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Self-Synchronizing Cardiac Pacemaker
FRANCO DENOTH anxp LUIGI A. DONATO

Abstract—A new kind of cardiac pacemaker for direct heart stim-
ulation in cases of intermittent or variable heart block is presented.
The pacemaker is capable of providing stimuli either synchronously
with ventricular depolarization or at a fixed rate when natural pacing
fails. Thus any competition between artificial and physiological
rhythm is avoided, while allowing the exploitation, from the hemo-
dynamic viewpoint, of the surviving capability of physiologic control
of the heart rate. The main features of the instrument are that the
shifts from synchronous to free operation and vice versa take place
in an automatic way, and no electrode besides those which provide
stimulation are needed for synchronization. The mean power con-
sumption of the pacemaker is comparable with that of conventional
unsynchronized pacemakers. Thus the subcutaneous implantation is
possible, with a theoretical lifetime of 30 000-hour autonomy. Sche-
matic diagrams and waveforms are included.

1. INTRODUCTION
][ ’l EART stimulation in the presence ol complete

heart block has been discussed by many authors

[1]-[13], and cardiac pacemakers of various
kinds have been designed for permanent heart stimula-
tion at a fixed pulse rate. However, the use of such pace-
makers in the presence of intermittent or variable heart
block is difficult because of the possibility of conflict be-
tween conducted stimuli of sinoatrial origin and external
stimuli (E£S) produced by the pacemaker. Some ways-for
avoiding this difficulty have been proposed and experi-
mented by using various kinds of adjustable apparatus
[14]-[16] or atrial triggered pacemakers [17]. We sug-
gested a new way [18] of avoiding this conflict without
inhibiting conducted stimuli, that is, to implant a pace-
maker capable of being synchronized by possible ven-
tricular depolarization signal (¥.S). This mode of opera-
tion allows the exploitation, from the hemodynamic
standpoint, of the surviving capability of physiologic
control of the heart rate, thus making the prothesis
action closely similar to physiologic behavior.

The aim of the present paper is to describe a pace-
maker capable of producing stimuli either synchro-
nously with ventricular depolarization or at a fixed rate
when VS fails. The main features of this new cardiac
stimulator are that the shifts from synchronous to free
operation and vice versa take place in an automatic way,
and no electrode besides those which provide stimula-
tion are needed for synchronization.
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II. PrincipLESs oF OPERATION

The pacemaker consists of two main circuits (Fig. 1):

1) The amplifier and pulse-forming circuit 4. This
circuit amplifies the signal of physiologic origin, VS,
present between terminals @ and ¢, and makes it able
to synchronize ES. Since V.S changes in amplitude and
shape with patient and time, it must be standardized
before being used for synchronizing M. This is obtained
by generating a standard synchronizing pulse S for each
VS.

2) The multivibrator M, capable of being synchro-
nized. This circuit supplies signal E.S between terminals
b and ¢ for heart stimulation.

The system can also operate with terminals ¢ and b
connected together according to the block diagram in
Fig. 2. Thus the same electrode which provides stimula-
tion picks up the physiological stimulus. With either
circuit realization (Fig. 1 or Fig. 2), signals produced
by M are synchronized with possible V.S, provided the
rate of V.S is not less than a pre-established value. When
this occurs, or when V.S is absent entirely, M supplies
ES at a fixed rate.

In the following we shall refer to the operating mode
shown in Fig. 2, since this mode of operation both repre-
sents the peculiarity of this pacemaker and is the most
important feature from the clinical point of view.

a o—p— A 2 M ——»——0 b
Co O C
Fig. 1. Block diagram of the self-synchronizing cardiac pacemaker.

Block 4 is the amplifier and pulse-forming circuit. M is the syn-
chronizable multivibrator.
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Fig. 2. Block diagram of the self-synchronizing cardiac pacemaker

connected for mono-electrode operation.




104 IEEE TRANSACTIONS ON BIO-MEDICAL ENGINEERING, APRIL 1967
H 15 L
——! Ry3220 Riog4ro  Riagazo
asuf | L3 22
A . |
C2 5420 " Cs ]
T i
. RosgR3azo | R ﬂ: 2 [ Cigi6 quf Yo, 478V
l 555 F‘ & Ry5312Mn ! i‘ :ﬁ: _
010 1.5 i D6 4ub i
& oG 4#—12&—%3 s | - 2 b
l Bl g cs Re ! T
H 1.5 0.1uf | H
470 33 9 i
! Rq 3470 ‘ [ 1H R4 Rig 4 Cin
Re 220 Cs ¢y Rz,%“ Rzzé“ f ;
c [ '] - teg
R kn PNP:2N 3964
? UNLESS OTHERWISE SPECIFIED
C ka} NPN:BFY?7

Fig. 3.

Circuit diagram of the pacemaker. Section A is the amplifier and

pulse-forming circuit. Section M is the synchronizable multivibrator circuit.
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Fig. 4. Ventricular depolarization signal picked
up through intracavitary electrode.

ITII. Tuae Circulr

In circuit packaging, either conventional or inte-
grated, the major difficulty is met by introducing induc-
tors and capacitors. For this reason we have studied a
circuit which needs no inductor while using few capaci-
tors. Such a feature has been obtained by using comple-
mentary transistors (P-N-P and N-P-N) with direct
coupling for the first three stages of the amplifier and
for the multivibrator circuit.

Amplifier and Pulse- Forming Circuil

The electrical diagram of the pacemaker is shown in
Fig. 3. The portion labeled 4 refers to the amplifier and
pulse-forming circuit.

A ventricular depolarization signal picked up through
an intracavitary electrode, such as V.S, generally pre-
sents the characteristics reported in Fig. 4. To generate
S, it is useful to employ the faster portion of V.S; this
means that the amplifier must exhibit a bandpass from
about 40 to 80 Hz. On the other hand, the amplitude of

S must be on the order of some volts with equivalent re-
sistance of about 10* ohms, while the amplitude of CS
is some millivolts with equivalent resistance on the
order of 10% ohms. Therefore a power gain on the order
of 40 dB is needed.

Circuit 4 employs four transistors, Ty, -+ +, T4 73
and T act as amplifiers only. T3 both amplifies V.S and,
together with 77, generates .S.

Ty and Ty operate as follows: as long as the changing
rate of ¥.Sis less than 0.2 volt/s, 7} is in the cutoff con-
dition, and 73 acts as the third stage of amplification.
As soon as the changing rate of V.S exceeds 0.2 volt/s,
T starts to conduct so that a positive feedback occurs
between 73 and 7% This causes an 8-volt, 4-ms pulse to
appear at the collector of T+ Such a pulse triggers the
multivibrator M.

Lower and upper limits of the bandpass of the ampli-
fier are determined by the values of the time constant in
the input circuit (R;(Cy) and by that of the time constant
in the feedback loops (R;Cs), respectively. Capacitor C,
assures circuit stability at high frequencies.
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In the range of frequencies to be amplified, the feed-
back network limits the voltage gain of the first three
stages to 700 with a feedback of about —30 dB. Due to
Ciand G, the dc feedback is about —78 dB. This assures
the proper operation of the circuit between 0 and 75°C.

The introduction of silicon 2nd planar transistors al-
lowed very low biasing collector currents (about 2.5 A
for T1 and 7%, and about 5 A for T3). With such cur-
rents high-input impedance has been obtained for the
first transistor; as a consequence, it has been possible
to have a much greater amplificator input impedance
(about 100 kilohms) than the characteristic resistance of
intracavitary electrode (between 200 and 500 chms).
The current drain of the amplifier and pulse-forming cir-
cuit is about 15 uA when an 8-volt battery is used.

It can be noticed that the same results could be ob-
tained with fewer transistors. However this would re-
quire much greater biasing currents than those we have
chosen, thus making power supply problematic. More-
over, the presence of four transistors allows the intro-
duction of considerable negative feedback among the
stages working in linear condition, thus making the
circuit independent of transistor characteristics over a
wide range.

One of the main features of the amplifier is the re-
covery time following overdriving conditions, since the
amplitude of the input signals to 4 may reach some volts
when the input of 4 is connected to the output of
(Fig. 2). After the application of the maximum signal
that the multivibrator can supply, the amplifier re-
covery time must be such as to permit correct amplifi-
cation of signals that are separated by time intervals
equal to the minimum stimulation period. As will be
seen, the maximum stimulation frequency is limited to
2.5 Hz for avoiding too rapid ventricular rate in the
presence of abnormal atrial rhythms. Therefore re-
covery time smaller than 0.4 second is required. With
the values of the components of the input circuit which
appear in Fig. 3, a recovery time less than 0.15 second
has been obtained.

Multivibrator

Section M of the circuit diagram in Fig. 3 refers to
the multivibrator circuit. This is realized in the usual
way, that is, by two complementary silicon 2nd planar
transistors which reduce the current absorbed in rest
conditions to a minimum. Another transistor decouples
the load from multivibrator circuit. The current drain of
the M circuit, when this is unloaded, is about 3 uA.
In the maximum loading conditions and at repetition
frequency of 1.3 Hz, the mean current drain of A may
reach 15 pA. All this is based on the use of an 8-volt
battery.

The multivibrator supplies a standard biphasic pulse
whose duration and repetition rate characteristics are

determined by Rys, Ry, and ;. Time constant RiCy
determines the duration 7" of the pulse, while time con-
stant Ryi;C7 determines the frequency fy of ES in absence
of VS. With the values reported in Fig. 3, 7=2.5 ms;

Jo= 12 I‘IZ

The group RyyCy stabilizes circuit operation against
changes in the 3 of transistors, temperature, and battery
voltage.

Resistor Ry; limits the maximum value of output cur-
rent, thus making stimulation more independent of the
contact resistance of the stimulating electrode. When
picking up VS through the stimulation electrode, the
multivibrator output circuit is parallel connected with
the amplifier input circuit, and therefore high output
resistance is required for M in rest conditions. This re-
quirement has been taken into account in designing the
output circuit (R, Ras, Cy).

To synchronize ES, the synchronizing pulse .S appear-
ing at the collector of 7} is added to the signal that is
present at the base of T3 because of the charging of C.
The voltage dividing network Ry, Ris+ Ry causes the
multivibrator not to be fired at frequencies higher than
2.2 fo. When frequency f, of V.S is higher than 2.2 fj,
then M fires at a frequency f, submultiple of f,(f.=f./N;
N=1,2, .- .). Hence, frequency f. of ES satisfies the
following relation:

fo < fo < 2.2

When f, <f,, a regular cycle is established by the dead
time of the pacemaker and by the myocardium refrac-
tivity. In this cycle a conducted stimulus occurs for
every 1 or 2 pacemaker stimuli.

IV. EXPERIMENTAL RESULTS

Figure 5 reports the voltage gain versus frequency
characteristic of the three amplification stages
(Ty, Ts, T3). The bandpass at —3 dB is from 18 to 90
Hz and is fully compatible with the characteristics of
the signal to be amplified.

The recovery time of the amplifier following the over-
drive caused by the multivibrator pulse has been veri-
fied by connecting the system as shown in the block
diagram in Fig. 6. Experimental results are shown in
Fig. 7.

Figure 8(a) and (b) shows how T" and f, change when
varying battery voltage and current amplification factor
of transistors. In the range of temperature from 15 to
75°C the percentage change of 7" is 0.12 percent/°C,
that of fy is —0.075 percent/°C.

Figure 9 shows some pieces of electrocardiogram of a
patient affected by variable heart block. They clearly
show that pacemaker operates at its own rate when heart
block occurs, while synchronized operation gradually
takes place in the presence of conducted stimuli of
sinoatrial origin.
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Fig. 5. Voltage gain versus frequency characteristic of the amplifier circuit. Out-
put signal is picked up at the collector of T3 with T4 disconnected (see Fig. 3).
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Fig. 6. Block diagram showing the connec- 7
tions for experimental measurement of the "33
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Fig. 7. Recovery time (r) of Section 4 of the circuit in

Fig. 3. The waveforms are obtained by connecting the
pacemaker according to the block diagram in Fig. 6.
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Fig. 8. (a) Duration of theartificial pacing pulse versus battery volt-
Melaproterenot

age and current amplification factor of the transistors (8). The
characteristic refers to the multivibrator circuit shown in Section
AM of Fig. 3.

Zmin (b) Repetition frequency of the artificial pacing pulse versus
battery voltage and current amplification factor of the transistors
B). The characteristic refers to the multivibrator circuit shown in
i Section M of Fig.:3.
; 5 min
g
Fig. 9. ECG recorded during the shift from free to synchronized
o pacemaker operation when 0.5 mg of Metaproterenol are injected

via 1.m. to improve atrial-ventricular conduction. The first strip
refers to complete atrial-ventricular block condition. In the last
strip the natural atrial-ventricular conduction is completely
operating. The kink of the R wave shows the firing time of the
artificial pacing pulse.
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V. CONCLUSIONS

The pacemaker described above should meet wide
application both in the treatment of wvariable heart
blocks and in exploring the possibility of restoring or
improving atrial-ventricular conduction by drug treat-
ment. A clinical use of the device is described elsewhere
[19]. As of December, 1966, 30 cases of A-V block had
been treated with this new pacemaker, the first of them
since February, 1966. Results were constantly very
good. All the pacemakers were implanted by using
intracavitary electrodes furnished by ELEMA-
SCHONANDER.! Electrode wires are made of flexible,
fatigue-resistant stainless steel, polyethylene insulated.
Approximate dimensions are given in Fig. 10.

Pacemaker

/

Electrode Wires

indifierent

intracavitary Electrode

Electrode ~a

Fig. 10. View of the self-synchronizing cardiac pacemaker realized
for subcutaneous implantation with intracavitary electrodes
connected.

With the mentioned values of current drain the mean
power consumption from an 8-volt battery is about
250 uW, ie., almost the same power required by conven-
tional pacemakers. Hence, if a mercury battery of a
volume of 20 cm?® is used, a theoretical operating time
of 30 000 hours without battery replacement is foreseen.
Moreover, synchronous operation affords continuous
monitoring of proper operation even in the presence of
effective A-V conduction; as a consequence, malfunc-
tioning of the pacemaker can be easily detected and
appropriate measures taken before artificial pacing is
required.

At this point we would note that although we have up
to now referred to intracavitary electrodes, the pace-
maker described can also be used with intramyocardic

1 ELEMA-SCHON ANDER, Sweden, subcutaneous electrode
type EMT 564, intracardial electrode type EMT 588,

electrodes provided that stimulation current is reduced.
This reduction can be obtained by either increasing the
value of Ry or reducing the battery voltage to about
4 V. With the latter solution the whole power consump-
tion drops to about 75 uW, thus increasing pacemaker
autonomy.

The photo in Fig. 10 shows a realization of the pace-
maker covered with an epoxy resin. As can be seen,
pacemaker size is such that subcutaneous implantation
is possible.
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