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Broadband (100 kHz—-100 MHz) ultrasound PVDF detectors
for raster-scan optoacoustic angiography with acoustic resolution

A.A. Kurnikov, K.G. Pavlova, A.G. Orlova, A.V. Khilov,

V.V. Perekatova, A.V. Kovalchuk, P.V. Subochev

Abstract. Spherical ultrasonic antennas are used in raster-scan
optoacoustic (OA) angiography to record broadband signals gen-
erated by haemoglobin molecules in blood when they absorb
pulsed optical radiation. Depending on the size of haemoglobin-
containing structures, the characteristic frequencies of OA sig-
nals can vary quite significantly, ranging from hundreds of Kkilo-
hertz to hundreds of megahertz. Meanwhile, the bandwidth of the
receiving frequency band of standard piezoelectric sensors, as a
rule, does not exceed the centre frequency value. It is possible to
expand the receiving band of ultrasonic detectors to the required
0.1 kHz— 100 MHz values by using nonresonant piezomaterials
based on polyvinidylene fluoride (PVDF). Two ultra-wideband
detectors based on PVDF piezofilms of different thicknesses
(9 um and 25 pm) with different amplitude-frequency characteris-
tics are experimentally compared. Comparative OA imaging of a
tissue-like phantom demonstrates that the low-frequency sensor
(film thickness / = 25 um) has a greater depth of field, while the
high-frequency sensor (/ = 9 um) has a better sensitivity in the
range of 40—100 MHz. Using OA imaging of an experimental
tumour in vivo, it is shown that a sensor with / = 25 um is better
suited for examining normal tissue containing relatively large
blood vessels, while a sensor with / = 9 pm is better suited for
studying tumour tissue containing a large number of multidirec-
tional blood vessels of minimal size comparable to the maximum
spatial resolution of the OA system.

Keywords: optoacoustic angiography, optoacoustic microscopy,
PVDF films, model experiment, tumour angiogenesis, CT26 mouse
colon carcinoma.

1. Introduction

The pathogenesis of a number of diseases is accompanied by
an imbalance of vascular growth, which can be considered as
one of the main diagnostic criteria. Normally, the most active
angiogenesis is observed during the period of embryonic
development and healing of damaged tissues [1].
Neoangiogenesis (tumour vascularisation) promotes the
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growth and proliferation of malignant neoplasms and con-
tributes to the metastatic spread of the tumour. The process
of angiogenesis includes the migration and division of endo-
thelial cells, the formation of a new basement membrane, and
the organisation of tubular structures [2]. The vessels formed
in the tumour tissues have a number of significant differences
from the vessels of normal tissues: they are characterised by
the absence of hierarchy, tortuosity and defective structure of
the vascular tubes.

In the 70s of the last century, it was suggested [3] about the
significance of angiogenesis in the growth of a tumour node
with a volume of more than 1-2 mm?. Subsequently, the
dependence of stable growth of solid tumours on neovascu-
larisation was proved, which changed the approach to treat-
ment, as a result of which the main attention was focused on
antiangiogenic therapy [4—6].

Understanding the process of neovascularisation as a key
factor in tumour development showed the need to use diag-
nostic methods allowing noninvasive assessment of the struc-
tural and functional states of the vascular bed of malignant
neoplasms.

The size of blood vessels in the organism can vary widely.
For example, in small laboratory animals, the diameter of
capillaries is several microns, while the diameter of arteries
and veins reaches several hundred microns [7]. For compre-
hensive diagnosis of the vascular bed, it is preferable to use
multiscale angiography methods capable of visualising vessels
of any size, which is quite difficult for many existing angio-
graphic methods.

Conventional CT [8] and MRI [9] angiography methods
have insufficient resolution for visualisation of the capillary
network. Optical coherent angiography methods have an
increased penetration depth; however, significant scattering
of light inside the tissue [10, 11] makes it difficult to obtain
images at a depth of ~1 mm. The newest methods of optical
microscopy [12] are still far from being used in vivo.

Ultrasound imaging systems based on the Doppler
effect allow angiographic examination at a sufficient depth
[13], but, as a rule, are characterised by low spatial resolu-
tion, since they cannot distinguish signals from small ves-
sels with a low blood flow rate. Due to the similarity of the
mechanical properties of the blood vessels and surround-
ing tissues, the implementation of the classical principles of
ultrasonic location at scales less than 100 um [14] is quite
difficult.

A more versatile method for visualising the circulatory
system of organisms at the level of micro- and macroscopic
scales is the method of optoacoustic (OA) angiography [15,
16]. The latter is based on the conversion of absorbed light
into acoustic waves, which makes it possible to obtain images
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of haemoglobin-containing structures with optical contrast
and ultrasonic resolution at depths of diffuse light propaga-
tion. The use of several optical wavelengths for OA imaging
makes it possible to separate the main chromophores con-
tained in the blood — oxy- and deoxyhaemoglobin [17, 18].

Currently, OA angiography is successfully used in experi-
mental oncology for the analysis of tumour vascularisation
during various periods of growth [19, 20] and in the course of
treatment [21, 22], as well as in clinical oncology for the diag-
nosis of neoplasms and the development of new prognostic
criteria [23].

To implement the multiscale potential of OA angiogra-
phy, it is necessary to use ultrasonic antennas designed for
various frequency ranges. For example, haemorrhages
with a transverse size of more than 1 mm, often formed fol-
lowing therapeutic effects, generate ultrasound frequencies
of ~0.1 MHz, while the smallest blood vessels ~15 um in
size, prevailing in the early stages of tumour growth, gener-
ate frequencies of ~100 MHz. Unfortunately, the width of
the receiving frequency band of standard piezoelectric sen-
sors is quite limited and, as a rule, does not exceed the cen-
tre frequency value [24]. It is possible to expand the receiv-
ing band of ultrasonic detectors to the required
0.1-100 MHz using nonresonant piezomaterials based on
polyvinidylene fluoride (PVDF) [25]. The present work is
dedicated to the experimental comparison of two ultra-
wideband detectors based on piezopolymer PVDF films of
different thicknesses (9 and 25 um), which have similar fre-
quency reception bands with different amplitude—fre-
quency characteristics.

2. Materials and methods

2.1. Piezopolymer PVDF films

Piezopolymer PVDF films are made in the form of sheets of
various sizes and thicknesses. The relatively low acoustic
impedance of PVDF compared to solid piezomaterials pro-
vides better acoustic matching of the material with water and
biological tissues. The piezoelectric material itself is soft and
elastic, which makes it possible to give the detectors an arbi-
trary geometric shape, while the low mechanical Q-factor
provides the PVDF detectors with important frequency char-
acteristics. The maximum frequency of the PVDF antenna
can be defined as the ratio of the speed of sound in the film (¢
~ 2200 m s7!) to its thickness /: fy,.x = c/L.

The sensitivity of PVDF antennas with their identical
geometry is determined by the thickness /, capacitance C and
piezoelectric constant ds; of the film. Using the known param-
eters of a spherical sensor, the noise equivalent pressure (sen-
sitivity threshold) of the detector can be determined by the
formula [26]

_ 4 JkTC
NEP_d33 Se (1)

where S" and S are the areas of film sections for which the
capacitance was measured, and the sensitivity was estimated;
k is the Boltzmann constant; and 7' = 300 K.

In this work, we used piezopolymer PVDF films with a
thickness of 9 and 25 um, manufactured using the same tech-
nology by the same manufacturer (Precision Acoustics, Great
Britain). The thickness of the gold electrode applied to each
film was ~1 um.

The parameters characterising the sensitivity thresholds
of both films are as follows: for the PVDF-9 detector, ds; =
12.9 pC N7!, permittivity ¢ = 10, and NEP = 8.38 Pa; for the
PVDF-25 detector, d3; = 11.6 pC N™!, ¢ = 12.37, and NEP =
6.52 Pa. To determine the NEP value, the capacitance of each
of the films was measured using a GDM-8245 multimetre
(GW Instek, China), while the piezoelectric constant d3; was
measured using a PKD3-2000 piezometer (Poly-K, USA).
The noise equivalent pressure (NEP) was calculated using for-
mula (1) using the measured values C, ds; and the known film
thickness /.

2.2. Manufacture of PVDF antennas

To manufacture the PVDF-25 and PVDF-9 detectors (with a
film thickness of 25 and 9 um), each film was given the same
spherical shape. The focal length and apertures for each
antenna were 6.7 and 8 mm, respectively. Each of the anten-
nas had an internal plastic housing on which the PVDF film
was attached, and an external metal housing. The grounding
electrode of the film was attached to the outer housing with a
conductive adhesive. In the metal housing of each antenna, an
identical broadband amplifier was placed, shielded by an
external housing. The scheme of the PVDF detector is shown
in Fig. 1.

@ PVDF film
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Figure 1. Scheme of the PVDF detector.

For the PVDF-25 and PVDF-9 detectors, the upper fre-
quencies of the reception band were 88 and 244 MHz, respec-
tively. In this case, the reception band of both antennas was
additionally limited by the gain band of the matching ampli-
fier (from 100 kHz to 100 MHz), selected from the following
considerations. Lower frequency (compared to 100 kHz) OA
signals were filtered because they corresponded to structures
whose dimensions exceeded the scanning range (10 mm).
Higher frequency (over 100 MHz) OA signals were cut off by
a frequency filter due the smallness of their amplitude caused
by the strong attenuation of ultrasound in water at these fre-
quencies.

2.3. Model experiments

For quantitative comparison of the amplitude-frequency
characteristics of the two antennas, we performed OA scan-
ning of microfibres with a diameter of 7 um and microspheres
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with a diameter of 15 um (Cospether, USA) located at differ-
ent (500 and 1000 wm) depths of the tissue-mimicking phan-
tom. A phantom medium simulating the acoustic and optical
properties of biological tissue was prepared on the basis of a
1.5% aqueous solution of agar (Sigma-Aldrich, USA) and a
4% aqueous solution of lipofundin (B. Brown, Germany).
The phantom was scanned in an area of 3 X 3 mm with a step
of 10 um. The characteristic bands of receiving frequencies
for each of the antennas were determined from the OA spec-
tra of the microsphere located near the acoustic focus of the
sensor.

2.4. In vivo experiments

For a qualitative comparison of the angiographic capabilities
of both antennas, the experimental tumour was visualised in
vivo (the tumour was scanned in the region of 1 cm? with a
step of 25 um). The objects were mice of the Balb/c line inocu-
lated with a CT26 colon carcinoma tumour (ATCC No. CRL-
2638). To create a tumour model, 5 x 10° CT26 cells in 50 uL
PBS were subcutaneously injected into the outer side of the
left thigh. The experiments were conducted on the fifth day of
the neoplasm growth. Before the examination, the hair was
removed in the scanning area. During the experiment, the ani-
mals were anesthetised with 1.5% isoflurane (Laboratorios
Karizoo, Spain) in 100% O, at a gas flow rate of 0.1 L min™!
using an anaesthesia breathing apparatus Zoomed Minor Vet
(Zoomed, Russia). The animals were fixed on a support plate
in a lateral position, and an ultrasonic gel was applied to the
area of study.

The experiment was performed in accordance with the
requirements of the rules and regulations governing research
work on the safety and effectiveness of medicines (Order of
the Ministry of Health and Social Development of the Russian
Federation No. 708-n of 23.08.2010), as well as international
legal norms and ethical codes for the experimental use of ani-
mals (NTH Publications No. 8023, revised in 1978).

2.5. Optoacoustic setup

The scanning system of OA microscopy (Fig. 2) was similar to
those used in [27, 28]. During OA experiments, the optical
pulses were generated by a Wedge HB laser (Bright Solutions,
Italy) (wavelength 532 nm; pulse repetition rate 2 kHz, and
pulse duration 1 ns). The laser radiation was delivered to the
study area using a fibre-optic bundle (CeramOptec, Germany),
into which the compared PVDF-9 and PVDF-25 detectors
were subsequently inserted. The optical fibres were arranged

B-scans

Platform motion control Mouse

Figure 2. Scheme of scanning optoacoustic microscopy.

so that the probe beams intersected at the focal waist of a
single-element acoustic detector [29]. Electrical signals from
PVDF detectors were digitised by a Razorl6 two-channel
16-bit analogue-to-digital converter (GaGe, USA) with a
sampling rate of 200 MHz. To obtain a three-dimensional
image, the assembled OA probe was placed on two linear
platforms M-664 (PImicos, Germany) and LS-40 (PImicos,
Germany), which provided mechanical scanning in the XY
plane.

2.6. Data processing and presentation

For all B-scans of unprocessed 3D data sets, two-dimensional
Fourier reconstruction [30] was performed sequentially in
two mutually perpendicular planes [31], separately for three
frequency ranges: 0.1-5 MHz (range 1), 5-40 MHz (range
II), and 40— 100 MHz (range III). Data corresponding to dif-
ferent frequencies was processed using Avizo (Thermo
Scientific) software. The characteristic dimensions of the
objects were estimated by the ratio of the speed of sound in
biological tissues (¢ ~ 1500 m s™!) to the frequency received by
the detector. For the given frequency ranges, the object
dimensions were 15-0.3 mm (range I), 300—-37.5 um (II), and
37.5— 15 um (III).

3. Results and discussion

Figure 3 shows the results of reconstruction of three-dimen-
sional data sets obtained by the PVDF-9 and PVDF-25 detec-
tors. The phantom image is displayed in the frequency ranges
I, 11, and III.

The phantom images (Fig. 3) demonstrate differences in
the amplitude—frequency characteristics of the detectors in
the same frequency ranges. Thus, due to the significantly
higher sensitivity of the antenna at low frequencies (0.1-
5 MHz), the PVDF-25 detector provided a greater depth of
field (1.5 mm) than the PVDF-9 detector (1 mm). At medium
frequencies (5—40 MHz), the antennas exhibited similar sen-
sitivity, spatial resolution and depth of field. At high frequen-
cies (40—100 MHz), the PVDF-9 detector’s antenna visu-
alised a thin phantom structure with higher (compared to
PVDF-25) sensitivity and spatial resolution.

The operating frequency bands of the PVDF-25 and
PVDF-9 detectors at a 0.01 level were 56.5 and 96.5 MHz,
respectively. It can be seen from Fig. 4a that in the high fre-
quency range (40—100 MHz), a plateau is observed in the
PVDF-9 detector’s spectrum at a level of 1%—10% of the sig-
nal maximum, which makes it possible to obtain images of the
smallest (10 um) objects. Figure 4b shows the SNRs for three
frequency ranges, which allow us to quantitatively compare
the frequency characteristics of the detectors’ antennas. The
SNR value is determined by the formula

max(OAignar) )
(std(OA noise v =100 )

Here max(OAjgn,1) is the maximum signal value from a three-
dimensional data set for each frequency range; and
(std(OA oise))w — 100 18 the root-mean-square deviation of the
noise averaged over 100 OA A-scans, which was also deter-
mined for each frequency range.

Figures 5 and 6 display the results of in vivo compression
of both detections reflecting the advantages and disadvan-
tages of comparative amplitude—frequency characteristics of
the detectors. In the image obtained using the PVDF-25

SNR = lOlg(
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Figure 3. (Colour online) OA imaging of the phantom using (a—c) PVDF-9 and (d—f) PVDF-25 detectors. The images were reconstructed for the

frequency ranges (a, d) 0.1-5 MHz, (b, e¢) 5-40 MHz, (c, f) 40-100 MHz.

detector (Figs 5d—5f), the vascular network of surface tis-
sues is distinguishable — a hierarchy of the network is visible,
and the differentiation of the sizes of vessels and their shape
is visualised. However, the tumour’s circulatory system rep-
resented by smallest blood vessels is poorly visualised by the
PVDF-25 antenna, which is associated with its relatively low
spectral sensitivity at frequencies above 50 MHz (see
Fig. 4a).

The images in the three frequency ranges, obtained
using the PVDF-9 detector have more significant differ-
ences. First of all, a clearly discernible tumour node is
observed in all frequency ranges (Figs 5a—5c). At low fre-
quencies, the tumour is an undifferentiated accumulation
of haemoglobin and only the largest vessels of normal tis-
sues are visible. The same vessels (along with small veins
and arteries) are visualised in more detail in the range of
5-40 MHz. Switching to the high-frequency (40-100
MHz) range makes it possible to obtain contrast images of
the smallest capillaries of the tumour tissue. The visualised
structure of the tumour vessels may be the result of the spe-
cific structure of the blood vessels of the CT26 tumour at
this stage of growth: sinusoids are present in the wall of
tortous capillaries [32], i.e. large openings, the size of which
allows red blood cells and some proteins to freely exit the
vascular tube into the parenchyma.

The partial ‘absence’ of blood vessels in the tumour in
visualisation using the PVDF-25 detector antenna could how-
ever be associated with a different degree of pressing the
tumour to the immersion chamber, since the experimental
setup used did not provide for pressure control [33]. A suffi-
ciently strong pressing force (which we tried to avoid in this
experiment) could affect the blood filling of vessels placed in
direct contact with the immersion chamber (especially the
smallest tumour vessels).
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Figure 4. (Colour online) Frequency characteristics of PVDF detec-
tors: (a) power spectral density (PSD) and (b) signal-to-noise ratio
(SNR) for three frequency ranges.
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Figure 5. (Colour online) OA imaging of mouse tumours using (a—c) PVDF-9 and (d-f) PVDF-25 detectors. The images were reconstructed for
the frequency ranges (a, d) 0.1-5 MHz, (b, e) 5-40 MHz, (c, f) 40-100 MHz.
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Figure 6. (Colour online) Broadband OA imaging of mouse tumours using (a) PVDF-9 and (b) PVDF-25 detectors.

Vascularisation of normal tissues is strictly organised and
represents an ordered system of the circulatory bed [34]. The
diameter of arteries, veins, and capillaries in normal tissues of
Balb/c mice is 150, 250, and 4 um, respectively [7]. The tumour
blood network has a disturbed hierarchy, specific shape and
structure. In work [32], using morphological methods, it was
shown that on the fifth day of the CT26 colon carcinoma
growth, single sinusoidal vessels are formed, whose size varies
from 7 to 20 um, which is comparable to the size of arterioles
and venules of a healthy muscle (18 um/14 pum) [7]. In this
work, the CT26 vascular system was visualised by means of
an intravital noninvasive method. However, since the circula-
tory bed at this relatively early stage of neoplasm develop-
ment is mainly represented by newly formed small vessels, it is
preferable to use the PVDF-9 detector’s antenna for tumour
imaging.

4. Conclusions

The optoacoustic study of the microcirculatory bed using
ultra-wideband PVDF-25 and PVDF-9 detectors made it
possible to conduct multiscale diagnosis of vessels with a
diameter of 30 to 200 um. For detailed imaging of vessels of
different diameters, the signal from both OA sensors was
divided into three frequency ranges: low (0.1-5 MHz),
medium (5-40 MHz), and high (40—-100 MHz). A direct
comparison of the sensors showed that the PVDF-25 detec-
tor is more preferable for OA angiography of normal tis-
sues, providing a greater depth of field due to its increased
sensitivity at frequencies of 0.1-40 MHz. For angiography
of experimental neoplasms, the PVDF-9 detector antenna
made of a thinner (9 um) PVDF film and having an increased
sensitivity in the frequency range of 40— 100 MHz proved to



388 A.A. Kurnikov, K.G. Pavlova, A.G. Orlova, et al.

be the most informative for studying the vascular micro-  31. Perekatova V.V., Kirillin M.Yu., Turchin I.V., Subochev P.V.

structure of neoangiogenesis. J. Biomed. Opt., 23, 1 (2018).
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