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In this work the spatial resolution and measurement accuracy of the ultrasound diagnostic system at acoustic remote palpation (ARP)
using high-intensity focusing ultrasound (HIFU) are studied theoretically and experimentally. A physical model is proposed, which
describes the specific features of ARP taking into account the remote nature of ultrasound Doppler probing of the soft tissues local
movements, which are caused by the radiation pressure of HIFU pulse. Taking into account the accepted simplifying assumptions it is
shown that the model conclusions are in a good agreement with the results of the experiments on measuring the value of displacements
under the influence of HIFU. In particular, the nontrivial dependence of the value of displacements, measured by the Doppler method,
on the probing depth and focusing degree of the incident and scattered wave beams, is proved. An experimental study was performed
on the transverse resolution at ARP in the case of probing of the medium with Young's modulus irregularity, as well as on the influence
of noise and interference on the measurement accuracy and resolution. It is concluded, that the transverse resolution at ARP is
determined by the parameters of the local area of the movement, and can be significantly higher than the transverse intrinsic resolution
of the ultrasound system at B-mode of diagnostics. The obtained results indicate that ARP is a promising method for monitoring the
process of the soft tissues thermal ablation, when HIFU is used.
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Nowadays the techniques based on the high-intensity focusing ultrasound (HIFU) are widely used in medicine and
are still intensively developed towards expanding the scope of medical applications. For example, it has been
demonstrated in vivo and in vitro, that within a few minutes the short-pulse HIFU can mechanically crush the blood clots,
caused by blood vessel thrombosis, due to the developing cavitation processes [1-4]. An important task here is providing
safety of HIFU application in order to prevent the involvement of biological tissues outside the defined local area, what
requires strong focusing of ultrasound waves.

At the same time, the most common and well-known technology is the ultrasound ablation of soft tissues [5-11]
using HIFU through coagulation necrosis of malignant neoplasms and other soft tissue regions with pathological changes.
Strong wave focusing and high radiation intensity in such traditional medical applications are necessary to achieve high
temperature (about 80°-90°C) in the focal region resulting in thermal ablation of soft tissue. Nevertheless, the real-time
monitoring of the thermal ablation process and the tissues state diagnostics remains one of the topical questions.
Insufficient exposure can cause a relapse and even an accelerated growth of the neoplasms, while the excessive exposure
can cause the involvement of the neighboring healthy tissues.

As it is known, the most common methods in diagnostics of the soft tissues and cardiovascular system are ultrasound
methods. They are, in particular, ultrasound Doppler methods, including spectral Doppler studies, color Doppler mapping
of blood flows and some others, whose physical properties are described, for example, in [12-15]. The Doppler methods
are successfully applied and developed also for diagnostics of the soft tissue state [16-18]. At the same time, considering
the intrinsic physical meaning of ultrasound methods [19], it is quite difficult to directly determine directly with their help
the level of the biological tissue thermal destruction.

Recently, in ultrasonic medical diagnostics the methods of ultrasound elastography of soft tissues, such as acoustic
radiation force impulse (ARFI) imaging [20-22] and shear wave clastography (SWE) [22-24], have been widely used.
These methods are based on ultrasound registration of the soft tissue response to the radiation force of an ultrasound
pulse, and in the both methods the same ultrasound transducer of the diagnostic system is used for both creation of the
radiation pressure force and registration of the response [20]. The difference is in the fact, that in the ARFI method the
value of the tissue displacement is measured directly at the region of the radiation force pulse impact, while at SWE the
velocity of the shear wave, propagating in the tissues from the initial region of the force impact, is measured.

In [25] for monitoring the process of tissue thermal ablation it has been proposed to use a diagnostic system, which
measures the value of the tissue displacement at the region of the radiation force impact, generated directly by the HIFU.
It was shown experimentally [25], that under local heating up to the temperature of 43° C, the value of the maximum
displacements in the muscle tissue of a cow in vitro changes, what indicates to a change in its viscoelastic properties.
Earlier, a similar strong dependence of the value of displacements and the velocity of shear waves on the growth of
temperature, caused by the HIFU exposure, was found in gelatinous phantoms of tissue [26].

The focal length of the real HIFU transducers, used for ablation of soft tissue, can reach a large value, of about
10 - 20 cm. This naturally requires solving the problem on the spatial resolution of the ultrasound Doppler diagnostic
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system and on the accuracy of measuring the value of tissue displacement in the HIFU focal region at acoustic remote
palpation (ARP), carried out using HIFU transducers.

PHYSICAL MODEL
When describing the ultrasound response of soft tissues, the continual physical model of scattering by fluctuations
in mass density and compressibility is generally accepted [27], which allows, in particular, to describe in detail the spectral
characteristics of Doppler signals [13-15,28,29]. A distinctive feature of both ARFI and ARP is the fact, that the direction
of tissue movement under the radiation force impact coincides with the direction of probing. If we neglect the geometrical
and transit time spectral broadening [13.27] of the complex signal of ultrasound Doppler response, then in the plane-wave
approximation it can be written in a simple form:

e(p) = [; g®eds, 4))

where g(#) = go(#)exp(i2kd) is the dimensional complex value, proportional to the diagnostic system sensitivity
function, averaged over the sample volume in the direction of probing; Ox, d is the probing depth along the probing
direction; k is the wave number; @(7) = 2ku(#) is the phase of a local Doppler signal, depending on the local tissue
displacement u(#), and ¢’ is the phase of the complex signal of the full Doppler response, having the in-phase and
quadrature components. In expression (1) the integration is carried out over the cross-sectional area of the sample volume,
therefore 7 is the coordinate of the area element dS in the plane of section (y, z), and the actual value g, () describes
the spatial distribution of ultrasound fields in the plane of section and determines the transverse resolution of the
ultrasound system in the usual B-mode. Note, that the real signal of the ultrasonic Doppler response is also proportional
to the average level of the medium density and compressibility fluctuations.

The transverse dimensions of the area of the radiation force impact for the real HIFUs are of the order of 1-1.5 mm.
Therefore, a specific feature of ARP, as compared to ARFI, is the fact, that the transverse dimensions of the local
displacement region and, accordingly, its cross-sectional area S, at the probing depth, can be considered small: S, < S.
In particular, the transverse resolution of the ultrasound diagnostic system depending on the probing depth, the degree of
focusing, and the ultrasound frequency is of the order of 3—7 mm, what results in a large difference in the value of the
areas. This allows to write down the contribution of the localized region of displacements under the influence of HIFU in
(1) as a separate term

e(9") = [y, 9(DeDdS + g(R)See™?,

where R is the coordinate of the center of the radiation force impact region in the sectional plane, ¢ is Doppler phase of

the signal from the region of the force impact and g(ﬁ)So is the complex amplitude of the response from the region of
the force impact. In the remaining integral @ (7) = 0, as long as it describes the contribution of those areas of the
measuring volume, where there is no movement. As a result, we have the equation:

e(9") = g(R)(S — So) + g(R)Spe®, )

where g (ﬁ) is the average value of the response amplitude in the cross section of the measuring volume minus S, area.
It is evident, that such an average value also depends on the position of the center of the radiation force impact.

The value of the displacement between two sequential probes can be determined using the Doppler phased tracking
method [19,30]) by calculating the correlation function C = e*(¢")e(¢’ + A¢"), where ¢'(R) is the phase of the
observed Doppler signal at the first probing, which depends on the location of the displacement region, and A(p’(ﬁ) is the
change in this phase. In accordance with the phased tracking method, the phase change of the Doppler signal is described
by the formula:

ImcC

tgdg'(R) = = (3)

ReC '

It is easy to show that, taking into account that the area S is small, the greatest contribution to the real part of the
correlation function is made by the term:

ReC = go(R)%(S — Sp)? = go(R)?S2. 4)

When calculating the imaginary part, with the strict inequality S; < S taken into account, we can neglect the
quadratic S, terms. In this approximation we find:

ImC = g, (ﬁ)go (ﬁ)SSO [sing(cosd@ — 1) + cospsinde]. 5)

where A = 2kAu is the change in the phase of the Doppler response of the movement region, which is determined by
the true tissue displacement Au.
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The phase increment between two sequential probes, virtually in all important cases, satisfies the strong inequality
Ap K 1, therefore the first term on the right-hand side of formula (5) can be neglected. As a result after substituting (4)
and (5) into (3), we find:

tgA(P’(ﬁ) = go;%coswsind(p K1. (6)
0

Taking into account that the phases Ago’(ﬁ) and A¢ are small, it is easy to write down the relationship directly
between the true and the measured displacements during the probing period as follows:
ey _ 90(B)So
Au'(R) = @5 cos(2ku)Au . @)
The total displacement in the process of observation is obtained by summing the displacements from the start of the
movement to the value u at any moment of the displacements registration. Taking into account, that the displacements

are small, we can turn from summing small increments (7) to integrating, what results in the final equation for the observed
displacement:

13y _ 90(R)So fu _ —190(R)So _,
u'(R) = B (@)s Jy cosQkw)du = (2k) 5@ sin(2ku) . (8)

Equation (8) determines the accuracy of the displacements measurement during ARP without taking into account
the influence of noise and interference. Directly from (8) we also obtain the formulae:

u' (B _ go(R) go(0) )
u'(0)  go(0) Go(R)’

As it is known, the transverse spatial resolution of the ultrasound diagnostic system is determined by the width of
the point spreading function. In the above discussion the role of the point source was played by a rather well-localized
region of the tissue displacements, induced by the radiation force impact. In this sense, equation (9) describes the
transverse resolution of the diagnostic system at ARP in the case, when the displacements are determined at different
spatial positions of the probing transducer axis relative to the axis of HIFU and the region of tissue movement.

However, according to the meaning of the problem of monitoring the ablation process, the issue concerning the
ability to distinguish the stiff (soft) Young's modulus irregularities on the homogeneous soft (stiff) background in the area
under study is, obviously, more important. According to the physical meaning, in such a formulation of the experiment
the resolution during the ARP is determined by the maximum distance, at which the movement in the soft (stiff) part of
the inhomogeneous medium still experiences the braking (accelerating) effect of the adjacent stiff (soft) parts due to the
arising internal viscoelastic stresses. At such a definition of the resolution, the axes of the HIFU transducer and of the
probing transducer must coincide, what ensures the highest sensitivity and locality of determining the displacements in
the tissue area with a given stiffness.

MATERIALS AND METHODS

In our experiments we used a commercial ultrasound diagnostic scanner Angiodin-Sono/P (JSC “NPF BIOSS”,
Moscow, Russia) as an ultrasound diagnostic system, which is capable to perform measurement of tissue displacements
at SWE and ARFI modes with the accuracy of not worse than 10%. The measurements were carried out in the ultrasonic
phantom of soft tissue CIRS Model 049 (CIRS, Norfolk, VA, USA), which is used for elastographic and elastometric
studies. The Young's modulus in the region of homogeneity of this phantom and in stiff heterogeneities of a spherical
shape with diameter D = 1 cm was, respectively, 18 kPa and 67 kPa. The Doppler probing of the phantom points was
carried out using commercial ultrasound transducers P2-4/20APX and P4-9/16 (Prosonic Co., Seoul, Korea) with the
carrier frequency of 3.5 MHz (wavelength 4 = 0.42 mm) and 6.5 MHz (1 = 0.23mm), respectively. Due to the developed
specialized software, the Angiodin diagnostic scanner control system allowed to fine-adjust all the parameters, necessary
for performing ARP, and to measure the displacements at the chosen point of phantom. Like in [23-26], the Doppler
probing was synchronized with the HIFU pulses, whose parameters, for example pulse duration, could also vary.

As the HIFU emitter, the focusing ultrasound transducer H-148 (SONIC CONCEPTS, INC., Bothell, WA, USA)
with the radiation aperture diameter of 64 mm and the radius of the radiating surface curvature of 64 mm was used. In
these experiments, the HIFU pulses with the carrier frequency of 2.2 MHz had the duration of 900 ps at the voltage of the
emitter power supply of 20 V. In the center of the HIFU transducer there was a hole (Fig. 1) with the diameter of 20 mm,
through which the Doppler probing was performed. To superimpose the axes of the HIFU transducer and the ultrasound
transducer of the diagnostic system, a positioning device was used, which allowed to position the probing transducer in
the horizontal plane with the accuracy of 0.1 mm, and to change the distance between the probing transducer and the
HIFU emitter in the vertical direction.

Figure 2 shows the general scheme of the experiments, from which it can be seen, that the focus of the HIFU emitter
is always located at the distance Fyry=71 mm from the upper surface of the emitter holder. The probing depth d was
chosen so, that the cross section plane (y, z) of the sample volume of the diagnostic system passed through the focal point
of the HIFU. In the process of the measurements the acoustic phantom, the HIFU emitter, and the working surface of the
probing transducer were located in a container with water.
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Fig. 1. HIFU Emitter

Fig. 2. General scheme of the experiments
1 — probing ultrasound transducer; 2 — ultrasound transducer holder; 3 — holder
with the HIFU transducer; 4 — ultrasound soft tissue phantom; 5 — container with
water; 6 — water.

EXPERIMENTAL RESULTS AND DISCUSSION

From expression (8) it follows, that the displacements, measured at ARP, are always smaller than the true ones, and
strongly depend on the ratio of the areas Sy, and S. With an increase in the area of the diagnostic system focal spot the
value of the measured displacements decreases. This specific property of the measurements at ARP is illustrated by the
Table data, which show the value of the measured maximum displacements, during their registration, in the region of
phantom homogeneity at the probing depth d = 78 mm. The measurements were carried out under conditions, when the
holder of the HIFU transducer was located directly on the phantom surface (h =0). The largest displacement
u'(0) = 12.9 um in the HIFU focal region was found at electronic focusing by the P2-4/20APX transducer both of the
transmitted and of the received beams of ultrasound waves with the focal length F = d = 78 mm. Switching-off at least
one focusing (infinity focusing, F = o0) caused a decrease in the value of the measured displacements due to an increase
in the width of the sample volume, formed by the probing wave beams. When the electronic focusing of both the
transmitted and received wave beams was switched off, the value of the measured displacements significantly decreased
to the value u'(0) = 3.3 pm. In this case the probing transducer formed piston-like wave beams, which were similar to
the plane waves in the Fresnel zone.

Table
The value of the maximum displacements, measured during their registration, at the probing depth d = 78 mm
Transmitter: F, mm Receiver: F, mm Displacement, u'(0), um
78 78 12.9
o0 78 11.7
78 00 11.2
o0 00 3.3

Note, that even in the absence of focusing in the probing plane (x, y) the static focusing always takes place in the
plane (x, z), perpendicular to the probing plane, due to the own focusing lens of the probing transducer. For the ultrasound
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transducer P2-4/20APX the corresponding focal length is about 70 mm. That is why the shape of the focal spot is close
to a circle, strictly speaking, only if the electronic focusing of the transmitted and received waves with F = 70 mm is
available.

F,cm

Fig. 3. Dependence of the measured value of displacement in the HIFU focal region on the focal
distance of the probing transducer at the constant depth of probing = 78 mm

The results, obtained in the experiments with variable focal lengths (see Fig. 3.), have the same physical meaning as
to the value of displacements.

In these experiments the probing depth remained unchanged and was in the focal region of the HIFU under the same
experimental conditions and the focal length at transmitting was varied in a wide range (from 10 mm to 200 mm) in the
absence of electronic focusing of the received wave beams.

From Fig. 3 it follows, that the measured value of the displacement has a sharp maximum in the HIFU focal region,
and drops abruptly as the focus of the probing transducer moves away from it both with a decrease in the focal length and
with its increase. In both cases this is due to an increase in the sample volume and its cross section for a defocused beam,
both in front of and behind the focal region of the probing transducer. A more abrupt drop at strong focusing (small focal
lengths) of the waves is caused by the considerable diffraction divergence of the wave beam behind the focus, and in
particular, on the probing depth corresponding to the HIFU focus. At weak focusing of the incident converging wave the
beam width changes substantially smaller in a prefocal region, and, as a result, the dependence of the beam width in the
HIFU focal region on the focal length is weaker, what also affects the value of the measured displacements.

The ratio g, (}_f) /90(0) on the right-hand side of equation (9) describes the sensitivity distribution of the ultrasound
system in the sectional plane of the sample volume and has a maximum at R = 0. The width of this maximum at the given
level determines the transverse spatial resolution of the system at B-mode of diagnostics. The second ratio g, (0)/ g, (ﬁ)

also has a maximum at R = 0, as long as the average value of the response amplitude, without the contribution of the area
So, increases as its center moves away from the center of the sample volume cross section, where the sensitivity is
maximal. As a result, the transverse resolution of the ultrasound diagnostic system, when registering a localized area of
movement, can be even a bit higher, than at B-mode of diagnostics.

The experimental data on the transverse distribution of maximum displacements in the probing plane are presented
in Fig. 4 for two probing depths d = F = 78 mm and d = F = 108 mm at electronic focusing of both transmitted and
received wave beams. From these data it follows, that when registering the movement in localized region at the depth of
78 mm, the transverse resolution at the level of 6dB is about 4 + 4.5 mm, and at the depth of 108 mm it is about 5.5 mm.
These values are, at least, not worse, than the transverse resolution at B-mode of ultrasound diagnostics, when using a
transducer P2-4/20APX with the same frequency of 3.5 MHz.

Strictly speaking, with a greater probing depth of 108 mm, the value of the displacements, shown in Fig. 4, should
be not higher, but lower than that in Fig. 3 due to the larger cross-sectional area of the sample volume. This result can be
explained by the influence of noise and, in particular, speckle noise on the measurements accuracy. If the probing
transducer is displaced along the probing line so that the sample volume does not completely coincide with the volume,
which was set at a lesser depth, then the speckle noise level can change considerably. Another significant factor, affecting
the measurements accuracy in these experiments, was the reverberation of ultrasound caused by the reflections from the
upper surface of the HIFU transducer. A high level of noises and interferences is indicated, in particular, by the zigzag
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curve in Fig. 4 for the depth of 108 mm. For the same reason, because of a high level of reverberation noise and
interference in our experiments, we failed to obtain reliable results for the depths of more than 108 mm.

u, 10 r ! ! ! T T ! T I
pm ‘ : i ' ' ‘
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Fig. 4. Distribution of displacements along the direction Oy in the probing plane at the
depthd = F =78 mm (1), and d = F = 108 mm (2) in the homogeneous part of the soft
tissue phantom with localized region of displacements.

The distributions, whose example is shown in Fig. 4, were used to adjust the probing transducer for superimposing
its axis with that of the HIFU transducer. To study the transverse resolution of the diagnostic system, when probing the
inhomogeneities of shear stiffness in the medium, the probing and HIFU transducers were rigidly fixed relative to each
other after aligning the axes, so that the working surface of the probing transducer was directly adjacent to the hole in the
HIFU transducer. Such a schematic of the experiment allowed reducing considerably the reverberation noise. As Fig. 2
shows, in this case d = F = Fy;py = 71 mm, and the distance between the lower edge of the holder of the HIFU transducer
and the phantom surface was chosen equal to A = 35 mm, what ensured the positioning of the foci of HIFU and probing
transducers at the same depth with the center of the stiff spherical inhomogeneity. To find the inhomogeneity in the plane
(y,z) we used a B-image of the inhomogeneity and a positioning device, which moved the rigidly connected HIFU and
probing transducers.

In these experiments the distributions of the displacement of the phantom material under the influence of HIFU
along the both transverse directions Oy and 0z were determined. To improve the accuracy of the results, the data for 10
depths of probing, spaced 0.4 mm apart was obtained, so that d = 71 mm represented the average value. The distributions,
obtained using the ultrasonic transducers P2-4/20APX and P4-9/16, are shown in Fig. 5 and Fig. 6, respectively. The red
curve in all the figures corresponds to the average value, with the data for all 10 depths of probing taken into account.

First of all, note, that according to the data in Fig. 5 and Fig. 6, the average value of the maximum displacements in
the central part of the spherical stiff inhomogeneity is always approximately four times greater, than that in the soft
environment, what indicates that ARP is the promising method for controlling the changes in the mechanical properties
of the medium under study. On the other hand, this result is in a good agreement with the ratio of the Young's modules
for these areas of the used phantom. The inversely proportional dependence of the displacements value on the Young's
modulus indicates to the quasistatic nature of the resulting deformation, at which the displacement reaches the maximum
value, corresponding to the given force of the radiation pressure due to the sufficiently long pressure pulses [31].

The distributions, shown in Fig. 5 and Fig. 6, as to their meaning, are one-dimensional images of a stiff spherical
inhomogeneity inside the soft environment. If the boundary of inhomogeneity of this kind is defined, for example, from
the coordinate of the point, at which the displacement corresponds to a certain average value in the soft environment
region, then in this case the apparent diameter of the inhomogeneity is equal to D = 12—13 mm. Given the true size of the
spherical inhomogeneity, we can conclude that the broadening of its boundary does not exceed 1.0—1.5 mm. An important
feature of this result was, that it practically did not depend on the type of the used ultrasonic transducer, on the carrier
frequency of the probing wave beams, and on the choice of the transverse direction, along which the distribution of the
displacements value was build.

The latter circumstance gives a reason to assert, that the maximum distance, at which the movement, for example,
in the soft part of the medium with Young's modulus irregularity can still experience the braking effect of the adjacent
stiff inhomogeneity, in our experiments corresponds to the obtained value of 1.0 — 1.5 mm. In physical terms, this means,
that the region of the internal stresses, resulting from the effect of the radiation force, which cause the displacements, and,
accordingly, the value of the displacements region itself in our experiments was 2.0-3.0 mm. As it was expected, this



88
EEJP. 4 (2019) Evgen A. Barannik, Viktor I. Pupchenko et al.

value was larger than the diameter of the focal region of the HIFU transducer (see, for example, [26, 31]). On the other
hand, this result means, that when probing the medium with Young's modulus irregularity using ARP, the resolution is
determined by the transverse dimensions of the movement area, formed by a certain HIFU transducer, and therefore can
be significantly better than the own spatial resolution of the ultrasound diagnostic system used for the tissue ablation
monitoring.

u',
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Fig. 5. Transverse distribution of displacements, obtained using a P2-4/20APX transducer, in the region of the inhomogeneity inside
the soft tissue phantom at F = Fy;py =71 mm, and at ten values of the depth of probing, the average depth being d = 71 mm (red line
corresponds to the average distribution): 1 — along the axis Oy; 2 — along the axis Oz.
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Fig. 6. Transverse distribution of maximum displacements, obtained using a P4-9/16 transducer, in the region of the inhomogeneity
inside the soft tissue phantom at F = Fy;py = 71 mm, and at ten values of the depth of probing, the average depth being d = 71 mm
(red line corresponds to the average distribution): 1 — along the axis Oy; 2 — along the axis Oz.

In conclusion, we note, that in the focal region of the HIFU the dependence of the measured displacements (8) on
the real ones remains monotonically increasing in a fairly wide range of displacements. Under the simplifying
assumptions, which we made, the uniform dependence ends when ¢, = 2ku, = m/2, what, for example, at the diagnostic
system carrier frequency of 3.5 MHz corresponds to the real displacements of about 50 pm. With a further increase in the
value of the real displacements under the radiation force impact, the determined displacement will decrease according to
the sinusoidal law. In this case, when the medium moves back to the equilibrium state, an increase in the measured
displacement should be observed until u, value is reached, and then the measured displacements decrease again.

In all our experiments the displacement value was measured for all the moments of time, from the start of the
movement under the radiation force impact to the end of the relaxation movement to the equilibrium state, however, the
movement of such a pseudo-oscillatory nature was not observed. This means, that the real displacements did not reach
the critical value, what was due, in particular, to a sufficiently high stiffness of the used soft tissue phantom. Besides, the
critical value of the phase ¢, is always greater than that of /2, obtained under accepted simplifying assumptions, and
grows with the increase of the area S,. From formula (2), for example, it follows, that in the limiting case of ARFI, when

So = S and R =0,the equality ¢'(0) = ¢ is always satisfied, i.e. the critical value is missing. The above results regarding
the transverse dimensions of the movement region indicate, that in these experiments the phase value ¢, was quite high.

CONCLUSION
In conclusion, we note that in this work, the spatial resolution and measurement accuracy of the ultrasound
diagnostic system at ARP are theoretically and experimentally investigated. A physical model is proposed, which
describes the specific features of ARP, taking into account the remote nature of ultrasonic Doppler probing of the soft
tissues local movements, which are caused by the radiation pressure of a high-intensity focused ultrasound pulse. Taking
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into account the accepted simplifying assumptions, it is shown that the model conclusions are in a good agreement with
the results of the experiments on measuring the value of displacements under the influence of HIFU.

In particular, the nontrivial dependence of the value of displacements, measured by the Doppler method, on the
probing depth and the focusing degree of the incident and scattered wave beams, in the process of probing the localized
region of the movement under the HIFU impact, is proved. An experimental study was performed on the transverse
resolution at ARP in the case of probing the medium with Young's modulus irregularity, as well as on the influence of
noise and interference on the measurement accuracy and resolution. On the basis of the carried out studies it was
concluded, that the transverse resolution at ARP was determined by the transverse dimensions of the of soft tissues
movement region, formed by the HIFU transducer, and could be significantly better than the own spatial resolution of the
used ultrasound diagnostic system at the B-mode of diagnostics.

In the real commercial soft tissue ablation systems, which use HIFU, the diagnostic probing transducers are built
directly into the hole of HIFU transducer, through which ultrasound probing is performed. This allows to avoid the
problems with the interference, caused by the reverberation of ultrasound probing wave beams. Taking this circumstance
into account, the results, obtained in this work, indicate that ARP is a promising method for monitoring the process of the
tissues thermal ablation, when HIFU is used.

This work was financially supported by the Ministry of Science and Higher Education of the Russian Federation,
unique identifier No. RFMEFI57818X0263.
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IMPOCTOPOBA PO3ILIIBHA 3IATHICTh TA TOUHICTHh BUMIPIOBAHD YJIbTPA3ZBYKOBOI JIATHOCTUYHOI
CHCTEMM ITPA AKYCTHUYHIN BIIJIAJEHINA MAJBITAIIIT 3A TOIIOMOI'OI0 CPOKYCOBAHOI'O
VJIbTPA3BYKY BUCOKOI IHTEHCUBHOCTI
€.0. bapannuk!, B.I. Ilynuenko?, A.I. Mapycenko?, O.B. Knsizes?, LM. I{uo6in?, O.1O. bepkoBuu*

! Xapriscoxuti nayionanvnuii yuisepcumem imeni B.H. Kapasina, Xapxis, Ykpaina
’TOB «Yavmpacaiiny, Xapkis, Yipaina
3AT «HB® BIOCC», Mockea, Pocis
4@rA0Y BO «Canxm-IlemepOypsoxuii norimexuiunuii ynisepcumem Iempa Benuxozoy, Canxkm-Ilemep6ype, Pocis
B naniii po0OTI TEOPETHMYHO Ta EKCIEPHUMEHTAJIBHO JOCIHI/KEHI IPOCTOPOBAa PO3JiIbHA 3[aTHICTH Ta TOYHICTH BHMIPIOBaHb
yIBTPa3ByKOBOI IIarHOCTHYHOI CHCTEMHU IIPU aKyCTHYHIH BijnaneHiit nansnauii (ABIT) 3a monomororo cdoxycoBaHOTO yJIBTPa3ByKy
Bucokoi intencuBHocti (CYBI). 3anpononoBana ¢isuuHa mopens, ska omnucye ocobmuBocti ABII 3 ypaxyBaHHSIM BifJaneHOro
XapaKkTepy yJIbTPa3ByKOBOI'O JONILIEPiBCHKOIO 30HlyBaHHS JIOKAJIBHOTO PyXy M’SKHUX TKaHHH, 10 BUKJIMKAHUH CHIIOIO pajialliiiHoro
tucky immynscy CYBI. [Toka3zano, 110 3 ypaxyBaHHSM 3pOOJICHHUX IS CIIPOILEHHS IPHUITYILICHb BUBOAN MOAETI JOOpE y3TroHKYIOThCS
3 pe3yJIbTaTaMH MPOBEACHUX €KCIEPHMEHTIB 100 BUMIPIOBaHHS BEIWYWHH HepeMinieHs mia BrmuBoM CYBI. JloBeneHa, 30kpema,
HeTpHBiaJbHA 3aJISKHICTh BEIMYUHU NEPEMIIICHB, [0 BUMIPIOIOTHCS TOMIUICPIBCHKUM METOJIOM, BiJl ITTHOMHH 30HIyBaHHS Ta CTyIEH1
(oKycyBaHHS 111aI0Y0T0 Ta BIIOUTOrO Iy4KiB XBWIb. EXCIIepHIMEHTAIBHO HOCTIPKeHa MToNepedHa po3aiiabHa 3aaTHicTh npu ABITy
BUIA/IKy 30HyBaHHs HEOIHOPIHOTO 3a MoxysieM FOHra cepenoBuIna, a TAKOXK BIUIUB IIYMY i IIEPEIIKO]] Ha TOYHICTh BUMIPIOBaHb Ta
pO3AiNBHY 31aTHICT. 3pOOJICHNI BHCHOBOK PO Te, IIO IONepedHa po3ninbHa 3natHicTh npu ABII Bu3HawyaeThcst mapamerpamu
JIOKaJIbHOT 00J1acTi pyXy i MOXke OyTH CyTTEBO Kpalloio, HiX BJIACHA PO3/iJIbHA 34aTHICTh YJIBTPa3ByKOBOi CUCTEMHU IpH B-pexumi
niarsoctuku. OTpuMaHi pe3ynbraTi cBiguath mpo nepcnektuBHicTs ABIT st MOHITOpHHTY mpolecy TepMiuHOi aOmsii M’sKux

TKaHUH 3a Jonomoroo CYBI.
KJIFOYOBI CJIOBA: ABII, CYBI, a6usmis, nomnmiepiBcbke 30HIyBaHHs, exacTorpadis, mpocTopoBa po3iibHa 31aTHICTh, TOUYHICTh
BUMIpIOBaHb.

HPOCTPAHCTBEHHAS PA3PEIIAIOIIASL CHOCOBHOCTDh 1 TOYHOCTh U3MEPEHUI YJIbTPA3BYKOBOM
JAATHOCTHYECKOW CUCTEMBI TPU AKYCTHYECKOM YIAJIEHHOM IMMAJBIAIIUH C ITIOMOIIBIO
®OKYCHPOBAHHOT'O VJIbTPA3BYKA BBICOKOM HTHTEHCUBHOCTHN
E.A. Bapannux'*, B.W. Ilyn4enxo?, A.U. Mapycenko?, A.B. Kusizes?, U.M. lp10un’, A.E. Bepxosuy*

' Xaporoeckuii nayuonanshuiii ynusepcumem umenu B.H. Kapasuna, Xapokos, Yxpauna
2000 «Ynvmpacaiiny, Xapvkos, Yipauna
340 HII® « BHOCCy», Mocksa, Poccus
*®rA0Y BO «Canxm-IlemepOypeckuii norumexnuyeckuii ynusepcumem Ilempa Benuxozoy, Canxkm-Ilemepbype, Poccus
B nacrostieit paboTe TeOpeTUIECKH B 3KCIIEPUMEHTAIBHO HCCIIE0BAHbI IPOCTPAHCTBEHHAS pa3pelIaronias ClloCOOHOCTh H TOYHOCTh
HU3MEpEeHUH YJIBTPAa3BYKOBOH JMAarHOCTUYECKOW CHCTEMBI NpPH aKycTHYecKod ypaneHHodW mnanbnamuu (AVYII) ¢ momorsio
(OKyCHpPOBaHHOTO yJbTpa3Byka Bbicokol uHTeHcHBHOCTH (DYBU). Ilpemnoxena ¢usuyeckas Mojeidb, KOTOpas OMHCHIBACT
ocobenHocTH AVII ¢ yueToM yaaneHHOro XapakTepa yJIbTPa3ByKOBOTO JOMNIIEPOBCKOTO 30HIHPOBAHUS JIOKAIBHOTO JABMKCHUS
MATKUX TKaHEH, BBI3BAHHOTO CUJION pasnanoHHOro AasiaeHus umnynbsca @YBIU. [loka3aHo, 4To ¢ y4eTOM CIEIaHHBIX YIPOILAIOLINX
TIPEANONOKEHIH BBIBOIBI MOJETH XOPOIIO COTIACYIOTCS C Pe3yIbTaTaMH MPOBEAECHHBIX SKCIEPHMEHTOB MO N3MEPEHHUIO BETHINHBI
nepemeniennii nox aedcteuem OYBU. J[lokazana, B 4YacTHOCTM, HETPUBUAJIbHAS 3aBHUCUMOCTb BEJIMYHMHBI H3MEPSIEMBIX
JONIUIEPOBCKUM METOJIOM IepeMENIeHHH OT TITyOUHBI 30HUPOBAHNS U CTEHNECHU (POKYCHPOBKH MaJAIONIET0 M OTPAXKEHHOTO IyYKOB
BOJIH. DKCIIEpHMEHTAILHO MCCIICIOBAHA TIONIepedHas pa3peniatomas criocooHocts npu AYII B cirydae 30HAMpOBaHHS HEOJHOPOAHOM
1o moay:o FOHra cpenpl, a Takke BIUSHUE IIYMOB M IOMEX Ha TOUHOCTb U3MEPEHUI U pa3pellarollyto ClIoCOOHOCTh. ClenaH BbIBOJ
0 TOM, YTO MOTePEeYHas pasperniaronias crnocoonocts npu AYII onpenensercs napameTpamMu JOKAILHON 00JaCTH IBIKCHUS K MOXKET
OBbITH CYIIECTBEHHO JIydllle, YeM COOCTBEHHAs pa3peliaronas ClocoOHOCTh YIbTPa3ByKOBON CUCTEMBI IpU B-pekiMe THarHOCTHKY.
ITomyueHHbIE pe3ynbTaThl CBUAETEILCTBYIOT O nepcrnekTuBHOCTH AVYII U MOHUTOPHHTA Mpoliecca TEPMUUECKON aOIAIMU MATKHX

TKaHel ¢ nomompo ®YBU.
KJIFOYEBBIE CJIOBA: AVYII, ®YBU, abusuus, TOMUIEPOBCKOS 30HANPOBAHHE, dIacTOrpadus, MPOCTPaHCTBEHHOE pa3pelIeHue,
TOYHOCTb U3MEPEHUI





