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Abstract

Muscle strength is essential for autonomy in daily activities and performance in sports activities.
Yet, conventional strength training is challenging during recovery from pathological conditions.
This study investigates a novel combined intervention employing Focal Muscle Vibration (FMV)
and Action Observation (AQO) to enhance muscle strength. Twenty-seven healthy volunteers (18
females and 9 males, aged 22 to 42 years) were enrolled for an intervention-control study
comparing 2 groups: the intervention group received AO treatment with FMV on the right leg,
and the control group underwent only FMV on the right leg. This design allowed the comparison
of four conditions: FMV+AQ (intervention group, right leg), AO alone (intervention group, left
leg), FMV alone (control group, right leg), and no-treatment NT (control group, left leg). The
treatment, conducted five times a week (Mon-Fri) for two weeks, involved a 20-minute session
of FMV on the right quadriceps, coupled, for the intervention group, with the observation of a
gym training video. The assessments of Maximum Voluntary Contraction (MVC), and Fatigue
Coefficient (FC) expressed at knee extension bilaterally were measured at the beginning (T0),
after the first week (T1), at the end of treatment (T2), and one-week post-intervention for the
follow-up (T3). The FMV+AO group demonstrated a significant improvement in MVC over time,
reaching statistical significance at T2 and maintaining the gain at T3. In contrast, all the other
conditions demonstrated milder MVC increases without statistical significance. FC did not differ
significantly in any condition. The combination of FMV and AO optimized muscle strengthening,
offering insights for targeted treatments in various settings.
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uscle strength, the capacity of muscles to generate

force against resistance, is a pivotal physiological
factor influencing autonomy in daily activities. It is
fundamental for basic human movements, from reaching
and maintaining anti-gravity positions to walking and
jumping.! It is governed by a complex interplay of factors
such as muscle size, fiber type composition, neural
activation, and training status.’
Diminished muscle strength, a common concern in aging
populations; and various pathological states, can detrimen-
tally impact gait control, posture, and overall performance,
leading to premature fatigue.® In this condition, interven-
tions aimed at increasing muscular strength, are useful for
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recovery in clinical and sports fields.!? While a few sessions
of traditional strength training programs are effective in in-
creasing muscle section area and strength in healthy sub-
jects,*> their application is restricted by premature fatigue,
and muscle deconditioning due to immobility, neural dam-
age, or pain in pathological conditions. Therefore, alter-
native strategies are sought to precede or complement these
programs, facilitating initial strength gains.

Usually, the employed strategies focus, either on the periph-
eral or central components involved in force generation.
Within this framework, two distinct approaches can be rec-
ognized: a Bottom-Up and a Top-Down approach.” The
former targets the peripheral execution through intervention
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or stimulation of a muscle, leading to improvement in force
generation and motor control. The Top-Down approach
seeks to enhance specific neurocognitive domains and cor-
tical reorganizations, leading to improvement of motor
planning, coordination, and overall movement proficiency.®
Within all the peripheral interventions, Focal Muscle Vibra-
tion (FMV) has emerged as a promising technique, finding
application in both physiological and clinical settings. By
applying mechanical vibrations to a muscle and manipulat-
ing parameters such as frequency, amplitude, and intensity,
FMYV can elicit diverse effects.” Indeed, FMV offers bene-
fits including strength augmentation, contracture allevia-
tion, pain management, edema reduction, spasticity
amelioration, enhanced proprioception, and improved pos-
tural stability.'

On the other hand, the Top-Down approach includes inter-
ventions; like Action Observation Therapy (AOT), prima-
rily used for motor skill learning. AOT involves observing
an action, presented through a video or performed by
another individual, followed by immediate imitation. This
process induces reorganization in the primary motor cortex,
contributing to the formation of motor memory traces and
facilitating motor learning.!! Furthermore, AOT is used to
intensify the effect of rehabilitation and to reduce recovery
time after injuries and periods of immobilization.'? Even if,
each phase of this treatment (observation and execution)
can yield beneficial effects on cortical reorganization, the
sole observation of the action without subsequent reproduc-
tion has shown a lower, albeit still present, benefit.!3
Given the potential benefits of both peripheral and central
interventions, a combined approach could synergistically
optimize interventions. Our primary hypothesis is that the
combination of FMV with the observation of strength train-
ing exercises will result in improved muscle strength. Ad-
ditionally, we aim to explore the impact of this combined
intervention on muscle fatigue.

Materials and Methods
Participants

The study involved 27 healthy volunteers (18 females and
9 males), aged 22 to 42 years. Participants were recruited
among the staff working in the Unit of Neurorehabilitation
of the University Hospital of Pisa. Inclusion criteria were:
age range 18-50 years; no history of musculoskeletal or
neurological diseases; capacity to understand and express
informed consent. Exclusion criteria were: athletes or indi-
viduals used to intensive sports training. Participants re-
frained from other physical activities during the study.
Informed consent was obtained in accordance with the Hel-
sinki Declaration, and the study received approval from the
local Ethics Committee.

Study design

Participants were randomly assigned to an intervention
group, watching an AO video during FMV treatment, or a
control group without AO. Both groups received FMV on
the right femoral quadriceps. This design resulted in four
conditions: FMV+AO (intervention group, right leg), AO
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alone (intervention group, left leg), FMV alone (control
group, right leg), and no-treatment NT (control group, left
leg) (Figure 1A). The treatment session of 20 minutes per
day had a frequency of five days a week (Monday — Friday)
for two consecutive weeks. Assessments for the bilateral
knee extension Maximal isometric Voluntary Contraction
(MVC) and the Fatigue Coefficient (FC) were conducted
at baseline (TO0), after the first week of treatment (T1), at
the end of treatment (T2), and one week later (T3) (Figure
1B).

Intervention
Focal Muscle Vibration (FMV)

The FMV treatment consisted of a 20-minute session of
muscle vibration administered by a pneumatic vibrator
powered by compressed air (Vibra 3.0; A Circle s.p.a. Com-
pany, San Pietro in Casale, Bologna, Italy). Four hemispher-
ical cap-transducers were placed on the femoral quadriceps:
the largest transducer (with a diameter of 2.5 cm) was cen-
trally positioned, 4 cm above the superior border of the pa-
tella; the remaining three transducers (each with a diameter
of 1 cm) were situated along an imaginary line originating
from the greater trochanter, proceeding from lateral to me-
dial, intersecting three quadriceps heads (Figure 1C).
Throughout the treatment, participants maintained a seated
resting position. The selected vibration frequency was 100
Hz, applied at an intensity of 120 mBar.

Action Observation (A0)

The AO consisted of a video of a 20-minute gym training
session designed to strengthen the quadriceps. The video
featured two training circuits, each consisting of six rounds
of exercises and pauses, alternating every 30 seconds. A 90-
second break separated the two circuits. In the second cir-
cuit, exercises were performed at a slower pace, with a
close-up zoom focusing on limbs, knee, and hip joint move-
ments. At the end of the second circuit, the video displayed
a soccer player performing a high kick of a ball, emphasiz-
ing knee extension in this specific task. Participants were
instructed to closely observe the contraction of the quadri-
ceps muscles throughout the video, focusing and imagining
as they were executing the movement themself. Both male
and female subjects were equally represented in the video
while performing the exercises.

QOutcome measurements

Maximal strength and muscle fatigue were examined using
the isokinetic dynamometer “PrimusRS Multi-Joint System
Dynamometer” (BTE Technologies, Hanover MD, USA).
During the dynamometric assessment, subjects were seated
in a standardized comfortable position with straps securing
their thighs and pelvis to ensure greater stability. The dy-
namometer recorded the force exerted in leg extension with
the knee at the fixed angle of 120°, with the full extension
being considered at 180°. The evaluation tool comprised an
adaptable rod, a pivot point connecting to the dynamometer,
and a resistance point. The dynamometer’s pivot point was
positioned at the juncture of the lateral femoral condyle and
the tibial plateau, while the resistance point was located be-
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tween the middle and lower thirds of the tibia, approx-
imately 4 centimeters above the lateral malleolus (Figure
1D). For maximal strength, participants were instructed to
exert the MVC during knee extension for 3 seconds. Each
subject performed three consecutive repetitions for each
limb with a 15-second pause between each trial.

The same setup was used to assess fatigue. Participants
were instructed to maintain the isometric MVC for 60 sec-
onds. The investigator provided participants with verbal en-
couragement and informed them of the remaining time at
intervals, including a countdown for the last 10 seconds.
The force was probed at 100 Hz frequency. The participants
repeated the evaluation three times with a 30-second pause

between each trial. To assess the muscular resistance to fa-
tigue, the Fatigue Coefficient (FC) has been calculated from
force-time curves (see Data Analysis section).

All muscular tests were conducted bilaterally. Only results
with a Coefficient of Variation (CV) of less than 7% were
considered reliable; otherwise, participants were asked to
repeat the single trial after a longer pause (40-80 seconds).

Data Analysis

Each MVC evaluation triplicate was averaged. Similarly,
for each FC estimation, each force-time curve triplicate was
averaged. Statistical analysis of MVC comparison in time
within a treatment group was done in a logarithmic domain
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Figure 1. Study design (A), timeline (B), and setting (C, D). 14 - Study design: The participants were randomly assigned to
one of the two groups, the Intervention or Control group. Participants in the Intervention Group underwent Focal Muscle
Vibration (FMV) treatment on the right leg while watching a quadriceps training video (Action observation - AO - described
in the text). Considering the single leg, this group generated two experimental conditions: the right leg underwent FMV and
AO treatment (FMV+AQ), while the left leg received only the AO treatment. The Control group underwent only FMV treatment,

generating the other two conditions: FMV for the right leg, and No-treatment (NT) for the lefi leg. 1B - Timeline: All the par-

ticipants were evaluated at the baseline (T0) for their Maximum Voluntary Contraction (MCV) and Fatigue coefficient (FC).

After the evaluation, the participants underwent two weeks of treatment according to their group. The patients were re-eval-

uated for MVC and FC for an intermediate assessment after one week of treatment (T1), at the end of the treatment (T2), and
after a week of interruption (T3), to assess if the induced modifications lasted over time. 1C Localization on the right leg of
the cup transducers for FMV. 1D Schematic representation of the setting for dynamometric evaluation.
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as data failed the normality test but passed the log-normality
test (see below); all estimated parameters were further re-
calculated to the linear (non-logarithmic) scale.

For the FC estimation, we excluded the initial 10 seconds
of each 60-second long force-time curve, where, partici-
pants are reaching the peak of their MVC, and the final 10
seconds where some participants had trouble maintaining

consistent strength control, resulting in sudden drops or sig-
nificant oscillations in strength values.

Although the Literature suggests that muscle tension de-
creases in time exponentially towards a Plateau,'*! in about
half of our results we failed to estimate a positive value of
the Plateau (Figure 2A, Table 1 — parameter P). Omitting
the factor representing the Plateau in the estimation resulted

Table 1. Model Parameters Fitted for FC Estimation for two representative subjects under FMV+AQO treatment at
T0 as presented in Figure 2.
Fit parameters R? FC
Fitted equation 17 a b P —a/b (1/s)
(1/s) (N/s) (\)) () (1/s)
Estimation 1 (Figure 2a)
Exponential fit with plateau  f{f)=b-¢”+P  0.00929 - 196.4 10-11 - 0.936
0.00929
Exponential fit fO=b-e” 0.00928 - 196.4 - - 0.936
0.00928
Linear fit fby=at+b - -1.4 191.5 - 0.00731 0.944
0.00731
Estimation 2 (Figure 2b)
Exponential fit with plateau  f{f)=b-e“+P  0.02822 - 165.6 142.9 - 0.953
0.02822
Exponential fit fH=b-e* 0.00961 - 288.7 - - 0.944
0.00961
Linear fit fty=at+b - -2.069  279.8 - 0.00739 0.934
0.00739
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Figure 2. Force-time curves plot. Representative plots for force-time curves obtained from two representative subjects
under FMV+AO treatment at T0 for FC Estimation. Data used for fitting is marked with black dots, and data excluded
from estimation (the first and the last 10 s of the measurement as explained in the main text) is marked with gray dots. Big
black dotted line, small black dotted line and solid gray line represent Exponential fit, Exponential Fit with Plateau, and
Linear Fit to the data, respectively. 2A. shows a curve that we fail to estimate a Plateau region, in such a case both kind
of Exponential fits showed similar values for FC estimation (see Table 1). 2B shows a curve that we were able to fit Expo-
nential Curve with Plateau, yet comparing both estimated FC from both Exponential fit it shows 3 a fold difference (see
Table 1). Thus, as our data shows, a fail to estimate a Plateau level from the data may lead to a couple fold of FC estimation
error. We did a linear regression on our data and represented FC as the negative ratio of slope and Y-interception of the
fit. The FC values estimated using this model closely align with those obtained through Exponential fits, and R2 values
fall within a comparable range as other fitting methods, demonstrating a strong fit for the data (see Table 1).
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in a large discrepancy in the time constant values between
fits with and without the Plateau (Figure 2B, Table 1). Thus,
we used a simplified fatigue estimation using a linear model
fit, defining the FC as a ratio between the negative value of
the slope and the y-intercept (Figure 2, Table 1), as this ap-
proximation will be more robust to deviations from the
more widely accepted models. The analysis and compari-
sons of different models were done with Microsoft Excel
for Microsoft 365 (Microsoft, Redmond, WA, USA),
GraphPad Prism version 9.5.1 for Windows (GraphPad
Software, Boston, MA, USA), and Wolfram Mathematica
version 11.2 for Windows (Wolfram Research, Inc., Cham-
paign, IL, USA).

For the MVC treatment comparison, the data was normal-
ized in the following way. For each treatment, for each sub-
ject, we calculated a geometric mean for all time point
values. Next, each data time point, for each treatment, for
each subject was divided by the respective geometric means
preserving the ratiometric relations between timepoints
values and normalizing for the distribution of the initial
MVC in the population. Subsequently, for each treatment,
we averaged the resulting values within each TO, and then
divided all data points within each treatment group by the
respective average, normalizing the average value of each
TO to 1, and preserving the ratiometric information within
the data.

Statistical analyses were done using GraphPad Prism ver-
sion 9.5.1 for Windows (GraphPad Software, Boston, MA,
USA). To test the statistical difference of Gender composi-
tion within groups we used Fischer’s exact test. Numerical
data was tested for normality and lognormality with the
Shapiro-Wilk normality test. For each data analysis seg-
ment to pass the normality (or lognormality) test, all the
data sets in the analysis segment had to pass the normality

(or lognormality) test. After checking the normality, the ap-
propriate statistical test was applied to evaluate the statisti-
cal differences between groups and timepoints.

For a two-group comparison failing the normality test, we
used the Mann-Whitney test. For a non-matching multiple-
group comparison failing the normality test, we used the
Kruskal-Wallis test. For a non-matching multiple-group
comparison passing the normality test, we used the Brown-
Forsythe and Welch ANOVA test. For a matching multiple-
group comparison failing the normality test, we used the
Friedman test with Dunn’s multiple comparison test. For a
matching multiple-group comparison passing the normality
test, and for comparing the effectiveness of treatments we
used the Repeated Measures one-way ANOVA test with
Geisser-Greenhouse correction, with Tukey multiple com-
parison test with individual variances computed for each
comparison. Datasets failing the normality test were indi-
cated in the figures.

To calculate the Number Needed to Treat (NTT) we com-
pared the FMV+AO group (intervention) with the FMV
group (control). As a negative outcome, we assumed an in-
crease lower than 20% of MVC.

Results

Anthropometric measures, including gender, age, and body
mass index (BMI), were examined for statistical differences
between the two groups, and no significant disparities were
found. Additionally, comparisons of MVCs and FCs among
the four conditions at baseline revealed no statistically sig-
nificant differences (Table 2).

While there was a slight overall gain in the MVC over time
in all experimental conditions, only the FMV+AO group
exhibited a statistically significant difference. In particular,

Table 2. Baseline characteristics between groups.

Intervention group Control group p-value

N° of participants 14 13

Age 30.7 (+4.05) 29.85 (+4.02) 0.76
Gender F/M 10/4 8/5 0.69
BMI 23,37 (£2,76) 23,11 (£2,74) 0.72

Right Leg Left Leg Right Leg Left Leg
(FMV+AO) (AO) (FMV) (NT)

MVC TO (N) 345.8 (£124.5) 335.6 (£75.1) 326.2 (£78.75) 298.5 (£97.91) 0.87
FCTO 0.005 (£0.003) 0.005 (£0.002) 0.003 (+0.003) 0.004 (+0.001) 0.13

Continuous numeric data have been summarized by average and standard deviation in brackets. Categorical data
(Gender) has been represented as proportion. Age and BMI in the two groups comparison were analyzed with the
Mann-Whitney test; Gender was analyzed with Fisher s exact test. The Kruskal-Wallis test was done to compare the
initial MVC and the Brown-Forsythe and Wech ANOVA test to compare the initial FC.
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the group FMV+AO showed a continuous improvement in
MVC over the timepoints, reaching a statistical significance
at T2 and maintaining a significant gain also at T3 (p-value:
0.0344 and 0.0239, respectively). Condition AO, FMV, and
NT showed a milder increase in the MVC value that did not
reach statistical significance (Figure 3A-D). Based on our
sample, the NTT is 4.

The statistical analyses were done in the logarithmic do-
main, as described in the Materials and Methods section.
Results are summarized in Table 3.

The FC showed a slight increase over the timepoints, de-
picting a faster decrease in strength in all the conditions,
without a statistical significance at any timepoints (Figure
4A-D).

Table 3. Comparison of MVC by timepoints.

TO T1 T2 T3 p-value

T0-T1 TI1-T2 T2-T3 TO0-T2 TO-T3

FMV+AO 329.1 380.5 408.7 407.1
(-88.35, (-79.95, (-97.42, (-97.85, 0.0832 0.2346 0.9994 0.0344 0.0239

+120.78)  +101.21) +127.92) +132.31)

AO 316.2 393.4 380.1 399.2
(-96.77, (-74.08, (-78.19, (-95.39, 0.2212 0.8652 0.6476 0.3932 0.0961

+139.44)  +91.27) +98.45)  +125.35)

FMV 317 333.1 3474 324.8
(-70.69, (-93. 8, (-91.77, (-93.3, 0.7687 0.7447 0.3364 0.2208 0.9721

+90.98)  +130.58) +124.72) +130.89)

NT 283.2 324.6 337.8 322
(-82.49, (-96.65, (-74.51, (-71.42, 0.2347 0.9984 0.4873 0.0659 0.1562

+116.4)  +137.63) +95.6) +91.77)

Data are summarized by geometrical mean and standard deviation calculated from the standard deviation factor.
The p-value was calculated in for data the logarithmic domain. The conditions were analyzed with Repeated meas-

ure one-way ANOVA and the post-hoc Tukey s multiple comparison test.
Statistical difference was set for a p-value<0.05. ns, p>0.05; *p<0.05.

A FMV+AO B AO C FMV ‘D NT
* ; : z
: :
600 I * 1 600 . 600~ . 600-
f 1
__ 400 - 400- . 400+ . 400
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o ] e 3)
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TO T1 T2 T3 TO T1 T2 T3 TO T1 T2 T3 TO T1 T2 T3
Time points Time points Time points Time points

Figure 3. MVC barplots for each condition. Data presented as geometric meantSDf. To compare difference between time-
points within a condition we used the Repeated Measures one-way ANOVA test with Geisser-Greenhouse correction, with
Tukey multiple comparison test with individual variances computed for each comparison on data converted to the log-
arithmic domain (see Materials and Methods). *p<0.05.
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The effects of each treatment — FMV+AQO, AO, and FMV
— were then analyzed to assess their relative effect on both
MVC and FC. We normalized the values of the MVC time-
points to each group’s baseline (as described in the Materi-
als and Methods section) and assessed the differences in

FCs between the baseline and each evaluation timepoint
(Figure 5A-B). After one week of treatment, the impact of
AO on the MVC is significantly more pronounced com-
pared to the FMV treatment. By the end of the protocol
(T2), the combination of FMV and AO led to a significantly
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Figure 4. FC barplots for each condition. Data presented as mean+SD. To compare differences between timepoints within
a condition we used the Friedman test with Dunn s multiple comparison test.
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Figure 5. Comparison of treatment effect on MVC (54) and FC (5B). Data presented as mean£SD. To compare differences
in effectiveness treatments we used Repeated Measures two-way ANOVA test with Geisser-Greenhouse correction, with
Tukey multiple comparison test with individual variances computed for each comparison. T datasets failing Shapiro-Wilk
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greater enhancement in the MVC compared to FMV alone.
This trend continues even one week after treatment cessa-
tion (T3), where both the FMV+AQO and AO conditions still
showed statistically significant differences compared to the
FMV (Figure 5A). There is no statistically significant dif-
ference observed in terms of modifying the FC (Figure 5B).

Discussion

Our study demonstrated the synergistic effect of combining
the AO with FMV to strengthen the quadriceps. This inno-
vative treatment yields superior results in terms of muscle
strengthening without the need for active training. The re-
sults confirmed that, in healthy subjects, the combination
of FMV as a Bottom-Up approach and AO as a Top-Down
approach significantly enhances the MVC. The hypothesis
that the integration of these two treatments could influence
plasticity through a bimodal approach is supported by the
already known mechanism of the two techniques, further
corroborated by our experiment and results.

The bottom-up effect of focal muscle vibration

Thanks to the safety, tolerability, and versatility of FMYV, its
use in clinical settings increased over time. According to
the Literature, FMV applied to muscles activates muscle-
tendon receptors and reflexes, capable of inducing periph-
eral and central changes thanks to Long-Term Potentiation
(LTP).!® The proprioceptive stimulus, caused by muscle
vibration at low amplitudes, produces Ia fiber afferent input
and reaches both the primary somatosensory and motor cor-
tex.!” Despite this, a clear consensus about the most effec-
tive frequency to be used for muscular strengthening has
not been established, with multiple studies showing results
for frequencies ranging from 80 to 300 Hz.>!® The chosen
vibration frequency of 100 Hz for this study is the most
commonly used in the field of rehabilitation.!” Traditionally,
this frequency has been described as appropriate for elicit-
ing the phenomenon of “spindle driving”, driving the same
stimulation frequency to Ia fibers afferent discharge.'®! In-
terestingly, 100 Hz is also employed in other stimulation
techniques to induce plastic reorganization of central nerv-
ous networks, both in vitro® and in vivo.*' This suggests
that this kind of stimulation might lead to synaptic events
such as LTP and result in an immediate and sustained
change in synaptic responsiveness, followed by sustained
reorganization of the synaptic pathway. However, further
studies on the actual mechanism underlying the central ef-
fect of FMV are needed.

The described mechanism suggests that the MVC improve-
ment of the vibrated limb in our study, both in the interven-
tion and in the control group, might be rather due to a
modification and a greater efficiency in the neural control
of the muscle, than to a peripheral muscular adaptation.
This also seems to be supported by the analyses of the fa-
tigue, which did not show any significant effect in any of
the treatments. Furthermore, the short duration of the pro-
tocol and the underlying neural mechanism are not likely
to determine a change in the muscle structure, cross-sec-
tional area, or fiber proportion. Therefore, the overall sus-
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tained force in time is not as affected as the MCV which
relies more on the motoneuron firing efficiency than on the
fiber muscle resistance.

Notably, an increase in the MVC is evident not only in the
limb muscle subjected to vibration but also in the left quad-
riceps muscle, which was un-vibrated in all groups. This
might be due to the so-called cross-education effect, already
described in a unilateral vibrational or electrical neuromus-
cular stimulation.?? Cross-education seems to rely on adap-
tations in the Central Nervous System induced by the
peripheral stimulation, even if there is no concordance on
the actual mechanism.”® Our findings further expand this
concept, showing a slight, improvement in the no-treated
limb, more evident in the AO condition.

This result confirms the efficacy of muscle stimulation as
an adjunct therapy, especially in people with fatigue syn-
dromes who spend less time exercising, thus exacerbating
motor difficulties.* Although exercising is the best coun-
termeasure to muscle deterioration, safe and toll-free re-
habilitation training might benefit from alternative
strategies aimed at facilitating initial strength gains. Pre-
vious studies have shown that other bottom-up approaches,
such as Functional Electrical Stimulation (FES) and Neuro-
Muscular Electrical Stimulation (NMES), represent effec-
tive techniques for immobilized patients or those with
limited exercise capacity.’+*

FMV is a relatively new option that, together with FES,
NMES, and brief training sessions, completes the arsenal
available to clinicians for ensuring muscle and joint main-
tenance and providing initial reinforcement.

The top-down effect of action observation

With its effect of stimulating cortical pathways associated
with voluntary movement and activating mirror neurons,
AO showed great results in skill learning, training, and re-
covery.?® Former studies showed that AO can lead not only
to the acquisition of skill'? and improvement in motor per-
formance after periods of inactivity and disuse' but also to
muscular strengthening,?” especially when associated with
motor imagery.?® In our study, the Intervention Group
watched and imagined movements for quadriceps strength-
ening. Even if the presented protocol did not follow the ca-
nonical features for the motor imagery practice,” the results
showed the efficacy of the AO paradigm in strengthening
the extension of the limb, especially when combined with
FMV. As said, the improvement of the non-vibrated limb
in both experimental groups might be then explained by the
“cross-education” in the NT condition, but in the AO con-
dition both the “cross-education” mechanism and the action
observation mechanism should be acknowledged. Thus, the
AO condition also highlights the synergic effect of the two
approaches on the non-vibrated limb.

It is worth noting that, to enhance the effect of AO, the
replication of observed actions should be performed right
afterward. This contributes to the formation of motor
memory and motor learning.'>*° Additionally, it is known
that tendon vibration can induce a kinaesthetic illusion
modifying the cortical plasticity evoked by AO.*! Given
the placement of the transducers, we may assume that in
our study, the movement has been substituted by the vi-



Focal muscle vibration and action observation: a combined approach for muscle strengthening
Eur J Transl Myol 34 (3) 12366, 2024 doi: 10.4081/¢jtm.2024.12366

bratory stimulus provided during the video watching,
thereby enhancing the effect of the AO itself on the vi-
brated limb. This is supported also by the superior result
observed in the FMV+AO condition.

The effect of the combination

Utilizing combined approaches in both physiological and
clinical settings to enhance performance and outcomes
might be a powerful strategy for synergistically amplifying
the effects of individual approaches. However, the choice
of the combination must rely on the knowledge and the in-
tegration of the underlying mechanism rather than the sole
availability of the different techniques. In fact, the second
approach might lead to an increase in the heterogeneity of
findings, preventing the possibility of reproducibility of re-
sults and making it difficult to draw specific guidelines and
indications. For their versatility, both FMV and AO can be
combined with several other strategies. Few studies pro-
posed a safe combination of AO with Non-Invasive Brain
Stimulation (NIBS) techniques®>** and of FMV with ro-
botic-assisted treatment.>* However, the AO-NIBS combi-
nation studies found either interference of the NIBS on the
positive effects of AO alone® or did not find a clear effect
for the lack of homogeneity in the sample.*?

Regarding the association of FMV and robotic-assisted
treatment, the two approaches had two different aims: mod-
ulating spasticity for FMV and improving motor control for
robotic training. The use of FMV facilitates the rehabilita-
tion and consequently the effect of the robotic rehabilitation,
though, the integration is not explained by a synergistic
combination at a neurophysiological level.**

In our work, for the first time, the two treatments address
the same aim, driving two different mechanisms of plastic-
ity at the same time (Bottom-Up and Top-Down), to reach
an integrated result. Furthermore, the maintenance of the
effect on the MCV in the FMV+AO condition at follow-
ups suggests that the integrated treatment might induce a
long-lasting plasticity.

The study carried out in healthy subjects, sheds light on pos-
sible extension of the application of the combined
FMV+AO treatment in the clinical rehabilitation field. With
the proposed explanation it is not difficult to think about
the use of a similar combined treatment in patients bedded
due to chronic disease, to initiate a rehabilitative treatment
when the execution of a standard therapy might be an ex-
cessive effort. This treatment would be easy to perform at
the bedside, even in acute patients. Other studies already
highlighted the effectiveness of FMV a complementary
non-pharmacological therapy to promote motor recovery in
acute stroke patients, thanks to its ability to modulate the
excitatory/inhibitory state of the primary motor cortex.?
This effect can be enhanced by the association of a Top-
Down approach - like AO in our study - administered at the
same time as the peripheral stimulation.

The two, integrated here, treatments convey an already
known mechanism called “learning without training”,*’*®
according to which repetition of sensory stimulation (tactile,
visual, or auditory) might induce LTP and Long-term De-
pression (LTD) mechanisms, which are the key factors in
the rehabilitation of neurological disease. Furthermore, the
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known modulatory effect on motoneuron firing, driven
especially by FMV,* justifies the potential application of
the proposed treatment in the recovery of motor impair-
ments in neurological disease,* especially in stroke, where
the modification in the firing rate induced by a rehabilitative
treatment is positively correlated with recovery.*!

Likely, a lack of a statistical difference in the treatment with
FMV and AO alone in our study can be attributed to the
small number of participants. Since these are both already
proven-efficacy treatments, increasing the group size might
reinforce already known findings. On the other hand, dis-
covering a significant effect of the combination of the two
treatments already at this sample-size further underlines the
significance of our finding, which can gain a higher res-
onance with a bigger sample.

Limitations

The main limitation of the present study is the number of
participants, which may have partly contributed to the low
statistical significance observed. Additionally, our study did
not show any significant change in muscle fatigue, likely
due to the relatively short duration of the treatment. Further
studies with a larger sample size can be aimed at confirming
and better characterizing the observed changes. Further-
more, an extension of the duration of the study on the pro-
posed treatment can ensure functional and long-lasting
outcomes.

Our study presents cues about the potential central plastic
changes; however, our findings are based on behavioral data
and may not fully capture the physiological dynamic of
neural adaptations. Therefore, future research employing
specific methodologies, such as neuroimaging techniques,
electroencephalography, and NIBS, is needed to provide a
deeper understanding of central modifications and their im-
plications.

Conclusions

Our study shows the synergistic benefits arising from the
integration of Top-Down and Bottom-Up approaches, com-
bining FMV and AO. This combination demonstrated a
substantial enhancement in muscular strength among
healthy subjects compared to the isolated application of
each strategy. The observed effect likely stems from the po-
tentiation of plasticity phenomena induced by the simulta-
neous implementation of both approaches. Our proposed
treatment not only achieves the challenging goal of mini-
mizing training duration in healthy subjects but also holds
promise for reducing recovery time in rehabilitation set-
tings. This innovative approach enhances outcomes through
non-invasive complementary strategies, contributing to an
advanced and more effective model of rehabilitation care.

List of acronyms

FMYV: Focal Muscle Vibration.
AO: Action Observation.

AOT: Action Observation Therapy.
NT: No-Treatment.
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MVC: Maximum Voluntary Contraction.

FC: Fatigue Coefficient.

CV: Coefficient of Variation.

BMI: Body Mass Index.

LTP: Long Term Potentiation.

NIBS: Non-Invasive Brain Stimulation.

NTT: Number To be Treated.

FES: Functional Electrical Stimulation.

NMES: Neuro-Muscular Electrical Stimulation.
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