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On the Feasibility of Detecting Flaws in
Artificial Heart Valves

Eugene S. A. M. LepelaarMember, IEEEWillem D. R. van Ooijen, and Anton G. TijhuiMember, IEEE

Abstract—In this paper, we investigate the feasibility of detecting
defects in certain artificial heart valves by determining the electro-
magnetic behavior of some simple models with the aid of thin-wire
integral equations. The idea is to use the stationary current that
occurs at late times after the excitation of a closed loop as a dis-
criminator. This current exhibits an exponential decay when a re-
sistive load is included that is representative of fatigue or a partial
fracture. The decay rate is indicative of the severity of the defect.
For a wire with an opening, which is representative of a complete
fracture, the late-time current is completely absent. As a simpli-
fied model of remote detection by a small loop antenna that could
be introduced via a catheter, we consider the coupling between two
parallel circular wires. In all cases, the dispersive environment of
the valve is taken to be homogeneous and filled with blood since
this medium exhibits a representative dispersion.

Index Terms—Heart valves, integral equations, loop antennas,

nondestructive testing, transient electromagnetics. Fig. 1. Typical heart valve, where the occluder and minor strut are clearly
visible.

. INTRODUCTION

N RECENT years, it has been established that the minor
outlet closure strut in certain artificial heart valves may
suffer from mechanical defects. These defects appear as cracks

or fractures near the junction of a leg of this strut with the
main ring of the device. As a consequence, the valve occluder
may escape from the device, which subjects the patient to a
lethal risk. In The Netherlands, from 1979 to 1986, the heart
valve of 2303 patients was replaced by this type of artificial
heart valve. At present, approximately 1500 of these patients
are still alive. In the U.S., between 30000 and 40 000 patients
use such a device. An epidemiological study in 1992 [1] found
42 strut fractures during mean follow-up of 6.6 years, while a
nondestructiv_e evaluation of 24 r_epresentative explanted val\gt?gs 2. SEM image of a typical heart valve with a fractured leg.
[2] showed single-leg fractures in seven and fatigue changes
in two of them. Fig. 1 shows a typical valve. Fig. 2 shows an
image of applying scanning electron microscopy (SEM) to \aves for this purpose. The principal difficulty with generating
fractured leg. electromagnetic effects in a biological environment is that blood
In view of this deve|opment' several research groups We@@d live tissue are hlgh'y dispersive and, therefore, extremely
approached with the question whether, from their expertidessy. This means that any measurement will definitely have to
it would be possible to develop techniques for assessing e invasive, e.g., via a catheter. Even in such circumstances, it
quality of existing heart valves implanted in patients. This papggemed doubtful whether a significant electromagnetic effect

presents the first steps toward using pulsed electromagn&@ be generated and measured. Toinvestigate this, itwas decided
to first model a simplified, but representative, configuration
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versity of Technology, 5600 MB Eindhoven, The Netherlands. valve), inc u Ing a _reS'St'Ve oad (fatigue, partial frac-
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3) environment with representative material properties.

A simple model satisfying these conditions is a circular wire em-
bedded in a homogeneous dielectric medium. An electric cur-
rent along the wire is excited by a delta-gap voltage puige
or by an incident fiel&* (r, t), both of finite duration. The wire
is assumed to be thin enough that the thin-wire approximation
may be applied. We consider voltage excitation directly on the
wire, and remote excitation by a pulsed magnetic point dipole.
Both these sources induce an almost stationary current at late
times, with a decay rate that is indicative of the quality of the Boap
loop.
The model of a single loop is a considerable simplification of
the actual situation. In particular, the problem of detecting the
late-time behavior of the currentis not addressed. A logical next
step is to replace the magnetic dipole, which may be envisagegl 3. Open circular loop and coordinate system.
as a small current loop with an externally impressed current, by
a larger loop excited by a delta-gap voltage source, and to stu : N . .
the (?urrentﬁn both Iogps. The géegondag loop is excited byddé\%ensmns, by con_&derm@‘? on _the_centra! axis Qf th? wire.
Gaussian voltage pulse. Since this loop is assumed to be perf‘g&QEe the surrounding med'“”.‘ |s_h|ghly .dlsperswe, itis con-
a step-like current is generated, which causes an electric fiéﬂ'em to formglate the equation n th.e t|me-LapIa(?e domain.
resembling the dipole field used above. The results indicate t er a few straightforward approximations, we obtain
it indeed may be possible to use a secondary loop for the remote
induction and detection of the desired current. Pmax
The paper is organized as follows. In Section I, we describe
the three single-wire models and specify the relevant integral
equations. The numerical solution of these equations and the exp ( — sRq(¢p — d)’)/c)
results obtained are discussed in Section Ill. The principle of R (6= @)
detection by a second loop is addressed in Section IV. Finally, @
the most important conclusions are stated in Section V.

j¢max o
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Il. SINGLE-WIRE MODELS

A simple model that represents the characteristic featureslof(1), s = 5 — iw is a complex frequency,(¢, s) denotes the
an artificial heart valve is a circular wire embedded in a hom@sta| current along the wireR, (¢) = \/4b2 sin®(¢/2) + a2,

geneous dielectric medium. In this section, three specific COflyq .. are the permittivity and the complex wave velocity of the
figurations containing such a circular wire are considered. F'r%rrounding mediumy (s) is the voltage across the delta gap,
we represent a completely broken heart valve by a perfectly cofyyy (4, s)is the component of the incident electric field along
ducting circular wire with an interruption. Second, we close the central axis. In analogy with the definitions for a straight
circular wire to obtain a simple model representing a perfegfre 3], we refer to this equation @cklington’s equation
valve. Third, we include an impedance in the circular wire 0 Nymerically evaluating the differentiations with respectto
model fatigue or a partial fracture. For each configuration, the (1) would strongly magnify the almost singular behavior of
relevantintegral equation is formulated. Finally, we consider thga kernel aty’ = ¢. This may give rise to numerical problems.
dielectric properties of the surrounding medium. As an alternative, the operator is inverted in closed form. To this
end, we use the one-dimensional Green'’s function that can be

A. Open Loop expressed as the solution of the inhomogeneous second-order

We consider a perfectly conducting thin wire, whose centrdlifferential equation
axis is circular, with radiug, placed in the plane = 0 of a
three-dimensional cylindrical coordinate system. The center of s 9 , ,
this circle coincides with the origin of a cylindrical coordinate [845 - }G(d)’ ¢s7) = —8(¢—¢) @)
system with¢ € (—m, w]. The cross section of the wire is cir-
cular with radiusz. The wire has an interruption f¢r — ¢| < ith 4 = sb/c, which satisfies the radiation condition g —
¢max and is excited by a delta-gap sourcepat ¢ya, Orby an o This solution is given by
incident field generated by external sources. The configuration
is illustrated in Fig. 3. 1

The electromagnetic behavior of the wire is completely deter- Glp—¢17) = 5— exp ( —7l¢ - </>'|)~ (©)
mined by the integral equation for the total current in the angular 2y
direction. This equation can be obtained from the integral rep-
resentation for the electric field due to a surface current in thrEstracting the behavior of the terms(¢—¢’) for ¢/ =¢ in (1)
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and substituting the proper valuepthen results in

Pmax
/ bde’

—®max
b [®Pmax

2¢c

exp | - sRa(0—¢)/c]
&R0 =)

dg {exp [ = sblo—¢/1/¢]

(¢, s)

—®max

./‘?5111&" bdd)//[l_cos(d)/_d)u)}

—¢max
exp[ = skl
T aR@—)

bmax ‘
=5 [ e exal-stlo- g1/

—@max

+ % V(s)exp [— Sb|¢_¢gap|/c}
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By comparing the second expression with (3), it is obvious that
this is the2x-periodic solution of (2) with—-c¢ < ¢ < .

This leads to the conclusion that imposing periodic boundary
conditions onG is equivalent with &r-periodic extension of

the source over the infinite intervalco < ¢ < oc. To keep

the expressions comparable to the case of the interrupted wire,
we write G(¢ — ¢',~) = G(¢ — ¢';~v)/2v where@ is again

a dimensionless quantity. Following a similar procedure as in
Section II-A, we then arrive at Hallén’s equation for the closed
circular loop

y S

o [ — sRo(¢p— ¢')/c] ,
/0 dnRo(¢p—¢')

27
), w{elee2)
C Jo C

: /0 ) g [1—(305((7)’—(/)”)}

+ F—|—(3) €Xp |: - 3b(¢+¢max)/¢j| exp |: _ SRa((/)/—(/)//)/c:|
11
+F _(s)exp [— sb(d)max—d))/c} (4) AR (=) I(¢", s)
27
whereY = ,/¢/u denotes the wave admittance of the = K/ bdd G <¢_¢’78_b> E(¢,s)
medium surrounding the wire. The yet unknown signals 2 Jo ¢
Fl(s) exp[—sb(¢ + ¢max)/c] aNdL_(s) exp[sb(p — pumax)/c] LY V()G <¢_¢gap7 ib) @)
represent two independent homogeneous  solutions 2 ¢
of the differential equation (2). These signals can.
be determined by imposing the boundary conditionvélIth ¢ € [0,2m).

I(_d)ma}ms) = I((/)maxvs) = 0. The SUbSCfiptS _;_m and C. Partial Fracture
“_" refer to the direction of propagation of the wave in the

positive and negatives-directions, respectively. In analogy
with the case of the single wire [3], (4) is referred td&dlén’s

equationfor a circular wire with an interruption.

B. Closed Loop

As a model of a perfect valve, we consider a complete
closed circular wire. Pocklington’s equation (1) also holds for
this configuration, withp,,,.. = =. In the derivation of Hallén’s
equation, however, different boundary conditions must

Finally, we create a simple model that can be used to represent
a partial fracture or fatigue. Suppose that we place animpedance
Zoaq N the gap between the end faces of a broken wikg at
Pload — Ad ando = ¢oa + A¢p. The electric field over the
impedance may be considered as pointing in dhdirection.
IZ;S)/ taking the limit forA¢ — 0, we then obtain

E¢(bu1’(¢)7 3) = % Zloadl(¢load7 3)6(¢ - ¢load)~ (8)

Béhis term may be incorporated in the integral equations in the

applied. The most convenient procedure is to impose periogigme way as the delta-gap voltage. In Hallén's equation (7) for

boundary conditions on the Green'’s functiGh If we choose
the angular domain ag € [0, 2r), the boundary conditions

can be expressed as

G(9:8"57)|ym0 = G(: 57 g2
and

8¢G(¢7 (/)/; ’7) |¢=0 = 8¢G(¢7 (/)/; 7)|¢=27r : (5)

the closed wire, this amounts to adding the term

Y ~ sb
E ZloadG <¢ - ¢load7 ?) I(¢load7 3) (9)
to the left-hand side.

D. Surrounding Medium

In the actual situation, the surrounding medium is strongly in-
homogeneous. However, its most important property is the dis-

The solution of (2) that satisfies the boundary conditions (5) jfersive behavior of the permittivity. To obtain a qualitative in-

given by
. cosh[(jo— ¢/ = )]
G(p,d"sv) = 2 sinh(7r)
- % n;mexp [_ Vo —¢' + 2””'] ©)

dication of the influence of that behavior, we assume that the
curved wires specified in the previous sections are embedded
in a homogeneous dielectric with the properties of blood. For
the frequency-range of interest, the permittivity of blood for
s = —iw can be represented by fitting a four-term Debye model
[4], [5] to the permittivity data from [6]. The results are shownin
Fig. 4, where the imaginary patf (w) = o(w)/weo. From this
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For theloaded wire we essentially follow the same approach
as described above. The main difference is that the current
I(¢, s) no longer vanishes at = +¢,,x = +w. Therefore,
the summation over’ in (10) must be augmented by a term
with m’ = 0. Further, the sampled currefit¢,,, s) and the
discretized kernels are now periodic functionsrefand m’.
Therefore, there is no need to avoid aliasing effects in the
evaluation of the convolution terms in the discretized integral
equation and its adjoint. This means that these terms can now
be evaluated with fast Fourier transform (FFT) operations of

12 11 .
logo(f/Hz) — order M/ . . . .
For theclosed wire we again use the same space discretiza-
Fig. 4. Real part of the relative permittivity and conductivity as a function JfON- The inversion is now even more simple. Subjecting the dis-
frequency. Dots: experimental data. Solid lines: Debye model. cretized equation to a discrete Fourier transformation directly
leads to an expression for each of the Fourier coefficients of the
figure, we observe that we can realistically only hope to peng'-scretIZGd c_urr_ent n t_erms ofthe vc_JItage_ andthe Foune_r coeffi-
: Lo cients of the incident field and the discretized kernel. An inverse
trate blood with an electromagnetic field up fo= w/2n% = . : ) .
- FFT then directly produces the discretized current. Again, both
500 MHz. .
transformations are of ordéd .

Finally, we want to display the results as a function of time.
The necessary transformation is carried out via Bromwich in-

The integral equations for the three model configurations caarsion ovels = 5 — iw with —oo < w < oo, wheres > 0. We
only be solved numerically. In this section, the method of soltruncate the integral at some maximum frequeacy NAw,
tion is summarized and numerical results are presented.  and choose the time and frequency steps suchAliatw =

27 /N. A straightforward trapezoidal rule then reduces the inte-
A. Computational Approach gral overw into a sum that can be evaluated by an FFT of order

We first consider the solution of Hallén’s equation (4) for thé - "€ only possible complications are that, from a numerical

open wire We normalize all space coordinates with respect R)omt-of-wew,ﬁ may not be too large, and that the Debye model

b and all time coordinates with respect to the correspondir‘i%emionecj in Section II-D must be generalized to complex fre-
guencies by replacing by is.

free-space travel time, i.er, = r/b and? = cot/b. Next,
we discretize in space. The intervale (—@max, Pmax) i di-
vided intoM equally spaced subintervals with mesh sieg = . ] o ) o
2pumax/M. The points of observation are limited go= ¢,,, = We first consider the situation where the circular wire is ex-

—bmax + mAG, With m = 0,..., M. The integrals are now Cited by an impressed delta-gap voltage. In Fig. 5, we look
approximated. The almost singular behavior of the factor 8f tWo configurations that represent the extremes: namely, a
1/47R,(¢ — ¢') for ¢/ = ¢ should be accounted for in thePerfect artificial heart valve and a completely fractured arti-

logyo(c/(S/m)) —

I1l. NUMERICAL SOLUTION AND RESULTS

B. Results and Discussion

approximation. Therefore, we write ficial heart valve. Further, we consider loads of 2.0, 8.0, and
10° Q. The loads and gap are located¢at= . The dimen-
sions are chosen such that they are representative of an actual
b [_ 5VEr Bolfm - d)/)} (@', 5) artificial heart valve. The opening representing complete frac-
A7 Ro(Ppm — ¢') ’ ture is set at 4 i.e., Popening = 2(7 — Pmax) = 7/180.
M-1 The wire is excited with a Gaussian voltage pulse of the form
~ Y oo [_ 5/ Ra($m — ¢m,)] i, 3) F(t) = exp{—[(t — to)/t,]2}, with t, = 0.5 ns andty = 4t,
m/=1 at¢ = —n /4. In the computations, the wires were subdivided
A (') (10) into M = 64 segments.

AT Ro(m — @) By comparing the results in Fig. 5, it is observed that, as long
as the reflections at the end faces of the open wire do not influ-
whereA,,,(¢) is a triangular expansion function over the intervagénce the currents, both signals are identical. However, a signif-
¢ € [pm — AP, pm + A¢@]. The boundary conditions at theicant difference is observed at later times. Namely, the current
ends of the wire are automatically satisfied in this approximatong the closed wire contains a stationary component, which
tion. This restricts the integration to the closed-form evaluatias not present along the open wire. It can be shown in closed
of a set of weighting coefficients. The remaining integrals iform that the magnitude of this stationary component is inde-
(4) are approximated by a simple trapezoidal rule. The resultipgndent of the permittivity of the surrounding medium [5]. For
discretized equation is second-order accurat®@ag 0 and has Z,,q = 2.0 @ and Zj,.q = 8.0 £, the current exhibits an ex-
the same convolution symmetry as the continuous equation (@nentially decaying behavior at late times, with a decay rate
This makes the discretized form extremely suitable for the appiiat is indicative of the value af,,,q. Provided that a partial
cation of the so-called conjugate-gradient fast Fourier transfofracture can indeed be modeled by a resistive load, this means

(CGFFT) method [7], [8]. that the quality of the loop can be assessed from this late-time
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20 IV. Two CouPLED WIRES

Finally, we investigate whether it is possible to simultane-
ously excite and detect the current along the wire representing
the artificial heart valve by using a second wire as a transmitting
10 closed loop, Z =040 and receiving antenna. Such a wire could then be brought close
to the valve via a cathether. In Section IlI-B, it was observed

Z<8 Z=20 that a magnetic point dipole generates a current that strongly

Qe depends upon the status of the circular wire. Since the magnetic
open loop, Z =1 MQ d_ipole is equivalen_t V\_/ith a small c_urrent loop, it.should pe pos-
0 sible to generate similar effects with a second circular wire. The
' ’ ' behavior of the current on the first wire, which represents the
0 5 10 15 20 g . .
artificial heart valve, will then still depend on the status of that
time (ns) — wire. This current, in turn, will induce a radiated field that will
influence the current along the second wire. Based on the shape
Fig. 5. Current along a closed, loaded, or open circular wire. Dimensions@f the current along that “detection” wire, it should, therefore,

the loop:a = 0.5 mm‘,b = 2_.0 cm. Numb_e_r of segments: 64,‘excitation pointpa possible to determine the status of the wire “under test.”
¢ = —m /4, observation pointp = 0, position of load or openings = 7.

Z(t) (mA) —

A. Formulation of the Problem
We consider two perfectly conducting circular wires with ra-

30 dius b; andb,, placed in the planes = 0 andz = d, and
centered around theaxis. The cross sections are circular with
_____________ closed loop, Z =09 : : ;
radiusa; andas. The wires are embedded in a homogeneous,
T 20 dielectric medium with permittivity, permeability:;, and wave
. Z<3 velocity ¢ = 1/, /.. Both wires can be excited by a delta-gap
3 Q voltage and contain an impedance.
= 101 ”"””“»..Z;g To derive the integral equation for the current on wire 1, we
g Te consider the electric field radiated by wire 2. When the distance
between both wires is large compared to the thickness of wire
0 open loop, Z =1M$ 2, the current along that wire may be considered as being con-
: : ; centrated on the central axis. The integral representation for the
0 5 10 15 20 ¢-component of the radiated field on the axis of wire 1 can then
time (ns) — be written as
B (brus(6),5)
Fig. 6. Current along a circular wire, excited by a magnetic point dipole, 1 27 1 2
located in the origin and pointing in the negativalirection. Dimensions of - — by d(/)/ = 9 _ 5 Cos(d) _ (/)/)
the loop:a = 0.5 mm,b = 2.0 cm. Number of segments: 64, observation se Jo b P2
point: ¢ = w/8. ,
exp [~ sBus( — ¢')/c]
. TR ; IQ(¢/,S) (11)
behavior or, equivalently, from the low-frequency behavior %i h mR12(¢ — ¢)
the generated current. Finally, the results for an open wire an
for a wire loaded with an impedance of®1Q are graphically \/ 2 | 12
SR . R = /b + b5+ d? — 2b1b . 12
indistinguishable. This shows that we may also treat a broken 12(9) rHos b2 cos(9) (12)
wire as a closed wire with a large load. The field given in (11) is now considered as an additional in-

Although a delta-gap voltage excitation can be approximatefient field in Pocklington’s equation (1) for the current along
by a coil wound around a ferrite ring, the problem remaingire 1. This changes (1) into
whether such a device can be positioned around the minor strut ., 9

ifici i i / 1 2 s /

of an artificial heart valve. The same question arises for the / by dop [_2 93— — cos(¢p— ¢ )}
detection of the current along the wire. A possible alternative is 70 by ¢
to remotely excite a current via a small antenna. In particular, exp [ —sRi(¢p— (/)/)/c}
we consider the current generated by a magnetic point dipole .

Li(¢',s)

in an arbitrary point and pointing in an arbitrary direction. A 47;51((7) — ) )

magnetic current is a fictitious source, but the same effect can + / by dg’ [i 92 _ % cos(¢p — (7)/)}

be generated by a small loop of electric current. The results for 0 biby ¢ 2

the same configuration as considered in Fig. 5 are shown in exp[—sRia2(d — ¢')/c] I

Fig. 6. Again, we observe a stationary current along the wire ) drRyz(p — @) 2(¢9)

for the perfect loop. The introduction of an impedance causes ] €S

an exponential decay in that current, with a decay rate that ~ &, Zili(¢a, $)6(¢ — dar) — by Vi(8)o(¢ — du1)

increases as the impedance increases. (13)
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where R, (¢) = \/4b§ sin?(¢/2) + a2, ¢ is the position of

the delta gap in which the impedance is located, éndis the
position of the delta gap across which the voltage is impressed.
The extra subscript,” indicates that these positions pertain to T
wire 1.

Analogously, we can substitute the radiated field from wire 1
into Pocklington’s equation wire for 2. This results in an inte-
gral equation that can also be obtained by interchanging the sub-=
scripts 4" and “2” in (13), and realizing thakz; (¢) = R12(¢).

These two coupled integral equations determine the behavior of
I andlg.

) (mA)

z

B. Results and Discussion

The coupled integral equations derived in Section IV-A are
solved by the procedure explained for the single-wire models
in Section IlI-A. Successively, equivalent Hallén-type equations
are derived, dimensionless variables are introduced, the equa:
tions are discretized in space, and the discretized form is solved
by the CGFFT method. Details can be found in [5]. T

In Fig. 7, we consider the situation where the second wire, i.e., —~

. . : <

the antenna, is excited by a delta-gap voltage. Since measure: g
ments of this type have to be invasive, the diameter of this ring _
is chosen smaller than the diameter of the ring representing the S’
artificial heart valve. Both wires were subdivided into 64 equal
segments. The second wire, which was driven by a Gaussian
voltage pulse with parametets = 0.5 ns andty = 4¢,, was
placed 0.25 cm above the first one. Fig. 7 shows plots of the cur- 0 5 10 15 20
rent along that second wire in case the first wire is loaded with
0, 2.0, 8.0, and 1042, respectively. Since we are interested in

time (ns) —

the possibility of detecting a partial interruption on the basis of (b)
the shape of the current along the second wire, we only consi@er 7. Current along wire 2. Dimensions of the loops:= a, = 0.5 mm,
this current. b; = 2.0 cm,b; = 1.5 cm. Distance between the wires: 2.5 mm. Number

. L. . of segments: 64, excitation point (wire 2):= 0, observation point (wire 2):
) From Fig. 7, it 'S_ObserVEd that the magmt_Ude of the S_t@': = /2, position of load (wire 1)¢ = . (a) No reference used. (b) Reference
tionary component in the current along the wire representing = 10° Q.

the antenna is influenced by the status of the wire representing

the heart valve. When the “valve” is intact, the stationary cufachnique to obtain an equivalent Hallén form. Since these in-

rent component on the “antenna” is larger than for a completelyyra| equations could not be solved analytically, the unknown
broken “valve.” Introducing an impedance results in an exp@yrents were determined numerically.

nential decay superimposed on a constant current. This effectigqr the excitation, two possibilities were considered. First,
observed more clearly when one of the configurations is used @sinvestigated a delta-gap voltage excitation. A significant dif-
a reference. As an illustration, Fig. 7(b) shows the differencg§ence was observed in the late-time behavior of the currents
with the case wheré&; = 10° €. in the three configurations. On the basis of these characteristic
differences, it seems possible to distinguish a perfect heart valve
from a broken one. Since a delta-gap voltage may not be realiz-
able from a physical point-of-view, we subsequently considered
In this paper, we have studied the possibility of detecting m#ie case where the circular wire was excited by a more realistic
chanical defects in certain artificial heart valves by investigatirmpurce like a magnetic point dipole. The same significant effect
a simple model configuration via computational simulationgn the late-time behavior of the current along the wire was no-
The model consists of a circular thin-wire segment embeddediced, as in the case of a delta-gap excitation. This means that,
a homogeneous dispersive dielectric medium. To represent ith this source, a current can be generated along the wire with
characteristic features of an artificial heart valve, three specificlate-time behavior that depends strongly on the status of the
configurations were considered, representing a perfect valveyiae.
completely fractured valve, and fatigue or a partial fracture. In Finally, the problem of detecting this difference in late-time
all three cases, the mathematical formulation proceeded in tiehavior was addressed. A magnetic point dipole can also be
same way. We started from a one-dimensional Pocklington-typevisaged as a small loop in which a current is switched on.
integral equation for the current along the wire. To avoid niBuch a current can also be generated by exciting this small loop
merical problems, we used a one-dimensional Green’s functiaith a delta-gap voltage pulse. Therefore, a logical next step was

V. CONCLUSIONS
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to replace the magnetic dipole by a secondary loop excited by 7] T. K. Sarkar, “The application of the conjugate gradient method for the
voltage source. Our expectation that such a loop may then serve jv?::tg’rﬂg;ggsggig‘ggtmsfgsmg ilnles'g‘?tlff;‘“zaglg%t‘if scattering from
asa transmitting’ aswellas a receivmg' antenna was Conﬁrme‘fb] P. M. Vanden éerg, “Itere;tive.sch’eﬁrrl)és based on fhe miﬁimization of the
by the results. error in field problems, Electromag, vol. 5, pp. 237—262, 1985.

It should be remarked that, until now, we have considered a
relatively simple model of the actual configuration. If this study
is continued, a mandatory next step is to include interior loops
into the circular wire to obtain a more realistic model of the oc
cluder struts. Also, the occluder itself may have to be taken in
account. A second possible step is to take into account the wi
connecting the secondary loop to the source and the impeda
of such a source. Third, the fact that the artificial heart valve
located in a blood vessel could be taken into account by cons
ering an inhomogeneous embedding. ) laware, Newark, |

Finally, because of the large number of assumptions in M ‘r’;’)',‘f‘él"xgg Q;r'itl'f{'gggf’r‘]’gﬂ?s'zlfég’:Vsiftﬁrt‘;‘z”é‘g;'r'o_
present model, we preferred to obtain more experimental vVafiagnetic Effects Section, TNO Physics and Electronics Laboratory, The Hague,
dation of our idea before a further generalization of the mod#te Netherlands, where his principal research subject is computational electro-
was considered. While this validation was in progress, a nonf29"metcs:
vasive technique was discovered that may provide an indication
of the presence of fractures. This has reduced the urgency of
developing an invasive technique based on the electromagnetic
detection. Nevertheless, both the problem and ideas result
from our feasibility study seemed to be interesting enough to
reported to the scientific community.
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