwise res
in a deterioration in the visualization of weaker sources.

3.3 Volume Visualization
The reconstruction of signals from each VOI yields a colle
tion of slices built through the 3-D subvolume. These volum
data are visualized by projecting the data values within
matrix onto a viewing plane. Each pixel stores the avera
value encountered through the voxels in all slices alon
viewing ray, and is called an average intensity project
~AIP!. This method of visualization is objective and does n
require the specification of threshold values.

Figures 5 and 6 are the AIPs of selected VOIs of the ph
tom. No additional processing was performed on the rec
structed slices. Figure 5 shows the AIP in isometric view
VOIs containing~from left to right!: the 2-mm-diam sphere
~absorption contrast 4! at a depth of 15 mm from the illumi-
nated surface; the 5-mm-diam sphere with contrast 7 at de
30 mm; and the 2-mm sphere with contrast 7 at depth 32 m
Figure 6 shows the corresponding top view AIP for the VO
of Fig. 5. The left and middle images of Figs. 5 and 6 sh
lack of background noise because the raw photoacoustic
nals that contributed to image formation were received wit
good SNR~see Fig. 4!.

4 Discussion and Conclusion
4.1 Breast Tissue Phantom
The novel phantom based on poly~vinyl alcohol! gel has the
advantage that it is inherently light scattering with the prep
9 No. 6
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Fig. 5 Average intensity projections (AIP) in isometric view of the 3-D reconstructed data of selected volumes of interest (VOIs) in the phantom. At
left, the VOI containing the 2-mm-diam sphere of absorption contrast 4 at a depth of 15 mm from the illuminated phantom surface. In the center,
VOI with 5-mm-diam sphere with contrast 7 and 30 mm from surface. At right, VOI with 2-mm-diam sphere with contrast 7 and depth 32 mm from
surface.
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ration procedure. This precludes the additional effort and ex
pense incurred with introducing scattering particles in the me
dium as in conventional gel phantoms. Additionally, the
phantom has superior mechanical properties compared wit
phantoms based on agarose, gelatin, and polyacrylamide. PV
gels are rubbery with a high modulus of elasticity; conven-
tional gels are fragile and may rupture under pressure.

The issue of dye discharge from the gel spheres into th
surrounding phantom is important, since this will change the
properties of the inclusions with time. The procedure for the
preparation of the dyed PVA gel spheres involved addition o
the dye~Ecoline 700 black water color! to the mixed solvent
of DMSO and water, in which PVA is dissolved. Ecoline 700
is a mixture of water-soluble dyes possessing molecular di
mensions of the order of nanometers, which would cause the
diffusion out of the gel. As detailed earlier, after its formation,
the dyed gel was immersed in water to remove DMSO from
the gel. During this period of 2 weeks, the water was agitated
continuously and renewed every day. It was assumed that th
major part of dye discharge would occur during this period, so
that for spheres subsequently embedded in the gel, the dy
would stay fairly well confined over time. However, spectro-
photometric measurements of spheres resected from the pha
tom after 1 year showed lower absorption coefficients in the
regions below 900 nm; above this the absorption was virtually
unchanged. We speculate that the components of the dye th
absorb between 600 and 900 nm possess relatively small
Journal of Bio
A

r

e

e

n-

t
r

molecular sizes, which may account for their selective dif
sion in the time period studied. Though this may not ha
affected our present PA measurements at 1064 nm, the us
a substitute absorbing agent such as India ink~composed of
carbon black particles with sizes less than 500 nm! will be
investigated for future phantom development.

Certain caveats with PVA gel phantoms relate to their u
and storage. PVA hydrogels undergo desiccation when
posed to air, causing degradation in their optical propert
For this reason it is imperative that the gels be stored un
water. To prevent dehydration during imaging, the phant
was retained in water. Alternatively, a layer of ultrasound g
around the sample may also be used to prevent dehydra
PVA gels are also susceptible to proliferation of fung
growth. This can be avoided by storing the phantoms in
0.01% solution of sodium azide.~Sodium azide is injurious to
human health, and adequate precautions must be taken w
handling the solution.! Additionally, sodium azide may also
be added to the aqueous PVA solution at the time of format
of the gel. Interestingly, the samples prepared by metho
were resistant to fungus, possibly due to remnant DMS
which may possess fungicidal properties.

4.2 Photoacoustic Instrument
The photoacoustic instrument built around the Achilles
Sight™ detector matrix appears promising. Coupled with
Fig. 6 Top views of the average intensity projection (AIP) for the same VOIs shown in Fig. 5.
medical Optics d November/December 2004 d Vol. 9 No. 6 1179
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Manohar et al.
delay-and-sum beamforming algorithm, inhomogeneities a
small as 2 mm in diameter and with an absorption contrast o
7 with respect to the background at depths around 32 mm
have been detectable in well-characterized breast phantom
The imaging system is capable of a spatial resolution of 3.5
mm at a distance of 30 mm to the detector, with a scanne
area of37331 mm.51 The method of projections is an objec-
tive manner of visualizing the reconstructed data compare
with the isosurface method, which requires the specification
of threshold values.

The measurement time is 20 min for a VOI covering10
312 elements, which is approximately37331 mm.The rea-
son for this is that the signals were averaged up to 128 time
for each element, and that only one element of the matrix wa
accessed at a time. The measurement time will dictate th
future design of the patient-instrument interface, to permit the
patient to lie prone during breast scanning. In any case, th
use of wavelet denoising, for example, is being considered
which should preclude the high number of signal average
used in the present study. Coupled with the availability of up
to 10 elements in parallel, which is being implemented at this
time, we should achieve considerably shorter measureme
times in the future. The sensitivity of the matrix imparts an
imaging depth between 35 to 40 mm.51 The clinical version of
the mammoscope will take this into account to provide a fa-
cility of interchanging the illumination and detection sides for
thicker breasts. Thus a second antipodal view may be nece
sary to get complete depth coverage of the breast.

Regarding other instrumental changes that are planned, th
use of liquid light guides~LLG! will be discontinued. Al-
though they have many attractive advantages, particularly th
ease with which an LLG may be coupled to the laser output
they do not possess very high power handling capacity. Thi
leads to the formation of bubbles due to thermal decompos
tion of the liquid, which affects the transmission of light and
quickly worsens with use. The direct laser beam delivered
with the use of mirrors is being considered to replace the
LLGs.

It is as yet early to draw conclusions about the applicabil-
ity of the prototype to detect tumors in the breast. Although
efforts have been made to chose a phantom with the effectiv
acoustic and optical attributes of the breast, the properties o
breast tissue have a wide spread of values depending on ag
hormonal status, and medical history of the subject. Addition
ally, the breast is highly complex and heterogenous both op
tically and acoustically, factors that have not been taken into
account in the design of the phantom used in the presen
study. These are aspects that we intend to concentrate on
our future research, by imaging inhomogeneous phantom
embedded with inserts of varying geometries and absorptio
coefficients.
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