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Abstract— Vagus nerve stimulation (VNS) is a potential ther-
apeutic approach in a number of clinical applications. Although
VNS is commonly delivered in an open-loop approach, it is
now recognized that closed-loop approaches may be necessary
to optimize the therapy and minimize side effects of neuro-
stimulation devices. In this paper, we describe a prototype
system for real-time control of the instantaneous heart rate,
working synchronously with the heart period. As a first step,
an on-off control method has been integrated. The system is
evaluated on one sheep with induced heart failure, showing the
interest of the proposed approach.

I. INTRODUCTION

Vagus nerve stimulation (VNS) has been identified as
a potential therapeutic approach in a number of clinical
applications, such as epilepsy, supra-ventricular arrhytmias
and heart failure (HF) [1]-[7]. Although VNS is commonly
delivered in an open-loop approach, it is now recognized
that adaptive, closed-loop approaches may be necessary to
optimize the therapy and minimize side effects of neuro-
stimulation devices [8]-[11]. A variety of physiological data
may be employed as control variables in a closed-loop
approach, depending on the target function of VNS control.
Previous works in the literature have been mainly focused
on the control of heart rate, since this variable is particularly
important and is readily observable.

To our knowledge, the first attempt to provide a closed-
loop VNS approach was proposed by Bilgutay et al. [4]. In
their paper, three models of “vagal tuners” are proposed. Two
of them are implantable, but manually activated. The third
one is an external device, which is automatically activated
when the RR interval falls bellow a threshold value. In
such vagal tuners, VNS is delivered synchronously with the
R-wave, detected from the ECG signal. Although the two
manual approaches have been developed and evaluated on 10
dogs, no details are given on the development or evaluation
of the automatic approach.

Other closed-loop systems for VNS control, based on
the adaptation of the VNS frequency are proposed in [12]
and [11]. In [12], a control system, based on the classical
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cumulative sum control chart technique, adjusts stimulation
frequency in order to regulate the average ventricular rate
during atrial fibrillation in dogs. VNS is delivered contin-
uously to the left vagus nerve, without any cardiac beat
synchronization. Initially, the stimulation is delivered at a
nominal frequency of 1 pulse/s and then the controller
automatically updates the left vagal stimulation frequency.
The other stimulation parameters have been manually defined
and fixed during the whole test for each dog (pulse width =
1 ms and current = 2 — 5 mA).

Tosato et al. [11] use a proportional-integral (PI) con-
troller, which also adjusts the stimulation frequency, in order
to regulate heart rate in pigs. In their work, different tests are
presented, including the stimulation of the left, right and both
vagus nerves. For each test, a different stimulation amplitude
is kept constant in the range 4 — 15 mA, the pulse width is
fixed to 0.3 ms and the controller automatically updates the
“optimal” stimulation frequency within the range 0 — 20 Hz
in three pigs and 0 — 25 Hz in four pigs. The update rate
of the controller is kept constant within a test, but varies for
each test within 10 to 60 updates/s and the stimulation is
delivered asynchronously.

In this paper, we describe a prototype system for real-
time control of the instantaneous heart rate of a sheep with
induced heart failure, through adaptive vagus nerve stimula-
tion. The ovine animal model has been chosen, since it is
particularly robust to the induction of heart failure through
myocardial infarction. As opposed to the above-mentioned
methods, the proposed approach works synchronously with
the heart period, which implies additional constraints. As a
first step, we have integrated an on-off control method, in
which the burst of VNS pulses are conditionally delivered
to the right vagus nerve, 50 ms after an R-wave is detected
from the ECG.

The paper is organized as follows: First we describe the
sheep preparation and the on-off closed-loop control system
used in this work. In Section III, the paper discuses the results
obtained in the different tests applied to our control system.
Finally conclusions are given in Section V.

II. METHODS

A. Sheep preparation

The present study was conducted under the approval issued
by the French ethics committee for animal experimentation.
Heart failure was induced in one sheep (body weight 35 kg)
by occluding 3 marginal and 1 diagonal coronary arteries.
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During the same intervention, a bipolar pacemaker lead con-
taining an intracardiac accelerometer was placed in the right
ventricle (SonRTip TM lead, Sorin CRM, Clamart, France)
and a cuff-type VNS electrode (Cuff electrode C4D3-1,
Obelia) was implanted on the right vagus nerve, at a cervical
site. Three months after inclusion, the ejection fraction of this
sheep was measured at 38 %, confirming HF induction. A
new experimentation was then performed in order to test the
VNS control system.

During this second intervention, the sheep was initially
anesthetized with Propofol and a morphine bolus. After
this initial phase, the sheep was anesthetized by Etomidate
(100 pg/kg/min). The surface ECG, the intracadiac Elec-
troGraMs (EGM), the left intra-ventricular pressure and the
body temperature (37°C) were monitored during the whole
procedure. Breathing was artificially controlled at 0.3 Hz
(18 breath/ min). After a verification stage of the implanted
instrumentation (in particular VNS electrode impedance and
EGM quality), the evaluation experiment of the proposed
control system, described in Section II-C, was implemented.

B. On-off closed-loop control system

The closed-loop control system (see Fig. 1) comprises:
1) a bipolar sensor (SonRTip?™ lead, Sorin CRM, Clamart,
France), placed in the right ventricle, in order to acquire the
EGM, 2) a cuff-type VNS electrode (Cuff electrode C4D3-
1, Obelia), implanted on the right vagus nerve, at a cervical
site and used for vagus nerve stimulation, 3) the prototype
(Proto INTENSE V 1.2) which contains a neurostimulator
device and an analog signal conditioning unit (EGM), 4) a
data acquisition (DAQ) device NI USB-6211, and 5) an ap-
plication developed on LabView, which receives and process
the EGM signal in real time and implements the VNS control
loop method.

Sheep

Pre-programmed
S 'VNS profile

i VNS Cuff electrode C4D3-1
| Obeli

Prototype INTENSE

| Clamart, France

i EGMsignal =——— A

NI USB-6211

LabView application

Fig. 1. Closed-loop control system.

In the current development version of the stimulator, we
do not have programmatic, real-time access to all stimulation
parameters. Only a “trig in” feature is available (see Fig.
1), which allows us to precisely activate a pre-programmed
VNS profile. With this constraints in mind, the following
control application, based on a classical on-off approach, was
developed in LabView.

Fig. 2 shows the algorithm on which our application is
based. Real-time R-wave detection is applied to the measured

R-wave Current RR No

. is detected

Fig. 2. LabView application: R-wave detection, RR calculator and on-off
algorithm.

EGM RR calculator:

>
Minimal RR

Stimulation

EGM signals, to estimate the instantaneous RR interval
(and the instantaneous heart rate, HR). If the current RR
interval is lower than the minimal target RR value, then the
stimulator is set to on, i.e. the pre-programmed stimulation
profile is delivered. If the current RR interval is greater than
the minimal target RR, the stimulator is set to off, i.e. no
stimulation is delivered.

The EGM signal is acquired using a NI USB-6211 data
acquisition (DAQ) device. The analog signal activating the
“Trig in” input of the neurostimulator is sent by using an
analog output of the same DAQ device.

C. Experimental application of the control system

Experiments were performed in three steps:

1) Before starting the control system, different VNS con-
figurations are applied, in order to evaluate, for each
one, its impact on the instantaneous RR, for a given
sheep.

2) A VNS configuration showing a sufficient variation on
HR (RR during stimulation — RR before stimulation
> 200 ms) is selected and programmed into the stim-
ulator.

3) The control system is activated, with different target
HR values.

For this sheep, the pre-programmed VNS configuration was
the following: frequency = 31 Hz, delay from R-wave = 50
ms, pulse width = 0.24 ms, and current amplitude = 2 or 3
mA.

III. RESULTS AND DISCUSSION

In order to validate the proposed on-off control system,
four tests are presented in this section. For all these tests the
VNS frequency is fixed to 31 Hz and the pulses are delivered
conditionally, 50 ms after an R-wave is detected.

A. Test 1: Minimal target RR = 500 ms, VNS current = 3
mA, Number of pulses = 2.

In the first test, the objective is to reach a minimal RR
of 500 ms. The stimulation current is set to 3 mA and two
pulses are delivered. Results are presented in Fig. 3, which
presents the detected instantaneous RR intervals with respect
to beat number, before, during and after the application of
the closed-loop VNS.

Fig. 3 shows that the spontaneous RR interval of the
sheep (around 480 ms) is significantly modified during the
activation of the control system. The minimal target RR is
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Fig. 3. RR interval when the minimal target RR = 500 ms with the
stimulations parameters 3 mA and 2 pulses.

reached with the selected stimulation parameters. However,
the RR oscillations around the minimal target RR value
are quite high. These oscillations are inherent to the on-off
algorithm. In fact, when a stimulation is delivered with the
pre-programmed parameters, the RR interval reaches values
around 600 ms. When the stimulator is turned off, the RR
interval tends to fall to the spontaneous RR interval (around
480 ms). According to the on-off algorithm presented above,
when an R-wave is detected and the RR interval is lower
than the minimal target RR, i.e. 500 ms in this example,
then a stimulation is delivered and the minimal target RR
is reached. Therefore, in the next R-wave the RR interval
is greater than the minimal target RR and the stimulator
is set off. For this reason, in this example, the stimulator
switches on and off each time an R-wave is detected. We
can observe in Fig. 3, beats from 118 to 122, that the VNS
does not have the same effect as for the rest of the beats.
This is due to normal physiological variations. In this sense,
in the following test, we set the minimal target RR near to
the maximal instantaneous RR values that the stimulator can
reach with the pre-programmed stimulation parameters, we
test how the on-off algorithm reacts to these oscillations.

B. Test 2: Minimal target RR = 600 ms, VNS current = 3
mA, Number of pulses = 2.

In the second test (see Fig. 4), the minimal target RR is
set to RR = 600 ms and the stimulation parameters are set
as in the first test, i.e., the stimulation current is set to 3 mA
and two pulses are delivered.

C. Test 3: Minimal target RR = 600 ms, VNS current = 2
mA, Number of pulses = 2.

In the third test a different set of parameters is pre-
programmed, and the same objective is appointed, i.e.,
minimal target RR = 600 ms and two pulses are delivered.
However, the stimulation current is reduced to 2 mA. The
results of this test are displayed in Fig. 5.
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Fig. 4. Minimal target RR=600 ms, 3 mA and 2 pulses.
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Fig. 5. Minimal target RR=600 ms, 2 mA and 2 pulses.

With the stimulation parameters used in this test (Fig. 5)
the minimal target RR can not be reached. Therefore, the
stimulator is set on during the entire closed-loop VNS phase.

All the previous results show the importance of modifying
the most sensitive VNS parameters within the control loop,
in order to 1) minimize RR oscillations around a target RR
interval and 2) cope with physiological variations of the RR
response to the pre-programmed VNS profile. The following
section presents results in which one of the most sensitive
VNS parameters (number of VNS pulses) is modified man-
ually during a test with dynamic target RR definitions.

D. Test 4: Manual dynamic modification of the number of
VNS pulses

In order to improve our control system in a future work,
we decide to test the effect of the number of VNS pulses
in the instantaneous RR interval. As already mentioned, in
the current version of the stimulator (Prototype INTENSE V
1.2), only a “trig-in” feature is available. With this constraint
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in mind, a new application was implemented in LabView.
This application works as follows: 1) one pulse (pulse width
= 0. 24 ms, current = 2 mA) is pre-programmed on the
stimulator prototype, 2) the LabView application triggers
the pre-programmed pulse N times at a frequency of 31
Hz, generating a VNS sequence of N pulses, pulse width
= 0. 24 ms, current = 2 mA and frequency = 31Hz. Even if
our perspective is, in a future work, to automatically adapt
the VNS parameters, in this test, the number of pulses is
manually changed.

Fig. 6 shows the instantaneous RR response to varying
minimal target RR and number of pulses. Beats from 35 to
100 (Fig. 6 b)) correspond to a minimal target RR = 500 ms
and three pulses. After 100 beats, the minimal target RR is
changed to 550 ms (Fig. 6 c)). At 145 beats, the minimal
target RR is changed to 600 ms (Fig. 6 d)). Beats from 245
to 319 correspond to an unreached minimal target RR of 650
ms (Fig. 6 e)). Intended to reach the minimal target RR =
650 ms the number of delivered pulses is increased to four
at beat 320 (Fig. 6 1)).
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Fig. 6. Instantaneous RR response to varying minimal target RR and

number of pulses. a) Closed-loop VNS is off, b) Minimal target RR = 500
ms and number of pulses = 3, ¢) Minimal target RR = 550 ms and number
of pulses = 3, d) Minimal target RR = 600 ms and number of pulses = 3, e)
Minimal target RR = 650 ms and number of pulses = 3, f) Minimal target
RR = 650 ms and number of pulses = 4. The pre-programmed stimulation
parameters for this experiment were: frequency = 31 Hz, delay from R-wave
= 50 ms, pulse width = 0.24 ms, and current amplitude = 2 mA.

For the beats from 35 to 145 (Fig. 6 b) and c)), there is
not any difference in the RR response, even if the minimal
target RR is changed from 500 ms to 550 ms and identical
stimulation parameters are used. This is somehow normal,
because when a stimulator is set on, the RR interval raises
to values around 600 ms and when the stimulator is set off,
the RR interval falls to values around 480 ms. Therefore,
when the minimal target RR varies between these two limit
values the same oscillations will occur.

When the minimal target RR is set to 600 ms and the same
stimulation parameters are used (see Fig. 6 d)), the stimulator
is set on during more than two consecutive R-waves. This

test becomes similar to the second test.

When the minimal target RR is set to 650ms (see Fig. 6
e) and f)), the objective is never reached even if the number
of delivered pulses is increased to four pulses at beat 320.
Therefore the stimulator is set on during all these beats (245—
370).
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V. CONCLUSIONS

A VNS closed-loop control system is proposed in order to
regulate the heart rate of a sheep with induced heart failure,
in a beat-to-beat basis. Due to the hardware constraints of the
current version of the stimulator, only an on-off approach was
implemented. Experimental results confirm that closed-loop
VNS, with the tested parameter configurations, significantly
modifies the spontaneous RR interval. Nevertheless, results
showed significant RR oscillations, inherent to the on-off al-
gorithm. Such oscillations may be reduced by implementing
a more advanced control algorithm, which will automatically
adapt other VNS parameters.
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