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A quantitative study to design an experimental
setup for photoacoustic imaging
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Abstract—During the last decade, a new modality called
photoacoustic imaging has emerged. The increasing interest for
this new modality is due to the fact that it combines advantages
of ultrasound and optical imaging, i.e. the high contrast due
to optical absorption and the low acoustic attenuation in
biological tissues. It is thus possible to study vascularization
because blood has high optical absorption coefficient. Papers
in the literature often focus on applications and rarely discuss
quantitative parameters. The goal of this paper is to provide
quantitative elements to design an acquisition setup. By defining
the targeted resolution and penetration depth, it is then possible
to evaluate which kind of excitation and reception systems have
to be used. First, we recall theoretical background related to
photoacoustic effect before to describe the experiments based on
a nanosecond laser at 1064 nm and 2.25-5 MHz transducers.
Second, we present results about the relation linking fluence
laser to signal amplitude and axial and lateral resolutions of
our acquisition setup. We verify the linear relation between
fluence and amplitude before to estimate axial resolution at
550 pm for a 2.25 MHz ultrasonic transducer. Concerning
lateral resolution, we show that a reconstruction technique
based on curvilinear acquisition of 30 lines improves it by a
factor of 3 compared to a lateral displacement. Future works
will include improvement of lateral resolution using probes, like
in ultrasound imaging, instead of single-element transducers.

I. INTRODUCTION

Nowadays, Magnetic Resonance Imaging (MRI), Ultra-
sound (US) imaging, X-ray Computerized Tomography (CT)
and Positron Emission Tomography (PET) are the most
used modalities to diagnose pathologies such as cancer.
Alternative techniques exist, e.g. optical imaging. During the
last decade, a new modality called photoacoustic imaging
has emerged. It is illustrated by the increase of the number
papers related to this topic in SPIE BiOS proceedings, from
less than 40 in 2000 to more than 130 in 2010.

Photoacoustic or optoacoustic effect was discovered by G.
Bell [1] who experimented production of sounds by periodi-
cally illuminating an object with sunlight. This phenomenon
was not widely studied untill 1970’s due to the lack of
adapted light sources. After being studied to estimate gaz
concentrations [2], material characterization [3], interest for
medicine grew [4].

The increasing interest for this new modality is due to the
fact that it combines advantages of ultrasound and optical
imaging, i.e. the high contrast due to optical absorption and
the low acoustic attenuation in biological tissues. Moreover,
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since photoacoustic imaging depends on optical absoprtion,
it is related to physiological processes such as hemoglobin
concentration. It is thus possible to study vascularization and
for example detect high vascularization due to tumoral angio-
genesis [5]. Consequently, photoacoustic imaging provides
functional information whereas US imaging can not do it.

Potential applications in biology and medicine are nu-
merous. In the context of small animal imaging, Yang et
al. [6] studied cerebral vascularization of a rat and acquire
functional information by stimulating rat’s whiskers. Another
study case is the zebrafish model studied by Razansky et
al. [7]. In this paper, the authors are interested in using
fluorescent proteins with in vivo photoacoustic imaging.
Vascular imaging is another field of research well adpated
to photoacoustic imaging, which depends essentially on
blood optical absorption. As an example, Fronheiser et al.
proposed photoacoustic images of arm vasculature [8]. In
the same way, Oraevsky et al. were particularly interested in
cancerology and presented potential applications for prostate
[9] and breast [10].

The research works presented in the literature are often
very oriented towards applications and there is not a lot
of information about quantitative values. The goal of this
paper is thus to provide elements to design an acquisition
setup. By defining the targeted resolution and penetration
depth, it is then possible to evaluate which kind of excitation
and reception systems have to be used. The section II will
recall the different parameters implied in the photoacoustic
effect and the performed experiments. Then, the results about
spatial resolution and strentgh of signal will be detailed
before to be discussed in section IV.

II. THEORETICAL BACKGROUND AND
EXPERIMENTS

A. Theoretical background

The theoretical background related to photoacoustic effect
was widely described by Diebold [11], [12] who studied the
generation of photoacoustic signals by a layer, a cylinder and
a sphere. Let us recall that the photoacoustic effect is due to a
thermal expansion under a temporary light illumination, e.g.
a laser pulse. The length of the laser pulse has to be smaller
than the thermal confinement time given by 7y, = d% /ADr
where d.. is the targeted spatial resolution and D the thermal
diffusivity. Assuming a value of 0.14 mm?.s~! and a spatial
resolution of 100 pum, the value of 7, is 1.8 ms. The
pulse length must also be shorter than the stress confinement
time expressed as 7, = d./c where c is the celerity of
acoustic waves, approximately equal to 1540 m.s~! in soft
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tissues. With the same spatial resolution, the maximal pulse
length is 66 ns. Thus, a nanosecond laser is well adapted to
photoacoustic imaging.

Under the previous hypothesis, photoacoustic pressure as
a function of space (r) and time (¢) is given in Eq. 1 [12]:
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In Eq. 1, a is the radius of the spherical absorber, p,
is the optical absorption (cm™1!), a the thermal expansion
coefficient (K1), F the fluence (J.cm?), ¢ the celer-
ity of sound (m.s™') and C, the specific heat capacity
(JKg L. K1), Tt is straightforward to verify that P is
expressed in kg.m~'.s72 or Pa unit.

If we consider quasi constant values of o, ¢ and C), for soft
tissues, then photoacoustic pressures and consequently image
contrast will only depend on optical absorption for a given
fluence. This is the main interest of photoacoustic imaging
since we receive acoustic waves like in ultrasound imaging,
but the contrast is related to optical absorption instead of
acoustical properties.

From Eq. 1 , we deduce that the length of a photoacoustic
signal is given by 7 = 2a/c and starts after Ay = (D—a)/ec,
with D the distance between the center of the absorber and
the ultrasound transducer. To illustrate Eq. 1, we simulated
a photoacoustic signal generated from a sphere of radius
100 pm, 0.6 mm far from the acoustic transducer in Fig. 1.
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Fig. 1. Shape of a theoretical photoacoustic signal generated by a sphere
of radius 100 pm located at 0.6 mm far from the ultrasound transducer

In this figure, we easily find predicted values from Eq.
(1), i.e. Ap = 0.333 us and 7 = 0.133 ps. This signal is
well known as N-shaped signal in photoacoustics. When the
absorber is illuminated during a short period, two acoustic
waves are generated at the border, one diverging compression

wave (first positive peak) and one converging compression
wave that becomes a diverging rarefaction wave (second
negative peak) after reaching the center. This second wave
will then arrive after 7, time necessary to reach the center
and go back.

Let us add that the Fourier transform of Eq. 1 is given by:
S(v) = Are—imvT g=i2nvAT ; sin(mvT) 3 cos(mvT)
(mvT)?

(mvT)
2)
where A is the aplitude of photoacoustic signal.
A limited development tells us that first lobe is located at
r = vt =~ 2.08, corresponding to a frequency
Vmazl =~ @1 ~ 0.66 x l
™ T T
In the case of the N-shaped signal in Fig. 1, the first lobe
is located at approximately 5 MHz, that is a conventional
frequency used in ultrasound imaging.

B. Experiments

Before to detail experiments, let us now calculate an
example value for peak pressure, e.g. for blood. With op-
tical absorption p, = 4.3 em~! at 1064 nm, thermal
expansion coefficient o = 4.10~* K~!, celerity of sound
¢ = 1500 m.s~ !, radius a = 100 pm and fluence F =
20 m.J.cm ™2, amplitude is equal to 9.7 kPa.

If we consider acoustic losses in soft tissues close to 0.54
dB/cm/MHz [13], then attenuation at 5 MHz is equal to 2.7
dB/cm. Thus, an ultrasonic signal at a depth of 6 cm is
approximately 6.5 weaker when it reaches the transducer. We
measured sensitivity of a conventional acoustic transducer
(Panametrics, V321) by comparison with an hydrophone
(Precision acoustics Ltd, serial number 105) for which we
perfectly knew the sensitivity curve as a function of the fre-
quency. We concluded that the minimum detectable pressure
at the central frequency was close to 0.6 kPa that is enough
to detect the photoacoustic signal.

In the previous section, we mentioned that the length
of light pulses had to be smaller than 66 ns. Thus, a lot
of research teams chose a laser that deliver nanosecond
pulses (between 5 and 20 ns). One team presented a study
using a femtosecond laser with a 80 MHz US transducer
[14] but this kind of high resolution systems is dedicated
to superficial imaging due to the high attenuation factor
at these ultrasound frequencies. To image deep biological
tissues (several centimeters), conventional systems based on
nanosecond pulsed laser and 2-10 MHz transducers are
prefered. In this experiment, we used for emission a Q-
switched Nd:YAG laser (YHP40 navigator, Spectra physics)
emitting pulses of 20 ns at 1064 nm with a pulse repetition
frequency (PRF) of 10 Hz. We received ultrasound waves
with Panametrics transducers V306 (central frequency 2.25
MHz) or V309 (central frequency 5 MHz) connected to
Panametrics Sofranel 40 dB amplifier PR 5052. The ampli-
fier’s output was connected to a Lecroy Wave Surfer 44XS
oscilloscope to register data. Note here that photoacoustic
signals presented in this paper were centered around zero
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Fig. 2. Photoacoustic signals received from two wires separated by (a) 400 pm and (b) 700 pm defining axial resolution. (c) Amplitude of photoacoustic
signal as a function of the lateral position of transducer defining lateral resolution.

along time axis. In our experiments, we used 600 pm black
wires immersed in water.

The first experiment that we conducted consisted in mea-
suring photoacoustic signal amplitude as a function of input
energy delivered by laser expressed in ml/pulse. In the
second experiment, we evaluated spatial resolutions along
axial (i.e. along wave propagation) and lateral axis. For
axial resolution, we used two cross 600 um black wires
as we can see in Fig. 3. To evaluate lateral resolution,
we acquired successive photoacoustic signals with different
lateral positions of transducer. We also performed an image
acquisition using 30 lines, separated by 6 degrees, in order
to evaluate potential improvement of lateral resolution.
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Fig. 3. Synthetic schema of the experiments

III. RESULTS

The first result is presented in Fig. 4 that shows the
evolution of the amplitude of photoacoustic signal as a
function of the input energy. As we could predict it according
to Eq. (1), we see that amplitude is approximately linear as
a function of input energy.

In our second experiment, we evaluate axial resolution,
i.e. the ability to separate the two wires. We see in Fig. 2(a)
the resulting photoacoustic signal obtained from two wires
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Fig. 4. Amplitude of photoacoustic signal as a function of the input energy

separated by a distance of 400 pm. It is straightforward to
see that the axial resolution is higher than 400 um because
contributions of the wires are not separated. Figure 2(b)
shows the same signal with a new distance of 700 um
where we see that contributions are separated. Thus we easily
conclude that axial resolution is comprised between 400 and
700 pm, approximately 550 pm.

After that, we evaluated lateral resolution illustrated in
Fig. 2(c) that is very important. Indeed, it is close to 6
mm if we define it as the full width at half maximum
(FWHM). However, we can explain this phenomenon by the
use of a large transducer (0.5 inch diameter) not adapted
to our objectives. Besides, it is still possible to improve
lateral resolution using beamforming techniques. Fig. 5 is
a resulting image constructed from the acquisition of 30
lines around 180 degrees. We used a coherent summation
technique for the reconstruction. A new lateral profile along
horizontal axis shows us a lateral resolution of less than 2
mm, ie. reduced by a factor 3.

IV. DISCUSSION AND CONCLUSION

A. Discussion

Photoacousic imaging is a very promising technique for
biomedical applications. Indeed, it opens new potential appli-
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cations compared to classical ultrasound and optical imaging.
In this study, we focused on a quantitative study, rarely
mentioned in the literature. In a first time, we recalled im-
portant theoretical elements to best understand and quantify
photoacoustic phenomenon. In a second time, we verified the
linear relation between energy (or fluence) and photoacoustic
signal amplitude. Finally, we derived the axial and lateral
resolutions of our system.

We showed that lateral resolution was not so good due to
the use of a large transducer. A potential solution to improve
lateral resolution is to use a needle hydrophone, smaller than
a conventional transducer (1 mm). However, the sensitivity
becomes highly reduced due to the reduction of the active
area. For comparison, the large transducer is sensitive until
0.6 kPa whereas the hydrophone do not detect pressure below
7.5 kPa. It is thus necessary to find a trade-off between
sensitivity and lateral resolution.

Concerning axial resolution, the results presented in Fig. 2
were obtained using a 2.25 MHz transducer, giving a wave-
length equal to 666 pm with ¢c=1500 m.s~L. Thus, the use
of a 5 MHz or 7.5 MHz transducer would improve axial
resolution by a factor of 2 or 3.

We also showed theoretically that our experimental system
(or a similar one) is able to image tissues at a depth higher
than 6 cm. Obviously, if sensitivity decreases, then the
penetration depth will be reduced in the same way.

B. Conclusion

In this study, we validated an experimental setup adapted
to photoacoustic imaging of biological tissues at a depth
of several centimeters with axial resolution of hundreds
of micrometers. Future works will include improvement of
lateral resolution using probes, like in ultrasound imaging,
instead of single-element transducers. Thus, beamforming al-
gorithms currently used in ultrasound imaging would be used
to obtain a better resolution. A natural development would
be fusion of ultrasound and photoacoustic imaging to acquire
with a unique system anatomo-functional information.
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