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Abstract

Combination of photoacoustics and ultrasound can provide complemental fea-
tures and mutual benefits, useful for a complete tissue characterization and conse-
quently for early diagnosis or therapy monitoring. Furthermore, minimally invasive
techniques are required both to reach organs or tissue not accessible and to reduce
patient discomfort and costs. This work has tested a prototypal microprobe for
media characterization analysing their optical and mechanical features. Two differ-
ent transmitters compose the miniaturized probe: one for large bandwidth ultrasonic
signals generation and one for guiding the laser light into tissue to photogenerate
ultrasound. The aim is to evaluate the possibility of employing in the future this new
type of microprobe to characterize internal tissue, combining ultrasound and photoa-
coustic investigations. A calibrated commercial hydrophone has been used to detect
generated signals, with the aim to provide repeatable and reliable results. Dedicated
test objects have been realized by using solutions of corn starch flour and of Chinese
ink with different and calibrated dilutions. The spectral algorithm HyperSPACE
(Hyper SPectral Analysis for Characterization in Echography), applied on ultrasonic
and photoacoustic signals has allowed differentiating scatterers’ concentration and
distribution.
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1 Introduction

The phenomenon of photoacoustic effect has been known for many years, but its
investigation and application had to wait until the development of proper laser
sources, sensitive and broadband ultrasound detection technologies, fast data acqui-
sition and processing capabilities [1]. The peculiar and effective characteristic of
photoacoustics is the combination of the advantages of optical techniques, such
as the high resolution and of some features of ultrasound, such as penetration into
materials [2, 3]. The first application of this technique was non-destructive testing
(NDT) of mechanical and elastic properties of materials, but, since the 1960s [1],
the interest in biomedical field began to grow. In the last 2 decades, the biomedi-
cal optoacoustic research has oriented to develop suitable detectors and process-
ing techniques [1, 4-12], in order to produce images able to characterize healthy
and pathological tissue. Important works have proven that photoacoustic imaging is
capable to provide information on tissue conditions [5, 13-20], so as to represent a
potential tool for improving the early clinical diagnosis and for monitoring therapeu-
tic operations [21-24]. Moreover, one of the trending topics is the multiple imag-
ing technique, which combines photoacoustics (PA) and ultrasound (US), providing
complementary features [15, 24-31]. The US images are able to represent the tis-
sue morphological, dimensional and mechanical characteristics, but the low acoustic
contrast between soft tissues prevents to characterize their specific composition in
detail, although important progresses have been performed in signal and imaging
processings and in technologies [23, 32, 33]. On the other hand, PA images allow to
differentiate the tissue according to the optical absorption, so that they distinguish
an atherosclerotic plaque into a carotid vessel [8, 15] or detect cancerous formations
from the surrounding tissue [34, 35]. Moreover tissue imaging presents diagnostic
capability if it exhibits high resolution and so large spectral bandwidth transducers
are required, but, as known, the US penetration is hardly limited at high frequencies.
Many efforts and technological solutions have been developed for suitable optical
and ultrasonic sensors [12, 36—44] and also our research group has been working for
several years on a micro fiber probe [45-51]. In this probe, ultrasound generation
occurs though thermoelastic emission from patterned carbon films in micro-opto-
mechanical-system (MOMS) devices mounted on the tip of an optical fiber. The
miniaturization allows it to be driven via catheters or endoscopes into the natural
orifices of the human body to reach the organ under investigation in a percutaneous
manner, using a needle of a syringe as a guide. Moreover, the high resolution of the
microprobe may enable a minimally invasive "virtual biopsy" of internal tissue or
organs.

In the present work, we present an experimental method to test the capabili-
ties of a prototypal microprobe to characterize two simple test objects as function
of their optical and mechanical features. The aim is to evaluate the possibility of
employing in the future this new type of microprobe to characterize internal tis-
sue, combining US and PA investigations.

Indeed, the miniaturized ultrasonic transmitter has been used in conjunction
with an optical fiber to drive the laser light into the tissue for PA generation.
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Moreover, we have used a commercial hydrophone to collect both ultrasonic, and
photoacoustic signals.

In order to control the mechanical and optical features, we have made two simple
test objects, where only one parameter changed: the dilution. Test objects consisted
of corn starch flour and Chinese ink at different concentration levels. Some authors
have proven [52] that the spectral analysis of the radiofrequency photoacoustic sig-
nals may improve the characterization of absorbers’ size and concentration and also
in this work we have performed a spectral processing on both PA and US radiofre-
quency signals. By applying the hyperspectral method HyperSPACE (Hyper SPec-
tral Analysis for Characterization in Echography) presented by authors in previous
works [53-55], we have studied how the spectral features of PA and US signals may
characterize the different media at different dilutions. In clinical practice, a device
able to reach internal organs or tissue has to meet the requirement of assuring the
minimal invasiveness for patient. Consequently, a microprobe has to be compact by
including transmitters and receivers in the same device. In this field, the authors are
studying solutions to realize a fully fiber microprobe containing optical, ultrasonic
transmitters and receivers.

2 Materials and Methods
2.1 Experimental Set Up

The measurement chain is reported in Fig. 1. The experiments include the micro-
probe composed by the MOMS ultrasonic transmitter described in detail in [46-50],
for ultrasonic signal (US) generation and an optical fiber transporting light, for pho-
toacoustic signal (PA) generation in the investigated medium.

The US transmitter has dimensions (roughly 350 pm X220 pm) small enough to
be inserted into a syringe needle once mounted onto the optical fibers. The spec-
trum of US signal, measured in [48], is rather flat and reaches very high frequencies.
A Q-switch 1064 nm Nd:YAG laser (Teem Photonics, PNP-005025-140) has been
used to feed the optoacoustic MOMS source mounted on a multi-mode optical fiber
(230 pm diameter) with a pulse duration of 500 ps and a pulse repetition frequency
of 1 kHz.

The microprobe, reported in Fig. 2 has been used in echo configuration and the
HGL-0200 hydrophone (Onda Corporation, USA) has been used as receiver. Its
nominal sensitivity is of 40 nV/Pa and has a+3 dB bandwidth between 0.25 and
40 MHz. A digital oscilloscope (TDS model, Tektronix Company, USA) has been
employed to acquire both US and PA radiofrequency (RF) signals while a signal,
provided by laser, was used as trigger.

Demineralized water has been used as the medium for coupling microprobe to
test object and as solvent for the analysed solutions. Test objects have been devel-
oped in order to have a scatterers’ distributions with different optical and mechanical
properties, able to simulate most of soft tissue [56] and in order to exhibit comple-
mentary acoustic and optical characteristics. Chinese-ink and corn starch flour met
these requirements. Indeed, the first one, presents high optical absorption associated

@ Springer



34 Page 4 of 13 Sensing and Imaging (2020) 21:34

Pre-amplifier )
Transmitters

GP-IB ~ Solution container
US+Light
Hydrophone
»
OSCILLOSCOPE - 7Steel reflector 2

Y»

Water+Scatterers

1 . ‘ <
Magnetic stirrer i | 2
t PP
o

Laser Nd:YAG

Trigger

Fig. 1 Measurement set up for US and PA signals acquisition. Laser Nd:YAG provides light both to a
MOMS ultrasonic transmitter and to an optical fiber for light transport (transmitters US +light). The
laser light induces PA generation into the test object while the opto acoustic transmitter, included in the
same microprobe, produces US, which travel into the test object. The PA and US signals, back propa-
gated by test object, are collected by the hydrophone and saved though the Oscilloscope. Through the
GP-IB line, data are transferred in the PC and processed

MOMS Optical
ultrasonic fiber
transmitter

Fig. 2 Photo of realized microprobe constituted by MOMS ultrasonic transmitter and an optical fiber for
light transport
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to a low acoustic attenuation coefficient and the second, high acoustic attenuation
coefficient associated to low optical absorption. Moreover, these substances are eas-
ily available. Experimentation has been performed in order to analyze and character-
ize two test objects composed by two different solutions: the first containing Chi-
nese ink (mean diameter D =~ 200 nm) and the second, corn starch flour (mean
diameter D, & 5 pm), at different dilutions. The concentration has been systemati-
cally changed by adding a calibrated quantity of substance to the solution, which has
been continuously mixed through an magnetic stirrer (Velp Scientifica, Milan, Italy),
in order to maintain the homogeneity, preventing accumulation and sedimentation
of the medium that would have led to unpredictable local changes in its concentra-
tion, especially in the proximity of the probes. The initial solution was only water
(600 ml). Transmitters and the hydrophone were immersed into a container with the
solution inside, as shown in Fig. 3.

66 solutions of Chinese ink with a dilution range of [0, 0.4] ml/ml and 66 corn
starch flour solutions with a dilution range of [0,0.1] g/ml have been analyzed; for
each dilution level, 64 signals have been acquired and processed to extract the aver-
age signal, in order to improve the signal to noise ratio (SNR). Time algorithms have
been applied to extract peak-to-peak values of the US and PA signals respectively, in
order to evaluate the medium attenuation as function of dilution. Moreover, spectral
processing was used to identify the parameters sensitive to dilution variations; in
particular, the HyperSPACE coefficients [53-55] have been studied. It is worth to
note that this kind of analysis reveals the optical and mechanical characteristics of
the medium even if the signal amplitude is very low, confirming that HyperSPACE
algorithm results are not affected by signal amplitude.

3 Results

Experiments for test objects characterization have been performed by following the
dilution procedures reported in Table 1 for the Chinese ink and in Table 2 for the
corn starch flour.

Water+Scatters Magnetic

stirrer

Fig.3 Test object constituted by solution of water and scatterers of corn starch or Chinese ink. Micro-
probe and hydrophone are in echo configuration. A magnetic stirrer assures homogeneity of the solution
during addition of the medium
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Table 1 Dilution procedure

X X Acquisition  Addition for each Subtotal addi- Total volume
for changing concentration of

R > . numbers step dilution (ml) tion (ml) solution (ml)
Chinese ink solution
0-8 0.08 0.7 600.7
9-14 0.2 1.2 601.9
15-22 0.4 32 605.0
23-31 5 45 650.0
32-66 10 340 990.0

Table 2 Dilution procedure for

: : Acquisition  Addition for each Subtotal addi- Total volume
changing concentration of corn

. numbers step dilution (ml) tion (ml) solution (ml)
starch flour solution
0-25 0.2 5 605.0
26-38 1 13 618.0
39-56 5 90 708.0
57-66 5 50 758.0
CORNSTARCH - Peak-to-Peak (b) CHINESE INK - Peak-to-Peak
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Fig.4 Peak to peak values of the PA (red) and US (blue) signals as function of dilution for of corn starch
(a) and Chinese ink (b). The values are normalized in respect of the corresponding value of initial dilu-
tion (only water) (Color figure online)

Both US signals, reflected by a steel interface, placed at the bottom of a container
with solution inside (Fig. 3) and the PA signals photo generated by the same, have
been analyzed to estimate the changes occurred as dilution changed.

Moreover, the curves of Fig. 5 also confirm this different behavior. They repre-
sent the mean frequency shift as function of dilution, in respect of initial condition.

US and PA signals, referred to each acquisition, have been processed in time and
frequency domains. Peak-to peak values and frequency mean values as functions of
dilution have been estimated and represented in the diagrams reported in Figs. 4 and
5. The first diagram of Fig. 4a, relative to corn starch flour, shows two curves: one
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Fig.5 Mean frequency shift of the PA (red) and US (blue) signals, in respect of the initial mean fre-
quency values as function of dilution, for the corn starch (a) and Chinese ink (b) (Color figure online)

red for PA signals and one blue for the US. They represent the peak-to-peak val-
ues for each dilution, normalized in respect of the initial value (solution with only
water). Instead, Fig. 4b represents Chinese ink. The variations of peak-to peak val-
ues of US signal at different dilution steps are different in respect of those of PA
signal, as result of the different interaction of the two substances with optical and
ultrasonic waves.

The method HyperSPACE has been applied on both PA and US signals, after hav-
ing decomposed the spectra into 40 bands of 2 MHz bandwidth and with an overlap
of 1 MHz in a frequency range of 2-40 MHz by analyzing the HyperSPACE coef-
ficients hs [53, 54] in the hyperspace, that has 40 dimensions [54], it is possible to
detect different distributions according to the different dilutions, as shown in Figs. 6,
7. The hs clusters for US (Figs. 6a, 7a) and for PA (Figs. 6b, 7b) of Chinese ink and
of corn starch flour are respectively represented in a bidimensional projection of the
hyperspace as function of dilution that increases as indicated by the arrow.
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Fig. 6 Clusters distribution of HyperSpace coefficients (hs) as function of dilution, referred to US signal
of Chinese ink in a and to PA signal of Chinese ink in b. Each coloured cluster corresponds to a specific
dilution (Color figure online)
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Fig.7 Clusters distribution of HyperSpace coefficients (hs) as function of dilution referred to US signal
of corn starch flour in a and to PA signal of corn starch in b. Each colored cluster corresponds to a spe-
cific dilution (Color figure online)

4 Discussion

The simultaneous and complementary use of PA and US provides mechanical, struc-
tural and optical characteristics of the analysed medium. Moreover the PA signal
overcomes the penetration limits of the light, preserving the advantages in a selec-
tive characterization of the medium, as shown in Figs. 4b and 5b, where the signal
is only generated and detected in correspondence of the wavelength absorbed by the
investigated material (Chinese ink in this case). Measurements have produced mul-
tiple data (US and PA) able to provide different information from the analysed test
objects, in terms of mechanical and structural features (dilution, and composition),
as reported on the diagrams in Figs. 4, 5, 6, 7 and of optical behaviour, as it is infer-
able from the same diagrams. Indeed, both in corn starch flour and Chinese ink solu-
tions, the photo generation occurs but in the first case, the particles have low opti-
cal absorption coefficient, while in the second one, the Chinese ink particles have a
higher coefficient [57]. Consequently, in the corn starch solution, the predominant
effect is the signal attenuation due to acoustical absorption and scattering, which
increases as dilution becomes higher. The difference between the attenuation rate
of the curves in Figs. 4a and 5a referred to PA and US signal respectively, depends
on US and PA paths. In fact, the first is twice the second in length, as shown in the
Fig. 8 and the attenuation suffered by the US signal is higher than that of PA.
Instead, in the Chinese ink solution, the optical absorption effect is considerable
and prevents the light to penetrate in depth as the particles concentration increases.
Therefore, globally, the PA signal decreases more than US, even if its path is half of
the other. It is also possible to note that the attenuation of both signals in the Chi-
nese ink solution is less than that in corn starch solution (Figs. 4, 5) and it is prob-
ably due to the different sizes of particles and their different chemical and structural
composition [58]. Moreover, by exploiting the HyperSPACE method potentialities,
media characterization can be improved, combining the results obtained by the two
signals respectively. For example, in Fig. 6a) the hs clusters of US signals, related
to different dilutions, are partially overlapped, while those of PA signals, generated
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Fig.8 Set up for ultrasonic (US) and photoacoustic (PA) signals detection. a PA generated by the steel
reflector travels half path with respect of US in b, reflected by the same target, before to reach the hydro-
phone

selectively according to the different concentration of ink scatterers, are more sep-
arated, providing a better dilutions discrimination. On the other hand, the combi-
nation of information obtained using different energy sources (light and mechani-
cal waves) is a challenging frontier but not a novelty in this research field [4, 15,
22, 24-27, 29-31, 39, 40, 58]. A new important technological improvement may
be represented by the fully fiber microprobe, which our research group are working
on. Indeed, microprobes, composed by US transducer and optical fiber as transmit-
ters and acousto-optical fiber elements as receivers may satisfy the growing need
for early diagnosis with minimal invasive impact in clinical field or the necessity
of characterizing inaccessible structures by using internal probes in non-destruc-
tive testing field. Figure 9 shows an example of a possible prototype with a single
receiver.

However, for clinical application, it is important to acquire and produce real time
images of tissue in order to support both diagnosis and therapy monitoring, ensur-
ing the minimal invasiveness of examination. A possible solution may be a US-PA
microprobe constituted of one optical fiber for light transport into tissue, of one fiber
optoacoustic transmitter and of multiple receivers mounted on a fiber bundle.

US-TX

US\PA - RX Light-TX

4

+— Substrate

Optical
Fibers

Fig.9 A proposal of a fully fiber microprobe prototype, constituted of a MOMS US transmitter, an opti-
cal fiber for light transport and a acousto-optical fiber for US and PA reception
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5 Conclusion

A prototypal fully fiber transmitter, constituted by an optoacoustic transducer in
MOMS technology, for large spectral bandwidth US generation coupled to an
optical fiber, for PA generation, has been employed to conduct experiments on
media characterization. In reception, commercial hydrophone has been used in
order to provide repeatable and calibrated data. Results on solutions with corn
starch flour and Chinese ink, having different optical properties and different con-
centrations have been presented. For clinical applications, the authors are devel-
oping a fully fiber microprobe by composing an optical fiber for light transport
into tissue, an optoacoustic transmitter and a receiver with dimensions that may
permit it to be inserted in needles or endoscopic cables.
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