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ABSTRACT

BACKGROUND: A spinal cord injury can lead to paralysis of the respiratory muscles, resulting in a significant reduction in
breathing ability. People with a spinal cord injury face an increased risk of developing various respiratory complications.
To date, existing effective technologies positively affect the long-term recovery of respiratory function and create conditions
for neuroplasticity in the injured spinal cord. The high relevance and lack of systematization of these techniques in the world
literature served as the basis for describing a topical approach in electrostimulation for the correction of respiratory disorders
in patients with traumatic spinal cord injuries.

AIM: To formulate an algorithm for topical electrostimulation of the spinal cord and respiratory muscles to correct respiratory
dysfunction in patients with spinal cord injury based on the latest scientific literature.

MATERIALS AND METHODS: This article presents the results of the analysis of peer-reviewed articles that investigated the
effects of various electrostimulation techniques on respiratory function in patients with spinal cord injury. Searches were
performed on ScienceDirect, Google Scholar, and PubMed for the period from 2000 to 2022.

RESULTS: A spinal cord and muscle electrostimulation algorithm was formulated to personalize the treatment approach for
patients with spinal cord injury depending on the level and period of traumatic spinal cord injury.

CONCLUSIONS: Electrostimulation techniques were found to be effective in the treatment of spinal cord injuries, particularly
for the correction of respiratory disorders. The choice of the appropriate neurostimulation technique depends on the severity,
injury level, and period of injury. Noninvasive techniques, such as FES and TSSM, can be used from the acute period to the
chronic period, whereas invasive techniques, such as epidural stimulation and respiratory pacemaker placement, are appro-
priate in the chronic period. Despite the positive results of these techniques, further research is needed to develop effective
treatment plans and improve their effectiveness and long-term outcomes.

Keywords: spinal cord injury; mechanical ventilation; respiratory muscle palsy; neuroprosthesis; neuroplasticity; neuromodu-
lation; electrical stimulation; rhythm generator; rehabilitation.
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HayuHbIi 0630p

Tonuuyeckas aNneKTPOCTUMYNALMUA ANSA KOPPEKLUU
AbIXaTe/IbHbIX pacCTPOUCTB NPU TpaBMe CNIUHHOIO
Mo3ra (063op nuTepartypbl)

B.I. Topus, C.B. Buccapuonos, M.B. CasuHa, A.l. banHaypatusunm, .A. MeplumHa

HauvoHanbHbIN MEAVLIMHCKIIA MCCNEA0BATENbCKUIA LIEHTP AETCKOW TpaBMatonorumn u optoneamu umenm [N. TypHepa, CaHkT-leTepbypr, Poccus

AHHOTALMA

06ocHoeaHue. MNoBpexaeHMe CMIMHHOMO MO3ra MOXXET NPUBECTM K OMacHoi GopMe napannya AblXaTesbHbIX MbILULL, YTO 3Ha-
YUTENIbHO CHUXKAET AbIXaTesbHYI0 CNOCOOHOCTb. JIoAM C NOBPEXAEHUEM CMIMHHOTO MO3ra CTA/IKMBAIOTCS C MOBBILLEHHBIM pu-
CKOM Pa3BUTMSA Pa3fiNyHbIX PECNMPATOPHBIX OCNOXHEHUA. Ha CerofHAWHMIA feHb CylecTBYOT 3QhEKTUBHbIE TEXHOMOMMM,
obecrneumBatoLLme MONOKUTENBHOE BO3LAEHACTBME HA AOAMOCPOHHOE BOCCTAHOBJIEHME [bIXaTeNbHOW (QYHKUMK M co3aatoLume
ycnoeus ans GopMMpOBaHWUA HEMpONNACTUYHOCTA B NOBPEXAEHHOM CMIMHHOM Mo3re. BbicoKas aKTyanbHOCTb U OTCYTCTBME
CUCTEMATM3aLMM JaHHbIX METOAVK B MUPOBOI NIUTepaType MOC/yXWiKM OCHOBOW A ONUCaHUs TOMMYECKOr0 NOAXOAA B ANeK-
TPOCTUMYNSALMM J1S KOPPEKLMM bIXaTeSbHbIX PAaCCTPOMCTB Y NALMEHTOB C TPABMaTUYECKUM NOBPEXAEHNEM CMIMHHOTO MO3ra.
Llene — copMupoBaTL aNropuT™ TOMMYECKON 3NMEKTPOCTUMYNIALMM CIMHHOMO MO3ra W AbIXaTesbHbIX MbILLL 1S KOPPeKLmM
HapyLIEHMIA BYHKUMW LbIXaHWS Y NALMEHTOB C TPABMOM CMUHHOMO MO3ra, OCHOBbLIBASACh Ha NOCNELHUX HaYUHbIX IMTEPATYpPHbIX
AaHHbIX.

Mamepuanel u Memodel. B cTaTbe NpefcTaBneHsl pe3ynbTaThl NOUCKA W aHaNM3a peLieH3npyeMblx CTaTel, B KOTOPbIX U3yya-
NV BUSHWE Pa3NIUYHBIX METOAMK 3NEKTPOCTUMYNALMM Ha AbiXaTeNbHYH GYHKLMIO Y NaLMEHTOB C TPABMOW CMIMHHOIO Mo3ra.
Mouck BoinonHeH B pecypcax ScienceDirect, Google Scholar, PubMed 3a nepuoa ¢ 2000 no 2022 r.

Pe3ynbmamel. ChopMupoBaH anroput™ aNEKTPOCTUMYIALMM CMIMHHOMO MO3ra M MbILUL, C LieJIbi0 NepCcoHanu3aumu noaxoaa
K JIEYEHMI0 NALMEHTOB C NO3BOHOYHO-CMMHHOMO3MOBOM TPABMOI B 3aBUCMMOCTM OT YPOBHA U NEpUOAA TpaBMaTUYECKOro Mo-
BPEXEHWUA CMIMHHOTO MO3ra.

3aknioyerue. MeToabl ANEKTPOCTUMYNALMM NOKa3anu cBOK 3PQPEKTUBHOCTb B NIEYEHUM TPaBM CMIMHHOTO M03ra, 0c06eHHO
C Lie/Tblo KOPPEKLMM AblXaTeslbHbIX paccTPoicTB. Bbibop noaxoasLLero MeTofa HeMpoCTUMYNALMM 3aBUCUT OT TAXKECTH, YPOBHS
NOBPEXAEeHMs U Nepuofia TpPaBMbl. HenHBa3uBHbIE METOAbI, TaKWe KaK QYHKLMOHAMbHASA 3eKTPOCTUMYNIALMA U TPAHCKYTaHHas
CTUMYNALMSA CMIUHHOTO MO3ra, MOryT ObiTb MPUMEHEHDBI U B OCTPOM, U B XPOHUYECKOM Nepuofe, B TO BpEMS KaK MHBa3WBHble
METOAbI, TaKUe KaK 3nMAypanbHas CTUMYNALUMS M NOCTAHOBKA BOAWUTENS [bIXaTeSIbHOro puTMa, LieniecoobpasHo Mcnonb3o-
BaTb B XPOHWYECKOM Nepuoae TpaBMbl. HecMoTpsa Ha NonouTenbHble pesynbTaThl 3TUX METOA0B, HEODXOAMMBI AanbHelLne
uccneaoBaHus An1s pas3paboTky oNTUManbHbIX MNIAHOB N1eYEHNS, NOBLILLEHUS UX IDHEKTUBHOCTM M NONYYEHUS [ONTOCPOUHBIX
pesynbTaTos.

KnioueBble cfioBa: TpaBMa CIMHHOIO M03ra; MexaHUYeCKas BEHTUNALMS NIETKUX; Napanny AblXaTesbHbIX MbILLLL; HeliponpoTe-
31pOBaHMe; HeMPOMNACTUYHOCTb; HEPOMOZYNSILMS; ANEKTPOCTUMYNALMSA; TeHepaTop pUTMa; peabunutaums.
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BACKGROUND

Injury to the spinal cord, particularly to the cervical
region, can cause paralysis of the respiratory muscles,
which significantly reduces breathing capacity. Nearly
40% of patients with spinal cord injuries require mechanical
ventilation to maintain respiratory function [1]. According to
preliminary data, approximately 5% of patients who require
mechanical ventilation in the acute period of traumatic injury
will also require it in the future constantly [1].

People with spinal cord injuries have an increased risk
for respiratory dysfunction and associated complications, in-
cluding pneumonia, atelectasis, and potentially life-threaten-
ing respiratory failure [2, 3].

Respiratory distress is the main contributor to the devel-
opment of secondary somatic and infectious diseases and
death following traumatic injuries of the cervical spinal cord.
This condition poses a serious problem for both patients and
healthcare professionals because it is associated with sig-
nificant risks to the overall health and well-being of the in-
dividual [4].

Patients who are dependent on mechanical ventilation are
unable to live at home; therefore, long-term care facilities take
on the responsibilities of care. Mindful care of a patient on
ventilation involves 24-h supervision by qualified personnel.
The caregiver must have experience in adjusting the ventila-
tor settings to ensure optimal breathing function and adapt to
changes in oxygen saturation. In addition, proper lung drain-
age is extremely important, including percussion of the chest
for regular sanitation and induction of a cough reflex [5].

Mechanical ventilation not only interferes with the mobil-
ity and independence of a patient with impaired motor func-
tion of the limbs because of injury but also causes physical
discomfort, speech, and smell impairment of varying de-
grees [6].

Given these facts, restoring independence from mechani-
cal ventilation is important both from the point of view of
medical and psychological state and socio-economic and
domestic well-being. This minimizes the risk of respiratory
complications, increases patient mobility, and frees them
from constant dependence on medical care.

Nowadays, various technologies can positively affect
the long-term restoration of respiratory function and
create conditions for the development of neuroplasticity in
the damaged spinal cord [7]. The high relevance and lack of
systematization of these techniques in the world literature
prompted the need for a topical approach to electrical
stimulation for the treatment of respiratory disorders in
patients with traumatic spinal cord injuries.

This study aimed to develop an algorithm for topical
electrical stimulation of the respiratory muscles to treat
respiratory dysfunction in patients with spinal cord injury
based on the latest scientific literature data.

Vol 11 (3) 2023
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MATERIALS AND METHODS

This study presents the results of the search and analysis
of peer-reviewed articles that evaluated the effect of various
electrical stimulation techniques on respiratory function in
patients with spinal cord injury.

The search was performed in ScienceDirect, Google
Scholar, and PubMed databases for the period from 2000
to 2022. The following keywords were used: respiratory cen-
ter, breathing regulation, rhythmogenesis, ventilatory control,
respiratory drive, inspiratory neurons, expiratory neurons,
spinal cord injury, electrostimulation diaphragm pacing,
transcutaneous spinal cord stimulation, epidural spinal cord
stimulation, functional electrical stimulation, neuromodula-
tion, neuroprosthesis, stimulation, electrical stimulation,
muscle stimulation, respiration, and cough.

The analysis included articles containing recent data on
the effects of various electrical stimulation techniques on
the respiratory function of patients with spinal cord injury.
Duplicate articles (or articles where the study participants
were not independent of previous publications) and edito-
rial contributions were excluded. The initial search yielded
450 articles. After removing duplicates and reviewing titles
and abstracts, the remaining 380 articles were screened
against the predefined inclusion criteria. This left 78 ar-
ticles for full-text evaluation. Articles that analyzed the ef-
fects of electrical stimulation techniques on the respiratory
function of patients with spinal cord injury were included in
the analysis.

The full-text review assessed the methodology, relevance,
and information content of each article. After this review,
the most relevant and high-quality articles (31 peer-reviewed
articles) suitable for this study were selected.

RESULTS AND DISCUSSION
Anatomy and physiology

Respiratory muscles can be classified into two inspiratory
and expiratory muscles. The inspiratory muscles (or inspiration
muscles) expand the chest cavity and subsequently draw
air into the lungs. For this purpose, they raise the ribs and
sternum. The expiratory muscles help contract the thoracic
cavity and are involved in exhaling air from the lungs
and lowering the ribs and sternum. These muscles work
concordantly to facilitate breathing and ensure proper oxygen
and carbon dioxide metabolism in the body. Smooth and
efficient breathing requires maintaining a balance between
the inspiratory and expiratory muscles (Fig. 1).

The main inspiratory muscles are represented by the dia-
phragm and external intercostal muscles. The phrenic nerve
is responsible for the motor innervation of the diaphragm,
and the sensory innervation is provided by the phrenic nerve
(tendon center of the diaphragm) and the sixth or seventh
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Fig. 1. Anatomy of the main and accessory respiratory muscles

pair of intercostal nerves (peripheral parts of the diaphragm).
Allintercostal muscles are innervated by their corresponding
intercostal nerves.

The sternocleidomastoid muscles; anterior, middle,
and posterior scalene muscles; pectoralis major and pecto-
ralis minor; inferior fibers of the serratus anterior; and latissi-
mus dorsi are accessory muscles of inspiration. The serratus
posterior superior, as well as the cervical segment of the neck
iliocostalis muscle, may be involved in inspiration.

Fig. 2. Areas associated with breathing rhythm formation in the
brainstem. 1, pontine respiratory areas: Kolliker-Fuse nucleus
and parabrachial complex; 2, medullary respiratory centers, from
top to bottom: parafacial respiratory group (green), retrotrapezoid
nucleus (yellow), preBétzinger complex (turquoise), and Bétzinger
complex (red). Superior cervical inspiratory neurons (black). Sagit-
tal and frontal views
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Inhalation

Exhalation results from
the passive elastic recoil
of the lungs, chest,
and diaphragm,
and intra-abdominal
pressure

Calm breathing

m. intercostales interni

Diaphragm

Main muscles

At rest, exhalation is a passive process that results from
the elasticity of the chest and lung tissue and constant intra-
abdominal pressure. The main expiratory muscles involved
in active exhalation include the internal intercostal muscles,
innermost intercostal muscles, subcostal muscles, and
muscles of the anterior abdominal wall, namely, the rectus
abdominis, external abdominal oblique, internal oblique
muscle, and transverse abdominal muscle. The muscles
of the anterior abdominal wall are innervated mainly by
intercostal nerves Th,~Th,.

Accessory expiratory muscles include the serratus poste-
rior inferior, quadratus lumborum, lowest fibers of the iliocos-
talis muscle, and longissimus muscle at the thoracolumbar
transition [8].

In chronic spinal cord injury, accessory muscles are
involved in breathing, namely, the upper part of the trapezius
during inhalation and the pectoralis major and the latissimus
dorsi during exhalation [9].

To formulate the view and paradigm of topical stimulation
to treat respiratory disorders, modern ideas about the central
mechanism of respiratory rhythm generation must be
elucidated.

Recent evidence suggests the presence of two main respi-
ratory rhythm generators, namely, the parafacial respiratory
group and the preBotzinger complex (inspiratory pacemaker
population). The inspiratory and expiratory activities in these
medullary respiratory rhythm generators are modulated
from various sites in the lower brainstem, including the pons
and Bétzinger complex, and resulted in motoneuron activity
through efferent networks in the brainstem and spinal cord
(Fig. 2) [10, 1].
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« Pontine respiratory regions: Kolliker—Fuse nucleus (KF)
- and parabrachial complex (PB)
« Respiratory rhythm generators in the medulla oblongata:
T parafacial respiratory group (pFRG), retrotrapezoid
nucleus (RTN), preBotzinger complex (preBotC, inspiratory
pacemaker population), and Bdtzinger complex
« Superior cervical inspiratory neurons (UCIN)

Ca‘cs
« Motor nuclei of the n. phrenicus (diaphragmatic breathing)
Th,—Th, « Inspiratory interneurons of the rostral segments with high
T s, excitatory postsynaptic potentials (innervation of the external
intercostal muscles)
Th « Main expiratory center (innervation of the internal intercostal
9 T muscles and abdominal muscles)

Fig. 3. Scheme of the rostrocaudal structure of respiratory rhythm generation including brainstem and spinal respiratory networks that

organize the rostrocaudal gradient of inspiratory motor activities

Breathing involves a complex pattern of movements that
requires the activation of numerous motor neurons along
the spinal cord in the correct spatial and temporal sequence.
Several studies have shown that the external intercostal
muscles and their nerves are active during inspiration, and
the inspiratory activity in the rostral intercostal spaces is
stronger than that in the caudal ones [12]. Accordingly,
the parasternal region of each internal intercostal muscle
is activated during the inspiratory phase, with muscles in
the rostral intercostal spaces showing greater activity than
those in the caudal ones [13, 14]. The rostrocaudal structure
of respiratory rhythm generation, which is conditionally
divided into levels in accordance with the possibility of using
stimulation techniques, is presented in Fig. 3.

In recent years, the use of electrical stimulation for
the treatment of respiratory failure has received considerable
attention. This approach improves respiratory function and
reduces the need for mechanical ventilation in patients with
spinal cord injury [7].

Segmental use of electrical stimulation

If the injury is located in the C, segment and above,
the efferent rhythmogenic innervation of breathing is
disrupted to the level of the motor neurons n. phrenicus,
causing paresis of the diaphragm, intercostal muscles, and
main expiratory muscles. The interneurons of the upper
cervical inspiratory neurons can be a substrate for restoration.
The upper cervical inspiratory neurons are not the region
of the main generation of respiratory rhythms; however,
they are involved in the formation of inspiratory respiratory
patterns, and in the case of damage, they use auxiliary
pathways to restore and reorganize the circuit and can even
act as a reserve generator of respiratory rhythms. Thus,

the respiratory neural circuits of the high cervical spinal cord
represent a vital component of the respiratory network [15].
When affected at this level, patients experience disorders of
inspiratory and expiratory functions.

Noninvasive methods for treating respiratory disorders
are used in acute and chronic periods of spinal cord in-
jury. In our clinical practice, we use functional electrical
stimulation (FES) and transcutaneous spinal cord stimula-
tion (TSCS) in the early period, from day 5 after surgery.
The issue of the timing of using stimulation techniques is
still being discussed. Most researchers describe the clini-
cal effectiveness of noninvasive electrical stimulation in
the chronic period, and little data are presented on its ef-
ficiency in the acute period [16].

To stimulate inspiratory function, transcutaneous spinal
cord stimulation can be applied [17, 18]. Stimulation should
be performed above and below the level of the damaged
segment. The parameters of stimulation with electric current
are selected individually in the presence of a resuscitator.
This technique can be employed in pediatric patients at least
3 years old [19]. In our clinical practice, the minimum age
of a patient who underwent transcutaneous stimulation was
6 years.

Abdominal FES is effective for stimulating expiratory
function and inducing a cough reflex. The technique involves
the stimulation of the external abdominal oblique and rectus
abdominis muscles with electric current. Average stimulation
values were a current strength of 90—100 mA, pulse duration
of 200-300 ps, and stimulation frequency of 30-50 Hz [16].
According to the literature, the minimum age for using this
technique in pediatric patients is 3 years [20].

The approach of using noninvasive TSCS and FES in
the acute and chronic periods is similar to the approach
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for treating respiratory disorders at all levels of spinal cord
injury.

In chronic spinal cord injury, when there is a need for
long-term mechanical ventilation, placement of a respiratory
pacemaker is indicated. Various manufacturers regulate
the age of use independently, and no single standard has
been established these days. For example, the phrenic nerve
simulator made by Avery is approved by the Food and Drug
Administration (USA) for implantation at any age [21].

Implantation requires an intact phrenic nerve, absence
of pulmonary pathology, and preservation of consciousness.
To confirm objectively phrenic nerve conduction, each nerve
is stimulated with a source located over the sternal notch on
the medial surface of the sternocleidomastoid, and the evoked
activity of the diaphragm is assessed. The recording electrode
is located at the level of the anterior costal edge of the ninth
intercostal space (Fig. 4).

The device usually consists of an external transmitter
and one or more implantable receivers that are connected
to electrodes that stimulate the phrenic nerves. Implantation
can be performed at the neck level or intrathoracically directly
onto the phrenic nerves. Alternatively, a laparoscopic approach
can be used on the abdominal surface of the diaphragm;
to determine the optimal location of the electrodes, pinpoint
electrical stimulation is performed, and the main motor point
of the diaphragm is established [22, 23].

Injury at the C,~C; level is morphologically characterized
by damage to the motor nuclei of n. phrenicus, an impairment
of the efferent respiratory rhythmogenic innervation to lower
levels. A flaccid paresis of the diaphragm with atrophy of
the phrenic nerves and paresis of the intercostal muscles and
main expiratory muscles occur. The interneurons of the upper
cervical inspiratory neurons can serve as a substrate for
restoration. Damage at this level results in inspiratory and
expiratory disorders.

In chronic spinal cord injury accompanied by diaphrag-
matic paralysis, continued mechanical ventilation is required,

Fig. 4. Phrenic nerve conduction study and diagram of the position
of the stimulating electrode (7) and recording electrodes (2)

Tom 11,Ne 3, 2023
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placement of a diaphragmatic pacemaker is not always pos-
sible. If the motor nuclei of n. phrenicus are partially affected
and conduction along the phrenic nerves is confirmed, then
a respiratory pacemaker can be placed. However, in phrenic
nerve atrophy, conduction disturbances confirmed by neuro-
physiological studies, and the pacemaker installation may
not give the expected effect. In these cases, an epidural elec-
trode can be implanted for neuromodulation and stimulation
of neuroplasticity. This technique can be performed for pedi-
atric patients at least 8 years old [24].

The inspiratory intercostal muscles are activated by
the epidural implantation of an electrode on the ventral
surface at the Th, level [25].

Clinical studies in patients with tetraplegia on mechanical
ventilation showed that the activation of the intercostal
muscles alone increased the volume of inspired air [26].
Stimulation is performed in a high-frequency mode of 300 Hz
(high-frequency spinal cord stimulation), which can cause
physiological activation of the inspiratory muscles [25].

Even in cases of clinically complete spinal cord injury,
neuromodulation below the level of injury can restore
autonomic and volitional sensorimotor functions [27-29].

Injury at the C,~Th, level is characterized by the disruption
of the efferent respiratory rhythmogenic innervation below
the level of the n. phrenicus, maintaining control of diaphrag-
matic breathing and formation of paralysis of the intercostal
and main expiratory muscles. This results in incomplete and
complete disorders of inspiratory and expiratory functions,
respectively [25].

In chronic spinal cord injury, an epidural electrode can
be implanted at the Th, level for neuromodulation and
stimulation of neuroplasticity to treat respiratory disorders.

Injury at the Th,~Th, level. Many thoracic interneurons
have respiratory activities [30]. Moreover, more inspiratory
interneurons are found in the more rostral thoracic segments,
whereas more inspiratory excitatory postsynaptic potentials
in interneurons are located in more rostral segments, mainly
in the Th,=Th, levels [31].

Trauma at this level is morphologically characterized
by damage to interneurons involved in the formation of
the rostrocaudal gradient of inspiratory motor activity and
located in more rostral segments of the spinal cord. This
leads to paresis of the intercostal and expiratory muscles,
and control of diaphragmatic breathing is preserved.

In chronic spinal cord injury, implantation of an epidural
electrode at the Th, level for the treatment of respiratory
disorders, as described for trauma of higher levels, may
not yield the expected effect. For neuromodulation and
stimulation of neuroplasticity at this level, epidural electrodes
can be implanted at the level of adjacent segments, above
and below the level of injury.

Injury at the Th,~Th, level is characterized by dam-
age to the preinterneurons and interneurons involved in

00I: https://dal.org/10.17816/ PTORS322843
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the formation of the rostrocaudal gradient of inspiratory
motor activity in the thoracic spinal cord. However, the main
center for the development of the rostrocaudal gradient of in-
spiratory motor activity of Th,~Th, remains intact. This leads
to incomplete disruption of inspiratory function and incom-
plete and complete paresis of the intercostal and expiratory
muscles, respectively.

The center of innervation of expiratory activity in Th, is
intact, and the motor neurons of the main expiratory muscles
are also intact.

In chronic spinal cord injury, to improve expiratory and
inspiratory respiratory functions, an epidural electrode can
be implanted at the Thy, Thy, and L, levels, which can be
used for neuromodulation and stimulation of neuroplasticity.
However, to optimize the therapeutic effect, epidural
electrodes can be implanted in adjacent segments above and
below the lesion [32].

Injury at the Th, level. The main expiratory center in
the spinal cord is located in the lower thoracic segments with
the greatest activity at the Th, level. This center innervates
the expiratory muscles, including the abdominal and internal
intercostal muscles. The expiratory center is organized into
segments, with different levels responsible for different
aspects of expiratory control. Nerves at the Th,~Th, levels
are mainly responsible for the activation of the expiratory
muscles located rostrally, and nerves at the Th,~Th,, levels
are mainly responsible for the activation of the expiratory
muscles located more caudally [33]. Trauma at this level
leads to damage to the motor neurons of the main expiratory
muscles, formation of flaccid paresis, and absence of active

Chronic period

Respiratory
pacemaker
placementa
Abdominal
FES, TSCS +
Epidural SCS

Vol 11 (3) 2023

Pediatric Traumatology. Orthopaedics
and Reconstructive Surgery

exhalation and cough; as a result, passive expiration becomes
the dominant mechanism. This leads to an imbalance in
the activity of the respiratory muscles and reduced breathing
efficiency. In these patients, atrophy of the expiratory muscles
is possible; thus, electrical stimulation may be little effective
or ineffective.

The development of an algorithm for personalized
electrical stimulation of the spinal cord and muscles is
a promising approach to the treatment of respiratory failure
(Fig. 5).

The presented algorithm for the electrical stimulation of
the spinal cord and muscles was developed to personalize
the treatment approach to patients with spinal cord injuries,
depending on their level and period. The algorithm is based on
the analysis of literature data given in the article. It synthesizes
and organizes knowledge to provide a personalized treatment
approach to patients with spinal cord injuries.

In acute injury, noninvasive treatment methods are used,
such as TSCS and FES of the muscles of the anterior abdominal
wall. TSCS involves applying an electrical current through
the skin to the spinal cord, which can improve respiratory
function by modulating the excitability of respiratory neurons.
In the FES of the muscles of the anterior abdominal wall,
electrical stimulation activates the abdominal muscles, which
can induce a cough reflex.

In chronic spinal cord injury, the algorithm includes
a combination of noninvasive and invasive treatment methods.
Invasive techniques, such as pacemaker placement and
epidural spinal cord stimulation, are added to the treatment
plan to further improve respiratory function.

Acute period

Spinal cord
injury

Abdominal
FES, TSCS

Th,-Th,

Thy—-Th,

Fig. 5. Algorithm for the use of electrical stimulation techniques for the treatment and accelerated recovery of respiratory disorders
in spinal cord injuries. FES, functional electrical stimulation; SCS, spinal cord stimulation; TSCS, transcutaneous spinal cord stimulation
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Diaphragmatic pacemaker placement, a minimally
invasive technigue, involves placing electrodes on the phrenic
nerve or motor point of the diaphragm to stimulate muscles,
which can improve respiratory function [1]. Epidural spinal
cord stimulation involves placing electrodes in the epidural
space of the spinal cord to modulate the excitability of
respiratory neurons [27].

CONCLUSION

Electrical stimulation methods have demonstrated
efficiency in the treatment of spinal cord injuries, particularly
for the treatment of respiratory disorders. A personalized
approach represents a progressive step in the treatment of
respiratory failure in patients with spinal cord injuries and
has the potential to improve their outcomes.

The choice of the appropriate neurostimulation method
depends on the severity, injury level, and period of injury.
Noninvasive methods, such as FES and TSCS, can be used in
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