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Abstract—This paper describes a portable heart simulator for the study of electro-
magnetic_interference with active implantable devices. The simulator consists of
plexiglas™ box divided into three chambers simulating the left atrium and the
ventricles, plus a lateral compartment for the implantable device. The box is linked
to a laptop computer by an analogue-to-digital convertor board, and the three
chambers are monitored and driven by dedicated hardware and software interfaces.
Synthetic endocardial atrial and ventricle signals for 13 cardiac rhythms are stored in
the computer. They are applied to the cardiac chambers by AgCl plates. Sensing
electrodes are in the form of AgCl needles inserted in saline. The simulator was able
to demonstrate the behaviour of three pacemakers tested in the absence and
presence of electromagnetic interference, generated by mobile phones (European
GSM 900 and 1800 MHz) that emitted up to 2W (1W at 1800 MHz). Pacemakers can
be programmed with sensitivity from 0.1mV to 5mV, pulse width from 0.1ms to
1.5ms and pulse amplitude from 0.5V to 5V. The structural separation in three
cardiac chambers (plus the one for the device) allowed a fast analysis procedure for
dual- and tri-chamber implantable devices.
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1 Introduction devices. The experimental setup used for in vitro studies has
. - p . p . . “
When a device containing electronic circuitry is exposed to typ‘lc‘a]ly consisted of simulators fo§ simulating t.he. electrical
electromagnetic fields, electromagnetic interference (EMI) may activity of the heart and the elgcmcal characteristics of the
occur. Since the first report by Furman ef al. (FURMAN ef al human torso, where the heart signal propagates. (BARBARO
1968). the problem of EMI between moéile hones an& et al. 1995, IRNICH et al. 1996, BASSEN ef al. 1998, RUGGERA
acen; akers Il)las continued to interest h siciansp (BARBARO et al. 1997). The torso simulators consisted of plastic boxes filled
Ie)t al. 1995, HAYES 1996, CARILLO of ‘B %995 IRNICH et al with saline solution with both sensing and stimulating elec-
1995 BARI;ARO et al. 1966}, as the eﬁ“ecis of EjMI on patienté trode;s. This reproduced the electncz}l activity of.one single
with pacemakers or defibrillators are potentially life-threatening, ga:)?taaief)iasm}?:;ﬁ P::ggake;azpzzifg tezasb mz:gﬁgld’ 22(1
Given the continuous changes in the telecommunications field, it pon| - ty y g any
has been felt necessary to monitor the adverse effects of ohmic connections bem{een the pacemai;er lead and §zgnai
electromagnetic fields radiated from mobile phones on implant- sources. T}.le saline solution prevented _radlp frequency St gnals
able heart-pacing devices. Several investigations have been fmm reachmg the lead as a result of coming into contact with th.e
carried out, both in vivo and in vitro (IRNICH et al. 1996 instrumentation and wiring used to generate the synthetic
BARBARO et al. 1996, CHILADAKIS ef al. 2001, BASSEN ef . Si&nals. . L o
1998, FETTER et al. 1998, BARBARO et al. 1999). In vitro studies Dus to the techneiogica} evoiusan‘ of active impian§abie
are needed in various interrelated fields such as the design of new ?E;gizr ?i}f Cfan;biz i?;cefecfeﬂw’dﬁy dusfi’ a;g fnp;f"
devices, premarket approval testing and certification, accident ¢ evices ha en recently introduced. These are
. T . P . due to sense and stimulate the right atrium and both ventricles.
investigations and electromagnetic compatibility testing of non- P Y . )
medical devices operated in close proximity to implantable The latest deucgs use se;)hlstzcated arrhythmia-detection algo-
rithms and electric therapies, and new procedures are necessary
to test their performance and robustness with regard to EMI. In
hould be add or G ) _ addition to the various forms of telecommunications equipment,
Correspondence should be addressed to Dr Giovanni Calcagnini a number of other apparatuses (magnetic resonance equipment,
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. o . metal detectors, electronic article surveillance systems, security
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p ber: 20033806 systems) can mierﬁe{e with active 1mpfantabie‘dwzceb. ‘

MBEC online number: So as to account for such a rapidly developing technological

¢ IFMBE: 2003 scenario, we have designed a novel simulator of the electrical
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activity of the three cardiac chambers and its propagation into the
human trunk, capable of detecting pacemaker electrical activity
in response to both bipolar simulation and unipolar simulation
{where the titanium case of the pacemaker is used as the
reference).

2 Design and realisation of the triple-chamber
cardiac simulator

2.1 Previous heart/trunk simulators

The torso simulator previously used in our laboratory to test
cellular phone interference with pacemakers was similar to the
one developed at the Center for Device and Radiological Health
(BassEN eral. 1998, RUGGERA ef al. 1997); except for the size of
the tank and the conductivity of the solution. This simulator
reproduced the electrical activity of one single cardiac chamber.
It consisted in a saline-filled plastic box with sensing and
stimulating electrodes. The saline (with a conductivity as
similar as possible to that of the human trunk) simulated the
tissue surrounding the implantable device. The electrical activity
of the heart was simulated using a pulse generator and applied to
two electrode plates on opposite sides. Two sensing electrodes
were positioned at opposite sides, connected to an oscilloscope
and used to monitor the electrical output of the device.

The pacemaker was submerged in the solution and made to
rest on a plastic grid. The lead connected to the device was
arranged into a spiral and anchored to the grid. The cellular
phone was placed on another plastic grid on top of the box.

2.2 Triple-chamber heart/trunk simulator

The cardiac simulator is composed of the following blocks
shown in Fig. 1.

(a) A plexiglas™ box divided into three chambers simulating
the right atrium and the ventricles, plus a lateral compart-
ment for the implantable device.

{b) A hardware mterface consisting of a board (PCMCIA
DaqCard 6062E)" and electronic circuits that monitor and
stimulate the three chambers.

(c) A software interface developed in Labview 6.0%

2.2.1 Triple-chamber box

The design of the plexiglas™ box (18 x 25 x 14 ¢m, 5 litres)
accounts for the physiological, electrical and anatomical features
of the heart, such as the stimulation of heart tissue and the

triple-
chamber software
simulator interface

hardware //L"“‘_—“ > AD

interface T board

Fig. 1 Block diagram of cardiac simulator

"National instruments, Texas, USA
‘National Instruments, Texas, USA
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electrical insulation of the cardiac chambers. The plexiglas™
box contains a 0.9% saline solution. It is actually divided into
four chambers as shown in Fig 2, one chamber simulates the
right atrtum, two others simulate the ventricles and a lateral one
serves as a compartment for the implantable device.

Five connecting openings (between the lateral chamber and
the atrium, between the lateral chamber and one of'the ventricles,
between the atrium and both the ventricles and between the
ventricles) account for the blood actually passing through the
cardiac chambers and for the conductive tissue existing between
the device implant site and the heart. Since the real cardiac
chambers are electrically isolated, the channels are opened at the
bottom of each chamber, where the electric field generated by the
plates is at its lowest. The channels are also necessary for the lead
of the implantable device to be placed in one of the chambers
submerged in saline, avoiding open air exposure. Atrial and
ventricular signals are simulated by a laptop computer through
the analogue output of the ADC board, and applied to the cardiac
chambers by AgCl plates, in order to reduce the possibility of
polarisation. AgCl plates were chosen for their high level of
performance in terms of polarisation and noise reduction and
positioned in the upper part of the inner walls of each chamber,
just below the saline surface, on opposite sides.

Fig. 3 shows a picture of the triple-chamber plexiglas ™ box.
A dual-chamber pacemaker is positioned in the lateral compart-
ment and the two leads are anchored to the grids, in the right
atrium and in the right ventricle.

Fig. 4 shows the spatial distribution of the electric field in the
three chambers and the peak—to-peak electrical field values
reported in Vm ™', when a sine wave (30 Hz, 10 Vpp) is applied
to the silver—chlonde square plates. The spatial distribution of the
electrical potential is measured using a pen-shaped, sealed AgCl
electrode. Each chamber is equipped with a plastic grid, adjustable
from 0 to 5 cm below the saline surface, that supports the device
and the leads. A plastic top covers the entire box.
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Fig. 3 Piciure of triple-chamber plexiglas™  box

2.2.2 Hardware interface

The hardware interface module allows for both the acquisition
and generation of the cardiac signals inside the box. The block
diagram of this module is reported in Fig. 5.

Generation of stimulation signals: Typical bipolar pacemaker
leads use a ring-shaped electrode and a tip electrode, at variable
distance (about 1 cm apart). As the sensitivity of these implant-
able devices ranges between 0.1 and 7.0 mV, an electric field as
high as 7mVem™ must be generated inside the box. The
stimulation signal in the simulator is applied to the pair of
AgCl plates positioned at opposite sides of each chamber and
separated by the saline solution. We found that 40% of the signal
is lost at the plates owing to interface polarisation phenomena; a
further loss occurs inside the solution.

In order to pick up the strongest possible stimulation signal,
the lead was always positioned parallel to the electric field lines
and anchored to the plastic grid.

Since the simulator has a relatively low resistance (about
5009), the maximum output current typically provided by the
ADC boards (<10 mA) was not sufficient to properly drive the
chambers. Thus, a current buffer was introduced, which allows
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Fig. 5 Block diagram of hardware interface module

for higher current and voltage stimulation. We used an EL2001 C
buffer” that provides up to 100 mA, connectedtoa 12 V power

supply.

Signal acquisition and monitoring: The sensing electrodes
took the form of AgCl needles inserted into the saline through
openings in the plastic top, at 5 cm intervals. The sensed signals
were amplified using a low-noise instrumentation amplifier
(INAI14AP)* DC connected to the electrodes. With a
common mode voltage (up to 300 mV) inside the box, we set
the gain at 10. To increase low-frequency noise rejection, an
active shielding configuration was used. A low-pass filter stage
(=3 dB frequency, 500 Hz, second-order Butterworth) was also
used to band-limit the signal for the AD conversion. The currents
supplied to the chambers were also estimated and displayed by
measuring the voltage drop across a 10ohm resistance. The
voltage and current signals were also recorded on hard disk for
off-line analysis. Zener diodes were used to protect both the
output and input channels from defibrillation shocks in the
event of tests on defibrillators.

2.2.3 Software interface module

The software interface module was developed in Labview 6.0.
It manages the graphic interface, and controls and records the
simulator signals. Thirteen possible cardiac rhythms can be
selected by the user, including normal sinus rhythm, atrial and
ventricular fibrillation and various arrhythmias. We used actual
endocardial signals for the atrium and ventricles, which we
recorded using a patient simulator’ and stored in the computer,

In addition, the simulator reacts to the electrical therapy
delivered by the device under test, as does the heart (e.g.
synchronisation after pacing and sinus rhythm restoring after
defibrillation or cardioversion). This function mimics the beha-
viour of the heart and ensures that the devices can be more
effectively tested.

3 Performance evaluation

To asses the performance of the system, we conducted
experiments on three pacemakers (Minor 100*, Living 1
Plus”, and Millennium D,:}, with and without radio frequency
interference. An oscilloscope was also used to monitor the
signals delivered to, and coming from, the box.

‘Elantec, California, USA
‘Burr-Brown, Texas, USA
‘Biotronik, Berlin, Germany
*Sorin, Saluggia, ltaly
‘Sorin, Saluggia, ltaly
*Medico, Padova, Italy
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The three pacemakers had 0.4 mV atrial sensitivity and 1.2 mV
ventricle sensitivity. The stimulation amplitude for both the
chambers was 1.4V, with a duration of | ms. Stimulation and
sensing were performed in bipolar mode. The experiments were
repeated, changing the pacemaker programming to evaluate the
simulator functioning over a wide range of conditions.

The stimulation cases were:

(@) No cardiac signal.

{b) Normal sinus rhythm that inhibits the pacemaker in the
atrium.

(¢) Various cardiac arrhythmias.

The setup for measuring the RF interference of a base station
simulator” and a commercial mobile phone®. The latter emits upto
2W (1 W at 1800 MHz). The mobile phone antenna was posi-
tioned parallel to the device, at a distance of 0.5-2 cm, in order to
ensure that the signal picked up was as strong as possible.

So that it was treated under worst case conditions, the implan-
table device was set to maximum sensitivity. The base station was
set to transmit at 900 MHz, with the mobile phone was set at its
maximum transmission power. The inhibition signal amplitude
was set above the sensing threshold:

We analysed three situations:

(a) Call from mobile and short talking period.
(b) Call to mobile with no answer (ringing).
(c) Call to mobile with answer.

4 Results

Fig. 6a, shows the atrial and ventricular pacemaker stimulation
signals (at 45 beats min ') separated by the typical atrioventricular
delay, when no cardiac signals are delivered to the chambers.
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Fig. 65 shows that a spontaneous sinus rhythm at 60 beats min~"
inhibits the pacemaker in the atrium and that the pacemaker
stimulates the ventricle synchronously with the atrium. With this
multiple-chamber simulator, atrial and ventricular sensing and
pacing of implantable devices can be tested using a single
procedure. Previous work using single-chamber simulators,
meant that several tests had to be carried out. Fig. 7 highlights
the capability of the multiple-chamber simulator in assessing
particular features of a modern dual-chamber pacemaker. Fig.
7a shows the behaviour of the pacemaker during atrial fibrillation.
When the atrial activity is lower than the pacemaker sensitivity
threshold (until time t,), the pacemaker stimulates both the atrium
(atrial spike, A,) and the ventricle synchronously, i.e. with the
programmed atrioventricular delay (first ventricular spike, V).
When the atrial activity exceeds the sensitivity threshold, the
pacemaker recognises it as atrial fibrillation and {by means of a
mode-switching algorithm) changes to non-tracking mode: it
inhibits activity in the atrium and starts stimulating the ventricle
at the programmed rate, regardless of the atrial activity. Figure 75
shows the behaviour of a different pacemaker that this time fails to
recognise the atrial fibrillation. Before the onset of atrial
arrhythmia (i.e. when atrial activity is lower than the pacemaker
threshold, time t;) this pacemaker stimulates both the atrium
(first two atrial spikes, A, and A,) and the ventricle synchronously
(first two ventricular spikes, V, and V). The onset of atrial
fibrillation goes unnoticed and the ventricle is stimulated either
synchronously with the atrial spike (if present, V3, Viand Vs)orin
a random manner (Vpaom).
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Fig. 7 (@) Correct behaviour during atrial fibrillation of pacemaker
in multi-chamber setup. Atrial fibrillation onset at time 5.
Before t, the pacemaker stimulates both atrium and ventricle
(A, V) after 1, the pacemaker detects arrial fibrillation and
changes to a non-tracking mode by means of a mode-switching
algorithms: it inhibits arrial activity and starts stimulating the
ventricle at the programmed rase. regardiess of atrial activity.
15} Incorrect behaviour during atrial fibrillation using single-
chamber setup. Before tg the pacemaker stimulates both the
atriun and the ventricle synchronously (A -A,, V- Vsyj: afier i,
the pacemuker does not recognise atrial fibrillation and stimu-
lates the ventricle either synchronously with the atrial spike (if
present, Vo, V,and Vj or in a random matter ( Vit
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this pacemaker electromagnetic interference during talking

occurs: GSM signal causes intermittent pacemaker inhibition
in the atrium. Ventricle is stimulated synchronously either
with pacemaker atrial spike (V~Vy), or with Jalse detected

atrial activity (V)

Fig. 8a shows an example where RF interference does not alter
pacemaker operation. As no Spontaneous cardiac activity is
simulated, this pacemaker stimulates both the atrium and
ventricle at its programmed rate (45 beats min ™), Fig. 85
shows an episode of electromagnetic interference of another
pacemaker during talking into a mobile phone: the GSM signal
causes intermittent pacemaker inhibition in the atrium. The
ventricle is stimulated synchronously either with the pacemaker
atrial spike (V,~Vy), or with the false atrial activity detected (Ve).

5 Discussion

[n this paper, we have presented a cardiac simulator composed
of three chambers and a compartment for the implantable
device. The three cardiac chambers are stimulated by typical
atrial and ventricular signals in sinus rhythm, and during several
arthythmias.

The simulator allows for the study of umplantable mono-,
dual-, and tri-chamber devices, in real time, in a number of
cardiac arrhythmias, and under several experimental conditions.
The simulator can be used either in a laboratory or for open field
testing, on metal detectors, electronic article surveillance
systems and security systems. In particular, the triple-chamber
structure enables faster and easier analysis procedures for dual
and tri-chamber devices,

To our knowledge the simulators used to date can only
simulate one cardiac chamber, preventing the testing of all
such pacemaker functions related to multiple chambers (eg
atrio-ventricular delay, post-ventricular atrial refractory period,
mode-switching algorithm, ete.}. In addition, most of the present
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simulators do not react to the electrical therapy delivered by the
device under test, as the heart does. Some advanced features of
modem pacemakers, such as anti-tachy pacing, require a simula-
tion as similar as possible to the electrical activity of the heart.
These limitations are overcome by the simulator presented in this
paper. The intended use of the proposed simulator is to
investigate the potential effect of EMI between RF sources
and implantable active devices. We have not intended it as a
tool for certifying the electromagnetic compatibility of these
devices. As far as we are aware, the regulations and prescriptions
in this field do not take into account the use of realistic heart/
trunk simulators nor procedures with radiated EM fields.

The geometry of a real human trunk is not emulated by the
simulator and the atrial and ventricular leads may have different
positions to those in the human body. Thus interference
originating from loops created by the leads could not be properly
investigated by the proposed simulator. Most of the evidence
collected, so far indicates that, for mobile phone interference, the
pacemaker header is the likeliest site to be affected, suggesting
that most of the lead length plays a minor role (RUGGERA et al,
1997). For lower frequencies, the geometry. of the implant
{pacemaker and leads) may play an important role and a
simulator with proper geometry should be used.
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