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Abstract—The review addresses modern methods of electrical stimulation used to regulate the
function of external respiration in humans. The methods include abdominal functional stimulation
of respiratory muscles, diaphragmatic stimulation, phrenic nerve stimulation, epidural and
transcutaneous spinal cord stimulation. The physiological rationale of their application is described
along with the examples of their use in clinical practice, including stimulation parameters and
electrode placement diagrams for each of the methods. We analyze the effectiveness of each of the
methods in patients with respiratory muscle paresis and the features of their use depending on the
level of spinal cord injury. Special attention is paid to the method of epidural spinal cord
stimulation because this technique is widely used in electrophysiological studies on animal models,
providing deeper insight into the spinal levels of the functional control of external respiration. The
review substantiates the great potential of using the method of transcutaneous electrical spinal cord
stimulation both in fundamental studies of external respiration and in clinical practice.

DOI: 10.1134/S0022093022060175

Keywords: breathing, spinal cord stimulation, electrical diaphragmatic stimulation, transcutaneous
stimulation, artificial lung ventilation, spinal cord injury

Abbreviations: ALV—artificial lung ventilation; SCS—spinal cord stimulation; PNS—phrenic nerve
stimulation; SCI—spinal cord injury; AFES—abdominal functional electrical stimulation;
TESCS—transcutaneous electrical spinal cord stimulation; TEDS—transcutaneous electrical dia�
phragmatic stimulation

INTRODUCTION

This review was conceived as an analysis of the
ways to regulate human external respiration by the
methods of electrical stimulation. Currently,
electrical stimulation of breathing is implemented
via both invasive and noninvasive methods [1].
The most studied of them include invasive

phrenic nerve stimulation (PNS) and epidural
spinal cord stimulation (SCS). Respiratory acti�
vation can be carried out by the methods of
abdominal functional electrical stimulation
(AFES) and transcutaneous electrical diaphrag�
matic stimulation (TEDS). Each of these meth�
ods has its own limitations, advantages and
disadvantages. The method of transcutaneous
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electrical spinal cord stimulation (TESCS),
developed in the last decade, is a perspective tech�
nique for the regulation of respiratory function,
because it is noninvasive and allows activating
several spinal centers of respiratory regulation,
which is critical for the full�scale control of
breathing.

The goal of the review was to critically analyze
the frequency and advisability of using each of the
methods of electrical stimulation of breathing in
clinical practice, based on the works published
within the last decade. Special attention was given
to the methods of electrical SCS, including a new
method of TESCS, as it can be equally success�
fully used both in basic research of the function of
external respiration and in clinical practice.

The review was performed in accordance with
PRISMA (Preferred Reporting Items for System�
atic Reviews and Meta�analyses) regulations [2].
The central question addressed in the review was
“what does each of the electrical stimulation
methods affect the respiratory system”. A system�
atic literature search in Russian and English was
conducted among the publications that came out
from May 2012 to September 2022 in the follow�
ing electronic databases: Pubmed, Google
Scholar, Scopus, Web of Science, RSCI. The
review included studies carried out on animal
models, healthy volunteers and patients with
respiratory muscle paresis; also analyzed were ret�
rospective clinical studies and literature reviews.

To select articles relevant to the goal of the
review, we used “electrical stimulation” and
“electrostimulation” as main keywords, as well as
“respiratory system”, “breathing”, “diaphragm”,
“phrenic nerve”, “inspiratory muscles”, “expira�
tory muscles”, “transcutaneous stimulation” as
complementary terms. The inclusion criteria for
clinical articles were the presentation of random�
ized and/or multicenter studies. To compare the
effectiveness of the methods of electrical stimula�
tion, exposure (treatment course) duration, as
well as the factor of aftereffect duration, articles
were selected by the presence of a control group.
Retrospective studies, conducted to assess the
quality of life of patients with implanted phrenic
nerve stimulation devices and patients who
underwent the course of epidural SCS, were ana�
lyzed separately. The method of epidural SCS

received much attention in this review, as it is
widely used both in clinical tasks on respiratory
system regulation in respiratory muscle paresis
and in electrophysiological studies of the topical
localization of respiratory interneurons. Articles
on the topical effects of epidural stimulation in
animal models were only included in the review
when the authors declared the observation of ethi�
cal standards in working with laboratory animals.

The divisions of the review present the results
obtained in stimulation of different structures
providing the function of external respiration:
respiratory muscles, nerves innervating these
muscles, and spinal respiratory centers.

ELECTRICAL STIMULATION OF 
RESPIRATORY MUSCLES

Abdominal functional electrical stimulation
Electrical stimulation of muscles has long been

successfully used as a training and restorative
method to improve the functional state of skeletal
muscles. Abdominal functional electrical stimula�
tion (AFES) of muscles is applied in respiratory
system disorders of different etiology and patho�
genesis, specifically, after spinal cord injury
(SCI), tetraplegia, paraparesis. Transcutaneous
AFES is able to elicit contractions of abdominal
muscles even if they are paralyzed after SCI [3].
The authors showed that in patients with acute
post�SCI tetraplegia, a course of AFES (20–
40 min a day, 5 times a week for 4 weeks, 30 Hz,
30–105 mA, pulse duration 100–500 μs) reduced
the duration of artificial lung ventilation (ALV) by
11 days compared to the control group whose
patients received no AFES.

When using AFES, there has long been no stan�
dard protocol for placing stimulation electrodes.
One or more anode/cathode pairs were typically
placed within the limits of a single or several adja�
cent abdominal muscles (Fig. 1a). In a study on
healthy volunteers, there have been analyzed the
effects achieved with different electrode positions
on the abdominal wall. It has been demonstrated
that the maximum activation of expiratory mus�
cles was achieved when the anode/cathode pair
was applied to the posteriolateral position [4]
(Fig. 1b). The electrodes were sized 4 × 18 or 4 ×
14 cm; with their diagonal placing, multiple
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abdominal muscles were activated simultane�
ously.

Exactly this placement layout of stimulating
electrodes is used in modern AFES studies. For
example, Butler et al. [5] found that superficial
stimulation of the posteriolateral abdominal mus�
cles in patients with SCI at the spinal cord seg�
mental level T6 or upward leads to an increase in
peak and mean expiratory flows by 36 and 80%
respectively, increases tidal volumes by 41%, and
reduces the risk of respiratory complications.

Analysis of clinical studies conducted in 2019
showed that in patients with SCI�induced respira�
tory muscle paresis, undergoing a course of AFES
for 6 weeks or more, independent breathing is
facilitated, respiratory airway clearance is nor�
malized, lung secretory function improves [6].

Thus, the main purpose, for which AFES can
be used in a clinic, is to reduce the risk of respira�
tory complications caused by poor mucus detach�
ment in the respiratory airways of patients with
respiratory muscle paresis.

Transcutaneous electrical diaphragmatic 
stimulation

Transcutaneous electrical diaphragmatic stim�
ulation (TEDS) is aimed at activating and training
of intact muscle fibers that elicit diaphragmatic
contractions. TEDS prevents muscular hypotro�
phy, including in patients with neuromuscular
diseases and those dependent on artificial lung
ventilation [7, 8].

In a retrospective study, there were analyzed
the 2007–2016 medical records of intensive care
patients with cervical SCI [7]. Out of 13 tracheos�

tomized patients, 4 received a 7�week course of
TEDS (30 Hz, 60 mA, pulse duration 1 ms), 6
were run along a standard ALV protocol, while
the remaining patients were excluded from the
analysis due to data incompleteness or death.
TEDS electrodes were placed bilaterally along the
midaxillary line between the 6–7th and 7–8th ribs
and above the xiphoid process. A course of TEDS
led to an increase in inspiratory muscle strength,
reduction in the number of days spent in intensive
care, and decrease in the need for ALV. No need
for ALV was a key indication for TEDS comple�
tion; the whole course of treatment included an
average of 47 sessions. All 4 patients were weaned
from the ventilator, with the latter circumstance
being most important during respiratory resusci�
tation.

TEDS was also used in intensive care COVID�19
patients on ALV (bipolar waves with a 30 Hz stim�
ulation frequency, 400 μs pulse duration, and 0.7 s
rise time). TEDS intensity was gradually
increased until visible muscle contraction was
observed. TEDS duration and frequency were
30 min a day and 5 days a week, respectively.
During each session, rectangular electrodes were
placed in the parasternal region near the xiphoid
process, in the area of the 6th and 7th intercostals,
at the midaxillary line. In TEDS�treated ALV
patients, at the end of the study, minute volume
increased by 0.64 (0.67–2.3) L, whereas in the
group of patients with ALV alone, it decreased by
1.2 (2.5–0.78) L. The differences were statistically
significant (p = 0.01) [8].

As Postma et al. [9] believe, the TEDS proto�
cols are not standardized, no recommendations

Fig. 1. (а) Placement layouts of stimulating electrodes for AFES (from [3]); (b) posteriolateral placement of electrodes to acti�
vate expiratory muscles with a maximum effectiveness (from [4]).
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have been formulated for the treatment of patients
in a critical condition. Moreover, the sample size
of patients in the studies of TEDS effects is rather
small (n = 4–12), while the persistence of these
effects in retrospective studies has not been
proved [9].

ELECTRICAL PHRENIC NERVE 
STIMULATION

Electrical stimulation of breathing in ALV�depen�
dent patients with traumas and other cervical SCI
has a long history that goes back more than two
centuries. Since ALV is accompanied by a non�
physiological increase in transpulmonary pressure
and as non�physiological change in pleural pres�
sure, lung ventilatory capacity decreases during
prolonged ventilation, so different techniques are
applied to stimulate nerves and muscles involved
in the act of breathing [10].

Invasive phrenic nerve stimulation (PNS) in
the cervical and thoracic regions entails the acti�
vation of diaphragmatic contractions. A direct
PNS is well known to elicit synchronous axonal
activation in the electric field, followed by a
rhythmic respiratory pattern generation [11]. This
method is considered a safe and efficient way to
provide respiratory support to ALV�dependent
patients with cervical SCI [12, 13]. Using endos�
copy, implantable electrodes were inserted at the
level of the 2nd, 3rd or 4th intercostals (Fig. 2),

attached to the phrenic nerves toward the upper
mediastinum, and connected to an external stim�
ulator [14]. This approach can be used at an early
stage of treatment to reduce the need for ALV in
intensive care units.

In a retrospective study conducted in 2011, it
was shown that after 37 patients with a SCI at the
cervical level were implanted with diaphragmatic
nerve stimulators, in 98% of the patients, tidal
volume became 15% larger during stimulation
compared to that before stimulation [16].

Recently, numerous preclinical and clinical
studies aimed at restoring voluntary breathing in
patients with a SCI above the phrenic nuclei have
been analyzed and concluded that complete
respiratory recovery through PNS is possible [17].

In a 2018 study, it has been shown that 5 of
92 patients with SCI, who received PNS, had
their respiratory function fully recovered, with
2 of them being able to have their stimulators
removed [18]. In the subgroup of individuals, who
received PNS in the first year after SCI, 73% of
patients were successfully weaned from ALV the
throughout whole day (24 h), while in the sub�
group of patients, who were stimulated 2 years
after SCI, this result was achieved in 51% of cases.
The authors concluded that early use of PNS
leads to favorable outcomes and improves the
quality of life in people with SCI�induced respira�
tory dysfunction.

The limitations of the method include the fol�
lowing. PNS is suitable for patients with SCI at
the level above C4 because in this case, phrenic
nerve integrity at levels C3 to C5 is remains intact
[19]. In patients with SCI�induced tetraplegia,
implantation of a diaphragmatic stimulator to
restore respiratory function is impossible due to
insufficient functional activity of the phrenic
nerves [20]. It is also important to consider the
fact that PNS initiates inspiration but not expira�
tion.

ELECTRICAL SPINAL CORD 
STIMULATION

There is great interest in the results of studies of
the effect of electrical spinal cord stimulation
(SCS) on physiological functions (cardiorespira�
tory, motor, excretory) and the possibility to

Fig. 2. Phrenic nerve stimulation (from [15]).
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actively manipulate these results by changing the
site and parameters of stimulation. By now, there
is a great experience of using SCS in the treatment
of chronic incurable pain of various etiology [21,
22]. It is shown on thousands of patients all over
the world that the method of high�frequency
stimulation (> 10 kHz) is effective for the treat�
ment of the neck and upper limb pain syndrome
[23, 24], while low�frequency SCS (< 100 Hz)
can be used in lower limb pain [25].

In the last 15 years, it has been demonstrated
that a combination of both invasive and noninva�
sive electrical SCS with motor stimulation is
effective in restoring voluntary movements and
independent walking in patients paralyzed due to
SCI [26–29]. The use of SCS for motor rehabili�
tation is based on the proven effect of activation of
the spinal locomotor neural network and motor
pools during stimulation of the lumbar thickening
of the spinal cord [30–32]. The noninvasive
transcutaneous electrical spinal cord stimulation
(TESCS) method has been increasingly used in
recent years to control locomotion [33].

One of the advantages of TESCS compared to
epidural SCS is the possibility to exert a multiseg�
mental effect on the spinal cord [34]. Recently, a
noninvasive spinal neuroprosthetic device has been
developed that activates leg flexors and extensors
depending on step phases; it has been designed to
facilitate walking in stroke�induced hemiparesis
[35]. The neuroprosthesis provides continuous
TESCS of the stepping pattern generator at the
T11–T12 level to facilitate locomotion; in addi�
tion, it realizes a continuous stimulation of the cer�
vical generator at the C5–C6 level to activate hand

movements that accompany walking and increase
excitability of the descending tracts of the spinal
cord. Against the background of continuous activa�
tion of the central generators, phase�dependent
stimulation of the spinal cord roots on the side of
paresis occurs at the level of the T11 vertebra to
activate paretic flexor muscles during the step
transfer phase and L1 to activate paretic extensor
muscles during the support phase.

A network of respiratory interneurons is local�
ized in the spinal cord which provides respiratory
pattern shaping into the final efferent motor out�
put from the spinal respiratory nerves, coordi�
nates respiratory muscle activity, as well as
respiratory, locomotor, and postural movements
[36] (Fig. 3).

The respiratory rhythm generated in the brain�
stem is transmitted to spinal neurons via bulbospinal
premotor neurons. The superior cervical interneu�
rons reside within the C1–C2 segments and can
generate a respiratory rhythm. Cervical and lumbar
central locomotor pattern generators can reproduce
rhythmic patterns recorded on respiratory nerves.
Respiratory interneurons modulate the bulbospinal
rhythm and coordinate activity between motor
pools. Interneurons can switch between tasks, and it
is quite likely that the classification of interneurons
is not static. Respiratory and limb muscle afferents
project to spinal motoneurons and can modify
respiratory pattern generation.

EPIDURAL SPINAL CORD STIMULATION

Electrode localization and SCS frequency are
critical determinants of the epidural SCS out�

Fig. 3. Layout of respiratory and motor centers and nerves in the spinal cord (from [36]).
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come. In studies of the respiratory system, the
method of epidural SCS has primarily been used
as the only electrophysiological method to detect
respiratory interneurons (by an action potential).

Epidural spinal cord stimulation in animal models
Most of the works aimed at the topical diagno�

sis of epidural SCS respiratory effects have been
carried out on animal models. For example, it has
been shown in rats that the activation of cervical
and thoracic interneurons is associated with respi�
ration [37]. It has been demonstrated that the cat
propriospinal C1–C3 neurons receive phasic
excitation during inhalation and inhibition during
exhalation [38]. The neurons of this region project
within the diaphragmatic motor pool limits [39].
In decerebrated cats, C3–C6 interneurons are
also activated depending on the respiratory cycle
[40, 41]. In 35 rabbits, 63 interneurons were
recorded at the C3–C6 level in the ventral horns
dorsally and dorsomedially from the diaphrag�
matic motor pool, of which 54% were inspiratory
and 46% were expiratory [42]. These electrophys�
iological results underlay further studies allowing
the control of breathing in spinalized dogs. For
instance, high�frequency stimulation of the ven�
tral surface of the T2 spinal cord segment
(300 Hz, 0–6 mA, 0.2 ms) in 11 dogs activated
local pools of the diaphragmatic motoneurons
through spinal pathways located in the lateral
funiculus, whereas the upper cervical interneu�
rons remained silent [43]. Current studies on dogs
(2017–2019) have shown that the effect of inspi�
ratory muscle activation is achieved by the stimu�
lation of the ventral segments at the thoracic level
[44, 45], whereas the effect of expiratory muscle
activation can be achieved by the stimulation of
the lower thoracic and lumbar regions [46–48].

As is known, because of the similar organiza�
tion of the corticospinal tracts in primates and the
respiratory bulbospinal tracts in rodents, the latter
can also be suitable for studying the functional
respiratory muscle recovery after the reproduction
of the SCI effect (partial or complete hemisec�
tion) [49]. Intraspinal microstimulation at the C3
level (within the diaphragmatic motor pool) both
in intact rats and in those with SCI, enables a
direct activation of diaphragmatic motoneurons
[50]. This, in turn, makes it possible to resuscitate

the damaged diaphragm and modulate its activity
in order to increase inspiratory volume. In rats
with incomplete SCI, high�frequency epidural
SCS at C4 and T2 levels leads to asynchronous
activation of respiratory motoneurons, which
causes spontaneous breathing [51].

Epidural spinal cord stimulation in clinical practice
In studies involving patients with SCI�induced

tetraplegia, it has been shown that combined
stimulation of the T9, T11 and L1 segments elicits
the act of coughing due to expiratory muscle con�
traction [52]. A retrospective study demonstrated
that all patients continued to use the epidural
stimulation device regularly for 4.6 years. As a
result, the control indices of life quality and respi�
ratory function remained at a high level: the mean
value of maximum airway pressure during breath�
ing induced by epidural stimulation remained at
108 ± 23 cm H2O. At the same time, the need for
a professional caregiver support significantly
decreased, which allowed 5 patients out of 9 to
move independently [53].

A clinical case has been described, in which an
electrode was inserted into the epidural space at
the level of C2–C4 vertebrae during minimally
invasive surgery to a patient (aged 9 years) with
complete anatomical spinal cord interruption at
the C2 level. The patient was all the time con�
nected to an ALV apparatus, with the duration of
independent breathing episodes not exceeding
2 min. The process of expanding the patient’s
abilities to breathe independently was carried out
in four consecutive stages. The first stage was the
development and implementation of electrical
stimulation regimens, corresponding to respira�
tory patterns, with a repetition rate of 12, 15 and
20 cycles per min (10 Hz, pulse duration 2500 μs);
during this stage, the duration of independent
breathing episodes increased. During the second
period (5 days), the patient’s ability to breathe
independently increased from 9 to 16.5 min. At
the third stage (4 weeks), electrical stimulation
was run 4 times a day (by 15 min each), when the
patient was breathing on his/her own simultane�
ously with an audiovisual support. At the onset of
the fourth stage, the patient was implanted with a
device for chronic electrical stimulation. Six
months after having been discharged from the
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hospital, the patient carried on breathing inde�
pendently with a concurrent stimulation (3 times
a day by 20 min) [54].

Table 1 summarizes the effects of epidural SCS,
obtained on decerebrated animal models and in
clinical studies on patients with SCI. It has been
proved that stimulation of the cervical region
(upper and middle cervical) leads to activation of
diaphragmatic breathing; with combined stimula�
tion of several levels, the effect of spontaneous
breathing is achieved, while the stimulation of the
thoracolumbar region is accompanied by expira�
tory muscle activation and initiates the act of
coughing.

In a small number of clinical studies, it has been
shown that regular SCS is accompanied by the
improvement of respiratory function, an increase
in the patients’ quality of life, and normalization
of lung secretory activity. However, the available

data are insufficient to unambiguously correlate
the stimulation site, stimulation parameters and
effects that invasive electrical SCS exerts on
breathing. The method of epidural SCS for the
purposes of respiratory regulation has not been
widely used in clinical practice, probably due to
the risks associated with surgical intervention, as
well as incompleteness of data on the effectiveness
of this exposure.

TRANSCUTANEOUS ELECTRICAL SPINAL 
CORD STIMULATION

At present, studies of the effect of TESCS on
external respiratory function are usually per�
formed on healthy volunteers.

Minyaeva et al. [57], in a study involving
10 healthy volunteers, have shown that dynamic
changes in the lung ventilation and gas exchange

Table 1. Respiratory effects of epidural spinal cord stimulation

Spinal 
cord seg�

ment
Stimulation parameters Subjects Effects Ref.

Decerebrated animal models

С2–С3
Stimulation of premotor 
axons with single pulses, 1–
91 mA, 0.2 ms

22 neonatal 
to juvenile 

rats

Excitation is transmitted via ipsilateral descending 
axons of medullary phrenic premotor neurons at any 
age

[55]

C7
Stimulation of lateral and 
ventral funiculi with single 
pulses, 5–50 mA, 0.2 ms

18 rats Bulbospinal inspiratory neurons in the ventral respira�
tory group connect with phrenic motor neurons 

[56]

С4/T2
Ventrolateral stimulation, 
300 Hz, 100–1000 mA, 60 s

8 rats/7 rats Stimulation potentiates diaphragmatic activity with a 
little effect on the inspiratory rate

[51]

T4
50–100 μA, 0.2 ms 6 cats Inspiratory upper cervical neurons are excited via 

ascending pathways upon inspiration and inhibited 
upon expiration

[38]

С8, T6
Ventral surface, 500 Hz, 
1 mA

4 dogs The highest negative airway pressure was 47 ± 2 cm 
H2O

[44]

T9, T11–
T12, L2

Dorsal surface, 500 Hz, 
1 mA, 0.2 ms

11 dogs Activation of expiratory muscles (intercostal and 
external oblique muscles)

[48]

Clinical studies in patients with spinal cord injury

С2–С3 10 Hz, 2500 μs 1 patient, 
aged 9 years

Independent spontaneous breathing [54]

T9, T11, 
L1

Dural sac midline, 40 V, 
53 Hz, 150–200 ms

10 patients Coughing due to contractions of expiratory muscles. [52, 
53]
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parameters during TESCS at the level of T11–
T12 vertebrae over the spinal cord segments,
where the central stepping pattern generator is
located (Fig. 3), are associated with stimulation�
induced stepping movements.

In the following study conducted on healthy
volunteers, the data have been obtained on the
regulation of respiratory muscle activity by
TESCS (30 Hz, modulated with a 5 kHz fre�
quency) [58]. The subjects were in a half reclining
position, and TESCS was performed at the level
of T12–L1 vertebrae. TESCS intensity was
selected individually, using the intensity of single
monopolar pulses (pulse duration 1 ms, pulse rep�
etition frequency 1 pulse per 2–3 s) that elicited
motor response in lower limb muscles, as a refer�
ence. The working range of currents was 30–
90 mA. Noninvasive stimulation at a resting state
caused a significant decrease in respiratory depth
by 0.10 ± 0.03 L due to a synchronous decrease in
the duration and rate of both inhalation and exha�
lation.

In a 2020 study, a 39�year�old patient with tet�
raplegia, developed due to diving injury at the
C5 level, was treated with TESCS [59]. Before
treatment, the patient reported impaired respira�
tory function and decreased ability to cough and
expectorate sputum, especially in the supine posi�
tion. During two weeks, high�frequency stimula�
tion (10 kHz) was alternated with low�frequency
stimulation (30 Hz), also alternated was the elec�
trode localization at C3–C4, C5–C6 and T1–T2
levels. As a result, inhalation and exhalation vol�
ume increased, and the loudness of the act of
coughing rose from 80 to 86 dB.

Thus, the possibility of using the method of
TESCS for breathing regulation in principle has
been shown. This method, being unrelated with
the risks of surgical intervention, is a convenient
tool to dissect the role of the spinal cord centers in
human external respiration control. The issue of
whether it is possible to regulate the activity of
motor nuclei of respiratory muscles and “respira�
tory generator”, which are localized in thoracic
and cervical segments of the spinal cord, through
TESCS remains relevant [60].

It is of interest to design a “respiratory neuro�
prosthesis” by analogy with the noninvasive spinal
neuroprosthesis that facilitates walking [35].

Using TESCS, it is possible to affect different seg�
ments of the spinal cord and thus initiate breath�
ing, enhance the activity of the diaphragm, as well
as inspiratory and expiratory muscles, during the
respiratory cycle phases corresponding to their
activity. Most spinal cord segments innervate both
inspiratory and expiratory muscles (Fig. 3), how�
ever, by placing TESCS electrodes at the same
position, different effects on breathing can hope�
fully be obtained due to the use of different stimu�
lation parameters. Over many years of using SCS
for pain management, it has been shown that the
main stimulation parameters (amplitude, pulse
duration, frequency) affect the therapeutic effect,
as they determine the delivery of electrical charge
to different loci of the spinal cord [61–63].

Thus, for the time being, TESCS is a potent
and convenient tool for unraveling the functions
of the spinal cord in the regulation of breathing.
In the future, this technique may become an
affordable and effective method to restore breath�
ing in patients with respiratory muscle paresis.

CONCLUSIONS

Among the above�addressed methods of elec�
trical stimulation, most data bear on the phrenic
nerve stimulation, which is used in clinics to
restore breathing in patients with high tetraplegia
causing respiratory paralysis. It is a method with
a highly predictable result, because the physio�
logical mechanism behind its effect is well
known. Moreover, it is a little invasive method.
One of the major limitations of diaphragmatic
nerve electrical stimulation is that it is only suit�
able for patients with SCI above the C4 segment.
Another serious disadvantage of this method is
that it activates inspiration, while having no
effect on exhalation, and can also cause muscle
fatigue, as it synchronously activates all axons in
the electric field. Electrical stimulation of respi�
ratory muscles is applied in respiratory system
disorders of different etiology. Although these
methods are noninvasive, they are, at the same
time, nonstandardized, and, therefore, rarely
used. It is obvious, that the study of the physiol�
ogy of respiratory muscles, specifically, the rela�
tionships between the activity of the diaphragm,
abdominal and intercostal respiratory muscles,
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with respiratory cycle phases are prospective
research trends, because this knowledge will
allow the existing clinical protocols for electrical
muscle stimulation aimed at regulating the func�
tion of external respiration to be substantially
improved.

Spinal cord stimulation has a potential advan�
tage over muscle and phrenic nerve stimulation,
based on the fact that the spinal cord contains
neural structures that control the whole respira�
tory cycle. Therefore, by stimulating different
regions of the spinal cord, it is possible to control
different phases of the respiratory cycle and to use
this method with a great variety of causes behind
respiratory disorders, as convincingly demon�
strated by numerous SCS studies conducted on
animals. In clinical practice, epidural SCS is used
extremely rarely: just sporadic clinical cases using
this method have been published to date. Quite
evidently, the serious risks of complications asso�
ciated with the implantation of an SCS system
hamper the clinical use of epidural stimulation. It
is also obvious that the current level of knowledge
about the role of spinal cord structures in respira�
tory cycle regulation is still not sufficient enough
to disregard the risks for the sake of a predictable
result, as it happens in the case of using SCS for
pain management.

In the last few years, the fundamental possibil�
ity of using the TESCS method for breathing reg�
ulation has been clearly demonstrated. This
noninvasive method has good prospects of clinical
use in restoring respiratory function in patients
with disorders of external respiration, concomi�
tant to numerous pathologies. It is also a conve�
nient tool to investigate the role of spinal centers
in human external respiration control. In addi�
tion, the specific technical features of TESCS
enable different regions of the spinal cord to be
affected simultaneously. Thus, the development
of a respiratory spinal neuroprosthesis, which will
control the function of external respiration by
modulating the activity of respiratory centers,
enhancing inspiratory and expiratory muscle con�
tractions during the appropriate respiratory cycle
phases, is getting high on the agenda. We pin great
hopes on the use of TESCS for gaining a deeper
insight into the regulatory mechanisms of external
respiration in humans.

LIMITATIONS

In this review, we considered the clinical appli�
cation of respiratory electrical stimulation tech�
niques in the context of a single nosology, spinal
cord injury.
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