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ABSTRACT
Optoacoustic Imaging is based on the thermal expansion of tissue caused by a temperature rise due to absorption
of short laser pulses. At constant laser ﬂuence, optoacoustic image contrast is proportional to diﬀerences in optical
absorption and the thermoacoustic eﬃciency, expressed by the Grüneisen parameter, Γ. Γ is proportional to the
thermal expansion coeﬃcient, the sound velocity squared and the inverse heat capacity at constant pressure.
In thermal therapies, these parameters may be modiﬁed in the treated area. In this work experiments were
performed to examine the inﬂuence of these parameters on image contrast. A Laser Optoacoustic Imaging
System (LOIS, Fairway Medical Technologies, Houston, Texas) was used to image tissue phantoms comprised of
cylindrical Polyvinyl Chloride Plastisol (PVCP) optical absorbing targets imbedded in either gelatin or PVCP
as the background medium. Varying concentrations of Black Plastic Color (BPC) and titanium dioxide (T iO2 )
were added to targets and background to yield desired tissue relevant optical absorption and eﬀective scattering
coeﬃcients, respectively. In thermal therapy experiments, ex-vivo bovine liver was heated with laser ﬁbres
(805nm laser at 5 W for 600s) to create regions of tissue coagulation. Lesions formed in the liver tissue were
visible using the LOIS system with reasonable correspondence to the actual region of tissue coagulation. In
the phantom experiments, contrast could be seen with low optical absorbing targets (µa of 0.50cm−1 down to
0.13cm−1 ) embedded in a gelatin background (µa = 0.13cm−1 and µs = 4.2cm−1 ). Therefore, the data suggest
that small objects (< 5mm) with low absorption coeﬃcients (in the range < 1cm−1 ) can be imaged using LOIS.
PVCP-targets in gelatin were visible, even with the same optical properties as the gelatin, but diﬀerent Γ. The
enhanced contrast may also be caused by diﬀerences in the mechanical properties between the target and the
surrounding medium. PVCP-targets imbedded in PVCP produced poorer image contrast than PVCP-targets in
gelatin with comparable optical properties. The preliminary investigation in tissue equivalent phantoms indicates
that in addition to tissue optical properties, diﬀerences in mechanical properties between heated and unheated
tissues may be responsible for image contrast. Furthermore, thermal lesions in liver tissue, ex-vivo, can be
visualized using an optoacoustic system.
Keywords: Optoacoustic Imaging, Photoacoustic Imaging, Grüneisen Parameter, thermoacoustic eﬃciency,
thermal expansion, thermal therapy, thermal lesion, image contrast, tissue boundary

1. INTRODUCTION
Optoacoustic signals in biological tissue are caused by a local temperature rise due to absorption of pulsed laser
light.1 The resulting pressure transients give rise to pressure waves with frequencies ranging from tens of kHz to
tens of MHz which travel through the tissue and can be detected with a transducer placed at the tissue surface.
The range of laser-induced ultrasonic frequencies depends on the laser pulse duration and optical properties of
tissue. Optoacoustic imaging is based on time-resolved detection of optoacoustic signals generated under conditions of temporary pressure conﬁnement followed by an image reconstruction utilizing radial back projection of
correspondence email: mkolios@ryerson.ca
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corresponding velocity potential values.2, 3
In recent years there has been considerable interest in biomedical applications of optoacoustic imaging. The
main advantage of this technique for medical diagnostics is the combination of the high contrast generated by
diﬀerential tissue optical absorption and the comparatively small ultrasound tissue attenuation. The eﬀective
detection depth of optoacoustic imaging can reach 7.5 cm,4 considerably greater than detection depths for infrared optical techniques (∼1 cm)5 and optical coherence tomography (∼3 cm).6 The attenuation of ultrasound
is much lower than the attenuation of scattered light. In addition optoacoustic imaging has the potential for
improved contrast over conventional ultrasound imaging, since optical properties show greater variation than
acoustic properties.
Optoacoustic methods have been applied to breast6, 7 and prostate8 cancer imaging as well as for measuring
tumor blood oxygenation in rat brains.9, 10 The technique has the potential for both structural and functional
imaging, without requiring the use of a contrast agent. In addition optoacoustic imaging does not involve exposure to X-rays or magnetic ﬁelds as it is the case for computed tomography (CT) and magnetic resonance
imaging (MRI). Furthermore it is well-suited for real-time imaging during treatments and it is less expensive
than MRI or X-ray CT modalities.
Most studies concentrate on the contrast caused by diﬀerential optical absorption. In this work we also investigate image contrast caused by heat-induced changes in optical absorption and thermo-elastic properties of
tissues as a result of tissue coagulation during thermal therapy.

2. MATERIALS AND METHODS
2.1. Theoretical Background
To understand the detected optoacoustic signal and image contrast, it is necessary to understand the physical
principles which are responsible for the generation of the optoacoustic signal. Absorbed optical energy, Eabs
[J/m3 ], from a laser source yields a local rise in temperature, ∆T [o C], generating a pressure transient ∆P [Pa]
inside this tissue volume according to11 :


1
Eabs
1
(1)
∆P = β∆T = β
γ
γ
ρCV
where γ [Pa−1 ] is the thermodynamic coeﬃcient of isothermal compressibility, β [K−1 ] thermal coeﬃcient of
volume expansion, ρ [g/m3 ] is the mass density of the medium and CV [J/gK] is the speciﬁc heat capacity at
constant volume. Hence, this pressure rise is the result of an expansion caused by a transformation of the
absorbed laser energy into heat. Equation (1) can be simpliﬁed by expressing β/ (γρCV ) as the dimensionless,
temperature-dependent factor which represents the fraction of thermal energy converted into mechanical stress,
also known as the Grüneisen parameter, Γ.11
∆P = ΓEabs = Γµa H

(2)

where Eabs is the product of the laser ﬂuence, H [J/m2 ] and the optical absorption coeﬃcient µa [m−1 ] of the
medium at the wavelength of the laser light.
For the optoacoustic eﬀect to occur with maximum eﬃciency and for optoacoustic images to posses desirable
resolution, the duration time of a single laser pulse τL has to be much shorter than the stress relaxation time
τSR (the time it takes for the sound to propagate through the portion of the irradiated volume to be resolved).11
The time of stress relaxation is much shorter than the heat diﬀusion time (the time it takes takes for the heat
to escape out of the irradiated volume). After the generation of the pressure transient, the attenuation and
diﬀraction of acoustic waves need to be taken into account. In this work we assume that the acoustic attenuation
is negligible. We also assume that we detect spherical acoustic waves, i. e. acoustic waves in the far diﬀraction
zone. Mismatches in the acoustic impedance during the acoustic wave propagation inﬂuences the optoacoustic
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signal by creating reﬂections. The transmission of acoustic waves through boundaries of tissues with diﬀerent
acoustic impedances is not included in equation (2).
The laser ﬂuence H in equation (2) (and therefore the absorbed energy) is related to the position of the absorber in the medium. The proﬁle of the laser ﬂuence as function of the depth H(z) in a non-scattering media
can be described with the Beer-Lambert law as an exponential attenuation with µa as attenuation factor. In
diﬀuse media not only light absorption but also scattering is present. This causes an eﬀectively higher absorption
due to an increased duration and slower propagation of light in the media. Therefore in scattering dominated
media the attenuation is characterized by the eﬀective absorption coeﬃcient11

µef f := 3µa (µa + µs )
(3)
where µs [m−1 ] is the reduced scattering coeﬃcient. In media with comparable scattering and absorption values
computer simulations such as Monte-Carlo-Simulations are used to calculate the light distribution.12
In this work the eﬀect of the Grüneisen parameter Γ on image contrast was investigated by using phantoms
with the same optical properties but diﬀerent mechanical properties. Moreover, experiments have been performed with the goal to investigate whether enhanced scattering in the target area inﬂuences the amplitude of
the pressure transients produced or if scattering only inﬂuences the attenuation of the laser ﬂuence. Therefore
targets with the same absorption coeﬃcients µa but diﬀerent scattering values µs (see section 2.2) were used.
Also targets with similar eﬀective scattering µef f but diﬀerent scattering and absorption values were imaged to
see if either µa or a modiﬁed value of the absorption coeﬃcient is more suitable to use for the estimation of the
optoacoustic signal strength in equation (2).

2.2. Phantoms
In order to ﬁt in the transducer assembly of the Laser Optoacoustic Imaging System (LOIS), the phantoms were
made of cylindrical shape with a diameter of 13 cm and a height of 6-7cm. Two diﬀerent phantom materials
were used.
The gelatin phantoms were made of 1 liter water which was heated up to 70-80 . Afterwards 85g of TypeA-Gelatin from porcine skin (300 Bloom, Sigma, Cat.#G2500) was slowly stirred into the water. Once the
gelatin was completely dissolved, 10ml homogenized milk (3.25% fat) was added to yield an eﬀective optical
attenuation coeﬃcient µef f of approximately 1.30 cm−1 .5 After pouring the solution into a mold and putting
the targets into the liquid, the mold was stored in a refrigerator to solidify the phantom. Since the fragments in
gelatin are known not to absorb in the near infrared (NIR), the absorption coeﬃcient µa of the gelatin phantoms
were assumed to be equivalent to that of water (µa ≈ 0.13cm−1 at 1064nm laser light).13 Using equation (3) a
reduced scattering coeﬃcient µs of 4.20cm−1 for the gelatin phantoms was calculated.
The other type of phantoms were made of Polyvinyl Chloride-Plastisol (PVCP). The liquid plasticizing PVCP
is mixed with a certain amount of black plastic color (BPC), an optical absorber, to yield the desired optical
absorption value. Titanium dioxide (T iO2 ) was added to yield the desired optical scattering values. For cooling
and solidiﬁcation, the liquid was poured in a cylindrical mold. The phantom preparation process is described in
detail in elsewhere.14, 15 The empirical formulas used to calculate the optical coeﬃcients were:
µa
= (12.818 ± 0.001) ABP C
cm−1

(4)

µs
mL
= ((2.6 ± 0.2)
) ST iO2 + (1.4 ± 0.1)
cm−1
mg

(5)

mg
where ABP C is the percentage concentration of BPC by volume, and ST iO2 is the concentration of T iO2 in mL
.
The optical properties of the phantom and target-material were not measured directly but only determined by
equation (4) and (5).
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Based on the previous equations, we were able to produce phantoms out of both materials (gelatin and PVCP)
which had similar optical properties. Therefore diﬀerences in the optoacoustic signal between these phantoms
at equal laser light illumination had to be due to mechanical properties (as expressed by Γ).
Tumor-mimicking targets with diﬀerent optical properties were embedded in both types of phantoms. Table
(1) shows a list of the phantoms made with embedded PVCP targets and their corresponding optical properties. The targets were all made of PVCP. Targets with shapes of a circle (surface area of 71mm2 ), triangle and
square, both with a surface area of 50mm2 , were embedded in phantom G0. These targets had a thickness of
(7.0 ± 0.5)mm. The targets in all the other phantoms had cylindrical shape with a diameter of (9.5 ± 0.5)mm
and a length of (25 ± 1)mm in phantom G1 and G2 and a length of (30 ± 1)mm in phantom P1. A schematic
view of the target position inside the phantoms is shown in Figure (1). For the phantoms G1 and G2 the targets
were placed closer to the center of the phantom. Due to geometrical arrangement of the transducers (creating a
natural focus at the center), targets were better deﬁned when placed at the phantom center.
Table 1. List of phantoms made (all values correspond to an illumination with 1064nm). Note that all of the targets
were made with PVCP.
No.

Material

PHANTOM
µa / cm−1 µs / cm−1

µef f / cm−1

P1

PVCP

0.13

4.20

1.30

G0

gelatin

0.13

4.20

1.30

G1

gelatin

0.13

4.20

1.30

G2

gelatin

0.13

4.20

1.30

TARGETS
µa / cm−1 µs / cm−1
0.17
1.40
0.50
0.86
0.5
1.4

No.
T1
T2
T3
T1-T3
T1
T2
T3
T1
T2
T3

0.33
0.19
0.13

1.40
2.80
4.20
1.40
2.80
4.20

0.13

6

T3
x

T1
x
6

T2
x

T1
x

39mm

?

?

0.77
1.07
1.30

130mm

T3
x

a)

1.30

6

130mm

T2
x

µef f / cm−1
0.89
1.69
2.41
1.69

6

30mm

b)

?

?

Figure 1. phantoms (from illuminated site) at reduced scale of 1:3

a) G1 and G2 b) G0 and P1

2.3. Thermal lesions in liver samples
In order to demonstrate the potential of optoacoustic imaging for the detection and characterization of thermal
lesions in tissue, a bovine liver study was conducted. Thermal lesions were produced in ex vivo liver using a
805nm laser with an input power of 5W and an exposure duration of 600s. Optical ﬁbers were used to couple the
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laser light to the liver. Due to the low laser power used for imaging (see 2.4), the lesions were located directly
under the liver surface so that the imaging laser light was not signiﬁcantly attenuated before reaching the lesions.
For a more reproducible localization of the lesions, the liver was embedded in a non scattering gelatin phantom
without milk. On the other hand diﬀerences in the speed of sound in liver (1550m/s)16 and gelatin (assumed
to be water equivalent, 1485m/s)17 may cause small image distortions due to the fact that the reconstruction
algorithms assume a constant speed of sound throughout the entire imaging domain. Figure (2) shows a thermal
lesion in one liver (a) and a liver with two lesions embedded in gelatin (b) respectively.

a)

-

b)

Figure 2. (a) A thermal lesion in bovine liver produced with 805nm laser, (b) liver embedded in gelatin during imaging
(position of the lesions are marked)

2.4. Experimental Setup
Figure (3a) shows the experimental setup. A pulsed Nd:YAG laser (Qswitched, Quantel) with a wavelength of
1064nm, a pulse duration of 14ns and a 10Hz repetition rate was used to illuminate the samples. Locations with
the same optical and thermoelastical properties, µa and Γ respectively, should yield the same optocoustic signal,
provided that the ﬂuence is the same over the entire phantom surface. To achieve a homogenous laser ﬂuence
distribution over the whole circular top surface of the phantom, the laser beam was expanded by two concave
lenses with -50mm and -75mm focal length respectively. Use of these lenses decreased the laser ﬂuence incident
on the phantom surface to approximately 0.2mJ/cm2 ; this resulted in a weak optoacoustic signal to noise ratio.
Phantom P1 was imaged with another LOIS system using higher ﬂuence of approximately 20 mJ/cm2 . However,
without the homogenous laser ﬂuence distribution the optoacoustic signal at diﬀerent locations inside the phantom would not be comparable. Figure (3b) shows gelatin phantom G0 (see Table 1) with targets of equal optical
properties but diﬀerent shapes (triangle, square, circle). They appear with almost similar contrast. Moreover,
the resolution of the system enables the recognition of the target shapes.
For imaging, the phantom was placed on an acoustic transducer array which was oriented perpendicular to the
optical path (see Figure 3a). The transducer array was comprised of 32 single ultra-wide band acoustic transducer elements positioned in a 165 arc formation with a diameter of 127mm. The single transducers were made
of 100µm thick, 12mm length and a 1mm width polyvinylidene ﬂuoride (PVDF) ﬁlm. The produced ultrasound
signals were detectable with the ultra-wide band transducers in a range from 50 kHz to 6 MHz.5 An acoustic
signal, produced at one point inside the phantom other than the center of the ultrasound array, is detected by
every transducer at a slightly diﬀerent time after the incident laser pulse due to the diﬀerent distances between
this point and the diﬀerent single transducers. Every point of the phantom produces an acoustic signal whose
strength depends on its optical and thermo-elastic properties. One single transducer detects an optoacoustic signal from every point inside the phantom. These time-resolved signals were ampliﬁed by the preampliﬁer placed
in the transducer housing and a signal ampliﬁer placed within the external hardware of LOIS. An average of
16 laser pulses were used to acquire the data and the ampliﬁed analog signal is converted into digital form at a
sampling rate of 12MHz.5 With the knowledge of the sound velocity in the media, distances can be calculated.
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a)

b)

Figure 3. a) Experimental setup: transducer with a gelatin phantom in the front and laser with lenses in the background;
b)Optoacoustic Image of G0 using LOIS software

The optoacoustic signal is ﬁltered from low-frequency acoustic noise and high-frequency electrical noise, then
integrated to produce values proportional to the velocity potential. A radial back-projection algorithm is used
to reconstruct a two dimensional image from the integrated signals detected by all transducers in the arc-shaped
array.3 The LOIS also oﬀers the option of normalizing the image intensity to incident laser ﬂuence. The total
time for data acquisition and image reconstruction is about 2 seconds.7
Diﬀerent types of ﬁlters can be applied in order to remove image artefacts and optimize the signal to noise
ratio by varying the used frequency band. For all images three diﬀerent types of ﬁlters with diﬀerent parameters
were applied and the setting with the best image contrast and signal to noise ratio was chosen. Applying diﬀerent
ﬁlters with diﬀerent parameters can change the image contrast. One ﬁlter option is the Finite Impulse Response
ﬁlter (FIR), a bandpass-ﬁlter applied after Fourier-transformation from the time domain into frequency domain.
Another option is a Boxcar ﬁlter, which is applied in the time-domain. The Wavelet ﬁlter reconstructs an image
for each ultrasonic frequency separately and calculates the resulting image as sum of all these images. That
algorithm improves the image especially if targets with diﬀerent sizes are imaged.
Several parameters aﬀect image brightness and its contrast to background. The radial back-projection method
employed in the image reconstruction does not provide for quantitative comparison of target contrast. Hence,
only qualitative comparisons can be made. We have, however, started to analyze the raw optoacoustic signal to
provide for improved quantitative analysis of the image data.

3. EXPERIMENTAL RESULTS
3.1. Phantom studies - Optoacoustic image contrast
To demonstrate the potential eﬀect of mechanical properties on image formation, phantoms were made that
have the same optical properties but diﬀerent mechanical properties. The imaging target in all cases was made
of PVCP, whereas the background was made of gelatin or PVCP. The PVCP phantom P1 (Table 1, Figure
1) showed poor image contrast between targets and surrounding phantom-material (Figure 4a). This may be
caused by the similarity of the Grüneisen parameter in equation (2) for the target and the background material.
Thermo-acoustic properties were similar because targets and the surrounding media consist of the same material.
The targets had diﬀerences only in optical properties from the surrounding material. Target T1 with optical
absorption properties nearly similar to the phantom background (Table 1) achieved the worst contrast and is
hardly visible in the optoacoustic image.
In contrast PVCP targets in the gelatin phantoms G1 and G2 with comparable optical properties as in the
previous experiment with the PVCP phantom P1 (especially with target T1 from P1) showed better image contrast (Figure 4b and 4c), even though P1 had been illuminated with signiﬁcantly higher laser ﬂuence. As targets
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and background in the gelatin phantoms vary in Γ, the materials diﬀer in their speed of sound, heat capacity
and thermal expansion coeﬃcients. We posit that this leads to diﬀerences in ultrasonic wave-production between
target and surrounding material and therefore results in a signiﬁcant optoacoustic contrast despite similar optical
absorption properties.

a)

b)

c)

Figure 4. Optoacoustic images of a) P1 , b) G1 and c) G2 using LOIS software

Comparing the image contrast of targets embedded in G2 in Figure (4c) the experiments showed that targets
with the same optical absorption coeﬃcient µa , but diﬀerent scattering properties µs , appeared with almost
equal optical contrast. Targets with diﬀerent optical absorption but equal eﬀective absorption properties µef f
in G1 (Figure 4b) appeared with diﬀerent contrast in the optoacoustic image. Targets with high absorption
of µa = 0.33cm−1 and low scattering of µs = 1.40cm−1 yield a stronger optoacoustic signal than targets with
low absorption µa = 0.13cm−1 and high scattering µs = 4.20cm−1 although both targets have the same µef f .
Therefore, the eﬀect of scattering in the small targets compared to the large phantoms is negligible, so that µa
represents the correct characteristic value for the optical contrast of targets in equation (2).
Figure (4b) also shows that targets with very small diﬀerences in optical absorption (µTa 1 = 0.13cm−1 vs.
µTa 2 = 0.19cm−1 in phantom G1) compared to the background optical absorption were visualized. Also note
that low optical absorption µa = 0.13 − 0.50cm−1 is suﬃcient to yield a strong optoacoustic signal in the gelatin
phantoms G1 and G2. Although the contrast for these targets is not only caused by relative optical diﬀerences
between target and phantom material, optical absorption is necessary for heating and expansion of the tissue.
By yielding strong optoacoustic signals with these low absolute absorption values, the experiments demonstrated
the high sensitivity of the transducer elements and the capabilities of optoacoustic imaging.

3.2. Optoacoustic imaging of thermal lesions
With the motivation to use optoacoustic imaging for the detection of thermal lesions, especially for real-time
evaluation of prostate cancer thermal therapy, the capability of LOIS to detect thermal lesions was investigated.
Previous experiments showed that, due to the low laser ﬂuence (see section 2.4), lesions in liver tissue deeper
than 1 cm under the surface, were very diﬃcult to detect. Hence, surface thermal lesions were induced in liver
and imaged. Figure (5) shows the optoacoustic image of the sample and a picture of the liver after it was removed
from the gelatin.
The continuous arrows in Figure (5) point to the two marked lesions. Their position can be compared with
the picture of the liver in Figure (5b) taken after imaging. We should note that due to insuﬃcient laser ﬂuence
used in this experiment, the image contrast was poor. However, position and dimensions of thermal lesions have
been detected. Immediately noticeable are the bright areas at the border of liver tissue and gelatin. This may
be the result of diﬀerences in mechanical properties, i. e. acoustic impedance, such that one would expected
the gelatin to more easily expand in a direction away from the liver. The diﬀerent sound velocities between
liver and gelatin could also inﬂuence the optoacoustic signal at the interface. Moreover, phantom fabrication
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...>..,
a)

b)

Figure 5. a) Optoacoustic image of liver sample embedded in gelatin (continuous arrows: thermal lesions, dashed arrows:
blood vessels); b) liver sample after imaging in same orientation

which involved pouring hot liquid gelatin around the tissue sample may have partially coagulated the liver tissue.
Comparing the pictures of the liver before and after imaging (Fig. 2 and 5 respectively) a change of the liver
tissue color and density is apparent. The central region of bottom thermal lesion in Figure (5a) appears darker
than the surrounding tissue, indicating a reduced optoacoustic signal. This may be the result of a heat-induced
change in optical properties such that the optical ﬂuence at the center of the lesions is reduced caused by strong
attenuation of NIR light at 1064nm in the coagulated liver. Interestingly the thermal lesion at the top surface
of the the liver was not visualized with good contrast. This may be a result of the proximity of this lesion to the
gelatin-liver interface, such that the rather large signal generated at the boundary dominated. There are two
additional dark regions in the image (dashed arrows) which can be assigned to blood vessel openings in the liver.

4. DISCUSSION
These experiments in tissue equivalent phantoms demonstrate that optoacoustic imaging is inﬂuenced not only
by diﬀerences in optical absorption, but also in mechanical, thermoelastic properties. This is an important
characteristic for real time monitoring of thermal therapies. Thermoelastic properties like the thermal expansion
coeﬃcient β, the speed of sound and the acoustic impedance, in general, are expected to change signiﬁcantly
by thermal coagulation. The thermal expansion coeﬃcient of water for example has shown to have a strong
temperature dependence, which has enabled the non-invasive calculation of temperature during heating.18, 19
Preliminary experiments showed that thermal lesion in liver tissue, ex vivo, can be visualized. Practical problems like inhomogeneities in the tissues, low laser power and coagulation caused by the hot gelatin will be
addressed in subsequent experiments.
For quantitative interpretation of image contrast and signal amplitude, the ﬂuence as a function of the illumination depth is required. Computer simulations, e.g. using a Monte-Carlo-algorithm, are necessary to calculate the
ﬂuence in rigid or inhomogeneous media. Also the inﬂuences of applying diﬀerent ﬁlters or other post processing
algorithms on image contrast need to be taken into account when comparing image contrast and quality. In future experiments, the thermal lesion will be imaged not only after thermal treatment but also before and during
heating the tissue. Thereby the lesion and the coagulation of the tissue can be examined during treatment.

5. CONCLUSION
This preliminary study demonstrated that low optical absorption targets can be visualized using a 32 element
optoacoustic imaging array. Furthermore, it was shown that image contrast was poorer when PVCP targets
were embedded in a PVCP background phantom compared to a gelatin background phantom. This indicates
that the Grüneisen parameter Γ, (i.e. mechanical properties) may play a more prominent role in the acoustic
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signal generation than previously thought, such that a better understanding of this parameter is needed. Finally,
it was demonstrated that the optoacoustic imaging array was able to detect a thermal lesion in ex vivo bovine
liver, indicating the potential of this technique for monitoring thermal therapies.
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