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Abstract

Vibrational computer-based technology is presented providing measurement of elasticity and
viscosity parameters of soft biological tissue by the hand-held probe on the basis of dynamic
stiffness and mechanical impedance registration in experiments on tissue touching by a vi-
brating disk. A review is made of experimental means developed for this purpose as well as
of acoustic models suitable for experiments interpretation.

INTRODUCTION

It is well known that characteristics of shear elasticity of biological soft tissues are
very sensitive to their structure and condition [13]. A number of ways of tissues struc-
ture visualization are in active development in the last years based on their elasticity
mapping [12]. At the same time, traditional measurements of mechanical characteris-
tics of tissue stay to be vital for characterization of its condition affected by various
physical, physiological or medical factors. One of the most suitable ways of measur-
ing the mechanical parameters of tissues seem to be a way based on registration of
dynamic mechanical characteristics of tissues (dynamic stiffness K and mechanical
impedance Z) when touching them by vibrating disk. This approach has a long history
[5, 6,10, 11, 14 and 26] but it is receiving now new impacts for development due to
computer-based technologies. First of all computer-based measuring devices allow to
perform real-time processing of signals coupled with averaging, that increases greatly
the reliability of measurements. Secondly, computer-based post processing of regis-
tered data is possible including parameters identification of various models of testing
objects. A cycle of theoretical and experimental works related to this approach,
named as “vibrational viscoelastometry”, was performed during the several last years
in the AP RAS [2, 3, 16-25]. A review of these works is a goal of this report.
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MEASURING MEANS

The main section of works is an experimental means development for the measure-
ments of mechanical parameters of soft biological tissues, including alive surface tis-
sues of humans. The first experiments with registration of impedance characteristics
of biological tissues [16, 17] were performed on the stationary laboratory setup
(Fig.1), based on vibration-exciting and vibration-measuring equipment of the Bruel
& Kjer company, firstly by the method of single-frequency vibration excitement, then
by the method of noise-type vibration excitement and registration of frequency de-
pendencies by the facilities of spectra analyzer. For the expansion of the experimental
studies outside of laboratory the portable electronic devices (Fig.2) were built subse-
quently [18], realizing the method of single-frequency measurement of impedance
characteristics and their temporal dynamics monitoring in the course of various proc-
esses. Else later the PC-based devices were built, realizing such measurements by
means of signals processing over the period in specialized programs [19, 20, 22].

Figure. 1l - Figure.2 - Figure.3 -
“Vibrostend” Laboratory set Vibrational Viscoelastometer Myoviscoelastometer

The PC-based device of the first generation (Fig.3) used the probe VD-1
(Fig.4a), the ISA interface card and operated in the MS DOS. The PC-based device
of the second generation (Fig.5) used the modified probe VD-2 (Fig.4b) and modified
algorithms of signals processing, but the same ISA interface card, restricting its op-
eration by the desktops with ISA bus and by Windows 95/98/ME. The probe includes
vibration exciter and sensors of force and acceleration, supplying signals to determine
dynamic stiffness and mechanical impedance.

On the base of VD-2 signals acquisition through the Line IN input of the stan-
dard sound card the PC-based device “Spectra Recorder” (Fig.6) was built [2, 3, 21,
24]. It realized registration of frequency dependencies of impedance characteristics
through noise-type vibrations production and signals spectral processing.

b)

Figure 4 — Probes for Vibrational Viscoelastometry:
a) the probe VD-1; b) the probe VD-2; c) the probe VD-3M.
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Figure 5 - Figure 6 -
Viscoelastograph VEM-2 Spectra Recorder

The modern PC-based devices of the third generation for the “Temporal Dy-
namics Recording of Mechanical Impedance and Dynamic Stiffness” (Fig.7) and for
the “Spectra Recording of Mechanical Impedance and Dynamic Stiffness” (Fig.8) use
the probe VD-3M (Fig.4c) and USB or Line IN interfaces, providing their operation
on portable computers in any Windows. Frequency dependencies of stiffness and im-
pedance are recorded in the range 30 — 300 Hz and temporal dynamics of these pa-
rameters is recorded with resolution less then 0.1 of second.

Figure 7 - Figure § -
Viscoelastograph “TDR MIDS” Spectra Recorder “SpR MIDS”

The measurements by the devices of the first generation were performed when
the probe was placed on a tissue surface and the pressure of the probe to tissue was
defined by the probe weight. The measurements by the devices of the second genera-
tion were performed when the pressure batching was realized by the external me-
chanical devices — spring-based (Fig.5.) or lever-based (Fig.6.). The essential advan-
tage of the third generation devices is availability of electronic system for pressure
batching of the probe to tissue, providing possibility of the stable measurements by
the hand-held probe.
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THEORETICAL MODELS

To determine viscoelastic parameters of tissues from the results of mechanical im-
pedance and stiffness registration in experiments on vibrating disk indentation a suit-
able acoustical model is necessary. Four main approaches to such model development
can be found in the literature currently. The first approach [6, 10, 11, 17 and 26] is
based on the approximate replacement the impedance of round flat disk, vibrating
over a tissue surface, by the equivalent sphere, oscillating inside the boundless me-
dium. The second approach [16] is based on using the expressions for the steady-state
indentation of a disk into the uniform half-space and can be approximately correct
only in the case of quasi-static disk motion. The third approach [7, 14] is based on the
strict formulation of the dynamic contact problem of disk vibration over the tissue
surface. The fourth approach [3, 8, 21, 23 — 25, 26] is related to formulation of this
dynamic contact problem in the approximation of “a pressure source of vibrations”.

Soft tissues are considered as a uniform half-space in the papers [6, 10, 11, 16,
17, 26] and as a uniform layer, bound up with the rigid base and sliding relative to the
disk, in the papers [3, 7, 21]. In the paper [8] soft tissues are considered as an uniform
layer, sliding relative to the disk and bound up with the hard half-space, deformable
but much more stiff then soft tissues (bone). In the paper [14] the models of tissues
are built in the form of a layer constructed as a set of sub-layers (one, two or three),
bound up with each other, with the rigid base and with the disk. In the papers [21, 24]
such models are used within the framework of the approach of “a pressure source of
vibrations” at the condition of disk sliding relative to the tissue surface.

The basis of the third and the fourth approaches is developed in the dynamic
theory of elasticity [1, 4, 9, 15]. Both they are based on the general solution of the
dynamic equations of linear elastic solids in the case of axial symmetry, by means of
transition to the scalar and vector potentials and the Hunkel transform using. Distribu-
tion of normal stresses (and shear stresses sometimes) is considered unknown within
the “strict” approach in the region of the disk contact with the surface. Impedance
characteristics are expressed here through the solutions of integral equations. The dis-
tinction of the approach of “a pressure source of vibrations” is taking approximate
boundary conditions on the medium surface: normal and shear stresses are considered
as known on the whole surface, including the region under the disk. Shear stresses are
considered equal to zero (the sliding disk). Normal stresses under the disk are taken
equal to the external pressure, distributed uniformly or in a more complicated way [7,
15]. The surface displacement under the disk center, or mean value of the surface dis-
placement under the center and under the edges of the disk, or the surface displace-
ment averaged over the disk area are taken as a disk displacement [7, 9, 15].

Comparison of calculations in the model “with a pressure source of vibrations”
[9] and in the model of “equivalent oscillating sphere” [6] with the experiments on a
tissue phantom from gelatin and with the results of finite-element analysis show [26]
that the first-type model is the least accurate. It was also shown in [3, 21] that such
models (even when a number of soft tissue layers increases up to three) do not man-
age to reproduce completely all distinctive features of experimental curves. In par-
ticular, they do not reproduce the slope of decline of the stiffness real part with the
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frequency increase.

To increase accuracy of models “with a pressure source of vibrations” a finite
friction between the disk and tissues was taken into account in the paper [25], i.e. the
assumption was accepted that the disk creates known distribution of shear stresses in
the contact region together with the normal pressure. Shear stresses (o;.) in this case
are taken equal to zero outside of the contact region and are taken proportional to the
normal stresses (o) inside this region (in accordance with the Coulomb’s law)

O,, =00, . (1)

Factor «a here has a sense of static friction coefficient or even the adhesion factor be-
tween the disk and the tissue surface. These models were named as PSVF-models —
from “a Pressure Source of Vibrations with Friction”. In the boundary condition sets,
corresponding to the PSVF-models, in comparison with the models without friction
(PSV-models), the only equation was changed — that for the shear stresses on the sur-
face. This complication of the models is not fundamental because the problem solu-
tion will be still reduced to the solution of an algebraic equation set, constituted of the
boundary conditions, and to integration of known function, though a bit more compli-
cated. PSVF-models keep thus their advantages over the “strict” models in simplicity
and speed of tissue parameters reconstruction from the experimental spectra of im-
pedance characteristics. The expression of complex stiffness of layered tissues K can
be found on the basis of general expression for axial displacement of tissue surface
(U.), similarly to expressions for displacements inside the medium in the paper [23]

U,(r—H,) = TW;’ (k,—H | YkJ o (kr)dlk . )
0

The upper index 0 here corresponds to the order of Hunkel transform; & is a parameter
of Hunkel transform; J; is the Bessel function of zero order; H; is the thickness of the
first layer; z = -H, is the coordinate of tissue surface. The general expression for stiff-
ness obtained from (2) has the following form

o -1
K= L [[x7'-p)- Y]R(k)dk} . 3)

0

Here X' is an inverse matrix of coefficients of boundary condition set; B is a normal-
ized vector of equations right parts (its first element is 1, the second element is «, the
rest elements are zeroes); Y is a coefficients vector, corresponding to the solution for

Hunkel image of the surface displacement W2 (k,—H,); R(k) is the known function,

determined by the pressure profile under the disk and by a measure of its displace-
ment. In the case of choice the axial surface displacement averaged over the disk area
as the measure of disk displacement this function has the form:

2 Jy(ka)? or R(K) = — 1 J,(ka)sin(ka)

R(k) = -
ma”u Tasu k

, “4)

accordingly to the case of uniform or hyperbolic pressure distribution
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pZ=P/7ra2 or pZ=P/7z'a2w/a2—r2, r<a. 5)

Results of calculations on formulas (3) - (5) in MathCAD 2000 package for one-
layer PSVF-models are shown on Fig.9, where the results of calculations in some
other models are shown also for comparison. It is seen clearly that taking friction into
account in the models “with a pressure source of vibrations” improves greatly their
accordance with the experiments.
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Figure 9 — Frequency dependences of impedance characteristics. Experimental curves on all
graphs correspond to the measurements by the disk d = 16 mm on the relaxed forearm. Cal-
culated curves correspond to the following models: (a) — to equivalent oscillating sphere
(= 1.8 kPa, n = 3.3 Pa-s); (b) —to PSV with uniform pressure profile under the disk on a
half-space (= 1.8 kPa, 1 = 3.3 Pa-s); (c) — to PSV with uniform pressure profile under the
disk on a layer (u= 2.2, kPa, n = 4.0 Pa's, H =29 mm); (d) — to PSVF with uniform pres-
sure profile under the disk on a layer (u= 2.2, kPa, n=4.7 Pa-s, H=29 mm, a = 0.3); (e) —
to PSVF with hyperbolic pressure profile under the disk on a layer (u = 2.2, kPa, n = 2.0
Pas, H=29mm, = 0.2).
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SUMMARY

A technology is developed to measure elasticity and viscosity parameters of soft bio-
logical tissue on the basis of dynamic stiffness and mechanical impedance registration
in experiments on tissue touching by a vibrating disk, including PC-based measuring
means and acoustic models for experiments interpretation. The first type of devices
developed is based on noise-type vibrations production as well as on signals acquisi-
tion through the LinelN input of PC sound card and their spectral processing. The
second type of devices developed is based on harmonic vibrations production as well
as on signals acquisition through the USB input of PC and their processing over the
period. Acoustical models developed of vibrating disk interaction with tissues are
based on the approximate approaches “pressure source of vibrations” and “pressure
source of vibrations with friction”. They regard testing tissue as a half-space, as a sin-
gle layer on a rigid base or as a double layer on a rigid base.
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