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ABSTRACT

Purpose: To develop an animal model of diaphragmatic electrical stimulation able to generate an appropriate ventilatory support through
the direct implantation of electrodes in the diaphragm (electroventilation). Methods: Six New Zealand female rabbits (2-3 kg) were
placed on mechanical ventilation. Then, a laparotomy was performed in order to identify the motor points in each hemidiaphragm,
followed by the implantation of the electrodes for diaphragmatic stimulation. We tested two types of electrodes according to the conduction
of electrical stimulation: unipolar and bipolar. The electrodes were placed on different occasions in the same animals and tested with
current intensities of 20, 26 and 32 mA. Each current intensity was repeated three times for 10 respiratory cycles with 1 minute interval
between each cycle, and 5 minutes for new current intensity. We recorded the relationship between current intensity and inspiratory
volume. Results: The electrodes adequately stimulate the diaphragm and obtain inspired volumes using different intensity currents. The
bipolar electrode generated inspiratory volumes as high as 4.5 times of baseline while the unipolar electrode reached up to 3.5 times of
baseline. Conclusion: This model has proved to be effective for studying the performance of the diaphragm under different electrical
stimulations using different set of electrodes.
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RESUMO

Objetivo: Desenvolver um modelo animal de estimulag@o elétrica diafragmatica capaz de gerar um suporte ventilatorio adequado
através da implantag@o direta de eletrodos no diafragma (eletroventilagdo). Métodos: Seis coelhas da raga Nova Zelandia (2—3 kg) foram
colocadas em ventilagdo mecanica. Através de uma laparotomia foram identificados os pontos motores em ambas as ctipulas diafragmaticas,
seguido pela implantacdo dos eletrodos para estimulagao diafragmatica. Foram testados dois tipos de eletrodos de acordo com a condugao
do estimulo elétrico: unipolar e bipolar. Os eletrodos foram posicionados em diferentes ocasides nos mesmos animais e testados com
intensidades de corrente de 20, 26 ¢ 32 mA, sendo cada uma delas repetidas trés vezes durante 10 ciclos respiratérios com intervalo de
1 minuto entre cada ciclo e repouso de 5 minutos para nova intensidade de corrente. Foram registradas a relag@o entre a intensidade de
corrente ¢ o volume de ar inspirado. Resultados: Os eletrodos estimularam adequadamente o diafragma com um volume de ar inspirado
até 4,5 vezes maior no modo bipolar e de 3,5 vezes no modo unipolar em relag@o a linha de base. Conclusao: Este modelo demonstrou
ser efetivo para o estudo do desempenho do diafragma sob diferentes estimulagdes elétricas e diferentes tipos de eletrodos.
Descritores: Estimulagdo Elétrica. Diafragma. Ventilagdo Pulmonar. Coelhos.

'Research performed at Animal Experimentation Unit Research Center, airway and lung laboratory, Clinics Hospital of Porto Alegre (HCPA), RS,
Brazil.

Introduction such as damage of the central nervous system or spinal cord
injuries. Patients with spinal cord injuries due to high cervical

Trauma is the leading cause of death worldwide among trauma (C1-C5) have tetraplegia and impaired diaphragmatic

young people. In Brazil, it is believed that there are 130,000 deaths ~ function, losing their ability to breathe spontaneously. Other
annually due to trauma and about 450,000 patients with severe neuromuscular diseases such as Amyotrophic Lateral Sclerosis
sequelae!2. Many trauma patients have different types of sequelae  also lead to a progressive impairment of diaphragmatic function
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resulting in poor quality of life and the need for permanent
ventilatory support. These incapacitated patients usually require
hospitalization in specialized centers or in homes adequately
prepared for this purpose’. The possibility of electrical activation
of the diaphragm with electrodes placed on this muscle
(electroventilation) is an alternative for individuals dependent on
mechanical ventilation and without any expectation of weaning.
Therefore, there is a general interest in studies to develop new
methods and devices for diaphragmatic pacing in order to provide
better quality of live for such patients.

In this study, we demonstrate the development of a new
animal model by electrical stimulation of the diaphragm through
electrodes implanted directly into this respiratory muscle.

Methods

Six New Zealand female rabbits were used, weighing
between 2 and 3kg. All animals were treated according to the
Ethical Code for Animal Experimentation from the World Health
Organization'®. The study was approved by the Committee on
Ethics in Research of the Clinics Hospital of Porto Alegre under
number 07-133. The animals received standard intramuscularly
premedication with ketamine hydrochloride (20 mg/kg), midazolam
(0.2 mg/kg) and atropine (0.025 mg/kg), followed by trichotomy
and peripheral venous access. Anesthesia was induced with
propophol (4 mg/kg), to be maintained with an intravenously
continuous infusion of propophol (11 mg/kg/h) and remiphentanyl
(0.3 ml/kg/min). The animals were intubated orally and placed on
mechanical ventilation (Nikkei—Takaoka, Sao Paulo, Brazil). For
flow signal and tracheal pressure acquisition, two single sensors
were connected at the end of the endotracheal tube (Hans

FIGURE 1 - Electric stimulation of the diaphragm: A) seeking the diaphragmatic motor points;

Rudolph - Kansas City - USA) and attached to a pressure system
acquisition, MVR 16X (Universidad de la Republica, Montevideo,
Uruguay).

After hemodynamic stabilization, the animal inspiratory
volume was measured at baseline. A laparotomy was performed
for visualization of the diaphragm (Figure 1A), followed by
identification of motor points (Figure 1B). The electrodes were
then fixed to the motor points (Figure 1C), and they were connected
to a generator of electric current (Dualpex 961, Phrenics, Quark
Medical, Sao Paulo, Brazil). They produced a depolarized current
with the following characteristics: rectangular waveform,
alternating symmetrical pulse, frequency of 25HZ and burst width
of 0.07 milliseconds. The abdomen wall was then sutured leaving
space only to the conducting wires (Figure 1D). In order to deliver
an induced apnea, the minute volume was increased gradually to
reach a CO, blood concentration around 17 mmHg.

We evaluated the responses with two different sets of
unipolar and bipolar electrodes. One single channel electrode
(unipolar) was sutured on the muscular portion of each
hemidiaphragm, promoting simultaneous contraction of both
hemidiaphragms. The bipolar set consisted of one pair of electrodes
implanted in the same hemidiaphragm which could generate
independent contractions. To evaluate the performance from the
unipolar and bipolar sets, we compared the relationship between
different current intensities and the generated inspired volume
respectively. The two set of electrodes were positioned in the
same animal at different periods during the same experiment. The
current intensities used were 20, 26, and 32 mA to be sustained for 10
respiratory cycles. Each different intensity records were made in three
separate periods with one minute interval. The baseline inspiratory
volume was assessed with the animal in supine position.

B) location of motor points (dark circles); C) bipolar electrode implanted on the right
diaphragmatic motor point and D) abdomen closed with the external wire electrodes
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Results

In four animals we were unable to record the inspiratory
volume due to unilateral or bilateral pneumothorax and/or fluid
accumulation in the abdominal cavity which interfered in
transmission of the electrical stimulation. In two animals, the
unipolar (one channel) and bipolar (two channel) electrodes were
able to adequately stimulate the diaphragm and obtain inspired
volumes using current intensities of 20, 26 and 32 mA. The bipolar
electrode generated inspiratory volumes as high as 4.5 times of the
baseline while the unipolar electrode reached up to 3.5 times of
baseline. Since the volumes obtained were much higher than the
baseline, we then added to the protocol the current intensities of 10
and 16 mA secking volumes closer to the physiological pattern.
The results from two animals are shown in the Figure 2.
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FIGURE 2 — Inspiratory volumes from two animals obtained in Unipolar
modes (one channel for the two diaphragmatic cupules) and bipolar (two
channels, one for each diaphragmatic cupule) at current intensities of 20,
26 and 32 mA. The values are expressed as fold increase of baseline. The
errors bars represent the standard error of the different current intensities
recorded in three separate periods with one minute interval

Discussion

The use of electrical currents to produce artificial
ventilation has been described since the nineteenth century
through the generation of action potentials either on the nerve
and/or on the diaphragm or any other ventilatory muscles
throughout different techniques*’. Several methods comparing
stimulation through the phrenic nerve and ventilatory muscles
have been tested, showing similar results in the generation of
transdiaphragmatic pressure and speed nerve latency’.

The first studies of electroventilation were performed by
stimulating the phrenic nerve in the neck or its path into the chest,
in order to trigger action potentials®. This technique has proven
to be clinically effective, but due to the extensive mobility of
the cervical region, there were significant limitations and risks
especially on the phrenic nerve path, increasing the risk of
mechanical nerve damage. The implantation of electrodes directly
into the diaphragm muscle seems to be a feasible and reproducible
technique for animal studies and clinical trials so far undertaken.
Peterson et al."" studying the positioning of monopolar electrodes
on diaphragm of dogs observed that was possible the activation of
the diaphragmatic muscle using intramuscular electrodes. In
this study, they obtained lung volumes up 167% from baseline,
without inducing any muscle fatigue''. In another study, this same
group could demonstrate the safety and reliability of intramuscular
diaphragm stimulation through monopolar electrodes. Using five
dogs which received electrical stimulation for 61-183 days', the
authors did not observe any muscle tissue damage as a result of the
presence of the electrode, and any negative side effects as well as
on the heart or the lung function. Immunohistochemistry studies
suggested transformation of the diaphragm muscle fibers to type I,
which have better capacity to resist fatigue, leading to the
conclusion that this technique would present minimal risk of
phrenic injury in human patients'?.

In one of the first electroventilation clinical descriptions,
one 35 years-old male victim of high cervical trauma making
dependable of permanent mechanical ventilation was submitted
to a laparotomy for intramuscular insertion of monopolar
electrodes in the diaphragm. After such procedure, it was possible
to reach an inspired volume of 380 ml when the left
hemidiaphragmatic was stimulated with a current strength of
25mA. Nevertheless, the volume of the right hemidiaphragm was
less than 100ml, suggesting that the right electrode was not
properly positioned on the motor point. After new surgical
procedure with appropriate fixation of the electrodes, a period of
20 weeks was required for diaphragmatic training and adaptation,
resulting in maximum inspired volume of 1.120ml with a current
strength of 25mA™".

Over the years, there has been a major breakthrough in
technological development of new devices for electroventilation,
which provided an important step toward creation of diaphragmatic
pacemakers, placed through electrodes implanted directly on the
diaphragm by laparotomy®'°. Despite displaying similar physiological
response to nerve phrenic stimulation, this intramuscular technique
showed to be less difficult to proceed in terms of muscle preparation
and implantation''-'2.

The full activation of the diaphragm depends on the proper
implantation of electrodes on the diaphragm motor points, which
represents the muscle area where the branches of the phrenic
nerve penetrate into the diaphragm. A minimal amount of electrical
stimulation should be necessary to cause full muscle contraction'>
15, Specific anatomical landmarks of the diaphragm are usually used
to place the electrodes, since the phrenic nerve branches are not
readily identified on the bottom edge of the diaphragm''.

Ventilation with the use of electrical currents is supposed
to be more physiological than mechanical ventilation because
patients can keep using their own inspiratory muscles to inflate
the lungs. On the other hand, there are many technical difficulties
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applying this technique, since it is necessary the full control over
the muscle intended to be stimulated without interfering other
organs function.

In our experiments, one of the major problems remains
the difficulty to achieve appropriate identification of the
diaphragmatic motor points. Furthermore, it is still a challenge
the design of a specific electrode for diaphragmatic stimulation
since many epimysial electrodes are designed for intramuscular
stimulation, but not particularly for the diaphragm which is much
thinner and delicate in comparison to skeletal muscle'®. In our
opinion, the current generator is also an unsolved problem,
because the ideal device should have the ability to generate a
reliable electric current of low power consumption in order to
provide satisfactory security, mobility and certain autonomy.

Conclusion

This model has proved to be effective for studying
the performance of the diaphragm under different electrical
stimulations using different set of electrodes.
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