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ABSTRACT

Laser optoacoustic imaging can be applied for characterization of layered and heterogeneous tissue structures in
vivo. Accurate tissue characterization may provide: (1) means for medical diagnoses, and (2) pretreatment tissue properties
important for therapeutic laser procedures. Axial resolution of the optoacoustic imaging is higher than that of optical
imaging. However, the resolution may degrade due to either attenuation of high-frequency ultrasonic waves in tissue, or/and
diffraction of low-frequency acoustic waves. The goal of this study was to determine the axial resolution as a function of
acoustic attenuation and diffraction upon propagation of laser-induced pressure waves in water with absorbing layer, in breast
phantoms, and in biological tissues. Acoustic pressure measurements were performed in absolute values using piezoelectric
transducers. A layer or a small sphere of absorbing medium was placed within a medium with lower optical absorption. The
distance between the acoustic transducer and the absorbing object was varied, so that the effects of acoustic attenuation and
diffraction could be observed. The location of layers or spheres was measured from recorded optoacoustic pressure profiles
and compared with real values measured with a micrometer. The experimental results were analyzed using theoretical models
for spherical and planar acoustic waves. Our studies demonstrated that despite strong acoustic attenuation of high-frequency
ultrasonic waves, the axial resolution of laser optoacoustic imaging may be as high as 20 jim for tissue layers located at a 5-
ITim depth. An axial resolution of 1 0 m to 20 tm was demonstrated for an absorbing layer at a distance of 5 cm inwater,
when the resolution is affected only by diffraction. Acoustic transducers employed in optoacoustic imaging can have either
high sensitivity or fast temporal response. Therefore, a high resolution may not be achieved with sensitive transducers
utilized in breast imaging. For the laser optoacoustic imaging in breast phantoms, the axial resolution was better than 0.5 mm.
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1. INTRODUCTION

Applications of optical imaging for detection and localization of diseased tissues have been intensively investigated
for the last decade (see, for instance, SPIE and OSA Proceedings"2). Optical imaging is based on differences in optical
properties between normal and abnormal tissues. The contrast in optical properties is greater than contrast in acoustic
properties. However, the sensitivity and the resolution of optical imaging are limited by the light scattering in tissues.

Ultrasound imaging is a widely used clinical technique for tissue characterization3. It is based on reflection of
ultrasonic waves from acoustic inhomogeneities in tissues. Ultrasonic waves can propagate in tissues significantly deeper
with minimal attenuation and distortion compared with optical waves4. Resolution of ultrasound imaging is often acceptable,
especially when performed at higher frequencies. The major limitation of the ultrasonic imaging is its low contrast in soft
tissues.
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Laser optoacoustic imaging combines advantages of optical and ultrasound imaging in one technology5. It is based
on optical contrast and time-resolved detection of laser-induced ultrasonic waves. The laser-induced ultrasonic waves in
tissues are generated by the thermoelastic mechanism and resembles profile of thermal energy distribution in the irradiated
volume (see, for example, 67) Laser optoacoustic imaging system can operate in two modes, suitable for deep (up to 7 cm)
and subsurface (up to 4 mm) imaging5'8. Application of sensitive acoustic transducers allows detection of millimeter-sized
optical inhomogeneities in strongly scattering media simulating biological tissues9. Recently, detection of a small (2 mm)
phantom tumors was demonstrated with the use ofthe laser optoacoustic imaging system (LOIS) at the depth of 60-mm within
a breast phantom (Jleff 1 .0 cm')'°.

Resolution limits for the laser optoacoustic imaging has been studied, but not thoroughly'1"2. In general, theoretical
limit of z-axial (in depth) resolution is defmed by the temporal response of acoustic transducers and the detection system, and
by the laser pulse duration. However, resolution of LOIS may also be limited due to distortion of ultrasonic pulses by the
following processes (1) diffraction of acoustic waves that occurred upon propagation in tissues and in acoustic detectors, and
(2) attenuation of acoustic waves in tissues. Diffraction and attenuation may widen the ultrasonic pulses and shift their
positions in measured pressure profiles. Therefore, location and dimensions of the objects or layers in optoacoustic images
will be measured inaccurately. The goal of this study was to understand the influence of acoustic diffraction and attenuation
on z-axial resolution of laser-optoacoustic imaging, i.e. on accuracy of localization and dimension measurements.

2. THEORETICAL BACKGROUND

2.1. Generation and detection of laser-induced acoustic waves.

Two different cases of laser optoacoustic imaging were considered in this study: (1) optoacoustic imaging utilizing
detection of spherical waves and (2) optoacoustic imaging utilizing detection of plane waves. Spherical acoustic waves can
be emitted by small acoustic sources such as deeply located tumors in the breast, brain, and other organs. In this case, laser
irradiation and acoustic wave detection are usually performed from opposite sides of the investigated organ. This type of
imaging is called imaging in forward mode because detected acoustic waves propagate along the direction of incident laser
radiation (Fig. la, b). The optoacoustic imaging in forward mode was used in this study to detect model tumors in breast
phantom.

Plane acoustic waves can be emitted by subsurface tissue layers in the skin, arteries, or hollow organs. Both the laser
irradiation and acoustic wave detection can be performed in vivo at one and the same side ofthe investigated organ. This type
of imaging is called optoacoustic imaging in backward mode because detected acoustic waves propagate in the direction
opposite to the direction of incident laser radiation (Fig. lc).

Detection of plane acoustic waves in the forward mode can be used in the cases of (1) thin tissues in vivo, (2) tissues
in vitro which can be prepared as thin slices, and (3) in model experiments. In this study plane waves from tissues in vitro
and from a phantom tissue layer (optical filter) were detected in the forward mode.

Maximal contrast, resolution and sensitivity of laser optoacoustic imaging can be obtained, if the irradiation
conditions of temporal stress confmement are satisfied6. In this case, maximal efficiency of thermoelastic pressure waves is
achieved and distribution of laser-induced acoustic sources resembles distribution of absorbed energy deposition. Laser
radiation with nanosecond pulses is usually applied to satisfy the irradiation conditions of temporal stress confmement in the
irradiated volume.

Generated pressure wave. A pressure rise distribution P(r) upon stress-confmed irradiation condition is expressed
as:

Pgen(r) = T(r)iia(r)F(r) (1)

where JT(r) is the GrUneisen coefficient which is dependent on mechanical and thermophysical parameters of tissue, a(r) is
the absorption coefficient, and F(r) is the fluence distribution in the tissue. This general formula is valid for any type of laser
optoacoustic imaging.
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I)etected pressure wave. An amplitude of detected pressure wave is dependent on tissue type and detection
geonletr\. In case of an absorbing sphere deeply located within the irradiated tissue. itcan be calculated by the formula':

P,.fl 1.dc = (2)

where r1 is the sphere radius, R is the distance between the sphere and acoustic detector. The ratio r11R is due to spherical
propagation of acoustic waves from the source. The pressure pulse from the spherical source will have a bipolar N-shaped
profileH
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Figure 1. Schematics ofoptoacoustic imaging utilizing spherical wave detection in forward mode (a): Pressure profile from a
spherical source (b): Schematics of optoacoustic imaging utilizing plane wave detection in forward and backward modes (c).

In the case of an acoustic source emitting plane waves, the detected pressure amplitude is expressed b' the formula:

= P.,, /2 (3)

where factor I 2 is due to propagation of two plane waves in two opposite directions from the source. Foi'mulae (2) and (3)
are valid if acoustic diffraction and attenuation are negligible.

1)istance between acoustic source and transducer. It is necessary to measure the distance between an acoustic
source and a transducer to localize the source and reconstruct its image. For any type of optoacoustic imaging this distance is
given by the forniula:

R=c5r (4)

where c5 is the speed of sound and T is the temporal delay between the laser pulse and the signal from the source.

l)irnensions of acoustic source. The dimensions of acoustic sources can be calculated by the formula:

d = cAt (5)

where d is either the sphere diameter in case of a spherical source, or the layer thickness in case of a layered source, and At is
the duration of acoustic pulses emitted by the source.

2.2. l)istortion of acoustic waves.

Profile of laser-induced pressure waves can be distorted due to their diffraction and attenuation in tissue6 • '. This
may decrease the accuracy of dimension measurements and measurements of the distance between the source and detector.
Therefore, the resolution of laser optoacoustic imaging ma he influenced by these processes.

Influence of acoustic wave diffraction. Acoustic wave diffraction can substantially change profile of detected
pressuret The pressure profile at the depth. z, distorted due to diffraction and detected perpendicular to the axis of
propagation of the acoustic wave. :. r. i' = 0) and generated pressure profile, Pgen(t). are related by the following
expression':
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t
'thffr (z, t, r = 0) = 1gen (t) — fwDexp(—wD (t — t)) 1'gen (t)dt (6)

—Co

where WD 2cSz/aL2 is the diffraction frequency, and aL is the laser beam diameter. Using (6), the generated pressure profile
can be calculated by the formula:

t
Pgen(t) = Pd(t) ÷ fWDPd!fr('C)d'C• (7)

-00

Therefore, the generated pressure profile can be reconstructed from the measured profile taking into account the
diffraction effect.

Influence of acoustic wave attenuation. It is well known that acoustic attenuation coefficient, c(f), increases with
the increase of frequency. The following relation is valid for tissues in a wide range of acoustic frequencies'7:

a(f) = afb (8)

where a and b are factors that depend on tissue composition and structure. Typical value of b ranges between 1 and 2 for soft
tissues.

Laser-induced acoustic waves have a wide frequency spectrum. Their spectral maximum is defined by the dimension
of optoacoustic source, d0, and estimated as:

(9)

Therefore, high-frequency acoustic waves (10 to 100 MHz) are generated in soft tissues, if the dimension of the
acoustic source is of the order of 1 0 to 1 00 tm. The acoustic attenuation coefficient for these high-frequency waves may vary
significantly (0.1 to 100 cm1) depending on tissue type'7.

The acoustic source with this dimensions can be either an absorbing volume (or layer) surrounded by other tissues
with low absorption or a strongly absorbing tissue with high optical attenuation coefficient, .teff, ofthe order of 100 -1000 cm
,. Such high optical attenuation results in generation of pressure only in a thin subsurface layer with the thickness of the order
oflO- 100 tm.

High-frequency component of the generated pressure pulse will be attenuated stronger than the low-frequency
component as depicted by expression (8). The acoustic attenuation can widen sharp edges of the pressure pulse with high-
frequency spectrum. Therefore, attenuated pulse will be wider than the initially generated one. Furthermore, the amplitude of
the high-frequency pressure pulse will decrease significantly. If pressure pulse propagates longer distances, the distortion of
the pulse will be stronger.

Resolution of optoacoustic imaging will be decreased due to the pressure pulse broadening, because accuracy of
localization and dimension measurement will be lower. The longer the propagation distance the lower the resolution.

Influence of acoustic detector dimension. The dimension of acoustic detectors may influence the profile of
detected ultrasonic pulses and decrease resolution of optoacoustic imaging. For instance, if the distance between a spherical
acoustic source and detector is comparable to the detector aperture, the detected pressure profile will be different from the
pressure profile detected at a distance much greater than detector aperture.
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3. MATERIALS AND METHODS

3.1. Laser sources.

Experiments on breast phantoms were performed with a Q-switched Nd:YAG laser with the following parameters:
wavelength - 1064 urn, pulse duration - 10 ns. pulse energy - 50 niJ. diameter of laser spot - 8 mni. fluence - 100 mJ/cm.
Third harmonic of a Q-switched Nd:YAG laser was used for experiments on acoustic diffraction. The parameters of laser
radiation were: wavelength -532 nm. pulse duration - 12 ns, pulse energy - 5 mJ. diameter of laser spot - 8 mm. laser fluence -
10 ml cur.

Experiments on acoustic attenuation were performed with an ArF-laser with the following parameters: wavelength -
93 urn, pulse duration - 11 ns. pulse energy - 100 rnJ. laser beam diameter - 6.2 mm. Incident pulse energy was attenuated

and equal to 0. 118 rnJ providing incident fluence of 0.39 mJ/cm.

Irradiation with these parameters can not induce any thermal or mechanical damage to the samples, because maximal
temperature and pressure rise were less than 0.5° K and 5 bar. respectively.

3.2. Saruple preparation and measurement procedures.

Breast phantoms were made of I0o-gelatin and had dimensions of 100 x 97 x 57 mm. The breast phantom that
resemble optical properties of human breast and the phantom preparation procedure were previously described'°''.
Attenuation coefficient in the phantoms was 1.0 cm' which is equal to the attenuation coefficient of the human breast in vivo
in the in the near-infrared spectral range°21. Polystyrene spheres or milk were used as scatterers. Bovine hemoglobin was
used as an absorber to make spheres with enhanced absorption. Diameter of the spheres was varied from 2 to 6 mm. The
sphere diameters and distance between them and acoustic transducer were calculated by the formulas (4) and (5).respectively.
and compared with actual ones measured with a caliper, irradiation scheme of the phantoms is presented in Figure la.
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Figure 2. Experimental set up to study: (a) diffraction of optoacoustic waves,
(b) attenuation ofhigh-frequency optoacoustic waves in tissues.

A neutral density optical filter (thickness =2 mm, .ta 32 cm' at X 532 nm) was used as a source of optoacoustic
plane waves in the experiment on acoustic diffraction (Fig. 2a). The filter was embedded in water. The distance between the
water surface and the transducer was 55 mm. Displacement of the filter was performed by a micrometric screw with the
displacement accuracy of 1 rim. This allowed monitoring the distance between the irradiated filter surface and the transducer
with the accuracy of 1 tm. Flat and smooth surface of the filter provided generation of optoacoustic wave with a planar front.

Optoacoustic signals were recorded at various distances between the filter and the transducer. This distance was
calculated from the measured optoacoustic pressure profiles using formula (4) and compared with the distance determined
with the micrometric screw.

Bovine liver slabs 50 x 50 mmwith thickness from 0.060 to 5.0 mmwere used in the acoustic attenuation experiment
(Fig. 2b). The slabs were placed between a quartz plate and an acoustic transducer. The quartz plate surfaces were aligned
parallel to the transducer surface and perpendicular to the incident laser beam. Optical quality of the quartz plate surface and
fme alignment allow generation of a plane acoustic wave in the liver samples.

Typical attenuation coefficient in tissues is about several thousand cm at the ArF-laser wavelength yielding
penetration depth of several microns. Therefore, a thin subsurface layer with the thickness of several microns was an acoustic
source in this case. Acoustic propagation time in this source was equal to several nanosecond which is less than laser pulse
duration. That means that the conditions of temporal stress confinement are not satisfied. In this case the duration of the
generated ultrasonic pulses is equal to the laser pulse duration6 yielding acoustic wave frequency of the order of 1 00 MHz.

3.3. Acoustic transducers and detection systems.

High sensitivity of acoustic wave detection was required for the experiment on the breast phantoms. The profiles of
laser-induced acoustic waves may be measured employing either piezoelectric transducers'8 or optical detection'9. Our study
utilized the piezoelectric detection. A specially designed sensitive acoustic transducer LBAT-14 (sensitivity -2.5 V/bar,
bandwidth - 2.5 MHz) with pre-amplifier was used in this experiment.
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Broad-band acoustic transducers and detection system were needed for the acoustic diffraction and attenuation
experiments. An acoustic transducer WAT-12 (Science Brothers Inc., Houston, TX) with sensitivity of 12 mV/bar and
bandwidth of >100 MHz was used for the experiment on acoustic diffraction. High-frequency acoustic transducer WAT-04
(sensitivity - 10 mV/bar, bandwidth - 300 MHz) was applied for the experiment on acoustic attenuation. Signals from the
transducer were recorded by a Tektronix scope (500 MHz bandwidth) and processed with a personal computer.

4. RESULTS

4.1. Breast phantom experiment.

Several different breast phantoms were used for this experiment. One of the pressure profiles obtained upon
irradiation of the breast phantom with 2-mm and 4-mm spheres is presented in Figure 3 . The first peak is caused by
absorption of laser radiation in the acoustic transducer. It is used as a reference signal. The second signal is the signal from
the 4-mm sphere. It has two maxima and one minimum. The next signal is signal from the 2-mm sphere. It has bipolar N-
shaped profile typical for spherical sources.

The upper x-axis represents depth, z, from irradiated surface. The sharp edge at z=O is caused by reflection of the
laser-induced acoustic waves from gelatin-aft interface. It indicates position of the surface. Wavelet filtering was used to
increase of signal-to-noise ratio. The wavelet-filtered signal is also presented in the plot. Exponential slope representing
background optoacoustic pressure was automatically subtracted from raw experimental signals by this filtering procedure.

Both diameter of the spheres and distance between the spheres and transducer were calculated from the measured
profiles using formula (4) and (5). The calculated values were compared with the actual ones measured with a caliper. Table
1 represents the calculated and actual values of the distance between the spheres and transducer. The calculated and actual
values ofthe sphere diameter are shown in the Table 2.

4.2. Acoustic diffraction experiment.

Pressure profiles recorded from the filter positioned at various distances from the transducer are presented in Figure
4. If the filter was at the distance of 5 mm to the transducer, the detected pressure profile is bipolar. It indicates that the
diffraction is negligible and the pressure wave is planar. The second maximum appears with the increase of the distance
between the filter and transducer. The diffraction is significant at the distance of 30 - 50 mm. The pressure profiles are
plotted so that their first maxima coincide. In this case, the pressure pulse distortion due to diffraction is clearly seen.
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Actual Distance
(mm) (mm) AIR (%)

2.0 39.2 39.0 0.2 0.5
4.0 74.3 74.0 0.3 0.4
6.0 76.5 76.0 0.5 0.7

Table 2. Accuracy of dimension measurement for small spheres in the phantom.

Sphere
Diameter

(mm)

Measured
Diameter (mm) A (mm) A/do (%)

2.0 2.16 0.16 8.0
4.0 3.5 0.5 12.0
6.0 5.5 0.5 8.3

Figure 5 depicts the acoustic arrival time, 'r, as a function of distance between the irradiated surface of the filter and
the transducer. The right y-axis represents this distance calculated from optoacoustic pressure profiles using the formula (4).
There is a good agreement between the calculated and the actual distance. The location of the absorbing layer was
determined with an accuracy of about 10 jtm at the distances of 30 to 50mm.
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Figure 3. Optoacoustic signals from small spheres in the breast phantom (upper curve)

and the same signal after wavelet processing (lower curve).

Table 1. Accuracy of localization of small spheres in the phantom.
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Figure 5. Acoustic arrival time and calculated distance vs. distance between the filter and transducer.
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Figure 6. Optoacoustic pressure profile measured from bovine liver with different thickness.

Figure 7 shows pressure amplitude as a function of liver thickness. A strong acoustic attenuation was observed,
when acoustic pulses propagated first several hundred microns in the liver samples. A lower attenuation was observed if the
pulses propagate longer distance. The experimental data were fit with a function representing a sum of two exponents. The
fit determined the attenuation coefficient of 7. 1 inni' within the fraction of millimeter and 0.26 mill' for the distances of
several millimeters.

The accuracy of localization and diameter measurement was in the range of a fraction of millimeter for the spherical
acoustic sources in the breast phantoms. Therefore, z-axial resolution was equal to a fraction of millimeter in this case. It is
limited by the temporal response of the acoustic transducer. This resolution is enough for accurate localization of spherical
sources and measurements of their dimensions at the distance of several centimeters . This statement is valid, if the distance
between the spherical sources and the transducer is greater than the characteristic dimensions of the transducer. If the
distance is comparable to the transducer dimensions, the resolution is lower due to pressure pulse distortion.

5.2. Acoustic diffraction experiment.

The experiment on diffraction demonstrated that z-axial resolution can be up to 20 im even for strongly diffracted
signals. It is very close to the z-axial resolution for ideal plane wave limited by the temporal response of acoustic transducers
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4.3. Acoustic attenuation experiment.

Pressure profiles from the liver samples with the thickness of 0.06 and 3.9 mm are presented in Figure 6. The
pressure profile from the 0.06-mm liver sample has a duration of 1 1 ns which equals the laser pulse duration. The pressure
profile amplitude from the 3.9-mm sample is substantually less than that measured from the thin sample. Furthermore, its
duration increased to 23 ns. The distortion of initial acoustic pulse was significant. The change in ultrasonic pulse shape
indicates an influence of the acoustic attenuation on pressure profiles.
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5.1. Breast phantom experiment.

5. DISCUSSION
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Figure 7. A ultrasonic pulse pressure amplitude as a function of thickness for a liver slab and an aorta wall.
Two major ultrasonic frequency components may be delineated in the curve (exp fit is shown for the liver slab only).

5.3. Acoustic attenuation experiment.

The data on acoustic attenuation demonstrated strong attenuation ofhigh-frequency component in the pressure pulses
at distances of the order of 1 00 jtm. A low-frequency component was attenuated at the distances of the order of several
millimeters. These data are consistent with the fact that the acoustic attenuation coefficient for high-frequency waves is
greater than that for low-frequency ultrasonic waves.

The position of the irradiated tissue surface can be calculated using the formula (4) from the position of the
maximum in the pressure profiles. The axial resolution for thin samples was about 1 5tm as defmed by a longest of threee
times: the temporal resolution ofthe transducer, the response ofdetection system, and the laser pulse duration. The ultrasonic
pulse propagated through a 3.9-mm liver sample was 13-ns wider that the initially generated pulse. Therefore, resolution was
20 jim in this case.

The generated pressure profiles can be reconstructed from the detected one if acoustic attenuation is known at
different frequencies. This can decrease acoustic attenuation effects and improve z-axial resolution of laser optoacoustic
imaging.

6. CONCLUSION

This study demonstrated that acoustic diffraction decreases insignificantly the z-axial resolution of the laser
optoacoustic imaging. The accuracy of dimensions measurement in laser optoacoustic imaging is defmed by the widening of
ultrasonic pulses upon propagation in tissues due to a stronger attenuation of high ultrasonic frequencies. The thickness of an
absorbing layer within our phantom was measured with a 20-tm precision. The axial resolution was approximately 0.5mm in
breast phantoms with characteristic dimension of 10 cm.

and the electronic detection system, and the laser pulse duration. We demonstrated that measurements of dimensions and
location of tissue layers are insignificantly influenced by diffraction effects. Application of diffraction correction algorithms
are not necessary in case when only z-axial resolution is concemed.
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Acoustic transducer aperture may also decrease the resolution, if it is comparable to the distance between the
spherical source and the transducer. In the case of spherical sources located far from the transducer, the resolution is not
influenced by its aperture and defmed by its temporal response and bandwidth of detection system.
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