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The aim of this study was to investigate changes in cortical hemodynamic activity within a frontoparietal
network during the administration of an innovative action observation (AO) and proprioceptive stimulation (PS)
protocol, and to examine whether this activity could predict the efficacy of the protocol in evoking M1 plasticity,
reflected in significant long-term changes in M1 excitability. AO-PS was composed of 50 bursts of combined
stimuli. Each burst consisted of five couples of AO and PS during which participants observed a video showing
thumb opposition movements and simultaneously received a mechanical vibration on the extensor pollicis brevis
muscle (stimulation frequency 80 Hz). During AO-PS, the hemodynamic activity was measured by means of
functional Near-Infrared Spectroscopy. Recruitment curves were assessed using transcranial magnetic stimula-
tion before, immediately, 30 and 60 min after AO-PS, to evaluate changes in M1 excitability. During AO-PS, a
significant increase in oxyhemoglobin (HbO) concentration changes was found in the following Brodmann Areas
(BA): left and right BA6, BA44, and BA43, left BA3, BA4, BA40 and BA7. The highest increment was found in the
left BA4. In left BA7 and BA40 the time-to-peak in HbO concentration changes were reached significantly later
than in the other BAs. On average, no significant changes were observed after AO-PS administration in M1
excitability, but HbO concentration changes in the left BA7 correlated with plasticity index. These findings
highlight the involvement of sensorimotor and associative fronto-parietal regions during AO-PS. Additionally,
the activity of the left BA7 revealed the plasticity induced by AO-PS in M1.

1. Introduction associative plasticity mechanisms (Suppa et al., 2017), for example.

pairing cognitive strategies with peripheral stimulation to evoke motor

Numerous studies have investigated how primary motor cortex (M1)
excitability can be modulated through external cortical stimulation
(Ziemann et al., 2008), peripheral stimulation (Kito et al., 2006; Naito
and Ehrsson, 2001), and cognitive strategies such as action observation
(Rizzolatti and Craighero, 2004) and motor imagery (Jeannerod, 2001).
These approaches can induce both immediate, short-term increases in
M1 activity (Fadiga et al., 1999, 1995; Naito et al., 1999) and more
sustained, long-lasting effects (Huang et al., 2017; Siebner and Rothwell,
2003). Some protocols combine different types of stimulation to engage

cortex plasticity (Bisio et al., 2019, 2017, 2015; Bonassi et al., 2017;
Kaneko et al., 2014). In a previous study (Bisio et al., 2019) we showed
that the combination of action observation (AO) with kinesthetic illu-
sion induced through proprioceptive stimulation led to a long-term in-
crease in M1 excitability, when the directions of the observed and
illusory movements were congruent and participants experienced a
vivid illusory sensation of movement. This long-term increase in M1
excitability was interpreted as evidence of effectiveness of the protocol
in inducing plasticity within M1. In a subsequent study (Bisio et al.,
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2021), we found a positive relationship between the individual’s
sensitivity to the combined protocol, measured as the increase in M1
excitability during protocol administration compared to rest, and the
ability of the protocol to induce long-term changes in M1. These findings
suggest that M1 excitability could serve as a potential individual marker
of plasticity.

While the involvement of M1 in mediating the efficacy of the action
observation—kinesthetic illusion protocol is thus established, it is also
known that both AO and proprioceptive stimulation (PS) engage a
broader frontoparietal network. This network includes sensorimotor
regions as well as associative parietal and frontal areas (Henschke and
Pakan, 2023; Romaiguere et al., 2003b). Increased activity in parts of
this network, including the posterior parietal, premotor, and extrastriate
cortices, has been observed when participants were exposed to
congruent visual and proprioceptive input (Limanowski and Blanken-
burg, 2016). Therefore, other brain regions besides M1 are likely to
contribute to and modulate the effects induced by an AO-PS protocol.

To address this issue, the present study employed functional Near-
Infrared Spectroscopy (fNIRS) to investigate changes in cortical hemo-
dynamic activity within a frontoparietal network during the adminis-
tration of an innovative AO-PS protocol. Furthermore, it assessed
whether these neural changes could predict the effectiveness of the
protocol in inducing M1 plasticity, as assessed by means of Transcranial
Magnetic Stimulation (TMS), in healthy young adults.

The novelty of the AO-PS protocol used in the present study lies in its
greater ecological validity with respect to the previous one (Bisio et al.,
2021, 2019). In earlier studies, participants observed a thumb opposi-
tion movement that was considerably longer in duration (10 s) than
what typically occurs in a spontaneous movement (about 1 s). This
extended timing was chosen to give enough time for the kinesthetic
illusion to emerge. However, the kinesthetic illusion is highly subjective
and varies across individuals, often requiring a prolonged period of
stimulation, and consequently an extended display of the action, that
does not correspond to its natural duration. For a future practical
application of AO-PS as a tool to enhance cortical plasticity and motor
learning in both rehabilitative and sports contexts, it is essential that the
features of the observed actions closely mirror those encountered in
real-life scenarios. Furthermore, from a neuroscientific point of view,
previous studies showed that among the multiple features of the action
that the observer must implicitly recognize, such as the biological law of
motion (Bisio et al, 2014, 2010) and the motor repertoire
(Calvo-Merino et al., 2005), the temporal characteristics play a crucial
role in eliciting motor resonance (Avanzino et al., 2015; Lagravinese
etal., 2017). Accordingly, in the AO-PS protocol proposed in the present
study the observed action was aligned with the spontaneous duration of
a thumb opposition movement, without being restricted to the condi-
tions required to induce a kinesthetic illusion.

During AO-PS administration, we hypothesized the significant
involvement of a brain network comprising sensorimotor and associa-
tive fronto-parietal regions. In line with previous studies, we also ex-
pected a significant and sustained increase in M1 excitability,
potentially modulated by the activity of those brain regions most
strongly engaged during AO-PS. To address these questions, hemody-
namic concentration changes during AO-PS were measured using fNIRS,
and M1 excitability was assessed through TMS before and after AO-PS.

2. Methods
2.1. Participants

A total of thirty healthy young adults were recruited for this study.
All the participants were naive to the purpose of the experiment and
exhibited right-hand dominance, as determined by the Edinburgh
Handedness Inventory (Oldfield, 1971). They reported no previous
history of neurological disorders or orthopedic impairments. Partici-
pants had no contraindication to TMS. The study was conducted in
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accordance with the 2013 revision of the Declaration of Helsinki on
human experimentation and was approved by the local ethics committee
(Comitato Etico Territoriale - Liguria, N. 606/2023 - DB id 13,387,
18/12/2923). Written informed consent was obtained from all partici-
pants before participation in the study.

2.2. Experimental design

This study consisted in multiple sessions of evaluations to assess the
effects on M1 excitability and on hemodynamic responses of a fronto-
parietal brain network induced by a protocol that combined AO with PS,
namely AO-PS. Changes in M1 excitability were assessed by estimating
recruitment curves using TMS at baseline (PRE), immediately after
(POSTO0), and at 30 (POST30) and 60 (POST60) minutes following the
AO-PS intervention. Hemodynamic responses were obtained by
analyzing the time course of oxyhemoglobin (HbO) and deoxy-
hemoglobin (HbR) concentration during AO-PS, as measured with fNIRS
(see paragraph 2.2.4). A graphical description of the experimental
design is shown in Fig. 1.

2.2.1. Stimulation paradigm

The AO-PS stimulation paradigm consisted of 50 bursts of combined
stimuli. Each burst was composed of 5 couples of AO and PS, each one
lasting 1 s, interleaved by 1s-pause, for a total duration of 10 s. AO
consisted in observing a video showing a thumb opposition movement
towards the palm. Simultaneously, a proprioceptive stimulation was
delivered using a mechanical vibrator (VB200; Vibrasens, Tech-
noconcept) driven at 80 Hz with an amplitude of 80 % of the maximum
(corresponding to 5 mm axial displacement) to activate muscle spindles
(Roll et al., 1989; Roll and Vedel, 1982). Each burst was separated from
the successive one by a jittered pause of 10-13 s. The total duration of
the stimulation protocol was about 20 min. Before the administration of
AO-PS, the experimenter asked participants to mentally rate the vivid-
ness of the illusory experience on a Likert scale from O (no illusory
movement) to 10 (feeling of real movement). At the end of AO-PS
administration, participants had to report the average vividness of the
illusory movement.

2.2.2. fNIRS

A multichannel NIRS system (NIRSport 2, NIRx Medical Technolo-
gies, Berlin, Germany) was used to acquire the fNIRS signals and mea-
sure HbO and HbR concentration changes. The system consisted of 32
optodes, 16 LED illumination sources and 16 active detectors, which
were placed on a soft black tissue cap (EasyCap, Germany) worn by the
participant. Pairs of sources and detectors operating at two continuous
wavelengths of near-infrared light (760 nm and 850 nm) generated 44
standard channels (3 cm) and 8 short-separation (SS) channels (8 mm).
All channels were arranged to cover the prefrontal, sensorimotor and
parietal areas through an fNIRS cap with labels according to the 10-10
EEG reference system. To choose the appropriate cap size, the partici-
pant’s head circumference was measured. For precise placement, Cz was
positioned halfway between the nasion and the inion, and between ear
tragus points.

The Brodmann brain atlas in the fNIRS Optodes’ Location Decider
(fOLD) toolbox was used to establish the localizations of the channels
(Zimeo Morais et al., 2018). The standard channels, their MNI co-
ordinates, and the associated Brodmann Area (BA) are reported in detail
in Table 1. A frequency of 10.2 Hz was chosen for the sampling.

2.2.3. TMS

TMS was used to assess changes in the excitability of the left M1,
specifically in the region corresponding to the abductor pollicis brevis
(APB) muscle. This muscle was selected because it is directly involved in
both the observed and the illusory movements, and its excitability has
been previously shown to be modulated by the combined application of
action observation and proprioceptive stimulation (Bisio et al., 2021,
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Fifty bursts of combined stimuli.
Each burst: five couples of AO and PS, each
one lasting 1s, interleaved by 1s-pause.
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PS: Mechanical

vibration on EPB

tendon at 80 Hz
RC
POSTO, 30, 60

fNIRS montage
44 standard channels

corresponding to 22 BAs
covering a frontal and parietal
areas and 8 short-separation

channels to measure
extracerebral signals

Fig. 1. Experimental design. A stimulation paradigm combining the observation of thumb opposition movements (Action Observation — AO) and simultaneous
proprioceptive stimulation (PS) consisting in 80 Hz-mechanical vibration administered on the extensor pollicis brevis (EPB) muscle tendon of the right wrist. Changes
in M1 excitability were assessed by estimating the recruitment curves (RC) using TMS at baseline (PRE), immediately after (POST0), and at 30 (POST30) and 60
(POST60) minutes following AO-PS. During AO-PS, fNIRS was used to evaluate oxyhemoglobin and deoxyhemoglobin concentration changes in a frontopar-

ietal network.

2019). A single-pulse Magstim 2002 stimulator (Magstim Co., Whitland,
Wales, UK) connected to a figure-of-eight coil (70 mm wing diameter)
was used. The coil was positioned tangentially on the scalp, with the
handle pointing backward and laterally at a 45° angle to the sagittal
plane. This orientation induces a posterior-to-anterior current in the
brain and is known to produce the lowest motor threshold (Werhahn
et al., 1994). To identify the optimal stimulation site for activating the
right APB muscle, the coil was systematically moved in 0.5 cm in-
crements in frontal, posterior, medial, and lateral directions around the
assumed hand motor area. To ensure consistent coil positioning, once
determined, the hotspot for the APB muscle and the coil orientation
were marked on the scalp with an erasable marker. This enabled reliable
repositioning of the coil, preserving both its location and orientation
throughout the POST epochs. Although the procedure used in this study
is well-established and has been consistently adopted in our previous
work and in other studies, we acknowledge that neuronavigation sys-
tems allow achieving greater accuracy in coil positioning. While we did
not use such a system, its absence may be considered a limitation of the
present study.

Before starting the experiment, the stimulation intensity was indi-
vidually adjusted for each participant to consistently evoke a motor
evoked potential (MEP) with a peak-to-peak amplitude of approximately
1 mV in the resting APB muscle. Cortical excitability changes were
tested by means of the recruitment curve (RC). RC was assessed by
measuring peak-to-peak MEP amplitudes (mV) elicited at stimulus in-
tensities ranging from 60 % to 140 % (in steps of 20 %) of the intensity
able to evoke 1 mV in the APB muscle at rest (corresponding to 100 %
step of the RC). Twenty trials were recorded at each TMS stimulus in-
tensity, and the average MEP amplitude was taken as MEP size. A
minimum time of 4 s was kept as TMS inter-stimulus interval during the
RC construction. Stimulation intensities were kept constant throughout
the entire experiment.

2.2.4. Electromyographic recording

MEPs were recorded using silver disc surface electrodes taped to the
belly and tendon of the muscle. The ground electrode was placed at the
elbow. Electromyographic (EMG) signals were digitalized, amplified,
and filtered (20 Hz to 1 kHz) with a D360 amplifier (Digitimer)
controlled by the Power 1401 acquisition interface (Cambridge

Electronic Design Limited, Cambridge, UK), and stored on a personal
computer for display and later offline data analysis. Each recording
epoch lasted 400 ms, of which 100 ms preceded the TMS. Participants
were constantly reminded to keep their hands relaxed during the whole
experiment. The EMG signal was monitored visually by the experi-
menter and trials with background EMG activity were excluded from the
analysis.

2.3. Data analysis

2.3.1. fNIRS

The fNIRS data was pre-processed for each participant with MATLAB
(MathWorks, MA, USA) using custom scripts and functions from the
Homer3 NIRS processing program (Huppert et al., 2009). Channels with
a very low optical intensity or a low signal-to-noise ratio (SNR<2) were
eliminated; the intensity data of the channels that survived were
transformed into changes in optical density. A combination of the spline
(p = 0.99) and wavelet (igr=0.5) motion correction techniques were
used to correct motion artifacts (Molavi and Dumont, 2012). Slow drifts
and extremely high frequencies were eliminated by applying a
band-pass filter (0.01-3 Hz). The hmrR_MotionArtifact function was
then used to identify any remaining motion artifacts. A trial was
excluded from additional analysis if motion artifacts were detected
within —2 and 9 s after the task began. Each participant’s age-dependent
differential pathlength factor was calculated (Scholkmann and Wolf,
2013), and the modified Beer-Lambert law (Delpy et al., 1988) was then
used to calculate the changes in HbO and HbR concentrations. The
General Linear Model (GLM) method was used to retrieve the mean
hemodynamic response function (HRF) for every task block, participant,
and channel. An iterative weighted least squares method was used to
solve the GLM (Barker et al., 2013). The temporal basis components of
the HRF were a series of Gaussian profiles spaced 2 s apart and with a
standard deviation of 1 s. For the HRF calculation, the block average
interval was set between —2 and 20 s. To remove the physiological
noise, for each standard channel, the most correlated SS channel was
used as regressor in the GLM. Then, the HRF of channels belonging to the
same BA were averaged thus obtaining the HRFs of 22 regions of interest
(Table 1).

For each participant, and BA, the average of the HbO mean
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Table 1
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Description of the recording channels: optode placements based on the 10-10 system, MNI coordinates, hemisphere, Brodmann Areas (BA) and anatomical location.

Channel Source label Detector label X y z Hemisphere BA Anatomical location

1 C3 C5 —60 -18 37 Left 3,2,1 Postcentral gyrus

2 CP1 C1 —-27 -36 71 Left 3,2,1 Postcentral gyrus

3 C3 Cl —42 -20 62 Left 4 Precentral gyrus

4 FC1 FC3 -38 12 55 Left 6 Superior frontal
gyrus

5 FC1 C1 —26 -5 68 Left 6 Superior frontal
gyrus

6 Cc3 FC3 -50 -3 50 Left 6 Superior frontal
gyrus

7 CP1 P1 —24 —62 62 Left 7 Superior frontal
gyrus

8 P3 P1 -32 -73 47 Left 7 Superior parietal
lobule

9 FC1 F1 -23 26 56 Left 8 Superior frontal
gyrus

10 AF3 F1 -23 52 32 Left 9 Middle frontal gyrus

11 F3 F1 -31 39 41 Left 9 Middle frontal gyrus

12 Fz F1 -9 41 50 Left 9 Superior frontal
gyrus

13 Fpz Fpl -12 67 0 Left 10 Medial frontal gyrus

14 AF3 AFz -12 62 23 Left 10 Superior frontal
gyrus

15 AF3 Fpl —24 63 9 Left 10 Middle frontal gyrus

16 P3 CP3 —46 —61 46 Left 39 Inferior parietal
lobule

17 Cc3 CP3 -52 -34 52 Left 40 Postcentral gyrus

18 CP1 CP3 -39 —48 60 Left 40 Inferior parietal
lobule

19 FC5 Cc5 —62 -3 23 Left 43 Postcentral gyrus

20 F3 FC3 —45 25 41 Left 44 Middle frontal gyrus

21 FC5 FC3 —55 12 34 Left 44 Precentral gyrus

22 C4 Cc6 62 -20 37 Right 3,2,1 Postcentral gyrus

23 CP2 Cc2 28 -36 71 Right 3,2,1 Postcentral gyrus

24 C4 Cc2 42 -21 62 Right 4 Precentral gyrus

25 FC2 FC4 39 12 54 Right 6 Middle frontal gyrus

26 FC2 Cc2 27 -4 68 Right 6 Superior frontal
gyrus

27 C4 FC4 52 -4 48 Right 6 Precentral gyrus

28 CP2 P2 25 —-62 63 Right 7 Superior parietal
lobule

29 P4 P2 33 -74 48 Right 7 Superior parietal
lobule

30 FC2 F2 24 26 55 Right 8 Superior frontal
gyrus

31 AF4 F2 22 52 33 Right 9 Superior frontal
gyrus

32 F4 F2 30 40 41 Right 9 Middle frontal gyrus

33 Fz AFz 2 50 39 Right 9 Medial frontal
gyrus

34 Fz F2 10 41 50 Right 9 Superior frontal
gyrus

35 Fpz Fp2 13 67 0 Right 10 Medial frontal gyrus

36 Fpz AFz 1 64 14 Right 10 Medial frontal gyrus

37 AF4 Fp2 25 63 9 Right 10 Middle frontal gyrus

38 AF4 AFz 13 61 24 Right 10 Superior frontal
gyrus

39 P4 CP4 46 —62 47 Right 39 Inferior parietal
lobule

40 C4 CP4 53 -35 52 Right 40 Postcentral gyrus

41 CP2 CP4 39 —49 60 Right 40 Postcentral gyrus

42 FC6 C6 64 -5 22 Right 43 Postcentral gyrus

43 F4 FC4 44 25 40 Right 44 Middle frontal gyrus

44 FC6 FC4 56 12 33 Right 44 Precentral gyrus

hemodynamic responses in the range between 5 and 13 s after burst
onset was computed. In addition, a time-to-peak analysis was conducted
to provide new insights into neural dynamics as in a previous study
(Iester et al., 2025).

2.3.2. Statistical analysis

The statistical analyses were performed with SPSS (Statistical Pack-
age for the Social Sciences, SPSS 20, Chicago, IL, USA). The effect size
measures were presented through partial eta squared (n? value), with

cut-off points of 0.10, 0.25, 0.40 representing a small, medium, and high
effect, respectively (Cohen, 2013). The significance level was set at p <
0.05, unless otherwise specified.

fNIRS. Active BAs were defined as regions showing statistically
significant positive changes in HbO concentration, identified using two
complementary methods. A one-tailed t-test against zero was applied to
each area. In the first approach, the resulting t-values were then con-
verted to z-scores, and regions with z-score values greater than 1.96
(corresponding to the 97.5th percentile) were considered active. The
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second method involved applying a false discovery rate (FDR) correction
for multiple comparisons to the p-values obtained from the t-tests.
Further statistical analyses were performed only on the BAs found to be
active in at least one condition (n = 10).

HbO concentration changes of the active BAs were normally
distributed according to the Shapiro-Wilk test. Repeated measure
ANOVA was used to statistically compare HbO concentrations among
the active BAs. In case of significant effects, Bonferroni post-hoc was
used. Since the time-to-peak data were not normally distributed, the
Friedman test followed by post-hoc analysis was used to assess differ-
ences in this variable among the active BAs.

To evaluate BA-to-BA task-based functional connectivity, Pearson’s
correlations were assessed considering the active BAs. Adjusted p-values
were calculated using FDR correction to account for multiple
comparisons.

TMS. The slope of the RC and the area under the curve (AUC) of the
RC were computed to evaluate the relative changes in the rate of upper
and lower motor neuron recruitment and cortical excitability (Turco and
Nelson, 2021), respectively, from pre- to post- exposure to AO-PS. Slope
values were obtained by applying a regression model to the linear part of
the RC of each participant, namely from 80 % to 120 %. The AUC was
calculated for each participant using the trapezoidal area method.

Both RC slope and AUC were not normally distributed according to
the Shapiro-Wilk test. Friedmann tests were used to statistically
compare slope and AUC values at the different testing epochs (TIME),
namely before (PRE), immediately after (POST 0), 30 min after
(POST30) and 60 min after (POST 60) AO-PS administration.

Correlation between fNIRS and TMS data. To unveil possible re-
lationships between hemodynamic responses in the active BAs (ac-
cording to the result of statistical analysis on fNIRS data) and the
changes in slope and AUC values of the RC, plasticity indices were ob-
tained as follows. RC slope and AUC values in POST epochs were
normalized to their baseline values (PRE), and the percentage ratio with
respect to PRE were calculated as (POST/PRE)*100 for each participant,
at each evaluation time epoch. These values were averaged across
evaluation time epochs, and the mean percent ratio of RC slope and AUC
values were computed for each subject (Bisio et al., 2021, 2019). In
particular, the formula here used was the following:

T POSTO POST30 POST60
plasticity index = mean x 100

PRE + PRE + PRE

Values above 100 indicate an increase in the plasticity index,
whereas values below 100 reflect a decrease.

RC slope did not follow a normal distribution, as indicated by the
Shapiro-Wilk test, whereas the AUC was normally distributed. Accord-
ingly, Spearman’s and Pearson’s correlation analyses were used to
examine the relationships between the RC slope and AUC with HbO
concentration changes in the active BAs. Adjusted p-values were
calculated using FDR correction to account for multiple comparisons.

We report in advance that a significant positive correlation was
observed between HbO concentration changes in left (L) BA7 (L-BA7)
and the plasticity index derived from the AUC. To further investigate this
relationship, a follow-up analysis was performed where HbO concen-
tration changes in L-BA7 were quantified during the first 20 bursts of
AO-PS (BIN I) and the last 20 bursts (BIN II). A t-test was used to
compare BIN I and BIN II. A follow-up correlation analysis (Pearson’s
correlation), with FDR correction for multiple comparisons, was then
applied between the plasticity index and both BIN I and BIN II, aiming to
clarify how changes in HbO concentration throughout AO-PS relate to
M1 excitability modulation.

3. Results

Four participants were excluded from the analysis due to issues
during fNIRS data acquisition that prevented successful data collection.
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Therefore, a total of 26 participants were included in the analysis.
During AO-PS, at the end of AO-PS administration, participants reported
a mean vividness of the illusory movement equal to mean+sd=6.29
+1.88 out of a maximum of 10.

3.1. fNIRS

Ten out of the 22 BAs were found to be active with both methods
used. Z-score values giving information about the spatial distribution of
the significantly active BAs are graphically represented in Fig. 2A. HbO
and HbR concentration changes are represented in Fig. 2B Detailed re-
sults are reported in the Supplementary materials.

Significant differences in HbO concentration changes among the
active BAs were found (F(9234)=7.33, p = 0.0002, r]2:0.22) (Fig. 3A).
Bonferroni post-hoc tests revealed that HbO concentration change in the
L-BA4 was significantly higher than in the L-BA6 (p = 0.008), right (R)
BA6 (R-BA6) (p = 0.014), L-BA44 (p = 0.033), R-BA44 (p = 0.005), L-
BA3 (p = 0.026), L-BA40 (p = 0.015) and L-BA7 (p = 0.008). No dif-
ferences emerged with respect to the L-BA43 and R-BA43.

The analysis of the time-to-peak revealed that active BAs in the
posterior parietal cortex reached their peak concurrently, and later than
other active BAs. Indeed, a significant effect of the BAs was found on the
time-to-peak values (¥2(9)=79.62, p = 0.0002) (Fig. 3B). Post-hoc
revealed that the time-to-peak was reached significantly later in the L-
BA 7 compared to the L-BA3 (p = 0.015), L-BA44 (p = 0.034), L-BA4 (p =
0.047), L-BA6 (p = 0.016), L-BA43, R-BA6 and R-BA43 (the latter three
always p < 0.0005). Also, the time-to-peak of the L-BA40 was reached
significantly later than those of the L-BA3 (p = 0.037), L-BA43 (p =
0.001), L-BA6 (p = 0.04), R-BA43 and R-BA6 (the latter two always p <
0.0004).

From the functional connectivity analysis, positive correlations were
found among BAs located in frontal lobe, in parietal lobe, and between
frontal and parietal regions. Results are reported in Table 2 and dis-
played in a correlation matrix in Fig. 4.

3.2. TMS

No significant effect of TIME was found on RC slope and AUC values.
Data are shown in Fig. 5.

3.3. Correlation between fNIRS and TMS data

A significant positive correlation emerged between the plasticity
index calculated on RC AUC values and HbO concentration changes in
the L-BA7 (R = 0.58, p = 0.02) (Fig. 6A). This means that the higher HbO
concentration changes in L-BA7, the higher the increased in MEP
amplitude from PRE to POST AO-PS. Conversely, negative changes in
HbO concentration correspond to a decrease in MEP amplitude. It is
worth noting that plasticity index values ranged from 75 % to 166 %.
Values above 100 % may suggest LTP-like plasticity, whereas values
below 100 % may indicate LTD-like plasticity. No correlations were
found between RC AUC values and HbO in the other BAs.

The comparison between HbO concentration changes between BIN I
and BIN II revealed no significant difference. The result of the follow-up
correlation analyses between HbO concentration changes and the plas-
ticity index based on RC AUC values showed a significant positive cor-
relation in BIN II (R = 0.60, p = 0.004), but not in BIN I (Fig. 6B).

No correlations were found between HbO concentration changes and
plasticity index obtained from the RC slope values.

4. Discussion

During AO-PS administration significant increased HbO concentra-
tion changes were observed across several frontal and parietal cortical
regions, specifically in the left BA4, BA3, BA7, BA40, as well as in both
the left and right BA6, BA43, and BA44. Among those areas, the left BA4



A. Bisio et al.

A

Concentration changes (nM)

50

-50

50

-50

50

L-BA6

-50

22 24 26 28 3 32

50

-50

50

-50

50

-50

Z-scores

34 36 38 4

R-BAG6 L-BA44
50
el TR - - _4{\/—\.’_
O— ==~ _____-
-50
5 10 15 0 5 10 15
R-BA43
5 10 15
L-BA4
50
-50
5 10 15 0 5 10 15
Time (s)

-50

50

-50

Neurolmage 319 (2025) 121432

R-BA44

50

Fig. 2. fNIRS results. Brodmann Areas (BA) which resulted to be significantly activated in both left (L) and right (R) hemisphere during Action Observation-
Proprioceptive Stimulation protocol according to z-scores values evaluation (A) and to the statistical significance appearing when comparing oxyhemoglobin

changes with respect to zero (i.e., no change) (B). The boxes show changes in oxyhemoglobin (HbO, continuous lines) and deoxyhemoglobin (HbR, dashed lines)
concentration of these BAs.



A. Bisio et al.

>

150- -

100+

HbO concentration
changes (nM)
[<2]
°__°

Neurolmage 319 (2025) 121432

B
20- -
T el
-1 ‘ ‘ —=
s + T
‘.’-10- % . ! @
§ ) ] ]
M=
=S 54
= sxe
R
0 T T T 1 1 T T T = T T
B W O O »* DS D D O A
o T X X oo oF
VT VNNV TN Y

Fig. 3. fNIRS results. A) Changes in HbO concentration and B) time-to-peak of the active Brodmann Areas (BA). The box represents the inter-quartile ranges, the
whiskers show the maximum and the minimum values and the horizontal central line the median value. Each circle indicates data from a single participant. * p <

0.05, ** p < 0.01, *** p < 0.001.

Table 2

Functional connectivity matrix. Result of the Pearson’s correlation among
HbO concentrations of the active brain Brodmann Areas (BA). Adjusted p-values
with FDR correction are reported only for significant correlations.

BA BA R p-value
L-BA44 L-BA6 0.80 < 0.00001
L-BA44 L-BA4 0.57 0.01
L-BA44 L-BA3 0.62 0.004
L-BA44 L-BA7 0.49 0.03
L-BA44 R-BA43 0.48 0.03
R-BA44 L-BA6 0.60 0.03
R-BA44 R-BA6 0.60 0.006
R-BA44 L-BA4 0.62 0.004
R-BA44 L-BA3 0.54 0.02
R-BA44 L-BA7 0.47 0.04
R-BA44 R-BA43 0.50 0.03
L-BA6 L-BA4 0.65 0.002
L-BA6 L-BA3 0.74 < 0.00001
L-BA6 L-BA40 0.46 0.04
R-BA6 L-BA3 0.48 0.03
R-BA6 L-BA40 0.46 0.03
L-BA4 L-BA3 0.79 < 0.00001
L-BA4 L-BA40 0.67 0.002
L-BA4 L-BA7 0.44 0.047
L-BA3 L-BA40 0.66 0.002
L-BA40 L-BA7 0.49 0.03

R - Pearson’s correlation coefficient, L — left, R — right.

showed the highest increment. In the left BA7 and BA40 the time-to-
peak in HbO concentration changes were reached significantly later
than in the other BAs. Significant positive correlations were found
among HbO concentration changes measured in areas within the frontal
lobe, the parietal lobe, and between frontal and parietal lobes. On
average, AO-PS did not induce significant changes in M1 excitability, as
indicated by the slope and AUC of the RC. However, a significant posi-
tive correlation appeared between the plasticity index calculated on
AUC and HbO concentration changes in the left BA7.

4.1. Fronto-parietal sensorimotor and associative areas active during AO-
PS

Consistent evidence comes from scientific literature concerning the
existence of an action-observation network that includes the ventral
premotor cortex (BA44 and BA45), supplementary motor areas (BA6),
the primary motor cortex (BA4), the somatosensory cortex (BA3), the
inferior and superior parietal lobules (BA39, BA40, BA5 and BA7), and
the superior temporal sulcus (BA21 and BA22) together with subcortical
structures (Errante and Fogassi, 2020; Henschke and Pakan, 2023).

Some of these areas are also actively engaged during proprioceptive
stimulation that induces illusory movement perception, including the
contralateral primary sensorimotor cortices, the supplementary motor
area, and the posterior parietal cortex (Naito et al., 2002, 1999; Perasso
et al., 2019; Romaiguere et al., 2003a). Therefore, the integration of
visual and proprioceptive stimulation appears to be a plausible mecha-
nism. This was shown by Limanowski & Blankenburg’ study
(Limanowski and Blankenburg, 2016), whose findings suggest that,
when there is congruence between the two stimulations, namely, the
position of the observed arm and the participant’s own arm, a multi-
modal and reciprocal integration of the two motor representations into a
unified percept may occur, leading to increased activation in the ventral
premotor cortex, posterior parietal cortex, and the extrastriate body
area. In the present study, as in previous ones (Bisio et al., 2021, 2019),
congruency was achieved by presenting a thumb opposition movement
while simultaneously eliciting an illusory perception of the same
movement through proprioceptive stimulation. Based on previous re-
sults, the hypothesis was that AO-PS would have activated a fronto-
parietal network including the ventral premotor cortex and posterior
parietal cortex (Limanowski and Blankenburg, 2016), as well as M1
(Bisio et al., 2021). These hypotheses were confirmed by the present
fNIRS findings, which revealed a significant increase in HbO concen-
tration in bilateral BA44, L-BA7, L-BA40, and L-BA4.

In particular, the BA44, the Broca’s area, constituting the frontal
component of the human mirror neuron system, plays a pivotal role in
critical domains, such as language and action (Binkofski and Buccino,
2006). In particular, it was found to be at the center of a brain network
for the encoding of action intentions, either observed, heard or executed,
and of action hierarchical structure, regardless of the modality (Fadiga
et al., 2009). Since actions can also be encoded through their proprio-
ceptive representation, referring to the prediction of expected feedback
on body parts’ position and velocity (Wolpert and Kawato, 1998), the
significant increase observed in the present study may reflect the
encoding of both the observed and the kinesthetically experienced
action.

This multimodal encoding may also engage the parietal segment of
the mirror neuron system, particularly BA40, located within the inferior
parietal lobule and considered a core region of the posterior parietal
cortex (PPC) (Rizzolatti and Rozzi, 2018). The PPC is a multimodal
sensorimotor association area that integrates visual and somatosensory
inputs and receives signals related to movement planning from the
premotor and motor areas of the frontal lobe (Whitlock, 2017). Within
PPC, BA40 is known to be responsive to a contralateral proprioceptive
stimulation, thus playing a key role in kinesthesia (Kavounoudias et al.,
2008; Romaiguere et al., 2003a). Alongside BA40, BA7, another key PPC
region identified as significantly active in this study, contributes to
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maintaining an internal estimate of limb position. This internal model is
continuously updated based on the congruence of dynamic inputs
(Limanowski and Blankenburg, 2016). The observed activation of
L-BA40 and L-BA7 may thus be interpreted as reflecting the continuous
updating of the internal representation of body state, informed by
converging inputs from action observation and proprioceptive stimula-
tion. This continuous mechanism may be demanding in terms of neural
resources required to sustain it, which could explain the delayed peak
activation observed in L-BA40 and L-BA7 compared to other active BA.

A larger network than that shown in Limanowski and Blankenburg’s
study was found here active. Indeed, they reported the result of the
contrast between congruent versus incongruent stimulation. Since the
aim of the present study was to specifically investigate cortical activa-
tions during AO-PS to uncover potential relationships with M1 plas-
ticity, we did not assess whether these activations were modulated by
the congruency between the two stimulations. Therefore, we cannot rule
out the possibility that the activation of L-BA4, L-BA3, as well as the
bilateral BA6 and BA43, may be attributed either to a single type of
stimulation or to the combined effect of both.

The significantly increased HbO concentration changes during AO-
PS administration in the L-BA4 aligns with previous results from our
group (Bisio et al., 2021), which showed that M1 excitability signifi-
cantly augmented during combined congruent stimulation. Further-
more, intracortical recordings on monkeys showed that proprioceptive
and visual inputs targeted a similar population of neurons within M1,
supporting the hypothesis of a partial convergence of these signals in
this region (Cross et al., 2024). However, whether this activation reflects
a direct involvement of M1 in AO-PS or emerges from the integration of
converging inputs from the Broca’s area and PPC remains unclear based
on the current data. In addition, L-BA4, together with L-BA3 and bilat-
eral BA6, were reported by Kavounoudias and colleagues to be active
during the mere proprioceptive illusion (Kavounoudias et al., 2008), as
well as it is known that they are part of the action-observation network
(Filimon et al., 2015). Moreover, the bilateral BA43, which constitute
the secondary somatosensory cortex, were significantly active during
AO-PS. Neurophysiological studies in both humans and monkeys have
shown that these regions are involved in action prediction tasks (Abreu
et al., 2012), the observation of actions involving touch (Sharma et al.,
2018), and are also associated with proprioceptive stimulation (Bottini
et al., 2001). Therefore, their activation during AO-PS might result from

either type of stimulation or their combined effect.
4.2. Cortical network organization during AO-PS

Several of the brain regions appeared to function as a network during
AO-PS, as evidenced by the functional connectivity analysis, which
revealed significant positive correlations among the HbO concentration
changes of BAs within and between the frontal and parietal lobes.
Within the frontal lobe, L-BA4 showed significant correlations with both
L-BA6, L-BA44 and R-BA44. Additionally, L-BA6 was significantly
correlated with L-BA44 and R-BA44, while R-BA6 with R-BA44. These
regions are all part of the frontal component of the mirror neuron system
(Rizzolatti and Craighero, 2004), and their functional connectivity likely
reflects its engagement during AO-PS. Within the parietal lobe, a sig-
nificant correlation was observed between L-BA3 and L-BA40, likely
reflecting the processing of proprioceptive signals. These signals are
initially processed in L-BA3 and subsequently transmitted to the parietal
associative area (L-BA40) for integration with other sensory inputs. A
further significant correlation appeared between L-BA40 and L-BA7 two
regions involved in the integration between the signals coming from the
two sensory modalities (i.e., visual and proprioceptive).

The functional connectivity between the frontal and parietal lobes is
expressed by the correlations between the HbO concentration changes of
the L-BA3 with L-BA4, L-BA6, R-BA6, L-BA44, and R-BA44, as well as
between L-BA7 with L-BA44 and R-BA44, presumably related to the
activity of the dorsal action observation network consistently involved
in AO (Filimon et al., 2015; Kilner, 2011). Significant correlations were
also found between L-BA4 with L-BA7 and L-BA40. L-BA40 showed also
significant correlation with L-BA6 and R-BA6. L-BA7 and L-BA40 are
associative areas engaged in the multisensory integration of information
from both AO and peripheral sensory inputs. This integrated informa-
tion is transmitted to the frontal regions that may act as a hub for
transforming the sensory percept into a motor percept potentially
generating a sensorimotor resonance phenomenon (i.e., the vicarious
activation of the sensorimotor system during AO) (Avenanti et al., 2010;
DiGirolamo et al., 2019).
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Fig. 5. TMS results. A) shows the recruitment curves (RC) evaluated before
(PRE, blue), immediately after (POSTO, red), 30 min after (POST30, green), and
60 min after (POST60, purple) the administration of the Action Observation —
Proprioceptive Stimulation protocol. The group average motor evoked potential
(MEP) amplitudes are represented as a function of TMS intensity. Data are
expressed as means + standard deviation. B) show the RC slope (left) and RC
area under the curve (AUC, right) values. Each circle represents the data of a
single participant. The black horizontal line represents the median; the box
shows the interquartile range, and the whiskers extend to the minimum and
maximum values.

4.3. Posterior parietal cortex activity correlates with AO-PS-induced M1
excitability changes

Previous studies of our group showed that the combination of action
observation and a proprioceptive stimulation, inducing an illusory
perception of movement congruent with that observed, evoked a LTP-
like plasticity in M1 (Bisio et al., 2021, 2019). In the present study
this result was not confirmed. Indeed, on average, no changes were
observed in both RC slope and AUC values after AO-PS administration,
suggesting that, on average, AO-PS failed to induce LTP-like plasticity in
M1. The reason likely relies on the fact that the protocol we proposed
was different from that already published. As explained in the Intro-
duction (paragraph 1), the focus of this protocol was not on the illusory
movement evoked by AO-PS. Instead, we aimed for the stimulation
features to resemble those of a real movement, mainly in duration,
without being limited by the need to evoke a vivid perception of
movement, but with a reasonable assurance of activating the Ia muscle
fibers through mechanical vibration. It is worth noting that the average
vividness reported by participants at the end of the AO-PS protocol was
comparable to that reported in previously published studies. Neverthe-
less, unlike previously done, we did not monitor vividness during each
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burst of stimulation, but only at the end of AO-PS administration.
Therefore, due to the limited precision of the method used to assess
vividness, we cannot conclusively relate the absence of plasticity to the
vividness levels reported. This may represent a limitation of the present
study. Moreover, it cannot be ruled out that increasing the number of
iterations, thereby extending the stimulation period, might have
enhanced the efficacy of AO-PS in inducing plasticity.

Nevertheless, thinking that the novel AO-PS protocol completely
failed to induce plastic changes in M1 of all the volunteers may be
misleading. Hints come from the values of the plasticity index that were
higher than 100 % in the 60 % of the participants. These results suggest
that 60 % of the participants were responsive to AO-PS, as evidenced by
the long-term increase in M1 excitability following its administration. In
contrast, the remaining 40 % showed values below 100 %, namely a
decrease of M1 excitability after AO-PS administration. This interpre-
tation is further supported by the significant positive correlation
observed between the plasticity index and the HbO concentration
changes in L-BA7, a region of the superior parietal lobule. This analysis
suggests that increased HbO concentration changes during AO-PS were
accompanied by a long-term increase in M1 excitability, while re-
ductions in HbO concentration changes were associated with long-term
decreases in excitability.

The L-BA7 has been proposed to play a role in representing the self
within the surrounding space, particularly in projecting the body into
the environment (Medendorp and Heed, 2019). If the environment in-
cludes a moving hand, one could speculate that this process involves
merging the illusory movement of one’s own hand with the observed
movement of the external hand. In this regard, BA7 has been suggested
to contribute to cross-modal plasticity following sensory loss, allowing
intact sensory modalities to compensate for the deprived sense (Gilissen
and Arckens, 2021). It can be speculated that this compensatory
mechanism is also engaged when sensory functioning is intact, but an
expected sensory input is absent. AO activates a neural network that
largely overlaps with that involved in actual movement execution. What
critically distinguishes AO from real movement is the absence of sensory
feedback, as the individual does not physically move. Thus, AO can be
conceived as an action deprived of its sensory consequences. Under
these conditions, a mechanism of cross-modal plasticity may be
recruited to compensate for the lack of proprioceptive input during AO.
In the present case, such a mechanism may have facilitated the associ-
ation between AO and PS, ultimately promoting an increase in M1
excitability in participants showing strong involvement of L-BA7, an
effect that might indicate the occurrence of LTP-like plasticity. Consis-
tent with this interpretation, a decrease in HbO concentration changes in
L-BA7 was associated with a reduction in M1 excitability from PRE to
POST, which may suggest the involvement of LTD-like plasticity
mechanisms.

The existence of this positive correlation may inform future appli-
cations in rehabilitation and sports settings. In particular, the results of
the follow-up correlations, showing a significant positive relationship
between AUC plasticity index and HbO concentration changes assessed
in the last bursts of AO-PS administration, suggest that the way hemo-
dynamic concentration changes in L-BA7 evolves from the beginning
(BIN I) to the end (BIN II) of AO-PS is what correlates with the efficacy of
AO-PS to induce long-term modifications in M1 excitability. This results
could support the use of AO-PS as an adjunct to conventional treatment
or training, helping practitioners identify suitable candidates, namely,
individuals who exhibit increased oxyhemoglobin demand in L-BA7
during AO-PS (as well as in M1, as previously reported (Bisio et al.,
2021)). Thus, fNIRS data may serve as a biomarker to identify in-
dividuals potentially responsive to AO-PS, through real-time monitoring
of HbO concentration changes in L-BA7 during protocol administration.
Those individuals with positive HbO concentration changes would be
those potentially responsive to AO-PS.

It should be noted that, at the present stage, the correlation observed
between hemodynamic response in L-BA7 and the plasticity index
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cannot be interpreted as evidence of a causal relationship. Future
studies, with larger sample sizes, are necessary to test the causal rela-
tionship between cortical hemodynamic changes during AO-PS and
subsequent changes in M1 excitability.

5. Conclusion

For the first time, this study sheds light on the involvement of
sensorimotor and associative fronto-parietal regions during a protocol
combining AO and PS. Furthermore, the positive correlation between
hemodynamic changes in L-BA7 during AO-PS and subsequent M1
excitability suggests that fNIRS parameters may serve as biomarkers to
identify individuals likely to benefit from AO-PS, an information useful
for practitioners in both rehabilitation and sports settings.
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