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Aim of the study: To improve the effectiveness of
neurorehabilitation in patients with severe combat
spinal cord injury by combining spinal cord repe-
titive transvertebral magnetic stimulation (rTvMS)
and non-invasive transcutaneous electrical stimu-
lation (TcES) of peripheral nerves.

Clinical rationale for study: For the best recovery
from severe combat spinal cord injury, neuroreha-
bilitation must start in the acute phase. Only tech-
nologies targeting sensorimotor conduction and
functional improvement can confirm the potential
of the time factor. Non-invasive neuromodulation
has been shown to work for combat spinal cord
injury of varying severity.

Material and methods: We have analysed 154 cases
of severe combat spinal cord injury, followed con-
tinuously for at least 12 months from the start of
neurorehabilitation. A unified «end-to-end>» proto-
col combined rTvMS of the spinal cord with simul-
taneous TcES of peripheral nerves in different
modes was developed for non-invasive spinal cord
neuromodulation.

Results: The combination of these parameters pro-
duced the most positive results in post-traumatic
sensory-motor disorders: (i). rTvMS, level ThX-LI:
2000 pulses per set, 100 pulse packages, 5-10
Hz, intensity “+ 30--40%" of the threshold of
the evoked motor potential; TcES n. tibialis or n.
peroneus: 5-10 Hz, pulse intensity corresponded
to the threshold of the motor response, functio-
nal electrical stimulation (FES) mode. (ii). rTVMS,
level C -Th : 2000 pulses per set, 50 pulse packa-
ges, 5-7 Hz, intensity + 20-30% of the threshold
of the evoked motor potential; TcES n. medianus or

/LAY ABSTRACT I

If you imagine, for example, that the ability to move
a person’s legs or arms depends on 2 nerve cells that
are connected and form a kind of conductor or bridge,
the ends of which are these cells, then any physical
impact that breaks this contact will lead to the loss of
this ability. Now, if we imagine that for every cell that
has lost contact with another, we act in such a way
that, under the influence of this action, they re-esta-
blish this connection; it is evident that this can lead to
the restoration of movement. It is this «end-to-end»
effect, that is simultaneously from both ends with
electromagnetic waves of specific parameters on spi-
nal cord cells above and below the level of damage, in
combination with specific physical exercises, that led
to the improvement of motor and sensory functions
ther severe gunshot spinal cord injury. /

n. ulnaris; n. tibialis or n. peroneus: 5-10 Hz, pulse
intensity corresponded to the threshold of the
motor response, FES mode. Approximately 28% of
patients in group A (FRANKEL/ASIA) moved to a
higher level of function after 3 courses of neurore-
habilitation intervention (90 working days).
Conclusions and clinical implications: Electro-
magnetic stimulation of the spinal cord excitatory
cell conduction system according to the principle of
“end-to-end: as in Hebb’s theory,” combined with
physical movement, led to an increase in spinal
cord conduction in the acute phase of combat spi-
nal cord injury. This was manifested by neurologi-
cal and functional improvement.
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he Ukrainian medical system is faced with a sig-

nificant influx of young and middle-aged patients
requiring long-term neurorchabilitation after severe
combat spinal cord injury (CSCI). Unlike civilian trauma,
mine-explosive and gunshot injuries to the spine and
spinal cord are clinically much more severe and have a
worse prognosis for neurological recovery (1).

For the best recovery after CSCI, neurorchabilitation
should be started in the acute phase (2). To make the most
of the time factor, we need technologies that are based on
evidence and target sensorimotor conduction and functio-
nal improvement (3, 4). Spinal conduction processes are
very important in the current clinical challenges and in
selecting approaches to comprehensive neurorehabilita-
tion for all types and severities of CSCI (5, 6).

The rapid rise in disability and mortality rates in the
most able-bodied and reproductive segments of the popu-
lation is a major threat to Ukraine’s medical and demo-
graphic situation. The experience of Ukraine shows that
aggressive militarisation can have similar medical and
social consequences for every European country.

We initiated this study to improve the effectiveness
of neurorehabilitation methods for critically ill patients
using neuromodulation technologies and to analyse the
used protocols to find the best solution among those used
by us. This will increase their functional capacity and
independence, reducing pressure on their families and
promoting effective practices in similar situations.

MATERIAL AND METHODS

Design and participants

This study was conducted as a pilot observational prospective—
retrospective cohort analysis with elements of a case-control
design. It included 154 cases of medical neurorehabilitation
intervention for CSCI recorded between August 2014 and
August 2024. The inclusion criteria were:

1. Combat (gunshot, mine-explosive) CSCI of various loca-
lisations.

2. Both sex and age from 18 to 60 years.

3. Single segment spine injury.

4. Absence of non-medical factors that would influence the
volume and intensity of rehabilitation care throughout the
observation period.

5. Start of neurorehabilitation in up to 1 month from the date
of CSCI.

6. The total uninterrupted duration of neurorchabilitation
courses is at least 12 months.

7. Duration of observation 12-36 months.
8. Negative or positive outcome of neurorehabilitation at the
time of discharge from the rehabilitation hospital.

The exclusion criteria were:

1. Secondary spinal cord injuries due to the progression of
infected gunshot wounds in the neck, chest or abdomen
and the spread of swelling or inflammation to the spine and
spinal cord.

2. The presence of burns above the third degree involving the
area of gunshot damage to the spine and spinal cord

3. Persistent pain syndrome that was aggravated using magne-
tic or electrical stimulation technologies.

4. Violation of treatment compliance by the patient.

After applying predefined inclusion and exclusion criteria, 192
patients were considered for inclusion. Of these, 154 met the
final criteria and were included in the analysis; their clinical
datasets formed the empirical foundation of this study.

The clinical case follow-up and early neurorehabilitation star-
ted at the same time. Due to the special needs of combat injuries,
neurorehabilitation could only begin after neurosurgical treat-
ment. All events were counted from this starting point, not from
the time of injury or other periods, as is common in the literature
for civilian trauma.

Due to the different clinical conditions in the acute and post-
acute phases of CSCI, rehabilitation measures may vary (7). In
Ukraine, rehabilitation care in a hospital setting is considered
high volume if it lasts 3 h per day or more (8). The volume of
rehabilitation care is also determined by the capacity of a medi-
cal institution and its organisation (9, 10). In this study, the
volume of 3-h rehabilitation activities was taken as the basic
reference, to which all other hours of care were added. This
determined the daily volume and intensity of care.

To create a statistical series of the ordered distribution of
CSCI cases into groups according to the intensity of rehabili-
tation care, that is the number of hours per day or week, the
volume of neurorehabilitation was classified as follows: low
intensity for on average 3 or less additional hours per day (<30 h
per week in total). Four or more hours of work added to the basic
3 h per day (35-50 h per week) was considered high intensity.
In some cases, (n=3), rehabilitation care lasted 31-34 h, so it
was divided according to the following principle: 31-32 h per
week were classified as low intensity (n=2) and 33—34 h as high
intensity (n=1).

Spinal cord functions were non-invasively stimulated at dif-
ferent frequencies (1-10 Hz) using magnetic impulses of rhyth-
mic magnetic transvertebral stimulation (rTvMS) at 1 cm from
the body surface. These sites are standardised for the study of
«peripheral» motor evoked potentials. Hardware modes: monop-
hasic, biphasic theta-burst stimulation (TBS), paired stimulation
with magnetic induction amplitude up to 3 T and intensity up to
10,000 stimuli. We have used Ukrainian-made software with a
State Certificate of Conformity: UA1.177.0064894-13. The ring
coil of the magnetic stimulator was cooled.

Non-invasive percutaneous electrical stimulation (TcES)
was used to stimulate peripheral nerves. A contact stimulation
electrode was applied to standardised sites to determine nerve
responses. Hardware modes: neuromuscular electrical stimula-
tion (NMES), functional electrical stimulation (FES) [combined
with hardware, robotic kinesitherapy (11)] were supplemented
by digital dynamometry and neurophysiological parameters of
motor or sensory impulse conduction on an electromyographic
apparatus with 4 channels of electrical stimulation and software
of Ukrainian (UA) and foreign (D) production. State certificate
of conformity: UA1.177.0064894-13 TU U 33.1-30428373-
004-2004 and CE006.01005.001.
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To standardise non-invasive neuromodulation sessions, a
local “end-to-end” clinical protocol was developed and appro-
ved (No: NMFS-58 «Differential use of non-invasive neuromo-
dulation in combination with electrical stimulation of peripheral
nerves in CSCI to improve motor and sensory conduction of
nerve impulsesy»), which is published on the clinic website.

The concept underlying the development of this protocol (see
Fig. 3) is based on Hebb’s theory — «Hebb’s learning postulate»
(12-14).

Neuromodulation was applied in courses of 20 sets, perfor-
med daily in one or more (not more than 3) sessions. The aver-
age session lasted 45 min, with a 1-h break between them in case
of several sessions.

All patients who met the inclusion criteria received a neu-
rorehabilitation programme that incorporated neuromodulation
technologies in accordance with the protocol described later.

Clinical status and neurological status were recorded
according to the International Standards for Neurological
Classification of Spinal Cord Injury (ISNCCSCI) (15). The
degree of sensorimotor impairment and the level of preserved
(partially preserved) function were assessed using the ASIA and
FRANKEL scales (15-17) at the start of neurorehabilitation and
after 3, 6 and 12 months.

We have used clinical guidelines to manage acute CSCI in
our neurorechabilitation department (18, 19).

The parameters of robotic kinesitherapy sessions were dosed
according to kinematic physical indicators: angular velocity, tor-
que, pace, force, work and coefficient of variation for each pas-
sive/active physical movement. These aspects were monitored
in real time, statistically processed and compared with clinical
outcomes.

The functional tests (20) used in the study were as follows:

* 6-minute walk test (6MWT).

* 10-meter walk test (10MWT).

» Berg Balance Scale.

* Timed Up and Go Test (TUG).

» Graded redefined assessment of strength sensibility and
prehension (GRASSP).

* Modified functional reach test (mFRT).

* Spinal cord independence measure, version III (CSCIM-III).

Non-invasive neuromodulation of the spinal cord has clinical
effects that take time to manifest, due to the principle of “accu-
mulation of learning stimulus” (12).

In our study, electromagnetic exposure was evaluated during
the first 3 months.

A 30-day medical neurorchabilitation course (1 cycle) inclu-
ded individual neurorehabilitation plans consisting of the fol-
lowing components:

1. physical therapy sessions [robotic mechanotherapy with
biofeedback, PNF-therapy (proprioceptive neuromuscular
facilitation), ROM-therapy (range of motion exercises),
CPM-therapy (continuous passive motion), verticalisation
therapy, basic therapeutic exercise, balance and proprio-
ceptive training, GT-therapy (gait training)].

2. sessions of non-invasive neuromodulation of spinal cord
functions [repetitive transvertebral magnetic stimulation
of the spinal cord (rTvMS) with simultaneous electrical
stimulation of peripheral nerves (TcES)].

3. occupational therapy sessions (splinting and adaptive
equipment, sensory integration activities, therapeutic exer-
cises, environmental modifications, motor-eyes activities).

4. orthotics therapy.

. bladder and digestive tract management.

6. psychotherapy sessions.

W

The data are completely depersonalised, and no experiments
were performed on patients.

Medications used for symptomatic treatment during neurore-
habilitation were used according to their marketing authorisa-
tion and instructions for use.

The decision to prescribe rehabilitation methods or medica-
tions was separate from the decision to include the patient in
the trial.

Patients did not undergo any additional procedures for data
analysis or verification or for statistical purposes.

Each patient gave written consent to medical rehabilitation
intervention using approved local clinical protocols, was infor-
med and aggraded that his or her data would be processed.

At the time of CSCI, all patients were considered fit for mili-
tary service in wartime by the Military Medical Commission.

RESULTS

The mean age of patients at the time of injury was 39 £ 6
years (range: 23-56). The overwhelming majority of par-
ticipants were male (98.05%, n=151), while only 1.95%
(n=3) were female.

All cases of CSCI were associated with concomitant
damage to soft tissues and/or internal organs caused by
ballistic or blast-related trauma. Although all patients
sustained gunshot-induced vertebral fractures, not every
case involved penetration of the spinal canal by either
the traumatic agent or displaced bone fragments. In
43% of patients, the spinal canal was radiologically and
intraoperatively intact. These injuries were attributed to
high-energy impacts and brief compressive forces. In
contrast, 57% of cases involved direct impact followed
by prolonged compression, with retained foreign bodies
identified. Notably, 24% (n=21) of patients exhibited
penetrating spinal cord injuries, characterised by partial
transection or dissection of neural tissue. The distribution
of clinical cases according to the level of damage to the
spine and spinal cord is as follows:

* 12.5% (n=19) — cervical spine (most frequently
motor level C5-C6 — n=10: relative frequency
-W  =0.52).

19% (n=29) — thoracic spine (most frequently
motor level Th10-Th12 — n=19: relative frequency
-W Tth—Thl2:O‘65)‘

44% (n=67) — lumbar spine (most frequently
motor level L2-L3 — n=39: relative frequency
-W ., ,=0.58).

24.5% (n=39) — sacral spine (most frequently motor
level S1-S2 —n=21: relative frequency - W ¢ ,=0.53).

The distribution pattern of combat-related mine-explosive
and gunshot injuries to the spine and spinal cord demon-
strated a statistically significant correlation with the anato-
mical positioning of individual body armour components
(r>0.71), as well as with their quality or absence (»>0.79).

All 154 patients underwent primary neurosurgical
intervention, including decompression, within 120 h of
injury (range: 6-120 h). However, the mean time to surgi-
cal intervention was 36 + 7 h, which notably exceeds the
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DISTRIBUTION OF CASES BY THE DEGREE OF
SENSORIMOTOR DEFICIT AND FUNCTIONING ASSESSED BY
THE FRANKEL AND ASIA SCALES
% (N=154)

= The group | (NI=43): Frankel A, ASIA A

= The group Il (N11=56): Frankel B, ASIA B

/% @ The group IIl (N111=38): Frankel C, ASIAC

= The group IV (NIV=17): Frankel D, ASIA D

Fig. 1. In this study, patients with sensorimotor deficit
level B (incomplete) predominated at baseline. The
total number of cases with incomplete CSCI was 72%.

generally accepted threshold for early decompression of
<24 h(21,22).

Nearly one-third of patients (n=48) required a second
surgical procedure — such as wound debridement, sta-
bilisation or repeated decompression — within 72 h of
the initial surgery. Importantly, no case demonstrated
a measurable change in neurological status following
reintervention.

All patients completed their neurosurgical treatment
within 14 days of injury and were subsequently transfe-
rred to a specialised neurorehabilitation facility equip-
ped with an intensive care unit. Neurosurgical supervi-
sion continued for an additional 2-3 weeks as part of a
multidisciplinary care team. Notably, 62.33% (n=96) of
patients required ongoing intensive care during the early
neurorehabilitation period. The distribution of the 154
cases according to the level of the input sensorimotor defi-
cit and the functioning according to the scores and levels
of the FRANKEL/ASIA scales at the beginning of the
observation is shown in Fig. 1. Two similar scales were
used during the study ASIA scale and the FRANKEL scale
to determine the level of neurological deficit. This is also
reflected in Scientific publications, where the FRANKEL

scale is considered outdated by some (23) and actively
used by others (24, 25).

Only 44.15% of patients (n=154, n=68) underwent
high-intensity neurorehabilitation during the first month
of observation (the total duration of classes and procedu-
res in hours was on average 7 h per day and about 40 h
per week). The condition of the remaining patients during
the same period forced them to choose a low-intensity tac-
tic (on average 4 h per day and about 20 h per week). A
comparison of the schedules showed that main difference
between the different intensities was the number of non-
invasive neuromodulation sessions per day (respectively
per week) in combination with hardware kinesitherapy
(FES mode) or without it (NMES mode). This includes 3
sessions for high intensity and 1 session for low intensity
neurorehabilitation care.

The distribution of the volume and intensity of neurore-
habilitation as a function of the scores on the FRANKEL/
ASIA scales in the first month of observation is shown in
Fig. 2.

The conceptual flowchart of the “end-to-end” pro-
tocol and the protocol itself is shown in Figs. 3 and 4,
respectively.

INTENSITY AND SCOPE OF REHABILITATION INTERVENTION
DEPENDING ON THE SCORE ON THEFRANKEL/ASIA SCALES, N=154

E High-intensity, high volume (n) = Low-intensity, high volume (n)

23

The group | (NI=43):
Frankel A, ASIAA

The group Il (NI1=56):
Frankel B, ASIAB

The group II1 (N111=38):
Frankel C, ASIAC

Fig. 2. Low-intensity and high-
volume neurorehabilitation
activities dominated. An analysis
shows that patients in these
groups had psychological or
neurological complaints that
prevented them from attending
7-9 h of rehabilitation sessions
in the first 3 months. Some
complained of not being able to
withstand the load, some of the
intensity of the classes, some of
frequent wound dressings, some of
contact ulcers and long-term back
pain and some of external fixation
devices for gunshot fractures.

14

i

The group IV (NIVi17):
Frankel D, ASIAD
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Tables I and II show the summary parameters of neuro-
modulation according to the “end-to-end” protocol used
in this study. Of all the variants of neuromodulation set-
tings, the following combination contributed most to the
reproducible positive dynamics of post-traumatic senso-
rimotor dysfunction in the acute and post-acute phases of
CSCI: (i) rTvMS, level Thy-L: 2000 pulses per set, 100-
pulse bursts, frequency 5-10 Hz, intensity “+ 30—40%”
of the threshold of the evoked motor potential; TcES n.
tibialis or n. peroneus: frequency 5-10 Hz, pulse inten-
sity corresponding to the threshold of the motor response,
FES mode. (ii) rTVvMS, level C -Th,: 2000 pulses per set,
50-pulse bursts, frequency 5-7 Hz, intensity + 20-30%
of the threshold of the evoked motor potential; TcES n.
medianus or n. ulnaris; n. tibialis or n. peroneus: fre-
quency 5-10 Hz, pulse intensity corresponding to the
threshold of the motor response, FES mode.

Analysis of the clinical outcomes observed under both
protocol variants revealed comparable therapeutic effi-
cacy; however, a fundamental distinction existed in the cri-
teria guiding protocol selection. The choice between vari-
ants was based on individual parameters of central motor
conduction and motor evoked potential. Reference values
were derived from each patient’s upper limb conduction
characteristics. Specifically, in cases where patients exhi-
bited elevated central motor threshold responses, proto-
col variant “a” was preferred. Conversely, for those with
lower thresholds or values consistent with normative lite-
rature, variant “b” was selected.

Approximately 28% (N,=43, n_ =12) of patients in
group A moved to a higher level of functioning after 3
courses of high-intensity neurorehabilitation (90 working
days). At the end of the first year, ceteris paribus, the num-
ber of such cases increased to 38.9% (n,=17). This figure

Fig. 3. The development of this protocol is based on Hebb’s postulate of
associative learning at the cellular level between 2 neurons, leading to
a constant modification of the activity pattern of a spatially distributed
ensemble of nerve cells. The learning process means that new connections
are formed, and existing connections are strengthened (the strength of
the connection increases) between 2 mutually active neurons involved in
constant or periodic activation of each other over time (12, 13). TVMS:
transvertebral magnetic stimulation; ES: electrical stimulation. The idea
behind this protocol is as follows. They are assuming that during a spinal
cord injury, there are conditions where the preserved connections between
neurons have a weak strength, or there are opportunities for 2 neurons
to form new connections when activating each other, increasing their
strength over time on a microscale, which has no clinical manifestation on
a macroscale. A cellular network with multidirectional impulse movement
can be hypothetically and simplistically considered a conductor with 2
ends, where excitatory elements are at the ends, and in the middle, there
is a functional «weak» synapse or a damaged «synapse» or a «traumatic
obstacle» that disrupts the impulse. Thus, there are substantial grounds
for the fact that systematic, prolonged almost synchronous (with a certain
delay) electromagnetic stimulation of a conductor from both ends (above
and below the level of the obstacle or weak synapse) can create conditions
for strengthening the “weak synapse” or adaptive bypass of the functional
obstacle through a new connection between the 2 ends of the conductor,
that is neurons, which will already have a positive effect on the macro
scale. The “end-to-end” protocol was developed for such synchronous
(simultaneous) stimulation, using transvertebral magnetic stimulation of the
spinal cord and electrical stimulation with direct current of the peripheral
nerves and indirectly of the spinal cord. In the figure, the image of the
coil means that the magnetic effect is applied above the location of the
“functional obstacle or ‘weak’ synapse” and the simultaneous effect with a
specific short time delay of direct electric current on the nerve area below
the level of the functional obstacle in the NMES mode and with motor
muscle reinforcement in the FES mode.

was on average 7—11% higher for cases with low level of
spine and spinal cord injuries.

A similarly positive trend was observed in group B
patients, with 46.4% (N, =56, n, =26) of cases achie-
ving a higher level of functioning over the same period,
including an increase to 57.1% (n, ,=32) of cases by the
end of the year. The results were even better for the low
injury group, with an average of 13% of cases.

Accordingly, 47.3% (N, =38, n, =18) of patients
with an initial Group C status improved their sensorimo-
tor abilities, with 10 more people joining them by the end
of the year.

It is noteworthy that in 73.4% of cases, the same
patients showed recovery to almost pre-morbid levels by
the end of the second year.

The best results were, of course, achieved by the
patients in group D, of whom 64.7% (N, =17, n, =11)
had recovered to level E by the end of the first year of
rehabilitation (at the end of the third month; this figure
was slightly more than 50%), with minimal neurological
symptoms, but not limiting vital activity, according to the
survey. The remaining patients in group D (except for 2
patients who did not improve) recovered to level E with
minimal neurological symptoms only at the end of the
second year of follow-up.

After 3 months of neurorchabilitation, 64 (41%)
patients showed improvement in function and neurolo-
gical status (FRANKEL/ASIA scale), and 100 (65%)
showed improvement by the 12-month mark. Patients
who received non-invasive neuromodulation using the
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Fig. 4. Depending on the topographic level of spinal cord damage according to the defined FRANKEL/ASIA zone of partially preserved function, select
the appropriate projection locations for transvertebral spinal cord stimulation and simultaneous stimulation of the corresponding functional peripheral
nerves on the same side of the stimulation and set the appropriate time delay in seconds to determine the sequence of stimuli (1 stimulus should be
preceding). The functional obstacle should be hypothetically located between the home ends of an imaginary conductor to which stimuli are applied.

Choose different combinations: TMVS+ES (NMES or FES).

“end-to-end” protocol 3 times a day for the first 3 months
had a significantly better outcome.

Analysis of clinical cases in all study groups, except
for group A, which was not included in the main set of
results, does not give grounds to consider the proposed
approach ineffective, despite the use of identical protocols
of non-invasive neuromodulation within the early inten-
sive neurorchabilitation programme. On the contrary,

Table I. Summary protocols of rhythmic TVMS

these patients showed positive dynamics, albeit with a
significant delay in achieving functional improvement.

At the same time, in 41% of cases in group A (N,=43,
n_,=18), no functional changes were recorded either
during the first 9 months after the start of neurorehabilita-
tion or at the end of the first or third year of observation,
despite the absence of complete anatomical interruption
of the spinal cord at the time of the initial assessment.

Clinical task

Motor and sensory improvement — hands Motor and sensory improvement - legs

Stimulation mode
High frequency -1 1
Low frequency -2

Multiplicity of control of the oil and lubricant Every 5 sessions

Number of sessions per course 20
Number of sessions during the session 3

The interval between sessions of 1 session, h 3
M-response test section for the MRT APB

The side of spinal cord stimulation Left, right
Type of stimulation Biphasic
Absolute amplitude (%) 70-100
Relative amplitude (%) 70-110
Stimulus frequency in the series, Hz 5; 10; 20
Number of incentives in the series 50
Number of series 20

Pause between series s 5; 10; 20

Every 10 sessions Every 5 sessions Every 5 sessions

20 20 20

3 3 3

5 5 8

APB AH AH

Left, right Left, right Left, right
Biphasic Biphasic Biphasic
100 70-100 100
110-130 70-80 80-100
0.5; 1 10; 20 0.25; 0.5; 1
50 100 100

20 20 20

1;5 20 20

APB: m. abductor policis brevis, AH: m. abductor hallucis; MRT: motor response threshold; TVMS: transvertebral magnetic stimulation
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Table II. Summary protocols of electrical nerve stimulation (ENS)

Strength of the stimulus applied to the n. medianus or n. tibialis at the
distal point

Strength of the stimulus applied to the n. medianus or n. tibialis at the
distal point

Equal to the threshold peripheral motor response

After 3 min, the current strength was increased by 20% of the motor response
threshold, reaching the second (neural) electrostimulation horizon. Visual muscle

contractions confirmed this, creating a dynamogenic effect.

The sequence of changes in the rhythm of stimulation

A continuous rhythm at a frequency of 70-120 Hz > fast > slow > slow > fairly fast

(15-20% faster than the initial one).

Control muscle
Pulse type
Pulse duration

Time delay during simultaneous TVMS+ES: NMES/FES stimulation
Localisation of the stimulation point in relation to TMS stimulation
Localisation of the stimulation point in relation to the TVMS stimulation

m. abductor policis brevis (APB) or m. abductor hallucis (AH)
Rectangular

0.2 ms

Pulsing frequency 1 Hz

0,3 msec (leading stimulus)

Contralaterally

Isolateral

The “condensing” effect (26) of the peripheral stimulus and the subsequent imposed maximal muscle contraction in the patient with CSCI, as well as arbitrary
facilitation at full strength, facilitated the conduction of excitation through the pyramidal tracts and, within the course, led to the stable improvements in NF
indicators described above, which correlated with the above clinical positive dynamics. In each case, the recorded D-I1 interval remained individually stable, on
average within 1-1.5 ms. In addition, it should be noted that when these techniques were combined, the number of TVMS stimuli did not exceed 1000, so the

number of electrical stimulation stimuli was also 1000.

Electroneurostimulation was performed in 2 stages when stimulating the peripheral nerves of the legs. First, we performed dynamogenic training/training of the
muscles of the lower and upper extremities (LU) in a serial mode with a rhythm of 1-4 s (with pauses for muscle rest), a frequency of 20-120 Hz, a current
of 40-100 mA, then continued in a serial mode with a rhythm of 5-8 s, a frequency of 30-100 Hz, a current of 40-100 mA. The total duration of the session

averaged 45 min.

NMES: neuromuscular electrical stimulation; FES: functional electrical stimulation; TVMS: transvertebral magnetic stimulation.

DISCUSSION

The proposed “end-to-end” neuromodulation protocol for
spinal cord function neuromodulation changes the clinical
practice of stimulation technologies.

We searched PubMed for the keywords “rTvMS, in spi-
nal cord injury” over the last 10 years (2014-2024) and
found only 3 relevant publications. None of them dealt
with transvertebral magnetic stimulation in combat-rela-
ted spinal cord injury (SCI), and the clinical cases descri-
bed did not cover the acute phase of traumatic injury. The
authors note that functional improvement occurs through
neuromodulation based on neuroplastic mechanisms.
They emphasise the technical simplicity, safety and effec-
tiveness of using an external magnetic field to activate
central structures. The process and effects of its use are
compared to electrical stimulation of the brain and spinal
cord with direct current.

A review of recent studies in the field of SCI treatment
indicates the need for further research in the field of non-
invasive neuromodulation therapy and neurorchabilita-
tion to improve the quality of life of people with spinal
cord injuries.

Our study complements the limited data on neurore-
habilitation methods in patients with severe spinal cord
injuries. The results are relevant given our country’s sharp
increase in such patients. This category is a good clinical
model for finding new ways to use technologies, since
anything that demonstrates effectiveness in recovering
combat spinal cord injuries can be easily transferred to
civilian practice, where such injuries are easier to treat
and have a better prognosis.

The principle of Gebb’s theory (12, 13), which we used
to create a targeted effect on the restoration (improve-
ment) of conductivity in the spinal cord, proved to be the
most successful for the set goal.

First formulated by Donald Hebb in 1949, Hebb’s
theory remains a fundamental principle of neuroscience,

describing the mechanism by which synaptic connections
are strengthened through experience. The classic maxim
— “neurons that fire together wire together” — generalises
that repeated and synchronous activation of presynaptic
and postsynaptic neurons leads to long-term potentiation
(LTP), the neurophysiological correlate of learning and
memory. In neurorehabilitation, Hebb’s theory provides
a mechanistic explanation of how repeated, task-oriented
stimulation can promote neuroplastic reorganisation, fun-
ctional recovery and the formation of compensatory pat-
hways. Thus, Hebb’s plasticity underlies the rationale for
combining neuromodulation protocols in this study. Fig.
3 shows the application of Hebb’s theory in the proposed
neuromodulation protocol. The concept of “end-to-end”
stimulation involves the simultaneous delivery of electro-
magnetic pulses from both ends of the damaged neural
pathway to each other. This approach enhances both tem-
poral and spatial coactivation of neural elements, thereby
promoting the restoration or enhancement of functional
connectivity. In this context, “conductor” refers to ana-
tomically intact but functionally impaired neural compo-
nents (e.g. axons or neural clusters) whose conductivity
may be temporarily suppressed.

Timely bilateral stimulation in the acute post-traumatic
phase — before the onset of secondary degeneration media-
ted by microglial cells — may promote the survival of viable
pathways and prevent irreversible conductivity loss.

It is known that combat injuries to the spinal cord are
often accompanied by the presence of postoperative soft
tissue wounds, which do not heal quickly and require con-
stant medical intervention.

This severely limits the use of classical contact electri-
cal stimulation of the spinal cord, especially in the acute
period, since using contact electrodes in these conditions
is contraindicated. In addition, transcutaneous delivery of
direct current through electrodes to physiological targets
has significant physical disadvantages, such as dispersion,
leakage, skin resistance and skin-electrode impedance.
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The clinical advantage of magnetic stimulation in
patients with combat spinal cord injuries is further enhan-
ced by its non-invasive ability to affect the affected area
without the need to remove bandages or come into con-
tact with damaged skin. In addition, magnetic stimulation
does not depend on skin impedance and provides deep
penetration of the stimulus, making it technically superior
to traditional electrical stimulation (27).

Studies have shown that magnetic stimulation causes
less discomfort and pain in patients, especially in the cer-
vical region, than electrical stimulation (28).

The simultaneous combination of transvertebral mag-
netic stimulation with electrical stimulation of periphe-
ral nerves allows Gebb’s theory to be put into practice,
enhancing the neuromodulatory effect through synchro-
nised activation of neural circuits. In combination with
robot-assisted kinesitherapy, this combined strategy
demonstrates clear advantages in the restoration of motor
functions, especially in the acute post-traumatic phase.

Unlike the isolated use of magnetic stimulation (29) or
other non-invasive neuromodulation protocols, including
the isolated use of electrical stimulation, this approach
provides better spatial and temporal stimulation coordina-
tion, offering a clear clinical advantage in such cases.

Despite the promise of rTvMS as a non-invasive neu-
romodulation technique, certain limitations must be
acknowledged. First, the mechanisms by which rTvMS
affects the spinal cord are not yet fully understood,
making it challenging to predict therapeutic outcomes
and optimise stimulation parameters accurately. Second,
the effectiveness of rTvMS may be limited by individual
anatomical features, such as subcutaneous fat thickness
and vertebral position, which affect the depth of magne-
tic field penetration. In addition, the lack of standardised
protocols and the limited number of large-scale clinical
studies hinder the widespread implementation of rTvMS
in clinical practice (30).

The proposed “comprehensive’ neuromodulation pro-
tocol represents a paradigm shift in the clinical applica-
tion of spinal cord stimulation technologies. It is worth
noting that functional and neurological improvements, as
assessed by the FRANKEL/ASIA scale, were found in 64
patients (41%) after 3 months and in 100 patients (64.9%)
after 12 months of follow-up, predominantly in those who
received the highest number of neuromodulation sessions.

These results highlight the potential of synchronised
bilateral stimulation to improve neuroplastic recovery in
acute SCI.

At the same time, the absence of functional impro-
vement in 41% of cases in Group A (N,=43, n_,=18)
— despite the application of neuromodulation technolo-
gies and the lack of neuroimaging evidence of complete
anatomical transection of the spinal cord — indicates that
gunshot-related spinal cord injuries continue to represent
the most severe form of spinal trauma, with a high likeli-
hood of an unfavorable prognosis.

In summary, given the increasing number of patients
with severe combat-related spinal cord injuries in Ukraine

and worldwide, our work complements the limited data-
base and justifies the need for further research in this field.
The knowledge gained can be easily adapted to the needs
of civilian medicine, where similar injuries have a better
prognosis and are less complex to treat. Further in-depth
study of non-invasive neuromodulation, particularly
rTvMS, is critical and already planned by our team..

Clinical implications/future directions

This study shows how effective high-intensity neurore-
habilitation can be for casualties with high-energy spinal
cord injuries from modern combat (mine-explosive) in
the acute phase, considering the injury’s severity, extent
and history. We have combined repetitive transvertebral
magnetic stimulation and simultaneous synchronised
transcutaneous electrical stimulation of peripheral nerves
in NMES and FES modes with innovative hardware kine-
sitherapy, including robotic kinesitherapy with biofeed-
back, to improve sensorimotor functions and activities.
Further studies are needed to clarify the neurorchabilita-
tion process with TMS aspects in subsequent studies.

Evidence before this study

We searched PubMed for studies published in the last 10
years using the search terms «transvertebral magnetic sti-
mulation for spinal cord injury» without language restric-
tions and found only 3 articles. None of them mentioned
transvertebral magnetic stimulation of the spinal cord. It
is not indicated that the cases analysed were in the acute
period of injury. However, the main thing was that these
publications do not consider gunshot (mine-blast) spinal
cord injuries, the course of which is proven to be diffe-
rent from civilian trauma. These papers describe various
methods of direct current stimulation of the spinal cord,
including robotic kinesitherapy, in combination with
direct current stimulation of the motor cortex. Based on
an understanding of the morphological, functional and
cellular processes of “neuroplasticity,” the authors attri-
bute the improvements in the functioning of the victims
to neuromodulation. In addition, they point out the safety,
relative technical simplicity and effectiveness of using an
external alternating (high frequency) magnetic field to
modulate brain activity in various diseases, which contri-
buted to the expansion of indications for using magnetic
fields in spinal cord injuries. At the same time, the process
and effects of its use are compared with electrical stimula-
tion of the brain and spinal cord with direct current.
Next, we changed the search parameters by adding
the words “electrical direct current stimulation of spinal
cord injury” and naturally found many more publications
during the same search period — 116. These papers high-
light various positive aspects of the use of electrical stimu-
lation of the spinal cord with direct current, both during
and after surgery, which relate to either the improvement
of certain neurophysiological parameters of sensorimotor
conduction or, in general, indicate an increase in motor
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capabilities in patients at different periods of injury or
improvement of sensory and autonomic functions or
sacral functions (S4-S5 segments of the spinal cord) or
reduction of pain or spasticity. However, the same as in
the previous search for a focused study of cases of influ-
ence on the restoration of functions in the acute period of
gunshot SCI is not noted.

The low risks of complications from using direct elec-
tric current, relative technical simplicity and even availa-
bility for home use are also described. Adding the word
“non-invasive” reduced the number of published studies
to 20, but we did not find any new information beyond
that described above.

Finally, we entered the words “non-invasive electrical
stimulation of peripheral nerves for spinal cord injury” in
the search and received 21 publications. The authors des-
cribe in detail the combination of electrical stimulation of
peripheral nerves with various physical exercises — elec-
trically induced physical activity, or electrically induced
neuromuscular activity (muscle contractions), often cal-
led “neuromuscular electrical stimulation (NMES) and
functional electrical stimulation (FES).” This combina-
tion, in their opinion, helps to improve the mobility and
health of people with SCI by strengthening muscles or
increasing functional activity of patients, reducing spasti-
city, reduces the risk of cardiometabolic conditions asso-
ciated with impaired vital activity [Leisure time physical
activity (LTPA) and helps in predicting hand deformities
in people with tetraplegia (grasping movements]. We did
not find any reports of cases of electrical stimulation of
peripheral nerves in combat gunshot spinal cord injuries
in combination with magnetic transvertebral spinal cord
stimulation.

The evidence supporting the effectiveness of using
magnetic fields and direct current to stimulate peripheral
nerves in the acute period of injury in combination with
other neurorehabilitation methods to improve sensorimo-
tor and other vital functions, which enhance the quality
of life and prognosis, remains limited. This is not to say,
however, that we could not find any reports on CSCI and
the use of these methods in its treatment.

Further convincing evidence is needed to confirm the
effectiveness of simultaneous (synchronised) use of such
potentially attractive alternative methods of non-invasive
neuromodulation as transvertebral rhythmic magnetic sti-
mulation of the spinal cord and transcutaneous electrical
stimulation of peripheral nerves in NMES/FES modes,
which are directly related to the topographic level of
injury in the acute period when the window of opportu-
nity is most comprehensive.

Added value of this study

It is also important to note that almost every paper we
found during our evidence collection, in its ‘Objective’
section, directly or indirectly points to the severe (cata-
strophic) long-term suffering of patients with spinal cord
injuries, poor quality of life, shortened life expectancy and

even premature death, despite the development of medi-
cine in recent years. It is emphasised that the only way to
improve their condition is neurorehabilitation, especially
early neurophysiological rehabilitation, because traditio-
nal physical rehabilitation, due to the specifics of SCI, is
usually ineffective.

The results of these few studies do not idealise the
situation with SCI care but clearly emphasise the need
for further search and study of the impact of new, alter-
native strategies for using non-invasive neuromodulation
therapy in combination with neurorehabilitation methods
to improve the quality of life in patients with SCI. In this
sense, our study and its conclusions, based on the example
of combat gunshot SCI in the acute period of trauma,
which, all things being equal, has a more pronounced
clinical manifestation, worse course and prognosis, are
particularly informative and indicative for further studying
the effects of non-invasive neuromodulation of spinal cord
functions using advanced electromagnetic technologies
and searching for new approaches, which is the principle
of synchronous end-to-end stimulation proposed by us.
Even the realisation that the presence of numerous puru-
lent mine-blast soft tissue wounds that do not heal for a
long time and require constant medical intervention in the
area of interest for spinal cord stimulation is already a con-
traindication for the use of contact electrodes (stickers),
not to mention the significant and challenging to overcome
physical disadvantages of the transcutaneous passage of
direct electric current through electrodes to physiological
targets (such as scattering effect, leakage, skin resistance
and skin-electrode impedance) in spinal patients, allow us
to confidently use rhythmic transvertebral magnetic stimu-
lation in such cases and study the facts of its effect.

Implications of all the available evidence

There are no or minimal studies dedicated to the search
for effective tactics of early intensive neurorehabilita-
tion of victims with modern combat high-energy gunshot
(mine-blast) SCI in the acute period of injury, taking into
account the specifics of this type of injury (serious condi-
tion, widespread wounds, damage to other areas, nume-
rous repeated operations, etc.). Rhythmic transvertebral
magnetic stimulation and transcutaneous electrical stimu-
lation of peripheral nerves in NMES and FES modes with
innovative methods of hardware kinesitherapy, including
robotic kinesitherapy with biofeedback to improve, first
of all, sensorimotor functions and vital activity, against
the background of increasing military conflicts and incre-
asing militarisation of countries, create all the necessary
grounds and evidence to begin to clarify these aspects in
this study.
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