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Abstract: Non-invasive neurostimulation as an adjunctive intervention to task-specific motor training
is an approach to foster motor performance in patients affected by upper motor neuron syndrome
(UMNS). Here, we present first-line data of repetitive neuromuscular magnetic stimulation (rNMS) in
combination with personalized task-specific physical exercises targeting the tibialis anterior muscle
to improve ankle dorsiflexion (functional rNMS (frNMS)). The main objective of this pilot study
was to assess the feasibility in terms of adherence to frNMS, safety and practicability of frNMS, and
satisfaction with frNMS. First, during 10 training sessions, only physical exercises were performed
(study period (SP) A). After a 1 week break, frNMS was delivered during 10 sessions (SPC). Twelve
children affected by UMNS (mean age 8.9 ± 1.6 years) adhered to 93% (SPA) and 94% (SPC) of the
sessions, and omittance was not related to the intervention itself in any case. frNMS was safe (no AEs
reported in 88% of sessions, no AE-related discontinuation). The practicability of and satisfaction
with frNMS were high. Patient/caregiver-reported outcomes revealed meaningful benefits on the
individual level. The strength of the ankle dorsiflexors (MRC score) clinically meaningfully increased
in four participants as spasticity of ankle plantar flexors (Tardieu scores) decreased in four participants
after SPC. frNMS was experienced as a feasible intervention for children affected by UMNS. Together
with the beneficial effects achieved on the individual level in some participants, this first study
supports further real-world, large-scale, sham-controlled investigations to investigate the specific
effects and distinct mechanisms of action of frNMS.

Keywords: repetitive peripheral magnetic stimulation; neurostimulation; neuromodulation; cerebral
palsy; hemiparesis

1. Introduction

Congenital or acquired brain injury is the main cause of physical disability in child-
hood [1–5]. The common pathophysiological mechanisms underlying the motor dysfunc-
tion are summarized within the concept of the upper motor neuron syndrome (UMNS). The
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individual picture of motor impairment depends on the etiology and location as well as the
size of the lesion(s), as well on the time point of injury during the lifespan (e.g., pre-, peri-,
or postnatal). Specifically, the clinical picture is (1) classified as unilateral (hemiparesis) or
bilateral; (2) categorized as a spastic, dystonic, or ataxic type; and (3) assigned as cerebral
palsy in case of pre-, peri-, postnatal, or very early childhood injury or movement disorder
if acquired later during childhood. Children with UMNS experience motor dysfunction due
to muscular spasticity on the one hand and, to the same extent, due to muscular weakness
and impaired selective motor control on the other hand.

Toe standing and walking due to overactivity/spasticity of the triceps surae muscle
is one of the most common clinical symptoms in children with UMNS. Weakness and
impaired selective motor control of the tibialis anterior muscle contribute to the pathologic
and inefficient gait pattern by limiting plantar dorsiflexion during the swing phase while
walking [2,6,7]. This may be compensated by a circumduction or supination of the foot
but may also cause tripping, stumbling, and falls, in particular in situations of shared
attention, uneven grounds, or higher walking speeds [8]. If these muscular imbalances are
not adequately addressed, contractures of the plantar flexors can exaggerate the impair-
ment during standing and walking. Lastly, secondary neuro-orthopedic malalignments of
the ankle joints often associated with pain are likely to arise if misloading continuously
occurs [7,9–11].

According to the framework of the International Classification of Functioning, Disabil-
ity, and Health—Children and Youth Version (ICF-CY), UMNS results not only in limitations
at the level of body function and structure but also activity and participation [12]. Clinical
management of UMNS requires a multimodal, interdisciplinary approach tailored to the
individual needs of each patient [13,14].

Currently, in high-income countries, established spasticity management includes
physical exercise, orthoses, and/or the intramuscular injection of botulinum toxin [15,16].
Furthermore, goal-directed and task-specific motor training, mobility, fitness, and strength
training as well as treadmill training represent the most important approaches to enhancing
power and endurance during standing and walking [16–19]. However, the efficacy of these
motor interventions is likely to be limited in children, who are unable to selectively control
a distinct muscle or muscle group.

Non-invasive neurostimulation as an adjunctive intervention to task-specific motor train-
ing is a non-pharmacological approach to foster motor performance in this situation [20–24].
In this context, repetitive neuromuscular magnetic stimulation (rNMS) is a bottom-up
approach based on the principle of electromagnetic induction. The magnetic stimulation
induces a physiological-sized electrical current within the stimulated tissue. This current
provokes a muscular contraction by activating the local terminal motor branches [25–27].
This externally evoked, physiologically dimensioned muscle contraction facilitates func-
tional training aimed at strengthening the muscle as it overcomes the issue of impaired
selective motor control. On the local muscular level, the repetitive contractions are hypothe-
sized to induce the same mechanisms as voluntarily controlled concentric muscular training
in healthy persons. Here, mechanisms involved related to an increase in strength are, e.g.,
an increase in cross-section and volume, an increase in fascicle length and pennation angle,
an increase in fiber contractility and differentiation, an increase in blood flow, and, last but
not least, an improvement in cellular and muscular metabolism [28–37].

Beyond having a local, direct muscular effect, rNMS massively increases the inflow
of sensory information to the central nervous system both indirectly, by activating muscle
spindles and mechanoreceptors in the contracting muscle–tendon units, the joints, and the
skin, and directly, by depolarizing terminal afferent nerve branches [38]. These mechanisms
of action modulate cortico-spinal excitability, affect central sensorimotor processing, and
aim at inducing mechanisms of network reorganization and reactivation [39,40]. In previous
work, other research groups have referred to rNMS as repetitive peripheral magnetic
stimulation (rPMS) [20,21,25,39,40]. Our research group decided to introduce the term
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repetitive neuromuscular magnetic stimulation, as we have the impression that this term
reflects the above-described biological mechanisms of the approach more comprehensively.

Transcutaneous or neuromuscular electrical stimulation (TENS and NMES) represent
alternative neurostimulation approaches. The advantages of rNMS over such electrical
stimulation are that it is painless, there is no need to attach electrodes or cables or to take
off clothes, and it has the potential to efficiently reach deeper located and larger muscles
due to the physical properties of the magnetic field [20,21,41].

Given the concept of windows of opportunity to achieve sustainable motor improve-
ments, novel, non-pharmacological, non-invasive, and safe treatment options are highly
needed for the vulnerable group of children affected by UMNS [42–45]. To keep the children
on track during an intervention, it is highly important that the treatment feels comfortable,
is easily applicable, and takes place in a way and setting that motivates the children to focus
during the session and adhere to the planned training schedule. As rNMS is a non-invasive,
painless treatment option, we hypothesized that it would be especially suitable for children.
Next, it can be speculated that the effects of a neuromodulating treatment approach like
frNMS has an even more pronounced effect on the developing brain of children than in the
brain of adults [20,21,38–40,42].

Against this background, our research group developed an intervention comprising
10 sessions of rNMS in combination with simultaneously performed personalized, task-
specific, physical exercises targeting the tibialis anterior muscle (functional rNMS (frNMS)).

The frNMS intervention was designed to empower ankle dorsiflexor function in
children affected by bilateral or unilateral UMNS. By specifically targeting the frNMS to this
muscle, we aimed to improve motor function (active dorsiflexion) and body structure (lower
extent of plantarflexion during the swing phase, less risk for secondary neuro-orthopedic
malalignments) and address activity and participation by improving the mobility (less
tripping, stumbling, and falling and a more efficient gait pattern) of the children.

The primary aim of this pilot study was to assess the feasibility in terms of adherence
to frNMS, safety and practicability of frNMS, and satisfaction with the frNMS protocol
in children with UMNS. We hypothesized the adherence rate to be high (≥90%). In
addition, the following clinical and patient-reported outcomes were preliminarily explored,
hypothesizing beneficial effects of frNMS: participant/parent reported outcome, strength
of ankle dorsiflexors, plantar dorsiflexors’ spasticity, and performance in the 10 m walking
test (10 MWT).

2. Materials and Methods
2.1. Ethical Approval

Ethical approval was obtained from the internal review board of the Medical Faculty
(vote 19-904). The study was registered in the German Registry for Clinical Studies [46].
The study was conducted in accordance with the Declaration of Helsinki. Informed written
consent of participants and their caregivers was a prerequisite for study participation.

2.2. Study Design

We conducted a single-center, prospective, intra-subject controlled, open-label clinical
pilot study. The study included a sequence of 3 study periods (SPs), each lasting for 5 days:
SPA physiotherapy, SPB break without specific training, and SPC frNMS intervention
(Figure 1). Clinical assessments (As) were completed before SPA (A1) and after SPA (A2)
as well as before SPC (A3) and after SPC (A4). During SPA, all participants underwent
physiotherapy 2 times a day, adding up altogether to 10 sessions comprising physical
exercises focusing on strengthening the tibialis anterior muscle based on the concept of pro-
moting motor learning [47]. During SPC, 10 sessions of frNMS targeting the tibialis anterior
muscle took place. This study design was chosen since data from rehabilitation and training
research report significant local effects on the muscular level after 9 to 10 conventional
physical training sessions, and previous work by Flamand et al. demonstrated beneficial
effects of a static rNMS treatment comprising 5 sessions of stimulation [30,34,36,48,49].
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Figure 1. Study design of the single-center, prospective, intra-subject controlled, open-label clinical
pilot study including 12 participants aged 6 to 11 years.

2.3. Study Population

Patients with UMNS in the context of unilateral or bilateral cerebral palsy who were
admitted for inpatient neurorehabilitation were screened for study eligibility. The inclu-
sion criteria comprised a Gross Motor Function Classification System (GMFCS) level of
I to III, age between 6 and 12 years, and foot drop due to weakness of the dorsiflexors
(muscle power value < 4 according to the Medical Research Council (MRC) scale) [50,51].
The exclusion criteria covered contraindications for magnetic stimulation (i.e., epilepsy,
ferromagnetic implants, and implanted biomedical devices, including shunts), intellectual
disability (IQ < 70), confirmed attention deficit (hyperactivity) disorder, and orthopedic
surgery on or injection of botulinum toxin in the lower limbs within the previous 3 months.
If the patient was eligible for the study, the patient and caregivers were informed about the
course of the study and were offered participation.

2.4. Intervention

Physiotherapy: During SPA, participants received 10 sessions of task-specific training
by board-certified physiotherapists [16]. The sessions took place twice a day and lasted
about 45 min with 15 min of net training time. The participants performed 3 exercises from
a previously developed catalog of exercises. This catalog included 16 different exercises
grouped into 3 categories: static (the participant only moved the foot), activating (the
participant completed a different task, such as playing with a ball, while performing
the exercise), and dynamic (whole-body exercise, including movement demanding the
activation of the tibialis anterior muscle; Table 1). All exercises were customized to the
participant’s individual abilities and applied in a child-friendly setting. One exercise from
each category was chosen by the therapist and the participant for each session. Different
exercises were used throughout the intervention period to prevent habituation effects. All
physical exercises were performed against gravity/using the participant’s body weight
without any additional load. This approach as well as training applying distinct anti-
gravity/(partial) body weight supported measures are well-established settings for motor
interventions in pediatric cerebral palsy [52,53].

frNMS: During SPC, 10 sessions of frNMS targeting the tibialis anterior muscle took
place. Within the functional approach, the participant performed the same physiothera-
peutic exercises as during the respective session of SPA while frNMS was applied to the
tibialis anterior muscle of the (more) affected lower limb. Each session also lasted about
45 min, including a net stimulation training time of 15 min. The stimulator (emField-
Pro, Zimmer MedizinSysteme GmbH, Neu-Ulm, Germany) was equipped with a round
coil delivering a maximum output of 2.5 Tesla. The coil’s copper winding had a 7.6 cm
diameter, and the coil was equipped with an oil-based self-cooling system. Stimulation
was delivered by emitting pulses of a rectangular shape for a duration of 250 µs with the
direction of the induced current from the outside to the inside of the coil. Stimulation
consisted of a total of 9450 pulses with alternating frequencies of 25 and 35 Hz, with 3 s
of ON-time and 6 s of OFF-time and 15 min of net stimulation time. This resulted in
60 trains, including 3 bursts per train and 25 or 35 pulses per burst (75 or 105 pulses per
train, Figure 2). These specific stimulation parameters were chosen because previous stud-
ies have reported neurophysiological cortical effects after rNMS with the following settings:
frequencies higher than 10 Hz, at least 6000 total stimuli applied during 1 session, and
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at least 15 min of net stimulation time [54–56]. The alternation of frequencies was chosen
to prevent habituation to the stimulation. From our own experience and in line with the
biological properties of muscular tissue, higher stimulation frequencies are associated with
discomfort, while lower frequencies are likely to only provoke singular twitches instead of
a proper muscle contraction.

Table 1. Description of the 16 exercises targeting to activation of the tibialis anterior muscle.

Name Position Description Performed in n
Sessions

Playing cards Seated on a bench
Cards are placed under the tip of the foot; during
stimulation, the patient lifts his foot, and 1 card is

pulled out
39

Car race Standing

Toy cars are placed on a knee-high ramp and held in
place by the therapist, the patient’s foot is placed

underneath the toy cars; during stimulation, the patient
lifts his foot, tipping the toy car over the edge onto

the ramp

35

Soccer Standing The patient’s foot is placed underneath a ball; during
stimulation, the patient kicks the ball 34

Driving a car Standing A pedal is held down by the patient’s foot; during
stimulation, the patient lifts his foot 32

Chicken rescue Standing/seated
Small objects (e.g., toy birds) are balanced on top of the
foot; during the stimulation, the patient moves his foot

with the objects from one side to the other
27

Gym ball Sitting on gymnastics ball The patient rolls back and forth on the gymnastics ball
and lifts his foot during stimulation 25

Stair-Climbing Standing/walking When stimulated, the patient climbs 1 step higher on
the stairs 22

Rock climbing Climbing When stimulated, the patient climbs onto another
climbing hold 18

Treadmill Standing/walking During stimulation, the patient performs a step in very
slow motion while on a slow-running treadmill 17

Wobbly Surface Standing on wobbly
surface

Patient is standing on wobbly surface and lifts the foot
when stimulated 16

Obstacle run Standing/walking When stimulated, the patient steps over an object (in
slow or fast motion) 15

Side steps Standing/walking Patient focuses on performing a sidestep while actively
lifting the foot when stimulated 13

Digger foot Standing/seated Patient grabs object with toes and, when stimulated,
transports it to the hand or contralateral side 6

Cookie pricking Standing/seated
Patient pricks cookies out of play dough by pressing

down the cookie cutter with the foot; lifts the foot
when stimulated.

4

Parallel bars Standing/walking
Patient is walking while holding onto parallel bars,
stimulation during gait phase pre-swing to initial

contact during active dorsiflexion
3

Coloring Standing/seated Heel is dipped in paint; when stimulated, the patient
paints something 1
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Figure 2. Stimulation protocol to target the tibialis anterior muscle during the frNMS intervention.

During stimulation, the coil was held in the hand by the therapist and placed onto
the upper third of the lateral lower leg in the position that assured the most appropriate
contraction of the tibialis anterior muscle (Figure 3). The optimal coil positioning and
stimulation intensity (percentage of maximum stimulator output) were repeatedly sought
for each subject and session; starting at 20% of the maximum stimulator output, the
intensity was usually slowly increased in steps of 6–10% while the position of the coil
was constantly adapted until a pronounced foot lift upward was clearly visible without
voluntary activation by the patient and without causing any pain or discomfort. The
definite stimulation intensity was then individually adapted for each physical exercise to
reach best level of muscular activation in the respective starting position (Table 2). During
the training, the therapist followed the movements of the participant to continuously ensure
the right coil positioning and effective stimulation during all repetitions of the exercises.
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Table 2. Definite stimulation intensities and their ranges in % of maximum stimulator output applied
during the frNMS intervention (* for not to be specified reasons, patient 5 did not tolerate higher
stimulation intensities during two exercises during the second frNMS session).

Pat. Mean (%) SD (%) Minimum (%) Maximum (%)

1 44.6 5.0 36 50
2 44.7 3.9 38 50
3 46.2 5.1 32 50
4 73.1 4.9 50 78
5 35.5 17.9 6 * 78
6 38.8 3.4 30 40
7 43.1 5.4 30 48
8 51.8 1.9 48 54
9 37.5 4.0 26 44

10 45.7 6.0 28 52
11 49.9 2.9 42 65
12 39.0 4.0 32 50

2.5. Outcome Measures
2.5.1. Feasibility

Adherence: Adherence was defined as completing at least 9 of the 10 scheduled
sessions within SPA and SPC, respectively. The reasons for the omission of sessions were
documented. Safety: Participants completed customized questionnaires to document any
adverse events (AEs) after every SPA and SPC session (Supplemental Figure S1). Prior to the
start of each session, participants were asked by the therapist to report any AEs experienced
between the sessions (Supplemental Figure S2). Practicability: During the training sessions,
the physiotherapists documented all exercises with the respective positions and levels
of difficulty as well as the stimulation parameters, including the definitive stimulation
intensity, the number of repetitions performed, and the net stimulation time for each of the
exercises. Further notes during and after the training sessions provided information about
challenges and ideas for improvement of the setting and the intervention. Satisfaction:
To assess the overall satisfaction with the intervention, customized questionnaires (semi-
structured questions and open comment options) were completed after every second
session by the participants (5 times during SPA and SPC, respectively) as well as at the end
of the intervention by the participants and their caregivers (Supplemental Figure S1). At
that time point, the participants and the caregivers were additionally asked about their
motivation to repeat and recommend frNMS as a treatment option to other patients with
similar conditions.

2.5.2. Clinical Outcomes

At A1, A2, and A4, the participants and their caregivers completed the GOAL in
its German paper-based version [57]. GOAL is a recently established patient-reported
outcome measure. GOAL evaluates the gait priorities and functional mobility of children
with cerebral palsy and is designed to assess all domains of the ICF-CY [57,58]. A change
of ≥5 points in the total as well as the single domain scores were rated as an improve-
ment given previously reported test–retest data [57]. GOAL data were obtained from
9 participants and 7 caregivers. The reasons for not filling in the questionnaire (i.e., missing
data) were language difficulties and the length of the questionnaire. Therefore, GOAL
was only obtained at time points A1, A2, and A4 but not A3 to enhance motivation to
complete it.

In addition, a set of clinical parameters reflecting the ICF-CY domains “Body function
and structure”, “Activity”, and “Participation” were assessed [59]. As no blueprint for
this first-time frNMS study was available, the choice of clinical outcome parameters was
met with regard to point-of-care measurements usually performed in clinical routines
and only limited to clinical key parameters to not put too much additional strain on the
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study cohort. The strength of the ankle dorsiflexors was rated by the Medical Research
Council (MRC) scale [51]. The Tardieu Scale was used to quantify the spasticity of the
ankle plantar flexors by assessing the quality of the muscle reaction during a fast muscle
stretch [60]. An increase in strength of ≥1 and a decrease in spasticity of ≥1 are regarded
as clinically meaningful effects. The 10MWT was completed twice each at self-selected
walking speed (SSWS) followed by maximum walking speed (MWS), respectively [61–63].
For the 10 MWT at MWS, the MDCs95 (minimal detectable change 95% confidence level)
was previously reported as 1.7 s for GMFCS level I and 4.3 s and 17.7 s for GMFCS levels II
and III, respectively [62]. For the clinical assessment, the examiner was not blinded to the
study period.

2.6. Statistics

Due to the novelty of the frNMS protocol developed and applied targeting the tibialis
anterior muscle by the research team for the first time, the study was primarily designed
to assess its feasibility by means of adherence to the intervention. The adherence rate
was calculated as the percentage of participants who did not discontinue the intervention.
Accordingly, if any training sessions had been omitted for reasons related to the treatment
itself (i.e., adverse events, discomfort, unwillingness to undergo the treatment), those
interventions would have been categorized as not being adhered to. We predefined a
threshold of completing at least 9 of the 10 a priori scheduled sessions as adherence to
the intervention. Assuming that 90% of participants would adhere to the intervention, a
sample size of n = 12 participants was intended to treat (CI ± 16.9). Given the qualitative
nature of all other feasibility measures, no secondary endpoint sample size estimation
was reasonable.

No a priori power analysis regarding the standardized clinical endpoints of the study
could be performed, as this study reports the first experience applying the most recently
developed frNMS protocol. No reliable data for such a longitudinal frNMS intervention
are available to revert to.

All statistical analyses were performed using Microsoft Excel (Microsoft Office Pro-
fessional Plus 2016, Microsoft Corp., Redmond, WA, USA) and SPSS (version 26/27; IBM
SPSS Statistics for Windows, Armonk, NY, USA). Absolute and relative frequencies, means,
standard deviations (SDs), medians, and ranges were calculated for treatment details, AE,
and reports of satisfaction.

The feasibility of the frNMS intervention was descriptively explored on the basis of
the adherence rate (see above), safety data, practicability as given by the adherence to the
predefined stimulation and training protocol together with feedback from the therapists,
and satisfaction with the intervention based on the feedback from the participants and their
caregivers. Subjective, individual, and clinically meaningful effects were described through
free-text comments by participants, caregivers, and therapists within the questionnaires.

Depending on the data distribution (tested by the Shapiro–Wilk Test), changes in
GOAL scores over time were tested using Friedman tests and Benjamini–Hochberg false
discovery rate correction. Changes in MRC and Tardieu scales were tested using Friedman
tests. Changes in 10 MWTs were tested using repeated-measures ANOVAs. Bonferroni
corrections were used for all post hoc comparisons. The level of significance was set to
α = 0.05.

3. Results
3.1. Study Participants

Twelve participants (mean age 8.9 ± 1.6 years, five females (41.7%)) were enrolled in
the study (Table 3).
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Table 3. Characteristics of the participants undergoing the frNMS intervention.

Pat. Sex Age * Type of
CP

GMFCS
Level

(More)
Affected Side Etiology

1 F 7 y 7 m USCP I Right Perinatal stroke
2 M 8 y 0 m USCP I Left Perinatal stroke

3 M 6 y 7 m USCP I Right Intraventricular
hemorrhage

4 F 8 y 5 m BSCP II Left Periventricular
leukomalacia

5 M 10 y 2 m USCP I Right Hemorrhagic stroke

6 M 11 y 11 m USCP I Right Astrocytoma,
completely resected

7 M 9 y 1 m USCP II Left Arterial ischemic
stroke

8 M 10 y 11 m USCP I Right Perinatal stroke

9 F 7 y 11 m USCP I Right Periventricular
gliosis

10 M 6 y 9 m BSCP II Left Periventricular
leukomalacia

11 F 11 y 9 m BSCP II Left Periventricular
leukomalacia

12 F 8 y 6 m USCP I Right Periventricular
gliosis

* Age at baseline assessment. F, female; M, male; y, years; m, months; CP, cerebral palsy; USCP, unilateral spastic
cerebral palsy; BSCP, bilateral spastic cerebral palsy; GMFCS, Gross Motor Function Classification System.

3.2. Adherence

In SPA, 111 of 120 (92.50%) of the a priori scheduled training sessions were attended.
In SPC, participants took part in 113 of 120 (94.17%) training sessions. In SPA and SPC,
five and three participants omitted one session due to diagnostic measures interfering
with the timing of the training sessions, respectively. In each of the study periods (SPA,
SPC), two participants omitted two training sessions for interfering diagnostic measures.
Altogether, 10 of the 12 participants (83%) took part in 9 out of 10 training sessions in
both study periods. The a priori-defined primary adherence rate was 100%, as none of
the training sessions were omitted due to adverse events, discomfort, or unwillingness to
undergo the intervention.

3.3. Safety

In SPA (physiotherapy), AEs were reported only by one participant between sessions
3 and 4; the participant reported a tingling sensation in the lower leg. During SPC (frNMS),
AEs were reported in 14 of 113 sessions, and no AEs were reported in 99 of 113 frNMS
sessions (87.6%). One participant experienced pain twice during frNMS stimulation, which
stopped immediately after pausing the stimulation. In addition, a tingling feeling was
reported by five participants in eight sessions in total. Feelings of discomfort occurred in
three sessions (muscle cramps reported twice by the same participant, warm sensation
reported once). Stimulation was always paused until the discomfort resolved. Six partic-
ipants did not report any AEs during the sessions. Pain at the stimulation site between
sessions was reported by two participants once (6/10 or 5/10 on the visual analog scale).
Pain spontaneously remitted before the start of the following session. A feeling of pres-
sure was reported once by one participant after the first session. The caregivers of one
participant reported a headache occurring once during SPC. Ten participants underwent
SPC without reporting any AEs between sessions (see Table 4). None of the AEs led to the
discontinuation of the frNMS intervention.
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Table 4. Occurrence rate of adverse events (AEs) during the study.

AE Occurrence Rate

SPA: AE during sessions None
SPA: AEs between sessions

Tingling sensation 0.8%
SPC: AEs during sessions

Tingling sensation 7.1%
Feeling of local discomfort 2.7%

Pain 1.8%
Headache 0.9%

SPC: AEs between sessions
Pain 1.8%

Pressure 0.9%

3.4. Practicability of frNMS

An average of 9460 ± 1054 stimuli per session were applied to the tibialis anterior
muscle, while the average net stimulation time per session was 14.95 ± 1.63 min. The ten
most frequently applied exercises are depicted in Table 1. From the therapist’s perspective,
the intervention was rated as practical. Challenges included difficulties handling the ma-
chine while simultaneously ensuring treatment according to the protocol with correct coil
positioning and constantly refocusing the participant and maintaining his/her motivation,
particularly in younger children. Therefore, therapists experienced frNMS as more conve-
nient to deliver if two therapists were present. Moreover, different levels of motor abilities,
individual participants’ needs, and treatment goals required thorough preparation for each
training session. Despite these challenges, frNMS was perceived as a helpful, promising
approach by the therapists. From their perspective, frNMS very effectively counteracted
the deficits in selective motor control, which is the cause of the unawareness of how to
activate certain muscles. The scheduled duration of 45 min with 15 min net stimulation
time for each session was rated as appropriate since the breaks, preparation for different
exercises, and the child’s daily form needed to be accounted for during the training.

3.5. Satisfaction

Regarding SPA, 91.7% of participants and 75% of caregivers would repeat the phys-
iotherapy. In addition, 83.3% of participants and 66.7% of caregivers would recommend
the physiotherapy to other families with children with similar conditions. Regarding SPC,
91.7% of participants and 100% of caregivers would repeat the frNMS intervention. One
participant stated that they would not repeat the intervention without giving a specific
reason. Furthermore, 83.3% of participants and 91.7% of caregivers would recommend
the frNMS intervention to other families with children with similar conditions. The rea-
sons for not recommending frNMS were not given. According to the free-text comments,
participants and caregivers particularly appreciated the child-friendly, customized setting
for both SPA and SPC (Supplementary Table S1). General remarks pointed to the rather
short intervention period with the desire for additional frNMS sessions to further foster
the already achieved individual benefits. Patients and caregivers also often inquired about
options to continue frNMS at home or during subsequent rehabilitation stays.

3.6. Participant/Caregiver-Reported Effects

On the individual level, GOAL improvements of ≥5 points compared to the respective
previous assessment were observed 21 times in the domain reports completed by the
participants (A2 to A1: n = 10 times, A4 to A2: n = 11 times; Table 5a and Figure 4).
Regarding the caregivers’ reports, GOAL domain improvements of ≥5 points compared
to the respective previous assessment were observed 16 times (A2 to A1: n = 8 times, A4
to A2: n = 8 times; Table 5b and Figure 4). On the group level, neither participant- nor
caregiver-reported GOAL total scores or domain scores demonstrated significant changes
over time (Table 5a,b).
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Table 5. (a) GOAL total and domain scores of participants at assessment A1, A2, and A4. (b) GOAL total and domain scores of caregivers at assessment A1, A2,
and A4. Bold-printed change of ≥5 points compared with most recent previous assessment, meaning comparison between A1 and A2 and between A2 and A4;
ADL = Activities of daily living, GFM = gait function and mobility, PDF = pain, discomfort, and fatigue, PASR = physical activities, sports, and recreation, GPA = gait
pattern and appearance, UBMA = use of braces and mobility aids, BISE = body image and self-esteem; statistical tests used: Friedman tests, Benjamini–Hochberg
false discovery rate correction. None of the significant p-values survived the Benjamini–Hochberg false discovery rate correction. Therefore, no post hoc testing was
performed, as the other analyses did not show significant results.

Total A = ADL B = GFM C = PDF D = PASR E = GPA F = UBMA G = BISE

Pat A1 A2 A4 A1 A2 A4 A1 A2 A4 A1 A2 A4 A1 A2 A4 A1 A2 A4 A1 A2 A4 A1 A2 A4

(a)

1 83.3 82.5 84.7 97.5 87.7 100 100 98.0 100 81.6 83.7 93.9 75.0 83.3 83.3 66.7 88.9 80.6 75.0 50.0 50.0 62.5 45.8 37.5
2 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
3 69.5 65.5 76.5 95.1 95.1 97.5 93.0 -- 91.0 59.2 83.7 100 39.6 45.8 50.0 75.0 77.8 80.6 25.0 0.0 0.0 45.8 25.0 37.5
4 57.7 59.7 66.2 71.6 79.0 79.0 72.0 72.0 76.0 73.5 73.5 93.9 35.4 37.5 45.8 41.7 38.9 44.4 25.0 50.0 50.0 45.8 45.8 50.0
5 91.4 91.4 98.5 93.1 93.1 98.8 96.0 96.0 99.0 98.0 98.0 98.0 81.3 81.3 97.9 91.7 91.7 97.2 -- -- -- 87.5 87.5 100
6 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
7 58.2 58.4 58.4 55.6 56.8 56.8 76.0 76.0 76.0 95.2 95.2 95.2 43.8 43.8 43.8 44.4 44.4 44.4 25.0 25.0 25.0 33.3 33.3 33.3
8 83.5 83.4 84.1 91.7 92.1 93.7 88.8 88.8 88.8 93.9 93.9 93.9 86.7 86.7 86.7 77.8 77.8 80.6 100 100 100 54.2 54.2 54.2
9 62.9 64.2 62.9 80.2 80.2 80.2 76.0 76.0 76.0 79.6 83.7 77.6 50.0 50.0 50.0 52.8 58.3 55.6 0.0 0.0 0.0 33.3 33.3 33.3
10 64.2 66.4 65.3 86.4 86.4 86.4 75.0 74.0 74.0 63.3 75.5 71.4 -- -- -- 52.8 55.6 52.8 0.0 0.0 0.0 45.8 45.8 45.8
11 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
12 66.0 68.6 68.6 69.1 69.1 69.1 78.8 82.5 82.5 91.8 98.0 98.0 40.5 42.9 42.9 75.0 75.0 75.0 25.0 50.0 50.0 41.7 41.7 41.7

Mean 70.7 71.1 73.9 82.3 82.2 84.6 84.0 82.9 84.8 81.8 87.2 91.3 56.5 58.9 62.6 64.2 67.6 67.9 34.4 34.4 34.4 50.0 45.8 48.1
SD 12.3 11.7 13.0 14.2 12.6 14.8 10.5 10.2 10.3 14.2 9.4 9.9 20.9 20.9 22.7 17.1 19.0 19.0 35.2 35.2 35.2 16.8 17.9 20.8

Q 6.94 8.40 2.80 5.55 8.59 5.36 < 0.001 1.71
p 0.031 0.015 0.247 0.062 0.014 0.069 1.000 0.424

(b)

1 63.1 82.5 84.4 80.2 87.7 100 82.0 98.0 100 71.4 83.7 91.8 52.1 83.3 83.3 55.6 88.9 80.6 25.0 50.0 50.0 25.0 45.8 37.5
2 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
3 73.8 70.5 79.9 92.6 95.1 96.3 96.0 90.0 91.0 81.6 83.7 100 42.9 40.5 61.9 80.6 77.8 88.9 25.0 0.0 25.0 -- 25.0 37.5
4 56.5 57.1 58.5 72.8 72.8 72.8 65.0 63.0 66.0 79.6 79.6 79.6 37.5 41.7 45.8 36.1 38.9 38.9 50.0 50.0 50.0 37.5 37.5 37.5
5 85.7 85.7 86.2 88.9 88.9 88.9 91.1 91.1 91.1 95.9 95.9 95.9 77.1 77.1 79.2 91.7 91.7 93.3 -- -- -- 66.7 66.7 66.7
6 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
7 56.4 55.7 56.0 49.4 49.4 50.6 -- -- -- 97.6 97.6 97.6 50.0 50.0 50.0 52.8 52.8 52.8 50.0 50.0 50.0 37.5 37.5 37.5
8 74.1 74.1 75.7 84.1 84.1 85.7 85.7 85.7 85.7 91.8 91.8 91.8 -- -- -- 63.9 63.9 70.8 75.0 75.0 75.0 45.8 45.8 45.8
9 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
10 64.2 66.4 65.3 86.4 86.4 86.4 75.0 74.0 74.0 63.3 75.5 71.4 -- -- -- 52.8 55.6 52.8 0.0 0.0 0.0 45.8 45.8 45.8
11 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
12 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --

Mean 67.7 70.3 72.3 79.2 80.6 83.0 82.5 83.6 84.6 83.0 86.8 89.7 51.9 58.5 64.0 61.9 67.1 68.3 37.5 37.5 41.7 43.1 43.1 44.0
SD 10.7 11.6 12.3 14.6 15.3 16.7 11.2 12.9 12.5 12.9 8.4 10.4 15.2 20.3 16.9 18.8 19.7 20.6 26.2 30.6 25.8 13.9 12.7 10.7

Q 5.85 7.43 2.53 4.67 5.57 4.30 1.00 2.00
p 0.054 0.024 0.282 0.097 0.062 0.116 0.607 0.368
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(d) Report of domain scores A–G completed by caregivers.

3.7. Clinical Outcome Measures

On the individual level, MRC scores increased in five participants (after SPA in one
participant; after SPC in four participants) and Tardieu scores decreased in four participants
(no effect after SPA, but observed effects in four participants after SPC). For walking speed,
no effects on the individual level were observed. On the group level, ankle strength mea-
sured by MRC significantly differed across the four time points (Friedman test: χ2 = 12.40,
p = 0.006, Figure 4). Mean MRC scores continuously increased from A1 to A4, albeit with-
out statistical significance in the post hoc comparisons (Table 6, Figure 5). The level of
spasticity did not significantly change over the course of the study period (Table 6, Figure 5.
Regarding the 10 MWT, no significant changes were observed for the SSWS or the MWS
(Table 6, Figure 6).
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Table 6. Change of clinical measures assessed for the (more) affected lower limb induced by physio-
therapy and frNMS at assessments 1, 2, 3, and 4 (A1–A4). Medical Research Council (MRC) scale
for assessing the power of ankle dorsiflexion; bold printed = increase of ≥1.0, which was regarded
as a substantial meaningful change on the individual level; Tardieu Scale (Tardieu) as a measure of
spasticity of the plantar flexors, bold printed = decrease of ≥1, which was regarded as a substantial
meaningful change on the individual level; self-selected (SSWS) and maximum walking speed (MWS)
in 10 m walking test (10 MWT). Statistical tests used: Friedman tests, repeated-measures ANOVA,
Dunn–Bonferroni post hoc tests. Significant differences are marked with an asterisk (*). Only for
MRC, the post hoc testing was performed, as the other analyses did not show significant results.

MRC Tardieu 10 MWT

SSWS (m/s) MWS (m/s)

Participant A1 A2 A3 A4 A1 A2 A3 A4 A1 A2 A3 A4 A1 A2 A3 A4

1 2 2 3 3 2 2 2 2 1.10 1.09 0.76 1.00 1.85 1.69 2.10 2.01
2 0 0 0 0 1 1 1 1 1.17 1.10 1.25 1.15 1.80 2.01 2.34 2.81
3 2 3 3 4 3 3 3 2 1.15 1.16 1.31 1.18 1.90 1.89 2.10 2.04
4 2 2 2 2 3 3 3 2 1.13 0.94 1.22 1.07 2.75 2.29 1.83 1.97
5 3 3 3 4 2 2 2 0 1.18 1.17 1.30 1.28 1.72 1.78 1.80 1.83
6 3 3 3 3 2 2 2 2 1.33 1.48 1.27 1.35 2.03 1.83 2.25 2.68
7 1 1 1 1 2 2 2 2 0.83 0.96 0.85 1.00 1.76 1.08 1.34 1.16
8 2 2 3 4 2 2 2 2 1.34 1.09 1.11 1.37 2.00 1.80 1.88 2.25
9 3 3 3 4 2 2 2 2 1.64 1.69 1.58 1.81 1.60 1.60 1.68 1.79

10 3 3 3 3 2 2 2 2 1.23 1.25 1.21 1.15 1.35 1.16 1.29 1.19
11 2 2 2 2 3 3 3 2 0.91 1.25 1.00 0.97 0.97 0.90 1.04 0.94
12 3 3 3 3 2 2 3 3 1.22 1.48 1.39 1.63 1.36 1.79 1.75 1.93

Mean 2.17 2.25 2.42 2.75 2.17 2.17 2.25 1.83 1.19 1.23 1.20 1.26 1.75 1.64 1.77 1.87
SD 0.94 0.97 1.00 1.29 0.58 0.58 0.62 0.72 0.21 0.24 0.24 0.28 0.44 0.40 0.40 0.57

Q/F Q = 12.395 Q = 6.750 F = 0.759 F = 1.841
p 0.006 * 0.080 0.525 0.191

pA1–A2 1.000
pA1–A3 1.000
pA1–A4 0.414
pA2–A3 1.000
pA2–A4 0.683
pA3–A4 1.000
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Figure 5. Group-level differences in mean medical research council (MRC) and Tardieu scores across
the four assessments (A1–A4). MRC scores significantly differed across the four time points (Friedman
test: χ2 = 12.40, p = 0.006). Mean MRC scores continuously increased from A1 to A4, albeit without
statistical significance in the post hoc comparisons.
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4. Discussion

This feasibility study provides the first-ever data on the experience with a novel
personalized frNMS intervention targeting the tibialis anterior muscle in 12 children af-
fected by UMNS. The primary aim of this pilot study was to assess the feasibility of this
most recently developed treatment approach by means of adherence to frNMS, safety and
practicability of frNMS, and satisfaction with frNMS in combination with physiotherapy.

So far, rNMS has mainly been studied in adults affected by hemiparesis after stroke.
The available evidence demonstrates beneficial effects with regard to muscle tone, strength,
motor control, and pain in this cohort [20,39,48,49,54,64–73]. Because it is painless and
does not require the attachment of electrodes or cables [20,21,25,41,74], rNMS represents
an interesting option for pediatric patients, too. However, the pediatric evidence is limited
to only one uncontrolled study and one case report enrolling a total of six children with
spastic cerebral palsy so far. In these reports, benefits with regard to the range of motion of
active and passive ankle dorsiflexion, the tone of the plantar flexors, and improved gait
parameters (velocity, stride length, and cycle duration) were observed after five sessions
of static rNMS targeting the tibial and peroneal nerves [48,49]. Against this background,
feasibility studies and studies investigating the most effective treatment protocol in children
are urgently needed to further explore this promising treatment approach in detail.

In this context, our research group developed a protocol for a functional rNMS inter-
vention by combining electromagnetic stimulation and task-specific motor training targeting
the tibialis anterior muscle. Since previous evidence has suggested active training to be su-
perior to passive treatment modalities [16,75], a functional approach was chosen over static
stimulation. As our frNMS intervention was primarily designed to enhance the strength and
motor control of the targeted muscle, it does not comprise the stimulation of the (spastic)
agonist of the respective limb(s). The stimulation protocol (frequency, alternating frequency,
ON and OFF times, and total duration) was determined on the basis of previous reports of
other research groups and our own experience [20,37,39,48,49,54–56,64–73,76–82].

In this study, adherence to the novel frNMS intervention in children affected by UMNS
was as high as expected. For interventions in the field of motor rehabilitation, such high
adherence rates are favorable and support that the patients accept the treatment very well.
frNMS was as safe as conventional physiotherapy and as reported in pediatric treatment
settings [48,49,83–85]. None of the few reported AEs led to the discontinuation or change
of the treatment protocol. In terms of the practicability of the frNMS intervention, the
protocol was conducted completely as planned with regard to the number of exercises
performed and the total stimuli applied in almost all sessions. In this study, the time
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needed to define the optimal coil positioning and stimulation intensity had not been
documented. From our latest everyday clinical experience with frNMS in our outpatient
neuropediatric rehabilitation setting, we can report that this process in general takes 1.5
to 3 min. Yet, the therapists emphasized the multitasking ability needed to adhere to the
protocol and keep the participant focused on the exercises. Therefore, currently, a setup
with two therapists involved seems reasonable until technical progress eases the rNMS
treatment. From the participants’ and caregivers’ perspective, satisfaction with the frNMS
intervention was very high, as reflected by a high motivation to repeat and recommend the
treatment [48,49,83–85]. To summarize, high adherence rates together with a high level of
satisfaction with the intervention are very promising findings, as both criteria represent
important considerations for establishing a new treatment approach in in- and outpatient
rehabilitation centers.

The frNMS protocol was designed to deliver the neurostimulation in a very personal-
ized way, realizing personalized medicine. Accordingly, the physical exercises and their
level of demand were chosen depending on the participant’s individual priorities and
capabilities. In this situation, participant-reported outcomes are particularly crucial to indi-
cate the effects of the intervention. Specifically, GOAL and open-comment feedback were
valuable instruments in our setup to specify benefits that were perceived as meaningful on
the individual level. The open-comment feedback from the participants, caregivers, and
therapists particularly emphasized positive changes in strength, motor control, and gait.

In addition, preliminary data on the effects regarding ankle dorsiflexor strength,
plantar flexor spasticity, and walking speed were collected to evaluate their relevance as
endpoints for future large-scale studies. On the individual level, clinically meaningful
improvements were reported, as seen in the increased MRC scores in four participants after
SPC (and in one participant after SPA) and the decreased Tardieu scores in four patients
after SPC (no effect after SPA). No effects on the individual level were seen in the 10 MWT
test. Given the limited sample size, this pilot study is likely to have been underpowered
to reveal clinical benefits on the group level regarding these outcomes. In addition, the
sequential study design without randomization of the treatment’s order could have biased
the outcome. Despite introducing a 1-week pause between the study periods and separately
comparing the pre and post measurements for each of the two study periods, a carryover
from priming and/or training effects achieved during SPA to SPC cannot be definitely
excluded. We decided against a cross-over design because we supposed that the carryover
effects of frNMS would definitely bias a following physiotherapy intervention due to
the strong proprioceptive activation by the neurostimulation. There was no possibility
to enlarge the pause between study periods, as study participation was restricted to the
duration of the inpatient rehabilitation stay (3 weeks). Furthermore, we decided against an
inter-subject controlled design, as heterogeneity between children affected by UMNS also
biases the interpretation of clinical findings in studies with small sample size. Again, the
primary outcome was adherence rate, not the clinical effects. However, all these preliminary
clinical findings will feed into the design of a future randomized trial.

Taking all of these promising real-world findings together, this feasibility study sup-
ports the need for future investigations of non-invasive neurostimulation from the bottom
up by frNMS for children affected by UMNS. However, the small sample size and the non-
sham controlled and non-blinded study design limit the generalizability of the observations
at this stage. In addition, a specific statement about the effects on selective motor control
cannot be made yet, as this has not been particularly addressed in this study or previous
studies. However, frNMS has been postulated to exert its positive effects by enhancing
selective motor control by promoting cortical and sensorimotor network reorganization.
Therefore, an objective assessment tool to evaluate selective motor control (e.g., by the
Selective Control Assessment of Lower Extremity (SCALE)), together with an objective and
standardized assessment of the active range of motion and strength (e.g., by dynamometer),
should be established in future trials [86–88]. Instrumented gait analysis to explore spa-
tiotemporal parameters and changes in ankle kinematics, kinetics, and pattern of muscle
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activation could also add valuable information in this regard [89]. Furthermore, adding
neurophysiological outcome measures (e.g., outcomes obtained by transcranial magnetic
stimulation or functional magnetic resonance imaging) would contribute to the in-depth
understanding of the mechanisms of action and enable even more personalized treatment
protocols together with a stratification based on biologically sound response predictors.

In this study, the interventions took place during inpatient rehabilitation stays. The
individually tailored selection of exercises for each participant and different combinations
and levels of demand of exercise, as well as the different levels of attention during the
training and different attitudes toward the intervention, may have contributed to differences
in participant-reported outcomes on the individual level. Furthermore, this study does not
provide insights into how long beneficial effects are sustained after frNMS, as no follow-up
assessment took place. Flamand et al. (2014) reported the effects of the static treatment,
which was delivered five times, lasted up to 45 days in their case report [49]. Consequently,
future studies should include different follow-up time points to investigate the distinct
clinical trajectory after the intervention. Different “dosages” (e.g., the time frame during
which frNMS is delivered, the number of sessions, or the duration of a single session,
including the number of exercises performed) should be explored as well.

5. Conclusions

The novel frNMS intervention designed to address ankle strength in children affected
by UMNS turned out to be feasible with regard to adherence, safety, practicability, and
satisfaction. Taking all these findings together, the approach can be considered very suitable
for children with UMNS. However, frNMS requires further evaluation within large-scale,
sham-controlled, randomized trials including clinical and neurophysiological outcomes
(e.g., cortico-spinal excitability by transcranial magnetic stimulation) to provide information
about the distinct mechanisms of action and the achievable clinical effects. Broader use of
frNMS in the pediatric setting—even in the early stages of rehabilitation in intensive care
units—may foster technical developments to further improve its applicability.
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Abbreviations

A1 Assessments including clinical measures and participant-reported outcomes
completed before SPA

A2 Assessments including clinical measures and participant-reported outcomes
completed after SPA

A3 Assessments including clinical measures and participant-reported outcomes
completed before SPC

A4 Assessments including clinical measures and participant-reported outcomes
completed after SPC

AE Adverse events
CP Cerebral palsy
GOAL Gait Outcomes Assessment List
ICF-CY International Classification of Functioning, Disability and Health-Children

and Youth Version
MDCs95 Minimal detectable change 95% confidence level
MRC Medical Research Council
MWS Maximum walking speed
(f) rNMS (Functional) repetitive neuromuscular magnetic stimulation
SCALE Selective Control Assessment of Lower Extremity
SD Standard deviation
SPA Study period A
SPC Study period C
SSWS Self-selected walking speed
UMNS Upper motor neuron syndrome
10 MWT 10 Meter Walking Test
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Kaczmarek, D.; et al. Early skeletal muscle hypertrophy and architectural changes in response to high-intensity resistance training.
J. Appl. Physiol. 2007, 102, 368–373. [CrossRef] [PubMed]

37. Okudera, Y.; Matsunaga, T.; Sato, M.; Chida, S.; Hatakeyama, K.; Watanabe, M.; Shimada, Y. The impact of high-frequency
magnetic stimulation of peripheral nerves: Muscle hardness, venous blood flow, and motor function of upper extremity in healthy
subjects. Biomed. Res. 2015, 36, 81–87. [CrossRef] [PubMed]

38. Machetanz, J.; Bischoff, C.; Pichlmeier, R.; Riescher, H.; Meyer, B.-U.; Sader, A.; Conrad, B. Magnetically induced muscle
contraction is caused by motor nerve stimulation and not by direct muscle activation. Muscle Nerve 1994, 17, 1170–1175.
[CrossRef]

39. Struppler, A.; Angerer, B.; Havel, P.; Gündisch, C. Modulatory effect of repetitive peripheral magnetic stimulation on skeletal
muscle tone in healthy subjects: Stabilization of the elbow joint. Exp. Brain Res. 2004, 157, 59–66. [CrossRef]

40. Struppler, A.; Binkofski, F.; Angerer, B.; Bernhardt, M.; Spiegel, S.; Drzezga, A.; Bartenstein, P. A fronto-parietal network is
mediating improvement of motor function related to repetitive peripheral magnetic stimulation: A PET-H2O15 study. NeuroImage
2007, 36, T174–T186. [CrossRef]

41. Börner, C.; Urban, G.; Beaulieu, L.-D.; Sollmann, N.; Krieg, S.M.; Straube, A.; Renner, T.; Schandelmaier, P.; Lang, M.; Lechner, M.;
et al. The bottom-up approach: Non-invasive peripheral neurostimulation methods to treat migraine: A scoping review from the
child neurologist’s perspective. Eur. J. Paediatr. Neurol. 2021, 32, 16–28. [CrossRef]

42. Ismail, F.Y.; Fatemi, A.; Johnston, M.V. Cerebral plasticity: Windows of opportunity in the developing brain. Eur. J. Paediatr.
Neurol. 2016, 21, 23–48. [CrossRef]

43. Varier, S.; Kaiser, M.; Forsyth, R. Establishing, versus maintaining, brain function: A neuro-computational model of cortical
reorganization after injury to the immature brain. J. Int. Neuropsychol. Soc. 2011, 17, 1030–1038. [CrossRef]

44. Forsyth, R.; Kirkham, F. Predicting outcome after childhood brain injury. CMAJ 2012, 184, 1257–1264. [CrossRef] [PubMed]
45. Forsyth, R.J.; Salorio, C.F.; Christensen, J.R. Modelling early recovery patterns after paediatric traumatic brain injury. Arch. Dis.

Child. 2009, 95, 266–270. [CrossRef] [PubMed]
46. Neuromodulation Mittels Repetitiver Neuromuskulärer Magnetstimulation (rPMS) bei Kinder und Jugendlichen mit Zentraler

Bewegungsstörung—Machbarkeit und Akzeptanz der rPMS als THERAPIEOPTION in der Kinderneurologie; DRKS00022100; LMU
Munich, Clinical Trial (Ongoing); Schoen Klinik Vogtareut: Munich, Germany, 2020.

47. Umphred, D.A. Umphred’s Neurological Rehabilitation; Elsevier/Mosby: St. Louis, MO, USA, 2013. (In English)
48. Flamand, V.H.; Beaulieu, L.-D.; Nadeau, L.; Schneider, C. Peripheral magnetic stimulation to decrease spasticity in cerebral palsy.

Pediatr. Neurol. 2012, 47, 345–348. [CrossRef]
49. Flamand, V.H.; Schneider, C. Noninvasive and painless magnetic stimulation of nerves improved brain motor function and

mobility in a cerebral palsy case. Arch. Phys. Med. Rehabil. 2014, 95, 1984–1990. [CrossRef] [PubMed]
50. Medical Research Council. Aids to the Examination of the Peripheral Nervous System; Her Majesty’s Stationery Office: London,

UK, 1981.
51. Paternostro-Sluga, T.; Grim-Stieger, M.; Posch, M.; Schuhfried, O.; Vacariu, G.; Mittermaier, C.; Bittner, C.; Fialka-Moser, V.

Reliability and validity of the Medical Research Council (MRC) scale and a modified scale for testing muscle strength in patients
with radial palsy. J. Rehabil. Med. 2008, 40, 665–671. [CrossRef]

52. van Hedel, H.J.A.; Network, F.T.A.; Severini, G.; Scarton, A.; O’brien, A.; Reed, T.; Gaebler-Spira, D.; Egan, T.; Meyer-Heim, A.;
Graser, J.; et al. Advanced Robotic Therapy Integrated Centers (ARTIC): An international collaboration facilitating the application
of rehabilitation technologies. J. Neuroeng. Rehabil. 2018, 15, 30. [CrossRef]

53. Azizi, S.; Birgani, P.M.; Irani, A.; Shahrokhi, A.; Nourian, R.; Mirbagheri, M. Impact of anti-gravity locomotion (AlterG) training
on structure and function of corticospinal tract and gait in children with cerebral palsy. In Proceedings of the 2019 41st Annual
International Conference of the IEEE Engineering in Medicine and Biology Society, Berlin, Germany, 23–27 July 2019; Volume
2019, pp. 126–129. [CrossRef]

54. Gallasch, E.; Christova, M.; Kunz, A.; Rafolt, D.; Golaszewski, S. Modulation of sensorimotor cortex by repetitive peripheral
magnetic stimulation. Front. Hum. Neurosci. 2015, 9, 407. [CrossRef]

55. Nito, M.; Katagiri, N.; Yoshida, K.; Koseki, T.; Kudo, D.; Nanba, S.; Tanabe, S.; Yamaguchi, T. Repetitive Peripheral Magnetic
Stimulation of Wrist Extensors Enhances Cortical Excitability and Motor Performance in Healthy Individuals. Front. Neurosci.
2021, 15, 632716. [CrossRef]

56. Jia, Y.; Liu, X.; Wei, J.; Li, D.; Wang, C.; Wang, X.; Liu, H. Modulation of the Corticomotor Excitability by Repetitive Peripheral
Magnetic Stimulation on the Median Nerve in Healthy Subjects. Front. Neural Circuits 2021, 15, 616084. [CrossRef]

57. Bonfert, M.V.; Jelesch, E.; Schroeder, A.S.; Hartmann, J.; Koenig, H.; Warken, B.; Meuche, A.; Jung, N.H.; Bernius, P.;
Weinberger, R.; et al. Test–Retest Reliability and Construct Validity of the German Translation of the Gait Outcome Assessment
List (GOAL) Questionnaire for Children with Ambulatory Cerebral Palsy. Neuropediatrics 2021, 53, 96–101. [CrossRef]

58. Thomason, P.; Tan, A.; Donnan, A.; Rodda, J.; Graham, H.K.; Narayanan, U. The Gait Outcomes Assessment List (GOAL):
Validation of a new assessment of gait function for children with cerebral palsy. Dev. Med. Child Neurol. 2018, 60, 618–623.
[CrossRef] [PubMed]

https://doi.org/10.1152/japplphysiol.00789.2006
https://www.ncbi.nlm.nih.gov/pubmed/17053104
https://doi.org/10.2220/biomedres.36.81
https://www.ncbi.nlm.nih.gov/pubmed/25876657
https://doi.org/10.1002/mus.880171007
https://doi.org/10.1007/s00221-003-1817-6
https://doi.org/10.1016/j.neuroimage.2007.03.033
https://doi.org/10.1016/j.ejpn.2021.02.008
https://doi.org/10.1016/j.ejpn.2016.07.007
https://doi.org/10.1017/S1355617711000993
https://doi.org/10.1503/cmaj.111045
https://www.ncbi.nlm.nih.gov/pubmed/22711732
https://doi.org/10.1136/adc.2008.147926
https://www.ncbi.nlm.nih.gov/pubmed/19948516
https://doi.org/10.1016/j.pediatrneurol.2012.07.005
https://doi.org/10.1016/j.apmr.2014.05.014
https://www.ncbi.nlm.nih.gov/pubmed/24907638
https://doi.org/10.2340/16501977-0235
https://doi.org/10.1186/s12984-018-0366-y
https://doi.org/10.1109/embc.2019.8857784
https://doi.org/10.3389/fnhum.2015.00407
https://doi.org/10.3389/fnins.2021.632716
https://doi.org/10.3389/fncir.2021.616084
https://doi.org/10.1055/s-0040-1722688
https://doi.org/10.1111/dmcn.13722
https://www.ncbi.nlm.nih.gov/pubmed/29573409


Children 2023, 10, 1584 20 of 21

59. Schiariti, V.; Longo, E.; Shoshmin, A.; Kozhushko, L.; Besstrashnova, Y.; Król, M.; Campos, T.N.C.; Ferreira, H.N.C.; Verissimo, C.;
Shaba, D.; et al. Implementation of the International Classification of Functioning, Disability, and Health (ICF) Core Sets for
Children and Youth with Cerebral Palsy: Global Initiatives Promoting Optimal Functioning. Int. J. Environ. Res. Public Health
2018, 15, 1899. [CrossRef] [PubMed]

60. Haugh, A.B.; Pandyan, A.D.; Johnson, G.R. A systematic review of the Tardieu Scale for the measurement of spasticity. Disabil.
Rehabilitation 2006, 28, 899–907. [CrossRef]

61. de Baptista, C.R.J.A.; Vicente, A.M.; Souza, M.A.; Cardoso, J.; Ramalho, V.M.; Mattiello-Sverzut, A.C. Methods of 10-Meter
Walk Test and Repercussions for Reliability Obtained in Typically Developing Children. Rehabil. Res. Pract. 2020, 2020, 4209812.
[CrossRef] [PubMed]

62. Thompson, P.; Beath, T.; Bell, J.; Jacobson, G.; Phair, T.; Salbach, N.M.; Wright, F.V. Test-retest reliability of the 10-metre fast walk
test and 6-minute walk test in ambulatory school-aged children with cerebral palsy. Dev. Med. Child Neurol. 2008, 50, 370–376.
[CrossRef]

63. Borggraefe, I.; Kiwull, L.; Schaefer, J.S.; Koerte, I.; Blaschek, A.; Meyer-Heim, A.; Heinen, F. Sustainability of motor performance
after robotic-assisted treadmill therapy in children: An open, non-randomized baseline-treatment study. Eur. J. Phys. Rehabil.
Med. 2010, 46, 125–131. Available online: https://www.ncbi.nlm.nih.gov/pubmed/20485217 (accessed on 23 September 2022).
[PubMed]

64. Krewer, C.; Hartl, S.; Müller, F.; Koenig, E. Effects of repetitive peripheral magnetic stimulation on upper-limb spasticity and
impairment in patients with spastic hemiparesis: A randomized, double-blind, sham-controlled study. Arch. Phys. Med. Rehabil.
2014, 95, 1039–1047. [CrossRef]

65. Beaulieu, L.-D.; Massé-Alarie, H.; Brouwer, B.; Schneider, C. Noninvasive neurostimulation in chronic stroke: A double-blind
randomized sham-controlled testing of clinical and corticomotor effects. Top. Stroke Rehabil. 2015, 22, 8–17. [CrossRef]

66. Beaulieu, L.-D.; Massé-Alarie, H.; Camiré-Bernier, S.; Ribot-Ciscar, É.; Schneider, C. After-effects of peripheral neurostimulation
on brain plasticity and ankle function in chronic stroke: The role of afferents recruited. Neurophysiol. Clin. 2017, 47, 275–291.
[CrossRef]

67. Fujimura, K.; Kagaya, H.; Endou, C.; Ishihara, A.; Nishigaya, K.; Muroguchi, K.; Tanikawa, H.; Yamada, M.; Kanada, Y.;
Saitoh, E. Effects of Repetitive Peripheral Magnetic Stimulation on Shoulder Subluxations Caused by Stroke: A Preliminary
Study. Neuromodulation Technol. Neural Interface 2020, 23, 847–851. [CrossRef]

68. Chen, S.; Li, Y.; Shu, X.; Wang, C.; Wang, H.; Ding, L.; Jia, J. Electroencephalography Mu Rhythm Changes and Decreased
Spasticity After Repetitive Peripheral Magnetic Stimulation in Patients Following Stroke. Front. Neurol. 2020, 11, 546599.
[CrossRef] [PubMed]

69. Chen, X.; Liu, X.; Cui, Y.; Xu, G.; Liu, L.; Zhang, X.; Jiang, K.; Li, Z. Efficacy of functional magnetic stimulation in improving
upper extremity function after stroke: A randomized, single-blind, controlled study. J. Int. Med. Res. 2020, 48, 0300060520927881.
[CrossRef] [PubMed]

70. Kinoshita, S.; Ikeda, K.; Hama, M.; Suzuki, S.; Abo, M. Repetitive peripheral magnetic stimulation combined with intensive
physical therapy for gait disturbance after hemorrhagic stroke: An open-label case series. Int. J. Rehabil. Res. 2020, 43, 235–239.
[CrossRef] [PubMed]

71. Kinoshita, S.; Ikeda, K.; Yasuno, S.; Takahashi, S.; Yamada, N.; Okuyama, Y.; Sasaki, N.; Hada, T.; Kuriyama, C.; Suzuki, S.; et al.
Dose–response of rPMS for upper Limb hemiparesis after stroke. Medicine 2020, 99, e20752. [CrossRef]

72. Sakai, K.; Yasufuku, Y.; Kamo, T.; Ota, E.; Momosaki, R. Repetitive Peripheral Magnetic Stimulation for Patients After Stroke.
Stroke 2020, 51, e105–e106. [CrossRef]

73. Struppler, A.; Havel, P.; Müller-Barna, P. Facilitation of skilled finger movements by repetitive peripheral magnetic stimulation
(RPMS)—A new approach in central paresis. NeuroRehabilitation 2003, 18, 69–82. [CrossRef] [PubMed]

74. Sakai, K.; Yasufuku, Y.; Kamo, T.; Ota, E.; Momosaki, R. Repetitive peripheral magnetic stimulation for impairment and disability
in people after stroke. Cochrane Database Syst. Rev. 2019, 2019, CD011968. [CrossRef]

75. Corsi, C.; Santos, M.M.; Moreira, R.F.C.; dos Santos, A.N.; de Campos, A.C.; Galli, M.; Rocha, N.A.C.F. Effect of physical therapy
interventions on spatiotemporal gait parameters in children with cerebral palsy: A systematic review. Disabil. Rehabil. 2019, 43,
1507–1516. [CrossRef]

76. Neyroud, D.; Temesi, J.; Millet, G.Y.; Verges, S.; Maffiuletti, N.A.; Kayser, B.; Place, N. Comparison of electrical nerve stimulation,
electrical muscle stimulation and magnetic nerve stimulation to assess the neuromuscular function of the plantar flexor muscles.
Eur. J. Appl. Physiol. 2015, 115, 1429–1439. [CrossRef]

77. Sato, A.; Liu, X.; Torii, T.; Iwahashi, M.; Iramina, K. Modulation of motor cortex excitability by peripheral magnetic stimulation of
different stimulus sites and frequencies. In Proceedings of the 2016 38th Annual International Conference of the IEEE Engineering
in Medicine and Biology Society (EMBC), Orlando, FL, USA, 16–20 August 2016; Volume 2016, pp. 6413–6416. [CrossRef]

78. Baek, J.; Park, N.; Lee, B.; Jee, S.; Yang, S.; Kang, S. Effects of Repetitive Peripheral Magnetic Stimulation Over Vastus Lateralis in
Patients After Hip Replacement Surgery. Ann. Rehabil. Med. 2018, 42, 67–75. [CrossRef]

79. Matsuda, T.; Kurayama, T.; Tagami, M.; Fujino, Y.; Manji, A.; Kusumoto, Y.; Amimoto, K. Influence of peripheral magnetic
stimulation of soleus muscle on H and M waves. J. Phys. Ther. Sci. 2018, 30, 716–718. [CrossRef] [PubMed]

https://doi.org/10.3390/ijerph15091899
https://www.ncbi.nlm.nih.gov/pubmed/30200412
https://doi.org/10.1080/09638280500404305
https://doi.org/10.1155/2020/4209812
https://www.ncbi.nlm.nih.gov/pubmed/32884845
https://doi.org/10.1111/j.1469-8749.2008.02048.x
https://www.ncbi.nlm.nih.gov/pubmed/20485217
https://www.ncbi.nlm.nih.gov/pubmed/20485217
https://doi.org/10.1016/j.apmr.2014.02.003
https://doi.org/10.1179/1074935714Z.0000000032
https://doi.org/10.1016/j.neucli.2017.02.003
https://doi.org/10.1111/ner.13064
https://doi.org/10.3389/fneur.2020.546599
https://www.ncbi.nlm.nih.gov/pubmed/33133002
https://doi.org/10.1177/0300060520927881
https://www.ncbi.nlm.nih.gov/pubmed/32495667
https://doi.org/10.1097/MRR.0000000000000416
https://www.ncbi.nlm.nih.gov/pubmed/32776765
https://doi.org/10.1097/MD.0000000000020752
https://doi.org/10.1161/STROKEAHA.120.029373
https://doi.org/10.3233/NRE-2003-18108
https://www.ncbi.nlm.nih.gov/pubmed/12719622
https://doi.org/10.1002/14651858.CD011968.pub3
https://doi.org/10.1080/09638288.2019.1671500
https://doi.org/10.1007/s00421-015-3124-x
https://doi.org/10.1109/embc.2016.7592196
https://doi.org/10.5535/arm.2018.42.1.67
https://doi.org/10.1589/jpts.30.716
https://www.ncbi.nlm.nih.gov/pubmed/29765188


Children 2023, 10, 1584 21 of 21

80. Zschorlich, V.R.; Hillebrecht, M.; Tanjour, T.; Qi, F.; Behrendt, F.; Kirschstein, T.; Köhling, R. Repetitive Peripheral Magnetic
Nerve Stimulation (rPMS) as Adjuvant Therapy Reduces Skeletal Muscle Reflex Activity. Front. Neurol. 2019, 10, 930. [CrossRef]
[PubMed]

81. Asao, A.; Ikeda, H.; Nomura, T.; Shibuya, K. Short-term session of repetitive peripheral magnetic stimulation combined with
motor imagery facilitates corticospinal excitability in healthy human participants. NeuroReport 2019, 30, 562–566. [CrossRef]
[PubMed]

82. Asao, A.; Hoshino, Y.; Nomura, T.; Shibuya, K. Effect of repetitive peripheral magnetic stimulation combined with motor imagery
on the corticospinal excitability of antagonist muscles. NeuroReport 2021, 32, 894–898. [CrossRef] [PubMed]

83. Börner, C.; Staisch, J.; Lang, M.; Hauser, A.; Hannibal, I.; Huß, K.; Klose, B.; Lechner, M.F.; Sollmann, N.; Heinen, F.; et al.
Repetitive Neuromuscular Magnetic Stimulation for Pediatric Headache Disorders: Muscular Effects and Factors Affecting Level
of Response. Brain Sci. 2022, 12, 932. [CrossRef] [PubMed]

84. Staisch, J.; Börner, C.; Lang, M.; Hauser, A.; Hannibal, I.; Huß, K.; Klose, B.; Lechner, M.F.; Sollmann, N.; Heinen, F.; et al.
Repetitive neuromuscular magnetic stimulation in children with headache. Eur. J. Paediatr. Neurol. 2022, 39, 40–48. [CrossRef]
[PubMed]

85. Bonfert, M.V.; Meuche, A.; Urban, G.; Börner, C.; Breuer, U.; Warken, B.; Wimmer, C.; Strattner, H.; Müller, T.; Hösl, M.; et al.
Feasibility of Functional Repetitive Neuromuscular Magnetic Stimulation (frNMS) Targeting the Gluteal Muscle in a Child with
Cerebral Palsy: A Case Report. Phys. Occup. Ther. Pediatr. 2022, 43, 338–350. [CrossRef] [PubMed]

86. Fowler, E. Lost without translation: Selective Control Assessment of the Lower Extremity (SCALE) in German. Dev. Med. Child
Neurol. 2016, 58, 116. [CrossRef]

87. Banik, S.; Garcia, A.M.; Kiwull, L.; Berweck, S.; Knoll, A. Vogtareuth Rehab Depth Datasets: Benchmark for Marker-less Posture
Estimation in Rehabilitation. In Proceedings of the 2021 43rd Annual International Conference of the IEEE Engineering in
Medicine & Biology Society (EMBC), Mexico, 1–5 November 2021; Volume 2021, pp. 2063–2066. [CrossRef]

88. Eini, D.S.; Ratzon, N.Z.; Rizzo, A.A.; Yeh, S.-C.; Lange, B.; Yaffe, B.; Daich, A.; Weiss, P.L.; Kizony, R. Camera-tracking gaming
control device for evaluation of active wrist flexion and extension. J. Hand Ther. 2017, 30, 89–96. [CrossRef]

89. Hösl, M.; Kruse, A.; Tilp, M.; Svehlik, M.; Böhm, H.; Zehentbauer, A.; Arampatzis, A. Impact of Altered Gastrocnemius
Morphometrics and Fascicle Behavior on Walking Patterns in Children With Spastic Cerebral Palsy. Front. Physiol. 2020,
11, 518134. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fneur.2019.00930
https://www.ncbi.nlm.nih.gov/pubmed/31507528
https://doi.org/10.1097/WNR.0000000000001245
https://www.ncbi.nlm.nih.gov/pubmed/30969243
https://doi.org/10.1097/WNR.0000000000001673
https://www.ncbi.nlm.nih.gov/pubmed/34029290
https://doi.org/10.3390/brainsci12070932
https://www.ncbi.nlm.nih.gov/pubmed/35884738
https://doi.org/10.1016/j.ejpn.2022.04.010
https://www.ncbi.nlm.nih.gov/pubmed/35660103
https://doi.org/10.1080/01942638.2022.2138732
https://www.ncbi.nlm.nih.gov/pubmed/37016574
https://doi.org/10.1111/dmcn.12827
https://doi.org/10.1109/embc46164.2021.9630168
https://doi.org/10.1016/j.jht.2016.07.002
https://doi.org/10.3389/fphys.2020.518134

	Introduction 
	Materials and Methods 
	Ethical Approval 
	Study Design 
	Study Population 
	Intervention 
	Outcome Measures 
	Feasibility 
	Clinical Outcomes 

	Statistics 

	Results 
	Study Participants 
	Adherence 
	Safety 
	Practicability of frNMS 
	Satisfaction 
	Participant/Caregiver-Reported Effects 
	Clinical Outcome Measures 

	Discussion 
	Conclusions 
	References

