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Abstract
Stimulated contraction of the diaphragm by non-invasive electrical stimulation of the phrenic nerve is demonstrated.
A specialized device including a programmable current source and an electrode system has been developed to generate the
stimulating signal. We report here a study on the effectiveness of stimulation on the contractile activity of the diaphragm
by assessment of transdiaphragmatic pressure.

Introduction

Artificial pulmonary ventilation (APV) is a key technique
used in resuscitation practice to maintain respiratory func-
tion in a wide range of diseases [1]. Despite the significant
advantages of this approach, long-term use of mechanical
ventilation is associated with a number of complications
[2]. One of the most common of these is the development of
mechanical ventilation-induced diaphragmatic dysfunction,
which has many underlying mechanisms, such as oxidative
stress, decreased protein synthesis, and accelerated prote-
olysis, as well as decreased contractile function of muscle
fibers [3, 4]. All these processes lead to progressive atrophy
of the diaphragm [5, 6].

Prevention of progressive atrophy requires independent
contractions of the diaphragmatic muscle to be induced
by stimulation [7]. A variety of methods are used for this
purpose: invasive methods, i.e., stimulation of the phrenic
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nerve or the diaphragmatic muscle itself, and non-invasive
methods, i.e., transcutaneous nerve stimulation. Invasive
methods involve placing electrodes—able to pass an elec-
tric current—directly around the phrenic nerve in the neck
or in the thoracic cavity near the pericardium, or attaching
them to the diaphragmatic muscle through incisions in the
anterior abdominal wall [8–10]. However, invasive tech-
niques have drawbacks: creation of new entry points for
infection, risk of hemorrhage, and the inappropriateness of
its use with short-term APV.

Non-invasive stimulation methods are based on the per-
cutaneous action of electrodes on the phrenic nerve [11].
Despite the obvious advantages of significant simplifica-
tion and shorter time to initiation of stimulation, this ap-
proach has not yet become widespread because of its more
complex technical base and more stringent requirements for
selection of the stimulating signal. The creation and testing
of new software and hardware systems, along with detailed
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studies of the optimal parameters for transcutaneous stim-
ulation, will expand and simplify the use of this approach
in clinical practice.

Materials andmethods

The present study used three male Soviet chinchilla rabbits
weighing 3.7–3.9kg. All experiments were performed in
compliance with the rules adopted by the European Conven-
tion for the Protection of Vertebrate Animals Used for Ex-
perimental and Other Purposes and Russian state standard
GOST 33044–2014 “Principles of Good Laboratory Prac-
tice.” Animal procedures were reviewed and approved by
the Bioethics Committee of the St. Petersburg State Chem-
ical and Pharmaceutical University, Russian Ministry of
Health (Bioethics Committee No. Rabbit-2023/1). Animals
were kept in compliance with the standards specified in The
Guide for the Care and Use of Laboratory Animals. Ani-
mals were obtained from the Rappolovo laboratory animals
supplier (Leningrad Region) and were clinically healthy.

Fig. 1 Diagram showing the ex-
periment (TESD—transcutaneous
electrical stimulation of the di-
aphragm)

Stimulation signal with
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Pressure sensor

in pleural cavity

Pressure sensor

in abdominal cavity

TESD device

Site of diaphragmatic

nerve stimulation

Anesthesia was induced by i.m. injection of a mixture of
10% Zoletil solution (Virbac, France) at a dose of 15mg/kg
and 2% Xylazine solution (Interchemie, Netherlands) at
a dose of 5mg/kg. Sedation was then maintained with i.v.
1% propofol at a dose of 1.3mg/kg/min via infusion pump.
Rabbits were intubated with an endotracheal tube (Covi-
dien LLC, USA) with an internal diameter of 4mm. Local
anesthesia of the larynx was provided with 10% lidocaine
solution. The fur of the neck and the area from the level
of the sixth rib to the lower edge of the liver on the right
was removed and the skin was treated with antiseptic AHD
2000 (Lysoform, Russia).

Diaphragmatic contractility was assessed in terms of
changes in transdiaphragmatic pressure (�Pdi), i.e., the dif-
ference in pressures between the abdominal and pleural cav-
ities, during stimulated inhalation [12, 13]. Transdiaphrag-
matic pressure was recorded using two sensors (PhysExp,
Russia) recording pressure in the abdominal and pleural
cavities. The sensors were connected to balloons inflated
with saline solution and values were recorded in the Phy-
sExp Mini recorder program (Cardioprotect LLC, Russia).
The pleural probe balloon was placed in the pleural cav-
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ity through a 1.5-cm incision between the eighth and ninth
ribs on the right. The abdominal sensor balloon was posi-
tioned between the liver and the right half of the diaphragm
through a 1.5-cm incision parallel to the tenth rib at a dis-
tance of 1–1.5cm from the edge of the rib. After balloon
emplacement, incisions were hermetically sutured (Fig. 1).

Phrenic nerve stimulation was applied using a TESD
(transcutaneous electrical stimulation of the diaphragm)
device (St. Petersburg State Electrotechnical University
“LETI,” Russia). Electrodes in the form of clamps were
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Fig. 2 Influence of changes in signal amplitude on the characteristics of non-invasive stimulation of diaphragm contractions: a plots showing
impulse parameters; b relationship between changes in transdiaphragmatic pressure (�Pdi) and the amplitude of the applied stimulus during stim-
ulation; c relationship between the reaction of surrounding muscles and the amplitude of the applied stimulus; d combined plot of the relationship
between �Pdi and the reaction of surrounding muscles and applied stimulus amplitude (autonomous respiration of the animal without artificial
stimulation)

positioned in the projection of the phrenic nerve behind
the cleidomastoid muscles on both sides. Before use of the
device, the animal was hyperventilated using a neonatal
Ambu bag (Medplant LLC, Russia) to provide temporarily
suppression of the animal’s spontaneous inhalation reflex.

The following basic characteristics of the pulse were
specified: signal amplitude 3mA, signal period 2000msec,
signal duty cycle 50%, number of pulses per signal 40,
pulse duty factor 80%, pulse shape sinusoidal.
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Fig. 3 Influence of changes in
the signal period on the charac-
teristics of non-invasive stimula-
tion of diaphragm contractions:
a plots of impulse parameters;
b relationship between the fre-
quency of stimulated respiratory
movements and the signal pe-
riod (autonomous respiration
of the animal without artificial
stimulation)
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In addition, the experiment tested the influences of
the following electrical stimulation characteristics on di-
aphragm contraction parameters:

– signal amplitude (1, 3, 5, and 7mA);
– signal duration (500 and 2000msec);
– signal duty cycle (15, 50, and 80%).

The reactions of the muscles adjacent to the phrenic
nerve stimulation zone were assessed visually in terms of
the intensity of muscle contractions in the rabbit’s shoul-
der girdle and forelimbs. Results were expressed semi-
quantitatively in points (0—absent, 1—low, 2—moderate,
3—marked reactions by surrounding muscles).

All animals were euthanized by anesthetic overdose
when experiments were complete.

Results

After sensor emplacement in the pleural and abdominal
cavities, accurate recordings of the dynamics of changes
in pressure in the cavities depending on respiratory phases
were captured in all animals. �Pdi during inhalation with
the animal breathing freely was 9.2± 1.1mmHg.

Application of stimulatory impulses to the phrenic nerves
produced stable stimulation of diaphragmatic contractions
in all rabbits studied. �Pdi on the background of exposure
to an impulse with the characteristics specified above was
12.2± 0.3mmHg.

The effect of signal amplitude in the range 1–7mA on
�Pdi was not strictly linear, such that there were no signif-
icant changes in �Pdi on exposure to impulses with ampli-
tudes of 1, 3, and 5mA, (12.1± 0.4, 12.2± 0.3, and 12.4±
0.6mmHg respectively); conversely, stimulation with a 7-
mA impulse led to a significant increase in �Pdi (15.6±
0.5mmHg; p< 0.05) (Fig. 2).

The duration of the signal period correlated directly with
the stimulated respiratory rate (RR) (Fig. 3). With a signal
period of 2000msec, RR was 30 per min. With a signal pe-
riod of 500msec, RR was 120 per min. Baseline RR in anes-
thetized rabbits was 21.9± 6.3 per min. There was no sig-
nificant change in �Pdi during the signal period durations
studied (12.2± 1.1mmHg at 2000msec; 12.6± 1.1mmHg at
500msec).

Changes in the duty cycle of the signal led to a linear
change in the duration of inhalation (Fig. 4). At a signal pe-
riod duration of 2000msec (stimulated respiratory rate 30
per min), inspiratory durations were 15% (0.18sec), 50%
(0.75sec), and 80% (1.3 sec). The duration of inspiration
during quiet breathing in anesthetized animals at a respira-
tory rate of 30 per minute was 1.23± 0.14sec. It should be
noted that �Pdi was significantly lower at a signal duty cy-
cle of 80% (7.6± 2.2mmHg) than 15% (11.8± 1.2mmHg)
and 50% (12.2± 2.3mmHg) (p< 0.05).
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Fig. 4 Effects of changing the
signal duty cycle on the charac-
teristics of non-invasive stimula-
tion of diaphragm contractions;
a plots of impulse parameters;
b relationship between duration
of inhalation and duty cycle of
signal; c relationship between
changes in transdiaphragmatic
pressure (�Pdi) during stim-
ulation on the stimulus duty
cycle (autonomous respiration
of the animal without artificial
stimulation)
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Discussion

This study showed that the TESD device effectively stimu-
lated diaphragmatic contractions by means of non-invasive
transmission of electrical signals to the phrenic nerve. In-
halation was successfully carried out with each repetition
of the stimulus.

The study addressed the influences of three parameters
(signal amplitude, period, and duty cycle); the relationships
between changes in transdiaphragmatic pressure and the
intensity of skeletal muscle contraction and changes in the
characteristics of impulses were established.

Stimuli with signal amplitudes of 1, 3, 5, and 7mA
were tested. However, even at a current of 1mA, �Pdi
was greater than during spontaneous breathing. A further
increase in �Pdi was observed only at the level of 7mA.
Changes in signal amplitude revealed a direct relationship
between current strength and contractions of the surround-
ing muscles. In this regard, the optimal amplitude range
among those tested was the range 1–3mA. Future studies
should also test lower current values, to reduce undesirable
muscle effects and help reduce �Pdi to optimal values.
Tidal volume was recorded on rabbits at stimulation ampli-

tudes of 10, 16, 20, 26, and 32mA [14]. As in the present
study, a direct relationship between changes in signal am-
plitude and the force of diaphragm contraction, measured
by determining tidal volume, was found.

The signal period was adjusted with the aim of con-
trolling the frequency of stimulated respiratory movements.
This parameter is integral for devices of this type. Use of
a period of 2000msec corresponds to a respiratory rate of
30 per minute, which was optimal for the experimental con-
ditions.

The duty cycle of the signal reflects the duration of the
stimulation pulse within a given cycle. The higher the coef-
ficient, the longer the inhalation period, while the duration
of the respiratory cycle remains the same. However, it was
noted that �Pdi decreased as the signal duty cycle increased
to 80%.

Conclusions

Future development of the method discussed here will sup-
port effective prevention of atrophy of the diaphragm. Thus,
use of non-invasive stimulation of the phrenic nerve in clin-
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ical practice will provide opportunities for rapid discon-
nection of the patient from mechanical ventilation, thereby
reducing the durations of intensive care unit stays and ac-
celerating the recovery process as a whole.
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