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Abstract
Prosthetic heart valves of the Bjork-Shiley Convexo-Concave (BSCC) type have long been used extensively in
implants; however, there have been reports of cases where one component of the valves failed, leading to the demise
of the patient. This paper presents a new method for noninvasive electromagnetic evaluation for this type of valve,
using an eddy current transducer with orthogonal coils. In vitro experiments have shown that discontinuities of
outlet strut with depths equal or larger than 0.4mm can be detected with a probability of detection (POD) of 86.4%,
and in the case of discontinuities with depth equal or larger than 0.6mm with POD of 97%.
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1. Introduction
The normal beat of the human heart is affected by congenital diseases or anomalies induced
by the functioning of the cardio vascular system. Typical abnormalities include malfunctions of
the heart valves, stenosis or dilation of arterial segments.
Physicians attempt taking corrective actions using medication therapy or percutaneous
mechanical procedures [1]. If the application of corrective actions is not possible, one alternative
is to replace the malfunctioning valves with prosthetic devices [2]. One of the most common
popular mechanical prosthetic heart valve that was implanted extensively between 1979 and
1986 was the Bjork-Shiley Convexo-Concave valve. Approximately 86.000 BSCC valves are
supposed to have been implanted worldwide, and 619 valves fractures have been reported to
Shiley [3]. In approximately two-thirds of the cases, it was reported the patient had died due to the
valve fracture [4].
The BSCC valve consists of a pyrolitic carbon disc that serves as an occluder to block the
flow of blood in one direction but allows the flow in the other direction. The valve employs two
struts to hold the disc in place (Fig. 1).

Figure 1. BSCC prosthetic heart valve

The outlet strut (OS) is TIG welded to the suture ring while the inlet strut (IS) is integral to
the ring. The suture ring, OS and IS are manufactured from Haynes 25 alloy.

Although the exact reason has not been determined, a combination of circumstances
including fatigue [5], quality of welds [6], stress corrosion cracking [7], causes one of the welds
anchoring the OS, to fracture. The failure of the other weld can cause the strut to separate from
the suture ring, thereby allowing the disc to detach from the valve. In order to examine the
degradation of the BSCC prosthetic heart valve, a series of noninvasive examination methods has
been developed: Radiography methods [8]; Acoustic methods [9]; Resonant Ultrasound
Spectroscopy that uses Electromagnetic-acoustic transducers (EMAT)[10]; Electromagnetic
methods based on the induction of an eddy current (EC) [11].
In the present paper we propose a new electromagnetic method for nondestructive
examination of BSCC valves using an absolute send-receiver transducer with orthogonal coils.
The proposed method allows the observation of the change in the electrical conductivity of the
OS, a phenomenon characteristic to the stage of fatigue pre-cracking, as well as the cracks that
appear in OS.
2. Modification of electrical conductivity of Haynes 25 alloy due to mechanical fatigue
The cylindrical samples, with 1.2mm diameter, exactly as the OS, were submitted to alternant
symmetrical cyclical mechanical fatigue (R=-1) at 10Hz frequency with an INSROM loading
machine, the Wohler curve being traced. During the loading, the samples were introduced in a
Ringer lactate solution, at 37±10C to simulate the conditions inside the human body. Periodically,
the test was stopped; the sample was removed for determining the electrical conductivity using
the 4-point method.

Figure 2. Wohler curve for Haynes 25 alloy at 37±10C and the change in electrical conductivity

The results obtained are presented in Fig. 2. The analysis of the curves from Fig. 2 shows that
the moment the fatigue phenomenon occurs in the Haynes 25 alloy (the material from which the
metallic parts of the BSCC valves are made), the electrical conductivity is suddenly modified
from an average value of 1.14x106S/m to 1.01x106S/m.
3. Cracks growth rate for Haynes 25 alloy and prediction of minimum sesizable defect
using nondestructive evaluation procedures
For a sample of the Haynes 25 inserted in Ringer lactate solution at 37±10C, the crack growth
rate as a function of the stress intensity factor was determined using the methodology indicated
in [12]. Based on the experimental results obtained using best fitting method, Paris’s law was
traced.
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where K = Qσ (π a )1/2 is the stress intensity, σ is the total in service stress, a is the crack size and
Q is a geometry factor; for semi-elliptical flaws, Q=2/π. The coefficients obtained are
C=0.35x10-8 and m=3.2.

The results are presented in Fig. 3.
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Considering that in the OS there are cracks of various depths, for ∆σ≅80MPa, at=1.2mm the OS’s diameter, and introducing the constants appearing in Paris's law, which have been
experimentally determined, the number of cycles or the time interval until the OS breaks can be
estimated. The dependency between the time interval before the OS fractures and the depth of
initial crack, considering a constant cardiac rhythm of 72 pulses/minute and an arterial blood
pressure that generates an average stress of 80MPa in the OS, is presented in Fig. 4. Examining
the Fig. 4, it can be seen that when a crack in the OS with a depth of maximum 0.6mm can be
detected through noninvasive examination methods with a good probability of detection and high
reliability coefficient, the valve’s lifetime might be 100 days, enough time for the preparation of
the explant-implant operation.

Figure 3. Crack growth rate for Haynes 25 alloy and Paris's law
established by best fitting method

Figure 4. Time to OS failure for cardiac rhythm 72
pulses/minute at ∆σ=80MPa vs. initial crack depth.

4. Modelling the electromagnetic examination of BSCC valves
How was presented in Chapter 2, the appearance of fatigue phenomenon in OS is
accompanied by a significant decrease of electrical conductivity (see figure 2), phenomenon that
can be emphasized by electromagnetic procedures. The emerging of the fatigue cracks or cracks
lattice can be also nondestructive evaluated by the same procedures.
To emphasize the electrical conductivity modification and cracks in OS we have used an
electromagnetic transducer with orthogonal coils, send-receiver type, with basic diagram
presented in Figure 5 [13], [14].
The emission coil is circulated by an alternative electrical current creating around its an
alternative electric filed with the same angular frequency ω.
In cylindrical coordinate, the intensity of the electric field created by the emission coil will be
∞
1
ˆ
(3)
E ( ρ , z ) = jωµ 0 Iφ ∫ S ( k ) J1 ( k ρ ) e kz dk
20
where j = −1 , µ0=4πx10-7H/m - vacuum magnetic permeability, φˆ is the versor of
circumferential direction, ρ is the radial coordinate, z is the axial coordinate, J1 is first order
Bessel function,
S (k ) =

2n0
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k
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a1,a2 , h, n0 are the outer radius, the inner radius and the height , respectively the turn density of
the emission coil.
π
(5)
χ (α ) =
 J1 (α ) H 0 (α ) − J 0 (α ) H1 (α )
2α 
where α=a1k, respectively a2k, H0 and H1 are zero and the first order Struve functions [15] and J0
is the zero order Bessel function.
In a first approximation, we can consider that the suture ring, the OS and the IS are circular.
For the case of the BSCC heart valve with a 29mm-diameter suture ring, the contours that
simulate the valve are presented in Fig.6.

Figure 5. Electromagnetic transducer with
orthogonal coils

Figure 6. Simulation of BSCC heart valve with 29mm diameter

In each of the three electrical conductive rings which schematically represents the metallic
parts of BSCC prosthetic heart valves, will be induced an electromotive force that can be
calculated using
(6)
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where α can represent the suture ring, the OS and the IS and dl is the length element.
α

The amplitude of the alternative electrical current that circulates through the three rings is
given by the Ohm’s law
e
iα = α
(7)
Zα
where Zα = Rα + jω Lα represents the impedance of the contour, Rα its resistance, and Lα its
inductance of the suture ring, OS and IS respectively.
The circulation of induced currents in each of the three rings (fig.6) will create an electric
field given by
∞
1
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20
where rα and i0α are the medium radius, and the current density in the α rings, ρ and z are the
cylindrical coordinates and d is the distance after z axis where the electric filed is calculated.
The electromotive force induced in the reception coil of the transducer being given by
eR = Ñ
(9)
∫ Etot dl
β

where Etot = Esuture ring + EOS + EIS and β is the contour of the reception coil.
The effect of electrical conductivity modification due to mechanical fatigue induced in OS
over the electromotive force induced in the reception coil of the transducer with the orthogonal

coils. In Figure 7 is presented the dependency of electromotive force induced in the reception
coil, calculated on the basis of eq.(9), function of the relative position between valve and
transducer that simulates the displacing in a cardiac cycle. The simulations have been made for
two cases: the material of OS does not present fatigue phenomenon after 5x107cycles
(σ=1.4x106S/m) and respective, the material of OS presents fatigue phenomenon
(σ=1.01x106S/m)
The frequency of the alternative current through the emission coil was 47kHz, with an
amplitude of the current 0.2A, the number of turns 300, a1=70mm, a2=60mm, h=20mm. The
reception coil has 140x20mm and 350 turns. The distance between transducer and valve was
fixed at 70mm, corresponding to medium distance between the implanted aortal valve and the
patient’s skin. The examination of the data from Figure 7 shows that the appearance of the
fatigue phenomena leads at the modification of the amplitude of induced signal as well as its
shape. An efficient indicator, sensitive to the modification of the electrical signals aspects is its
power spectrum defined as
1
U = FFT ( eR ) ⋅ conj FFT ( eR )
(10)
N
where N represents the number of samples in which the signal was discretized, FFT is the Fast
Fourier Transform and conj is the conjugate of the expression from the round brackets
Figure 8 presents the amplitudes of first 5 harmonics of the power spectrum of the signals
presented in Figure 7.

Figure 7. The modification of the induced electromotive
force amplitude vs of the relative position transducer valve

Figure 8. The amplitude of the first harmonic of the power
spectrum for the OS without and with fatigue.

It is observed that the amplitude of the first harmonic for the case of appearance of the
fatigue phenomenon in OS (after 5x107cycles) is sensitive bigger than for the OS without
fatigue.
The appearance of a crack in OS represents a barrier in the circulation of current induced in
OS due to the presence of the transducer, leading to an increasing more accentuated of the
amplitude of first harmonic of the power spectrum induced into the reception coil of the
transducer. The bigger the depth of crack is, the bigger the amplitude of first harmonic of power
spectrum is. This is the method possible to be applied at noninvasive evaluation of BSCC
prosthetic heart valve.
5. Test specimens. Experimental set-up
Two types of test specimens were used in the studies:
1.
Replica valves made from Haynes-25 alloy using the same manufacturing technologies as
for the production valves. Each replica has the dimensions and tolerances of a 29 mm BSCC
valve. On the outlet strut of each specimen there is either no crack or an electrodischarge
machined (EDM) notch with a depth of 0.2, 0.4 or 0.6 mm. The replicas do not contain occluder

discs (Fig. 9a). This is done without loss of accuracy, since the contribution of conductivity
from the disc is small, as is its influence on the results of the inspection.
2.
BSCC heart valves with either intact or single-leg separated outlet struts (Fig. 9b). The
SLS cases consist of both manufactured and naturally occurring defects. In the manufactured
SLS cases, a laser was used to sever one of the outlet strut legs. The valves with naturally
occurring SLSs are obtained from either explantations or autopsies of BSCC heart valve patients.
The occluder discs are present in these valves.

a) replicas;

b) real valves

Figure 9. BSCC valves

Figure 10. The trajectory of a point on the OS

During a cardiac cycle, a point on the OS, which has the maximum risk of apparition of
fatigue cracks, executes a complex trajectory, presented in Fig. 10, on the basis of a
cineradiography [16].
A displacing system X-Z was programmed to execute a trajectory similarly to those of the
valve, the transducer being attached to a robotic arm and the valve being fixed. For each test, the
valve is rotated 400 clockwise and tilted back 600 from the vertical. The dimension of the
transducer, the frequency and the amplitude of alternative current used in the experiment are the
same with those from the simulation. A function generator Agilent 7382 (1) generates an
alternative voltage with 47kHz frequency (Fig.11). The signal is power amplified with Amplifier
Power Light 2A Sony (2) that supplies the emission coil of the transducer (4).

a) basic diagram; b) - the equipments (in medallion - the assembly transducer valve)
Figure 11. The experimental set-up

The robotic arm (5) executes a movement that simulates the trajectory of one point from OS
(Fig.10), it means a displacing of 45mm along X axis and 10mm along Z axis. The signal
induced in the reception coil is amplified with Lock-in amplifier SR830 Stanford System
Research connected to a PC.

6. Determination of the probability of detection
One hundred measurements were made on BSCC valve replicas with intact OS, as well as
those with EDM slots with a depth of 0.2, 0.4 and 0.6mm. From the measured data, the lowerbound POD for 95% confidence level [17] was determined for each slot depth.
The results are summarized in Table 1.
Table 1. The lower-bound POD for a 95% confidence level for various slot’s depths.
Slot depth [mm]
POD [%]
0.2
41.3
0.4
84.6
0.6
97
Although all the 0.6mm cases were correctly classified, the POD was only 97% due to the
imposed 95% confidence level and the fact that the number of measurements was only 100.
This POD, experimentally determined, shows that the existence of a 0.6mm crack is
approximate sure detected. In this case, according to data from Fig.4, it might be an interval of
100 days in which the explant-implant surgery can be made.
7. In vitro tests of BSCC heart valves
Double-blind in vitro tests using 32 BSCC heart valves were also performed. The test samples
consisted of 12 valves with intact outlet struts, 10 valves with manufactured SLSs and 10
explanted valves with SLSs.
The data collected was processed and the results are presented in Fig. 12. In this figure, only
the amplitude of the first harmonic of a signal’s power spectrum is considered.
The decision threshold was obtained using the 3σ law [18] the mean plus three times the
standard deviation of all the good valve data points:
Threshold = µ g .v. + 3σ g.v.
(11)
Any valve with a data point located above this threshold was considered an SLS valve.
Using this technique, the proposed detection method achieved a 100% correct classification
with all the BSCC heart valve samples.

Figure 12. Results of the double-blinded in vitro test: GV - good valve; BV - bad valve; mean (GV)+3σ - threshold

8. Conclusions
A novel electromagnetic method has been developed for the noninvasive detection of cracks
in the outlet strut of BSCC prosthetic heart valves. The method uses an absolute send-receiver
transducer with a set of orthogonal coils for emission and signal reception, respectively. System
characterization and performance evaluation have been performed with BSCC heart valves and

replicas. With the valve replicas, this detection method has demonstrated a POD of 86.4% for a
0.4 mm deep crack, and a POD of 97% for a 0.6 mm deep slot in the strut.
An in vitro test system is constructed with motorized stages to simulate the relative
movement between the heart valve and the transducer. Double-blind testing of 32 BSCC heart
valves with various outlet strut conditions using this system resulted in100% correct
classification of single-leg separated valves. With the current clinical diagnostic success rate of
68% using cineradiography, the proposed detection method is highly promising. In addition,
using the proposed method, the surgeon will have enough time to prepare the explant-implant
surgery.
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