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ARTICLE INFO ABSTRACT

Keywords: The Hand Blink Reflex (HBR) is a subcortical reflex response influenced by limb position in relation to the
fNIRS Defensive Peripersonal Space (DPPS) of the face.

Hand blink reflex We investigated its cortical correlates with functional Near-Infrared Spectroscopy (fNIRS) by measuring
E::f;:vsoifé;personal space cortical hemodynamic activity before and after evoking the HBR in NEAR (hand close to the face) and FAR (hand
Frontal cortex far from the face) positions, with the aim to explore whether cortical activity associated with arm positioning
Somatosensory cortex predicted HBR modulation. We hypothesized that HBR would elicit activation of the frontoparietal network
Electrical stimulation involved in DPPS encoding.

PRE_STIMULUS analysis revealed significant activity in primary somatosensory cortex (Brodmann area (BA) 3)
and posterior parietal cortex (BA40) modulated by arm position. Enhanced activity in NEAR position might
suggest increased salience of potential threats based on the integration of body-and-spatial information. BA3 and
BA40 activity showed a significant correlation (r = 0.60; p = 0.002), indicating a functional relationship in
encoding body representation with respect to the spatial context. POST_STIMULUS analysis revealed sustained
BA3 activation and a decreased activity in the right inferior frontal cortex (BA44). Further, a negative correlation
was found between BA44 activity and HBR duration (r = -0.36; p = 0.033), supporting a mechanism whereby the
threat evaluation affects inhibitory control, facilitating defensive responses.

These findings show that top-down modulation of HBR begins before stimulus onset with the activation of a
frontoparietal network, integrating sensory and spatial cues and influencing subcortical circuits, adapting the
defensive behavior as a function of the body segments position.

1. Introduction compared to the lower limb. In fact, HBR is higher when the stimulated

arm is positioned close to the face compared to a more distant position

The somatosensory blink reflex is a bilateral protective eye-closure
reflex triggered by the electrical stimulation of upper and lower limb
nerves (Miwa et al., 1998; Versace et al., 2021; Kofler et al., 2024). The
largest response of this reflex occurs when the stimulation is applied to
the median nerve at the wrist level: the Hand Blink Reflex (HBR) (Sambo
et al., 2012b; Kofler et al., 2024). Among the possible explanations for
the larger magnitude of the blink reflex elicited by median nerve stim-
ulation there is the greater proximity of the upper limb to the face

(Sambo et al., 2012b; Fossataro et al., 2016b; Bisio et al., 2017). This
finding can be seen as a neurophysiological correlate of the defensive
peripersonal space (Defensive PPS or DPPS), a “virtual dynamic bubble”
surrounding a person, particularly around the face, where individuals
are more vigilant and ready to respond to potentially threatening stimuli
(de Vignemont and Tannetti, 2015). Experimental evidence suggests that
brainstem circuits mediating the HBR are subject to tonic and selective
top-down modulation by higher-order cortical tuning and that its
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amplitude is strongly dependent on contextual threat evaluations
(Sambo et al., 2012b; Kofler et al., 2024). Sambo and colleagues sug-
gested that, in humans, HBR modulation involves cortical areas similar
to those responsible for threat processing in monkeys, namely the
ventral intraparietal area and the polysensory zone in the precentral
gyrus. Electrical stimulation of these areas induces defensive responses
in monkeys, such as squinting and protecting the face with the limbs
(Graziano et al., 2002; Graziano and Cooke, 2006). An anatomical cor-
respondence in humans may refer to a frontoparietal network including
the dorsal and ventral premotor cortices and the intraparietal sulcus (di
Pellegrino and Ladavas, 2014).

The hypothesis of a top-down modulation of the HBR has been
investigated in several studies, since it depends on the arm position as
well as other factors. Our group has shown that not only the static limb
position but also the programmed limb movement direction contributes
to influence HBR amplitude (Bisio et al., 2017). This finding suggests
that the expected hand position is relevant for risk assessment, likely
modulating DPPS representation. We also showed that previous
consolidated sensorimotor experience, such as specific body postures
learnt during sports activities, can influence HBR amplitude modulation
(Biggio et al., 2019), demonstrating the important role of the cerebral
cortex in dynamically modulating the HBR. However, to our knowledge,
no studies so far have investigated directly the cortical correlates of the
HBR.

The current gold standard for brain imaging is functional MRI, but in
the scanner the freedom of movement of participants is limited and this
can affect the movement itself (Bisio et al., 2016). One feasible way to
address this issue is to use functional Near-Infrared Spectroscopy
(fNIRS), a neuroimaging technique that uses near-infrared light to
measure changes of the concentration of oxygenated hemoglobin
(O2HDb) and deoxygenated hemoglobin (HHb) in the human cerebral
cortex (Ayaz et al., 2022). Indeed, fNIRS imposes negligible constraints
on participants (in both physical and motor terms), allowing them to
move freely while providing an ecologically valid experimental setting
(Cutini and Brigadoi, 2014).

Here, we sought to investigate the cortical substrates of the HBR
using fNIRS. The paradigm introduced by Sambo and colleagues (Sambo
et al., 2012b) was used here to answer to two intertwined questions: (i)
Can the cortical activity related to upper limb positioning before stim-
ulation predict HBR?; (ii) Can median nerve stimulation, triggering
HBR, evoke the activation of the cortical frontoparietal network
involved in encoding defensive peripersonal space?

To this aim, we recorded the hemodynamic cortical activity of 28
healthy participants ten seconds before and after the electrical median
nerve stimulation inducing the HBR, while participants held their right
hand at two different target positions relative to the face (near and far).

2. Materials and methods

Participants. Inclusion criteria required right-hand dominance,
assessed using the Edinburgh Handedness Inventory (Oldfield, 1971),
and no history of neurological disorders or orthopedic conditions
affecting the dominant hand.

Thirty right-handed healthy participants, who were naive to the
purpose of the study, were recruited and underwent a non-invasive
electromyography (EMG) session, while their cortical activity was
recorded using fNIRS. Due to technical issues that arose during the data
acquisition process, two participants were excluded from the subsequent
analysis. Consequently, a total of twenty-eight participants (15 females
and 13 males, mean age + SD = 23.04 + 2.94 years) were included in
the analysis.

Participants gave written informed consent before taking part in the
study. The study was approved by the local ethics committee (Comitato
Etico per la Ricerca di AteneoCERA, N. 2023/64 del Comitato Etico per
la Ricerca di Ateneo) and was conducted in accordance with the
Declaration of Helsinki.
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2.1. Experimental set up

Neurophysiological assessment. The HBR response was elicited by
administering a transcutaneous electrical stimulus to the median nerve
at the right wrist, using a surface bipolar electrode attached with a
velcro strap and connected to a Digitimer constant current stimulator
(DS7AH HV, Digitimer Ltd, UK). Stimulus duration was 200 ps and its
intensity was adjusted to elicit in each participant clear HBR responses
(mean stimulus intensity + SD = 6.54 + 2.74 mA). None of the partic-
ipants reported painful sensations.

EMG activity was recorded by means of two MP100 BIOPAC EMG
channels from the orbicularis oculi muscles bilaterally, using two pairs
of bipolar surface electrodes with the active electrode over the mid
lower eyelid and the reference electrode laterally to the outer canthus.
Signals were amplified and digitized at 1 kHz (BIOPAC Systems, Inc.,
Goleta, CA, USA).

Cortical activity assessment. fNIRS data were acquired with a
continuous-wave, portable, multichannel NIRS system (NIRSport 2,
NIRx Medical Technologies, Berlin, Germany), consisting of 16 LED
illumination sources and 16 active detection sensors operating at two
continuous wavelengths of near-infrared light (760 nm and 850 nm) to
detect changes in concentration of O2Hb and HHb. Optodes were ar-
ranged on a soft black tissue cap (EasyCap, Germany) on the partici-
pants’ head to cover prefrontal, premotor, motor, sensory and parietal
brain areas.

The participant’s head circumference was measured to select the
appropriate cap size. Correct optode placement was ensured using an
fNIRS cap based on the international 10-10 EEG system. The vertex (Cz
in EEG references) was located at the midpoint between the nasion,
inion, and bilateral tragus points for accurate positioning. The array
consisted of 37 standard channels (3 cm). The anatomical localization of
the channels was determined using the Brodmann atlas implemented in
the fNIRS Optodes’ Location Decider (fOLD) toolbox (Zimeo Morais
et al., 2018), with the area showing the highest likelihood selected in
the case of multiple associations. Consequently, channels belonging to
the same hemisphere and Brodmann areas (BA) were averaged, resulting
in 18 regions of interest (ROIs: BA3, BA4, BA6, BA7, BA8, BA9, BA39,
BA40, and BA44 for both the left and right hemispheres — see Table 1 for
the list of standard channels, their MNI coordinates, and the associated
BAs). Additionally, 8 short-separation (SS) channels (8 mm) were used
to measure solely the extracerebral signals.

2.2. Experimental procedure

HBR was evoked by administering transcutaneous electrical stimu-
lation to the right median nerve of the wrist in the two target positions
with respect to the face: i.e., when the elbow angle was: 10° less than the
maximal arm extension (FAR position) and 10° more than the maximal
elbow flexion (NEAR position). Participants were seated on a chair with
their right elbow at the edge of the table, resting on a support: the po-
sition allowed the right hand to be in front of the ipsilateral eye in the
NEAR position, without contact, and to be able to take the FAR position
correctly, slightly elevated above the plane. Throughout the experiment,
participants were instructed to keep the non-stimulated arm relaxed in
their lap.

Fifteen HBR responses were recorded from both positions, for a total
of thirty trials. We also introduced 5 catch trials per condition to reduce
expectation, in which participants were asked to adopt the NEAR or FAR
position, but no electrical stimulation was administered. Throughout the
duration of the experiment participants were asked to wear earplugs to
prevent receiving auditory cues from the stimulation, and to maintain
their gaze on a fixation cross displayed on the wall in front of them.

Simultaneously with the neurophysiological assessment, we per-
formed the fNIRS acquisition.

A custom Matlab (MATLAB R2021a, MathWorks) script was written
to synchronize the fNIRS recording with the electrical stimulation: the



M. Biggio et al.

Table 1

List of standard channels, including corresponding optode (source and detector)
locations based on the international 10-10 EEG system, MNI coordinates,
associated BAs, and hemisphere.

Channel Source Detector X y Z BA Hemisphere
1 CP2 C2 28 -36 71 3 right
2 c4 C2 42 -21 62 4 right
3 FC2 FC4 39 12 54 6 right
4 FC2 c2 27 —4 68 6 right
5 c4 FC4 52 -4 48 6 right
6 CP2 P2 25 —62 63 7 right
7 P4 P2 33 —74 48 7 right
8 FC2 F2 24 26 55 8 right
9 Fz AFz 2 50 39 9 right
10 AF4 F2 22 52 33 9 right
11 F4 F2 30 40 41 9 right
12 Fz F2 10 41 50 9 right
13 P4 CP4 46 —62 47 39 right
14 P4 P6 47 —72 30 39 right
15 CP6 P6 58 —58 22 39 right
16 Cc4 CP4 53 -35 52 40 right
17 CP2 CP4 39 —49 60 40 right
18 CP6 CP4 58 —48 38 40 right
19 F4 FC4 44 25 40 44 right
20 CP1 Cl -27 -36 71 3 left
21 C3 C1 —42 -20 62 4 left
22 FCl FC3 -38 12 55 6 left
23 FC1 Cl —26 -5 68 6 left
24 C3 FC3 -50 -3 50 6 left
25 CP1 P1 —24 —62 62 7 left
26 P3 P1 —32 -73 47 7 left
27 FC1 F1 -23 26 56 8 left
28 AF3 F1 -23 52 32 9 left
29 Fz F1 -9 41 50 9 left
30 F3 F1 -31 39 41 9 left
31 P3 CP3 —46 -61 46 39 left
32 P3 P5 —46 -72 30 39 left
33 CP5 P5 -57 -57 21 39 left
34 C3 CP3 —52 —-34 52 40 left
35 CP1 CP3 -39 —48 60 40 left
36 CP5 CP3 -57 —48 38 40 left
37 F3 FC3 —45 25 41 44 left

script allowed to pseudo-randomize trial order, and to simultaneously
trigger the electrical stimulator through a National Instruments (NI USB-
6009) device and send markers of the different conditions to the Aurora
fNIRS software (version 2020.3, NIRx Medical Technologies, Berlin,
Germany) through the “Lab Streaming Layer” (LSL - https://github.
com/scen/labstreaminglayer) library. Trials were conducted as fol-
lows: the participant received instructions and assumed the designated
position (FAR or NEAR) to be maintained throughout the trial, than held
still for 10 s to avoid including any hemodynamic changes caused by
movement in the next phase; the experimenter checked the position and
started the script, which immediately sent a marker to Aurora; then,
after a 10-second (+ 1-3 s jitter) period, the script triggered the elec-
trical stimulator to evoke HBR and sent another marker to Aurora.
Participants were instructed to maintain the arm position for 10 s (+ 1-3
s jitter) after stimulation. We recorded the cortical activity immediately
preceding the electrical stimulation (PRE_STIMULUS) and immediately
after the electrical stimulation, containing the HBR response (POST -
STIMULUS) in the two arm positions, for a total of four conditions (see
Fig. 1). The script was designed to maintain an inter-stimulus interval of
at least 30 s between stimulations to prevent HBR habituation (Bisio
et al., 2017)

All experiments were conducted in a single session, with an
approximate duration of 30 min.

2.3. Data analysis

HBR analysis. EMG signals were processed using custom MatLab
software. HBR signals from each participant were filtered and rectified.
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Fig. 1. Experimental paradigm. Figure shows the two target positions assumed
randomly by the participants during the experiment (above: FAR position;
below: NEAR position) while undergoing fNIRS recording. Participants kept
their arm in the target positions for 10-second (+ 1-3 s jitter) before the
electrical stimulation at 0 (PRE_STIMULUS) and for 10-second (+ 1-3 s jitter)
after the electrical stimulation (POST_STIMULUS).

Trials with an abnormal EMG activity preceding the HBR response were
discarded, for a total of <2% of the total trials. The software automat-
ically analyzed each EMG trace in a 130 ms-time interval from the
stimulus onset that contained the participant’s blink. Then responses
were averaged separately for each condition and for each participant.
We measured three outcome parameters: the area of the reflex, the la-
tency and the duration. The area under the curve (AUC, mV*ms) of HBR
averaged waveform was calculated over the entire 130 ms of the trace.
The latency (ms) was defined as the onset of the reflex response, while
the duration (ms) was calculated as the difference between the reflex
offset and its onset (Bisio et al., 2017; Biggio et al., 2022).

fNIRS analysis. The pre-processing of fNIRS data was carried out
using MATLAB with in house scripts, incorporating several functions
from the Homer3 NIRS processing package (Huppert et al., 2009). For
each participant, all channels with a low signal-to-noise ratio were
discarded (SNR<2). Then, the intensity data of the remaining channels
were converted to optical density changes. Motion artifacts were cor-
rected by a wavelet (iqr=0.5) (Molavi and Dumont, 2012) motion
correction technique.

A band-pass filter (0.01-3 Hz) was applied to remove slow drifts, and
very high frequency oscillations. An age-dependent differential path-
length factor was computed for each participant (Scholkmann and Wolf,
2013) then the O2Hb and HHb concentration changes were computed
through the modified Beer-Lambert law (Delpy et al., 1988). To calcu-
late the mean hemodynamic response function (HRF) for each condition,
participant, and channel, a General Linear Model (GLM) was applied.
Iterative weighted least squares were used to solve the GLM (Barker
et al.,, 2013). A set of a consecutive sequence of gaussian functions
with a spacing and standard deviation of 2 s was used as temporal basis
functions for HRF. The interval for the block average was —2 to 10 s from
the trial identification marker. For each standard channel, as an addi-
tional regressor in the GLM, the most correlated short-separation
channel was used to remove physiological noise.

Then, HRFs of channels belonging to the same BA and hemisphere
were averaged obtaining the HRFs of 18 regions of interest (See Tablel
and Fig. 3).
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2.4. Statistical analysis

Normality of data distribution was checked for all variables with
Shapiro-Wilk tests; then, parametric or non-parametric tests were
applied accordingly. Data is reported as mean + standard error of the
mean.

HBR analysis. For the POST_STIMULUS conditions, AUC values, blink
duration and latency were evaluated with a repeated-measure ANOVA
with EYE (2 levels: ipsilateral and controlateral) and POSITION (2
levels: FAR and NEAR) as within-subject factors. Newmann-Keuls post
hoc analysis was used to interpret significant interactions.

fNIRS analysis. To explore the cortical activity preceding the elec-
trical stimulation (PRE_STIMULUS condition), O;Hb concentration
changes were analyzed and the differences between the two arm posi-
tions were tested using a repeated-measure ANOVA with POSITION (2
levels: FAR and NEAR), BA (9 levels: BA3, BA4, BA6, BA7, BA8, BA9,
BA39, BA40 and BA44) and HEMISPHERE (2 levels: L and R) as within-
subject factors. A repeated-measures ANOVA with the same factors was
conducted to reveal the differences in cortical activity between positions
and hemispheres in response to electrical stimulation (POST STIMULUS
condition).

The same analyses were also conducted for the HHb concentration
changes. Newmann-Keuls post-hoc analysis was used to interpret sig-
nificant interactions.

Correlations. To assess relationships between behavioral response
and cortical activity, HBR latency, duration and AUC were correlated
with OzHb concentration changes, separately for the PRE_STIMULUS
and POST_STIMULUS conditions, in the BAs that showed statistical
significance in the previous analysis. Specifically, Spearman’s rank
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correlation was computed for AUC and duration, due to their non-
normal distribution when data from the hand positions were pooled
together, whilst Pearson’s correlation was applied for latency. In addi-
tion, Pearson’s correlation was used to assess the relationship between
the changes in O2Hb concentration in the active BAs during each phase
separately, as well as between the changes in OoHb concentration in the
same BA when active in both phases.

3. Results
3.1. HBR

Statistical analysis of the average amplitudes showed significant ef-
fects for both the main factors, i.e., EYE (F(1,27) = 9.86, p = 0.004) and
POSITION (F(1,27) = 54.43, p = 0.001), and a significant effect for the
interaction EYE*POSITION (F(; 27) = 8.07, p = 0.008). Post-hoc analysis
showed that the AUCs recorded from the ipsilateral eye were signifi-
cantly greater than the ones recorded from controlateral eyes (28.42 +
2.31 vs. 21.92 + 1.37 mV*ms; p = 0.004), and that blinks recorded in
NEAR have significant grater areas than the ones recorded in FAR (31.87
+ 3.49 vs. 20.79 £+ 1.97 mV*ms; p = 0.001). Also, post-hoc analysis
showed that the AUCs in NEAR-ipsilateral eye (34.58 + 3.71 mV*ms)
were significantly greater than all the other conditions (FAR-ipsilateral
eye: 22.26 + 2.30 mV*ms, p < 0.001; NEAR-controlateral eye: 25.90 +
2.16 mV*ms, p < 0.001; FAR-controlateral eye: 17.93 + 1.35 mV*ms, p
< 0.001). Furthermore, AUCs in NEAR-controlateral eye were signifi-
cantly higher than FAR-ipsilateral (p < 0.05) and FAR-controlateral (p <
0.001). At last, the AUCs evoked in the ipsilateral eye in FAR condition
were significantly higher than the controlateral eye in the same position
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Fig. 2. Panel A shows group-average, rectified HBR waveforms. Other panels show group-average HBR parameters: Amplitudes (B), Duration (C) and Latency (D)
recorded when the arm was placed in the two target positions (FAR in blue and NEAR in yellow) from the eye ipsilateral to the stimulated hand (full) and

contralateral (empty). Error bars indicate standard error. **p < 0.01, *p < 0.05.
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(p < 0.001). Results are shown in Fig. 2.

Statistical analysis of the average duration showed significant effects
of EYE (F(127) = 5.21, p = 0.031) and POSITION (F(;27) = 5.83, p =
0.023). No significant interaction was found (p = 0.675). Post-hoc
analysis showed that the durations of the reflex recorded from the
ipsilateral eye were significantly greater than the ones recorded from
controlateral eye (51.26 + 1.31 vs. 47.35 + 1.37 ms; p = 0.031) and that
blinks were longer in NEAR than in FAR (51.37 & 1.30 vs. 47.24 + 1.68
ms; p = 0.023) (Fig. 2C).

Statistical analysis of the average latency showed significant effects
of EYE (F,27) = 6.820, p = 0.015) and POSITION (F(1 27) = 6.798, p =
0.015). No significant differences were found for the interaction (p =
0.723). Post-hoc analysis showed that responses recorded from the
ipsilateral eye were significantly more rapid than the ones recorded
from controlateral eyes (44.91 + 0.73 vs. 46.77 + 0.91 ms; p = 0.015)
and that blink’s latencies were shorter in NEAR than in FAR (44.74 +
1.07 vs. 46.94 + 0.96 ms; p = 0.015) (Fig. 2D).

3.2. fNIRS

3.2.1. PRE STIMULUS

Exploring differences in O2Hb concentration changes, a significant
main effect of POSITION (F(1,27) = 5.81, p = 0.023) was found, showing
that the overall cortical activity was significantly lower in FAR than in
NEAR position (—9.45 + 2.83 vs. 1.33 £ 3.18 nM). Also, a significant
POSITION*BA interaction was observed (F(g216) = 2.69, p = 0.008).
Post-hoc analysis showed that cortical activity in BA3 and BA40 before
the stimulation in NEAR position was significantly higher than in FAR
position (BA3 NEAR vs BA3 FAR: 11.62 £ 6.00 vs —12.31 £+ 5.92 nM, p
=0.001; BA40 NEAR vs BA40 FAR: 3.76 + 3.73 vs —16.47 + 4.69 nM, p
= 0.017) (Fig. 4).

Exploring differences in changes in HHb concentration, no signifi-
cant effects were found.

L-BA9 R-BA9

Concentration
changes [nhi]

Concentration
chanaes [nM1

Brodmann area

Neurolmage 337 (2026) 122025

3.2.2. POST STIMULUS

Exploring differences in OoHb concentration changes, a significant
main effect of the BA factor (Fg216) = 12.67, p < 0.001) was found. Also,
significant interactions between POSITION*BA (F(g216) = 3.48, p <
0.001) and BA*HEMISPHERE (F(g216) = 2.86, p < 0.001) were observed.

Post-hoc analysis revealed significant different activations among
ROIs, three in particular: BA44 (—8.83 + 4.11 nM) was significantly
deactivated with respect to all the other areas (max p = 0.045), except
for BA39 (p = 0.059). BA3 (24.24 + 5.29 nM) showed significantly
higher activity than the other areas (max p = 0.017), except for BA4 (p =
0.50). BA4 (21.39 + 4.94 nM) showed significantly higher activity than
the other areas (max p = 0.039), except for BA6 (p = 0.053) and BA7 (p
= 0.057). Also, BA39 (—0.80 + 4.12 nM) showed a significantly
decreased activity with respect to BA7 (10.65 + 4.52 nM, p = 0.036),
BA6 (11.52 + 4.01 nM, p = 0.031) and BA40 (12.62 + 3.83 nM, p =
0.020).

POSITION*BA interaction showed that cortical activity in BA3 was
significantly more positive in NEAR position than in FAR position (BA3
NEAR vs BA3 FAR: 32.73 + 6.31 vs 15.74 + 7.07 nM, p = 0.004), while
in BA44 it was significantly more negative in NEAR than in FAR (BA44
NEAR vs BA44 FAR: —14.06 + 5.04 vs —3.60 + 5.81 nM, p = 0.029).
Results are shown in Fig. 5.

Further, the BA*HEMISPHERE interaction showed that cortical ac-
tivity in the left hemisphere was significantly higher than in the right
hemisphere in BA4 (left BA4 vs. right BA4: 30.49 + 6.19vs 12.28 £ 5.18
nM, p < 0.01).

Exploring differences in changes in HHb concentration, a significant
main effect of the BA factor was found (F(g216) = 10.67, p < 0.001). Also,
a significant BA*HEMISPHERE interaction was observed (Fg216) = 2.41,
p = 0.016).

Post-hoc analysis revealed that BA4 (—8.49 + 1.97 nM) showed a
significantly stronger decrease than all the other areas (max p = 0.003),
except for BA6 (—5.15 4+ 1.24 nM, p = 0.61) and BA3 (—5.64 + 1.59 nM,
p = 0.054). BA6 showed a significant decrease than the others (max p =
0.035), except for BA3 (p = 0.74) and BA40 (—3.32 + 1.32 nM, p =
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Fig. 3. The boxes show variations in O,Hb (continuous lines) and HHb (dashed lines) concentrations during PRE_ and POST_STIMULUS phases for NEAR (orange
lines) and FAR (blue lines) position. Boxes represent the average of channels corresponding to the same Brodmann areas, associated by color on the brain location in
the center, in left (L) and right hemisphere (R). The black vertical line corresponds to the electrical stimulation. The figure is for illustrative purposes only; analyses

on the PRE_ and POST_STIMULUS phases were processed separately.
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Fig. 4. On the left, variations in Oxy-hemoglobin concentration for the two
target positions in BA3 (above — Panel A) and BA40 (below — Panel B) in
PRE_STIMULUS condition. The shaded lines represent the standard error. On
the right, histograms display the averaged O,Hb changes, with circles repre-
senting individual subject data for the NEAR (yellow) and FAR (blue) positions.
* indicates p < 0.05, ** indicates p < 0.01.

0.215). BA3 showed a significant decreased activity than the other (max
p = 0.025), except for BA40 (p = 0.257). BA40 showed a significant
higher activity with respect to BA39 (0.92 + 0.78 nM, p = 0.033) and
BA44 (1.23 + 0.93 nM, p = 0.025).

The BA*HEMISPHERE interaction showed that the decrease in the
left hemisphere was significantly stronger than in the right hemisphere
in BA4 (left BA4 vs. right BA4: —11.28 + 2.50 vs. —5.70 & 2.29 nM, p =
0.01).

3.3. Correlations

Pearson’s correlation coefficients were calculated between the
averaged HBR latency and the averaged O,Hb concentration change in
left and right BA40 and BA3 in PRE_STIMULUS condition and BA44 and
BA3 in POST STIMULUS condition. Also, Spearman’s correlation ana-
lyses were performed to assess the correlation of the averaged HBR AUC
and duration with OHb in the same BA. False Discovery Rate (FDR) was
used to adjust p-values for the multiple comparisons.

A significant correlation was found between HBR latency and O,Hb
in the right BA40 in the PRE_STIMULUS condition (r(54) = —0.351,p =
0.008, adjusted = 0.032).

In the POST STIMULUS condition, AUC of the blink negatively
correlated with the cortical activity of the right BA44 (r(54) = —0.277,p
= 0.039, adjusted = 0.149). Also, HBR duration negatively correlated
with OoHb in the right BA44 (r(54) = —0.355, p = 0.008, adjusted =
0.033).
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Fig. 5. On the left, variations in Oxy-hemoglobin concentration for the two
target positions in BA3 (above — Panel A) and BA44 (below — Panel B) in
POST_STIMULUS condition. The shaded lines represent the standard error.
Histograms display the averaged O,Hb changes, with circles representing in-
dividual subject data for the NEAR (yellow) and FAR (blue) positions. * in-
dicates p < 0.05, ** indicates p < 0.01.

Pearson’s correlation was performed between O,Hb concentration
changes in PRE_STIMULUS between averaged BA3 and averaged BA40
and between averaged BA3 and averaged BA44 in POST_STIMULUS. We
found a positive correlation between the areas active in PRE_STIMULUS,
meaning BA3 and BA40: r(54) = 0.60, p = 0.001, adjusted p = 0.002. No
significant correlation was found in the POST_STIMULUS phase.

Pearson’s correlation was performed between O,Hb concentration
changes in averaged BA3 PRE_STIMULUS and BA3 POST STIMULUS.
We found a positive correlation between the BA3 activity in the two
phases: r(54) = 0.29, p = 0.028, adjusted p = 0.056.

4. Discussion

In this work, we explored for the first time with fNIRS the cortical
control of the Hand Blink Reflex, a defensive response modulated by the
arm position with respect to the face. Consistently with previous works,
we found an increase in HBR amplitude when the hand was close to the
face compared to when it was far from the face (Sambo et al., 2012b;
Bisio et al., 2017). Then, we addressed two specific questions: (i)
whether cortical activity preceding the stimulation and related to upper
limb positioning could predict HBR amplitude, and (ii) whether the
stimulation of the median nerve, triggering HBR, could activate cortical
frontoparietal networks associated with DPPS.
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4.1. Cortical activity in the PRE_STIMULUS phase

Firstly, we focused our attention on the cortical activity recorded 10 s
before the electrical stimulation. We observed, in NEAR position, a
significant increase of activity in the somatosensory cortex with respect
to FAR position, where instead a decrease was present, represented by
an inverse hemodynamic response. The difference in BA3 activity
observed between the two conditions suggests that the evaluation of
position could make one more salient than the other. Indeed, we propose
that the stimulus expectancy in NEAR could alert participants, thus
increasing the salience of the stimulus based on the prediction of sensory
outcome in a potentially more threatening condition.

We also found a significant modulation of BA40 activity as a function
of the arm position. BA40 is involved in visuospatial attention processes,
with a role of integrating multisensory inputs to represent and contin-
uously update body representation (Matsumiya, 2022; Kamada and
Takeuchi, 2023). Further, this area is related to functions of
visuo-spatial judgment of body parts (Corradi-Dell’Acqua et al., 2008)
with maintenance of an internal stable model of the visual, anatomical
and structural information of the body (Tsakiris et al., 2008; Di Vita
et al., 2016).

The simultaneous activation of somatosensory and parietal cortical
areas, indicated by the significant correlation between them, suggests
that the modulation of position-related information salience may
depend on their functional interaction. Interestingly, an event-related
potential study (Shen et al., 2018) found that presenting somatosen-
sory stimuli across structural boundaries between body parts influenced
the N80 response. This response is believed to originate from the
contralateral somatosensory cortex, suggesting that structural aspects of
body representation impact early somatosensory processing (de Haan
and Dijkerman, 2020). Although correlation analysis does not allow us
to establish a causal relationship, we tentatively propose that changes in
somatosensory cortex activity may be influenced by body representation
information originating from the parietal lobe.

Further, right BA40 O;Hb concentration changes negatively corre-
lated with HBR latency, i.e., the higher the hemodynamic activity in
BA40 the faster the blink occurrence. This finding is in line with the
notion that a stimulus in NEAR position was evaluated as more threat-
ening, and therefore more salient, than in FAR position.

4.2. Cortical activity in the POST_STIMULUS phase

Participants received a sudden electrical median nerve stimulation in
order to evoke HBR with the arm in two target positions. Here, BA3 still
showed a significant difference in hemodynamics between the two
conditions: a stronger activation in NEAR and a lower one in FAR.
Previous research studies dealing with median nerve electrical stimu-
lation show that non-painful tactile stimulations can influence the ac-
tivity of the somatosensory areas (Backes et al., 2000). Here, we
demonstrated that not only the median nerve stimulation features can
modulate somatosensory cortex activity, but also the salience attributed
to the stimulus. Indeed, we found a significant correlation between ac-
tivity measured in PRE_and POST_STIMULUS phases. This could suggest
that the activity in the somatosensory cortex after the stimulus is the
consequence of the activity present in the same cortical area in the
PRE_STIMULUS phase. The latter may be based on a stimulus expec-
tancy process that depends on the evaluation of how potentially
threatening the stimulus could be.

On the other hand, we found a significant decrease of the BA44 in
NEAR with respect to FAR. This cortical area has a role in inhibitory
control (Aron et al.,, 2004) and reactive inhibition (van Belle et al.,
2014), particularly in the right hemisphere. The pattern observed in
BA44 could be related to a “brake releasing” mechanism, allowing an
increase of the defensive response, based on eye blinking, when the
stimulus threat increases. This hypothesis is in line with the negative
correlation found between BA44 activity and HBR duration, i.e., the
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more decreased activity in the BA44, the longer the duration of HBR.
4.3. Cortical frontoparietal network and defensive peripersonal space

With the HBR paradigm, we identified the involvement of a network
of cortical areas responsible for the processing of somatosensory inputs
at different levels of complexity. In fact, somatosensory information
processing refers to multiple intertwined neural networks, such as the
frontoparietal circuits responsible for body and PPS representation, and
also the ventral attention network which processes the somatosensory
inputs. The latter acts as a form of filter on the perceptual and semantic
encoding of the stimuli, specifically when working in interaction with
the dorsal network (Corbetta et al., 2008; Viviani, 2013).

Attentional networks and PPS representation share an overlapped
neural substrate: perceptual and attentional aspects of PPS processing
depend mostly on parietal regions, whilst involvement of frontal areas
appears to contribute to motor planning and defensive responses in near
space (Basile et al., 2024). Such defensive responses may be evolved to
prompt immediate withdrawal from noxious stimuli directed to the face
and body (Sambo et al., 2012b; Cléry et al., 2015; Vieira et al., 2020). In
a recent review, Basile and colleagues (Basile et al., 2024) highlighted
that different regions in the frontal and parietal lobes present various
circuits underlying the different functions of PPS representation, and
that they are tightly interconnected to each other. Specifically, they
describe the ventral intraparietal area-ventral caudal premotor cortex
(VIP-PMVc) circuit for the space around the arm and head to subserve
defensive behavior, corresponding to a BA40-44 circuit (Basile et al.,
2024).

In the context of the defensive role of PPS (the “flight zone”
(Graziano and Cooke, 2006)), the need for an efficient evaluation of the
threat posed by a stimulus becomes evident (Blakemore et al., 2012;
Bisio et al., 2017; Biggio et al., 2019). The intensity of the blink reflex
might represent the result of a rapid assessment performed by the ner-
vous system to evaluate the potential harm posed by the electrical
stimulation to the organism (Sambo et al., 2012b; Kofler et al., 2024),
since HBR magnitude reflects the probability of the face being hit by a
threat (Bufacchi et al., 2016; Biggio et al., 2019). Furthermore, HBR
magnitude is a paradigmatic example of a class of neural and behavioral
responses that reflect the value of actions aiming to create or avoid
contact between objects and the body (Bufacchi and Iannetti, 2018;
Foster et al., 2022).

Up to now, top-down modulation of HBR has been inferred by
lesional studies. The reflex was explored in brain-damaged patients,
showing that patients with pathological embodiment showed altered
NEAR-FAR modulation when the stimulated wrist was the limb of the
experimenter pathologically embodied by patients (Fossataro et al.,
2016a). Even if the damaged brain regions were heterogeneous across
patients, the only common lesional area across patients was the superior
longitudinal fasciculus, particularly in the right hemisphere, that au-
thors viewed as responsible of a disconnection between the frontopar-
ietal circuit disrupting bodily ownership and, consequently, failing to
modulate HBR correctly.

We can assume that participants are able to anticipate the sensory
consequences of different stimuli on the basis of the actual position and
prior sensorimotor experiences (Blakemore et al., 2012; Bisio et al.,
2017; Biggio et al., 2019; Foster et al., 2022), but also on the basis of
cognitive or personality factors that influence these, and that have
already been linked to HBR modulation in the literature (Sambo et al.,
2012a; Fossataro et al., 2016b; Biggio et al., 2023; Mercante et al.,
2024).

Although this is the first study to directly investigate the cortical
correlates of HBR, it has some limitations. First, we performed a
network-level analysis to identify the cortical regions involved in rep-
resenting the DPPS; however, the observed correlations do not allow us
to infer causal relationships between regions. Further studies are needed
to better characterize the temporal dynamics of these areas.
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Furthermore, although fNIRS was chosen for its robustness to ocular
artifacts and its capability to assess spatially distributed cortical hemo-
dynamic activity, the relatively slow hemodynamic response measured
by fNIRS, compared with electrophysiological techniques such as EEG,
may constrain the assessment of fast neural dynamics underlying HBR
modulation. Additionally, anatomical reconstruction methods for
optode placement were not employed; therefore, subtle inter-individual
variability in cortical localization cannot be ruled out.

It is also worth noting that several factors have been shown to in-
fluence HBR modulation. For example, previous studies have been
designed to disentangle visual and tactile contributions (Sambo et al.,
2012a; Fossataro et al., 2020), which were not explicitly controlled in
the present study. Similarly, expectation was not directly manipulated
(Sambo et al., 2012b; Versace et al., 2021; Rossi Sebastiano et al., 2022),
although its influence is suggested by the significant differences
observed in the PRE_STIMULUS phase between conditions. Overall, this
study paves the way for future investigations, from a cortical perspec-
tive, into the components that may shape the DPPS network.

Summarizing, the different hemodynamic activities observed in BA3,
BA40 and BA44 before and after the stimulation in relation to arm po-
sition suggest that HBR top-down modulation begins before the stimulus
has been perceived, with hazard assessment linked to contextual infor-
mation acquired during the limb positioning task. Our findings provide
indeed affirmative answers to both of the proposed hypotheses. First,
PRE_STIMULUS cortical activity appears to be closely linked with body
representation information, indicating that the brain encodes and uti-
lizes spatial information about limb positioning to modulate HBR
response. Second, we showed that median nerve stimulation, which
triggers HBR, can evoke activation in the cortical frontoparietal network
associated with encoding DPPS, suggesting its involvement in enhancing
the protective response of blinking based on limb location in space.
These findings highlight the role of cortical processes in dynamically
modulating defensive behaviors in relation to body representation and
spatial awareness.

In conclusion, we believe that our study set, for the first time, the
basis for understanding the neural mechanisms underlying the HBR and
its modulation. This provides valuable insights into the roles of frontal
and parietal areas in sensory processing and attentional modulation of a
threatening stimulus within the DPPS. Overall, this study advances our
understanding of the cortical processes associated with defensive re-
flexes and highlights the importance of spatial context in shaping these
responses.
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