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Should you hold onto the treadmill handrails 2
or not? Cortical evidence at different walking
speeds
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Abstract

Background Treadmill-based gait training is part of rehabilitation programs focused on walking abilities. The use of
handrails embedded in treadmill systems is debated, and current literature only explores the issue from a behavioral
perspective.

Methods \We examined the cortical correlates of treadmill walking in healthy participants using functional near-
infrared spectroscopy. We investigated whether the utilization of treadmill handrails at varying walking speeds could
affect cortical activation associated with the task, and we evaluated potential differences in task-based functional
connectivity across the various walking conditions.

Results Significant differences in cortical activation were found between the two walking speeds (3 and 5 km/h) in
the unsupported condition; these differences were reduced when using the handrails. Specifically, cortical activation
was significantly higher when the participants swung their arms freely while walking at a speed of 5 compared

to 3 km/h in several Brodmann's Areas (BA): left BA10, BA3 and BA39, and right BA10, BA9, BA8, BA3, and BA40. No
significant differences were found when participants were holding onto the handrails. A significant difference was
found in the left BA40 between the two speeds, regardless of whether the participants were holding onto the
handrails. Furthermore, at the higher speed and without the use of handrails, a wider pattern of task-based functional
connectivity was observed, with significantly stronger connectivity between the left BA10 and BA40.

Conclusions We suggest that speed and handrails use play a role in walking cortical activity patterns, therefore they
are key ingredients to take into account when planning a rehabilitation program.

Keywords Functional near-infrared spectroscopy, Haptic contact, Treadmill, Walking speed

*Correspondence: “Department of Developmental and Social Psychology, University of
Marco Bove Padova, Padua, Italy

marco.bove@unige.it *Department of Experimental Medicine, Section of Human Physiology,
'Department of Neuroscience, Rehabilitation, Ophthalmology, Genetics, University of Genoa, Viale Benedetto XV 3, 16132 Genoa, Italy
Maternal and Child Health, University of Genoa, Genoa, Italy Sltalian Multiple Sclerosis Foundation, Scientific Research Area, Genoa,
2|RCCS Fondazione Don Carlo Gnocchi, Milan, [taly Italy

*Department of Pathophysiology and Transplantation, Universita degli ’IRCCS Ospedale Policlinico San Martino, Genoa, Italy

Studi di Milano, Milan, Italy

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12984-025-01543-w&domain=pdf&date_stamp=2025-1-15

Biggio et al. Journal of NeuroEngineering and Rehabilitation

Background

Gait abnormalities during old age and as a result of neu-
rological diseases are very debilitating and can increase
the risk of falls [1], negatively affect independence and
quality of life [2], and increase health care costs [3]. For
this reason, walking abilities are often considered a pri-
mary focus for rehabilitation programs.

To create controlled setups in rehabilitation, several
studies recommend treadmill-based gait training para-
digms [4], and body weight support systems are allowed
in order to minimize the delay in starting gait training for
neurological patients and to increase safety without the
use of walking aids [5]. The use of handrails embedded in
treadmill systems helps to stabilize the body by increas-
ing afferent somatosensory signals through haptic con-
tact with the handrails [6-8].

Some controversial results have been reported in the
literature on the use of treadmill handrails during reha-
bilitation. First of all, it should be considered that hold-
ing the hands onto the handrails of the treadmill might
not imply a representative walking pattern, in terms of
an ecological perspective, since it encourages bad pos-
ture and prevents the natural stride [9-11]. It has been
reported that supporting on the handrails lightens the
workload since it requires less muscular activation with-
out resulting in substantial neuromuscular re-organiza-
tion. In fact, it increases the base of support, resulting
in greater stability, reduces uncertainty leading to a bet-
ter balance, and improves ability to generate corrective
forces to compensate for perturbations [12]. Also, hand-
rail use during treadmill walking in a split-belt adaptation
training reduced locomotor learning in healthy young
subjects, suggesting that this balance support may ease,
or alter the task demand [6].

It has been shown that the effect of gait rehabilitation
can be improved by holding handrails [13], especially
when participants used a firm rather than a light touch
on the handrails [12]. It should be noted, however, that
Bello and colleagues attributed the improvements seen
during the rehabilitation of patients with Parkinson’s dis-
ease to the belts used in combination with the treadmill,
instead of the handrails themselves [14].

Nevertheless, all these studies explored the issue from
a behavioral perspective. To our knowledge, the effects
of holding handrails during treadmill walking have never
been investigated with neuroimaging techniques.

In general, in order to propose effective rehabilitation
paradigms, it is necessary to reach a better understand-
ing of the mechanisms underlying the gait under various
conditions [15]. Walking has long been regarded as pre-
dominantly automatic process, however functional mag-
netic resonance imaging (fMRI) studies based on motor
imagery of gait have demonstrated a cortical control
even during simple walking processes in healthy elderly,
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pathological subjects, as well as healthy young individu-
als [16—18]. The areas mainly involved in gait are the
prefrontal cortex, supplementary motor, premotor and
primary motor areas, sensorimotor areas; their activ-
ity has been found to be modulated by task demand [17,
19]. Bakker and colleagues asked their participants to
(visually) imagine a normal gait or a precision gait over
a narrower path, finding an increased cortical activity in
cortical structures outside primary motor regions during
the harder task, thus emphasizing greater cortical activity
when an increased postural control is required [16].

Portable neuroimaging techniques, such as functional
near-infrared spectroscopy (fNIRS), led to identify corti-
cal activation patterns and locomotor networks involved
in walking, providing new insight into cortical control of
actual human locomotion [20-22]. In fact, this technique
made it possible to study walking during its actual per-
formance and to modulate the difficulty of the task [19],
the somatosensory feedback from different peripheral
stimuli [23], or to assess the difference between walking
and running [24].

In this vein, we investigated the cortical correlates
of treadmill walking by means of fNIRS in a group of
healthy participants. We were interested in understand-
ing whether the use of treadmill handrails, at differ-
ent walking speeds, could modulate cortical activation
related to the task. Specifically, we carried on an fNIRS
study while walking on a treadmill at two different speeds
(3 and 5 km/h - lower or equal with respect to the spon-
taneous walking speed of young healthy subjects [25]),
with or without holding onto the handrails. Furthermore,
one published study based on fMRI showed that indi-
viduals with faster gait speed have stronger resting-state
functional connectivity (FC) within the frontoparietal
control network, and that gait variability is correlated
with between-network functional connectivity [26]. As
a step forward, here using fNIRS we were able to assess
possible differences in task-based FC among the task
conditions during walking to better understand how task
performance modulated the connectivity between corti-
cal regions, providing a more comprehensive view of cor-
tical function beyond isolated regional activity.

It has been reported that, during comfortable walking,
lower extremity muscle activity had a strong correlation
with cortical activation [27]. Therefore, we expected to
find differences in cortical activation between the two
walking speeds in the unsupported condition. Given that
walking with handrails can lighten the workload of walk-
ing requiring less muscular activation [12], we hypoth-
esized that this condition would be associated with a
reduced brain resource demand and that the use of the
handrails could mitigate the differences in cortical activ-
ity due to the walking speed.
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Materials and methods

Participants

Twenty-four healthy, right-handed volunteers were
included in this study (age=27.0+ 6.3 years, 13 females).
None of them had a history of orthopedic or neurologi-
cal disease and none had previously trained in treadmill
walking or running. Those who regularly train on the
treadmill were excluded from recruitment. All the partic-
ipants were naive to the specific purpose of the study and
provided written informed consent to participate. The
study was approved by the University Ethics Committee
(CERA), Genoa, Italy (N. 2023/44). The work described
has been carried out in accordance with The Code of
Ethics of the World Medical Association (Declaration of
Helsinki) for experiments involving humans.

Experimental protocol

Participants were asked to perform different locomotor
tasks on a treadmill (Technogym, Italy), and cortical acti-
vation elicited by the tasks was assessed through fNIRS.
A box-car design was implemented, with 30 s of walking
(differently depending on the specific task condition) and
30 s of rest in an upright position (Fig. 1).
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Before the acquisition session, participants familiarized
with the task - hence the speed and the holding condi-
tions - that would follow by walking on the treadmill at
3 km/h and 5 km/h, both with and without holding onto
the handrails. Then, task conditions were four: in two
conditions, they walked with a spontaneous swing of the
arms, and the speed of the treadmill was set at 3 km/h or
at 5 km/h (V3_no-HOLD and V5_no-HOLD conditions,
respectively); in the other two conditions, participants
were asked to repeat the two conditions leaning on the
handrails of the treadmill while walking at 3 km/h or at
5 km/h (V3_HOLD and V5_HOLD conditions, respec-
tively). During the rest periods, participants remained
in an upright position on the treadmill, with their arms
along the body or with their hands on the handrails,
according to the previous task condition (no-HOLD or
HOLD, respectively). Notably, the rest period allowed the
hemodynamic signal to return to baseline.

Each condition was repeated eight times, and the order
of the conditions was randomized by a custom script cre-
ated with OpenSesame version 3.2.7 [28], which played
a start audio signal at the beginning of the task and a
stop audio signal at the end of the 30 s walk. Moreover,
using the PsychoPy backend [29] of OpenSesame, the
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Fig. 1 Experimental protocol. A box-car design was implemented, with 30 s of walking on a treadmill and 30 s of rest in an upright position. Walking was
performed in four different randomized conditions: the speed of the treadmill was set at 3 km/h or at 5 km/h, and participants kept their hands on the
handrails (V3_HOLD and V5_HOLD respectively) or walked with a spontaneous swing of the arms (V3_no-HOLD and V5_no-HOLD respectively). Dur-
ing the rest period, participants kept their arms along the body or their hands on the handrails, depending on the related task condition. Each trial was

repeated eight times
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Lab Streaming Layer protocol [30] was implemented in
order to indicate the beginning of each block over the
fNIRS recording and enable off-line analysis of the differ-
ent conditions, separately.

At the end of each condition, participants were asked
to rate their perceived levels of fatigue and task difficulty
using a Visual Analog Scale (VAS). The VAS scale ranged
from 0 to 10, where 0 indicated “no fatigue” or “no dif-
ficulty” and 10 represented “extreme fatigue” or “extreme
difficulty”. This approach allowed us to gather subjective
feedback on the exertion and complexity associated with
each condition, providing additional insights into partici-
pants’ experiences during the task.

The entire experimental protocol lasted 32 min.

fNIRS data acquisition

Cortical hemodynamic activity was estimated by means
of fNIRS, using a portable, multichannel NIRS sys-
tem (NIRSport 2, NIRx Medical Technologies, Berlin,
Germany) to allow for the calculation of changes in the
concentration of oxyhemoglobin (HbO) and deoxyhe-
moglobin (HbR). Pairs of sources and detectors operat-
ing at two continuous wavelengths of near-infrared light
(760 nm and 850 nm) generated measurement channels.
All single-tip optodes were placed on a soft black tissue
cap (EasyCap, Germany) worn by the participant, with
different cap sizes used according to own head circum-
ference. Sixteen sources and 16 detectors were arranged
to form 44 standard channels (3 cm) covering the pre-
frontal, frontal, sensorimotor and parietal areas (Table 1).
In addition, 8 short-separation (SS) channels (8 mm)
were used to isolate and remove the extracerebral signals,
which include blood pressure weaves, Mayer waves, res-
piration and cardiac cycles and can be seen as the noise
in the signal of the long channels [31]. The sampling fre-
quency was set at 8.7 Hz.

fNIRS data analysis

For each participant, the fNIRS signal was pre-processed
using MATLAB version R2023b (MathWorks, MA, USA)
through custom scripts including some of the Homer3
NIRS processing package functions [32]. Channels
with 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 identified by applying the Homer3 function hmrR_
MotionArtifactByChannel on changes in optical density
data (AMPthresh =0.5; STDEVthresh = 12; tMotion =0.5;
and tMask=1) [33-36] and corrected by applying a com-
bination [36, 37] of spline (p=0.99) [38, 39] and wavelet
(igr=0.5) [40] motion correction techniques. A band-
pass filter (0.01-3 Hz) was applied to remove slow drifts,
and high frequencies contribution. Then, with the smrR_
StimRejection function, we assessed the absence of trials
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containing residual motion artifacts before the calcula-
tion of the hemodynamic response function (HRF). An
age-dependent differential pathlength factor was com-
puted for each participant [41], and then the HbO and
HbR concentration changes were computed through the
modified Beer-Lambert law [42].

Statistical analysis

To calculate the mean HRF for each condition, partici-
pant, and channel, a General Linear Model (GLM) was
applied. Iterative weighted least squares were used to
solve the GLM [43]. 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 [44—
46]. The interval for the block average was set from -2
to 45 s from stimulus onset. Baseline-corrected averag-
ing was assessed considering the mean value of the inter-
val between — 2 and 0 s with respect to the onset of each
walking block as baseline. As an additional regressor in
the GLM, the most correlated SS channel was added. The
SS channel regression led to the reduction of the physi-
ological noise.

HbO and HbR concentration changes of channels
belonging to the same hemisphere and Brodmann’s Area
(BA) were averaged separately obtaining the signal in
eighteen regions of interest (BA3, BA4, BA6, BA7, BAS,
BA9, BA10, BA39, and BA40 for both the left and right
hemispheres) [47, 48].

The statistical analyses employed an average metric of
the hemodynamic responses in the range of 5 to 20 s after
stimulus onset for each participant, condition, and BA to
avoid gait initiation and to measure activation at steady-
state speed.

In order to identify the BAs that were significantly acti-
vated during walking in the different conditions, after
testing for normality with the Shapiro-Wilk test, the
one-sample Wilcoxon signed-rank test was performed to
compare the changes in HbO concentration against zero,
which represents no change in concentration given that
HbO concentration changes were corrected for baseline
[44]. Using this procedure, significant HbO concentra-
tion changes, indicative of activation elicited by the task,
were evaluated for each BA and condition. Bonferroni
correction for multiple comparisons was applied con-
sidering 18 BAs (Bonferroni adjusted p value threshold:
0.05/18=0.0028). The same analysis was conducted for
HbR concentration changes.

Then, Friedman’s ANOVA was used to analyze HbO
concentration changes in the BAs which were found to
be active in at least one condition in the group results,
across the different within-subjects conditions. To
examine where the differences actually occurred, post-
hoc analysis with Durbin-Conover pairwise compari-
sons (V5_no-HOLD vs. V3_no-HOLD, V5_HOLD vs.
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Table 1 List of standard fNIRS channels and their correspondence to Brodmann’s areas: source and detector positions according to
the standard 10-10 EEG system; channel MNI coordinates (mm), anatomical description, and number of underlying BA

Ch Source Detector X Y z Laterality Lobe Anatomical location BA
1 CP1 C1 -27 -36 71 Left Parietal Postcentral Gyrus 3
2 a3 @ -42 -20 62 Left Frontal Precentral Gyrus 4
3 FC1 FC3 -38 12 55 Left Frontal Middle Frontal Gyrus 6
4 FC1 FCz -13 12 67 Left Frontal Superior Frontal Gyrus 6
5 FC1 l -26 -5 68 Left Frontal Superior Frontal Gyrus 6
6 c3 FC3 -50 -3 50 Left Frontal Precentral Gyrus 6
7 Cz @ -17 -20 74 Left Frontal Precentral Gyrus 6
8 CP1 P1 -24 -62 62 Left Parietal Superior Parietal Lobule 7
9 CP1 CPz -16 -50 72 Left Parietal Postcentral Gyrus 7
10 P3 P1 -32 -73 47 Left Parietal Superior Parietal Lobule 7
11 Pz P1 -13 -73 56 Left Parietal Superior Parietal Lobule 7
12 FC1 F1 -23 26 56 Left Frontal Superior Frontal Gyrus 8
13 F3 F1 -31 39 41 Left Frontal Middle Frontal Gyrus 9
14 F3 FC3 -45 25 41 Left Frontal Middle Frontal Gyrus 9
15 Fz F1 -9 41 50 Left Frontal Superior Frontal Gyrus 9
16 Fpz Fp1 -12 67 0 Left Frontal Medial Frontal Gyrus 10
17 AF3 Fp1 -24 63 9 Left Frontal Middle Frontal Gyrus 10
18 AF3 AFz -12 62 23 Left Frontal Superior Frontal Gyrus 10
19 AF3 F1 -23 52 32 Left Frontal Superior Frontal Gyrus 10
20 P3 CP3 -46 -61 46 Left Parietal Inferior Parietal Lobule 39
21 a3 CP3 -52 -34 52 Left Parietal Postcentral Gyrus 40
22 CP1 CP3 -39 -48 60 Left Parietal Inferior Parietal Lobule 40
23 CcP2 Q 27 -35 71 Right Parietal Postcentral Gyrus 3
24 Cc4 2 42 -21 62 Right Frontal Precentral Gyrus 4
25 Cz 2 17 -21 75 Right Frontal Precentral Gyrus 6
26 FC2 FCz 14 13 66 Right Frontal Superior Frontal Gyrus 6
27 FC2 FC4 39 12 54 Right Frontal Middle Frontal Gyrus 6
28 FC2 2 27 -4 68 Right Frontal Superior Frontal Gyrus 6
29 Cc4 FC4 52 -4 48 Right Frontal Precentral Gyrus 6
30 Pz P2 15 -73 57 Right Parietal Superior Parietal Lobule 7
31 P4 P2 33 -74 48 Right Parietal Superior Parietal Lobule 7
32 CcP2 CPz 17 -50 73 Right Parietal Postcentral Gyrus 7
33 CcP2 P2 25 -62 63 Right Parietal Superior Parietal Lobule 7
34 FC2 F2 24 26 55 Right Frontal Superior Frontal Gyrus 8
35 Fz F2 10 41 50 Right Frontal Superior Frontal Gyrus 9
36 F4 F2 30 40 41 Right Frontal Middle Frontal Gyrus 9
37 F4 FC4 44 25 40 Right Frontal Middle Frontal Gyrus 9
38 Fpz Fp2 13 67 0 Right Frontal Medial Frontal Gyrus 10
39 AF4 AFz 13 61 24 Right Frontal Superior Frontal Gyrus 10
40 AF4 Fp2 25 63 9 Right Frontal Middle Frontal Gyrus 10
41 AF4 F2 22 52 33 Right Frontal Superior Frontal Gyrus 10
42 P4 CP4 46 -62 47 Right Parietal Inferior Parietal Lobule 39
43 CcP2 CP4 39 -49 60 Right Parietal Postcentral Gyrus 40
44 4 CP4 52 -35 52 Right Parietal Postcentral Gyrus 40

V3_HOLD, V5_no-HOLD vs. V5_HOLD, V3_no-HOLD
vs. V3_HOLD) was conducted with a Bonferroni correc-
tion for multiple comparisons, resulting in a significance
level set at p<0.0125. As a measure of effect size, Kend-
all's W and rank correlation coefficient r were reported
for Friedman's ANOVA and Durbin-Conover test,
respectively.

Statistical analysis was conducted with Jamovi (version
2.3.21.0 [Computer Software] retrieved from https://ww
w.jamovi.org). Data are reported as median (interquartile
range).

In addition, correlation matrices were built based on
Spearman’s pairwise correlation coefficients between all
the analyzed BAs, for each task condition separately, to
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calculate BA-to-BA task-based FC. Then, the resulting
four FC matrices per subject were compared at a node-
wise level; for each node, we converted the correlation
coefficients using the Fisher’s r to Z transformation [49]
and we tested whether the correlation coefficients were
statistically different across the various conditions (with
the same approach described in [50]). Since this analy-
sis involved all the possible combinations between each
BA, the resulting statistical values of the comparisons
between the correlation coefficients were corrected with
Bonferroni method (Bonferroni adjusted p value thresh-
old: 0.05/153 =0.00033).

Results

Visual analog scale

Overall, participants did not report the task as difficult or
fatiguing. VAS scores for both fatigue and task difficulty
remained low across all conditions (Difficulty median
scores with interquartile ranges (IQR): V5_HOLD =0[0—
1]; V5_no-HOLD=0[0-1]; V3_HOLD=0[0-0] and
V3_no-HOLD=0[0-0]; Effort median scores with
interquartile  ranges  (IQR): V5_HOLD=1[0-1];
V5 no-HOLD=1[0-1]; V3 _HOLD=0[0-1]  and
V3_no-HOLD =0[0-0.5]).

Cortical activity

Figure 2; Table 2 show the BAs which were found to
be significantly active in the different task conditions
(p<0.0028). Specifically, the task in the V5_no-HOLD
condition elicited activation in the left BA10, BAS, BA®6,
BA3, BA39 and BA40 and the right BA10, BA9, BA8 and
BA40. In the V3_no-HOLD condition, the right BA10,
BA9 and BA6 were significantly active. When partici-
pants were holding onto the treadmill handrails, walk-
ing at 5 km/h (V5_HOLD) induced significant activation
of the left BA10 and BA40 and the right BA10, BA9 and
BA3; whilst walking at 3 km/h (V3_HOLD) induced sig-
nificantly activation of the left BA3 and the right BA10.

Then, differences in cortical activation among the dif-
ferent task conditions were assessed (Table 3). There
was a statistically significant difference in HbO concen-
tration changes depending on task condition in the fol-
lowing BAs: left BA10 (x* [3]=10.1, p=0.018, W =0.14),
BAS (x* [3]=9.15, p=0.027, W =0.13), BA3 (x* [3] =9.75,
p=0021, W=0.14), BA39 (x> [3]=14.8, p=0.002,
W=021) and BA40 (x* [3]=21.8, p<0.001, W =0.30),
and right BA10 (x* [3]1=9.65, p=0.022, W =0.13), BA9
(X% [3]1=13.1, p=0.004, W=0.18), BAS (x> [3]=1L38,
p=0.008, W=0.16), BA3 (x> [3]=10.8, p=0.013,
W =0.15) and BA40 (x* [3] = 11.4, p=0.010, W = 0.16).

As illustrated in Fig. 3, post-hoc analysis showed that
HbO concentration change in the left BA10 in the no-
HOLD condition was significantly higher when speed
was 5 km/h with respect to 3 km/h (V5_no-HOLD vs.
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V3_no-HOLD: 181.0 nM (182.4) vs. 55.7 nM (271.4),
p=0.011, r=0.53); no difference was found either
between the two speeds in the HOLD condition or
between the two holding conditions when consider-
ing the two speeds separately. Analogous results were
found in the left BA3 (V5_no-HOLD vs. V3_no-HOLD:
184.0 nM (223.5) vs. 51.1 nM (149.8), p=0.002, r=0.65)
and BA39 (V5_no-HOLD vs. V3_no-HOLD: 86.9 nM
(136.7) vs. 27.9 nM (142.3), p<0.001, r=0.75). Further-
more, HbO concentration change in the left BA40 in
the no-HOLD condition was significantly higher when
speed was 5 km/h with respect to 3 km/h (V5_no-HOLD
vs. V3_no-HOLD: 122.0 nM (249.0) vs. 90.1 nM (159.2),
p=0.002, r=0.64); also, a similar significant difference
between the two speeds was found in the HOLD condi-
tion (V5_HOLD vs. V3_HOLD: 142.0 nM (157.8) vs. 23.2
nM (131.1), p<0.001, r=0.91). No difference between the
two holding conditions was found when considering the
two speeds separately.

Considering HbO concentration changes in the left
BAS, no statistical comparison survived.

From the analysis of HbO concentration changes in the
right hemisphere, cortical activation in the no-HOLD
condition was significantly higher when speed was
5 km/h with respect to 3 km/h in the following BAs: right
BA10 (V5_no-HOLD vs. V3_no-HOLD: 210.0 nM (205)
vs. 89.0 nM (229.7), p=0.009, r=0.55), BA9 (V5_no-
HOLD vs. V3_no-HOLD: 143.0 nM (178.8) vs. 88.2 nM
(80.8), p=0.001, r=0.69), BA8 (V5_no-HOLD vs. V3_no-
HOLD: 148.0 nM (270.3) vs. 79.1 nM (159.8), p<0.001,
r=0.71), BA3 (V5_no-HOLD vs. V3_no-HOLD: 119.0
nM (229.4) vs. 37.4 nM (160.4), p =0.008, r=0.56), BA40
(V5_no-HOLD vs. V3_no-HOLD: 132.0 nM (150.1) vs.
42.6 nM (114.1), p<0.001, r=0.71); no differences in
these BAs were found either between the two speeds in
the HOLD condition or between the two holding con-
ditions was found when considering the two speeds
separately.

When assessing the HbR concentration changes, no BA
survived the Wilcoxon signed-rank test against zero with
Bonferroni correction, so no further statistical analyses
were performed on these data.

Task-based functional connectivity

We assessed pairwise task-related FC considering all the
analyzed BAs. As can be seen in Fig. 4, in general, higher
FC was found in the no-HOLD conditions compared to
the HOLD conditions.

Spearman’s correlation coefficient for each couple of
BAs is reported in a color-coded scale ranging from blue
to yellow, only for those BA-to-BA correlations resulted
to be statistically significant. White square indicates
autocorrelation, grey square indicates non-significant
correlation between the two BAs.
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Fig. 2 Brodmann’s areas which resulted to be significantly activated by walking in at least one task condition, displayed on a representative brain tem-
plate, and their hemodynamic responses. The solid and dashed lines represent the concentrations of HbO and HbR, respectively, in the different task
conditions: no-HOLD (left panel) and HOLD (right panel) at 3 km/h (blue lines) and 5 km/h (red lines). Vertical bars represent the end of the task block

In details, in the V5_no-HOLD condition strong corre-
lations were found at the intra-hemispheric level, in the
left hemisphere more than in the right hemisphere, iden-
tifying a frontoparietal network (L-BA10, L-BA9, L-BA8
< L-BA7, L-BA39, L-BA40) and a sensorimotor net-
work (L-BA3 < L-BA6) in the left hemisphere, and two
networks, i.e., sensorimotor (R-BA3 < R-BA4, R-BA6)
and parietal-associative (R-BA7 < R-BA39) in the right

hemisphere. Moderate inter-hemispheric FC was found
among fronto-parietal cortical areas.

In the V5_HOLD condition, a spread and moderate
intra-hemispheric FC was observed in the left hemi-
sphere; in the right hemisphere, FC was reduced and
revealed a frontal network (R-BA10, R-BA9, R-BA8 «
R-BA6) and a parietal network (R-BA7 < R-BA39). At
the inter-hemispheric level, FC was similar to the corre-
sponding no-HOLD condition.
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Table 2 Left (L) and right (R) Brodmann'’s areas significantly active in the different task conditions (one-sample Wilcoxon signed-rank
test versus 0, Bonferroni correction resulting in p <0.0028). * indicates statistical significance

V5_no-HOLD V3_no-HOLD V5_HOLD V3_HOLD
w P w p w P w p
L-BA10 279 <0.001% 235 0014 272 <0.001% 231 0.019
L-BA9 242 0.007 200 0.160 239 0.010 201 0.152
L-BA8 278 <0.001% 166 0.663 252 0.003 21 0.084
L-BA6 273 <00.001* 249 0.004 240 0.009 207 0.107
L-BA4 229 0.023 145 0.900 235 0.014 212 0.079
L-BA3 279 <0.001% 200 0.160 248 0.004 270 <0.001*
L-BA7 214 0.069 174 0.509 196 0.197 102 0.178
-BA39 266 <0.001* 200 0.160 233 0018 150 1.000
-BA40 258 0.001% 214 0.069 273 <0.001* 192 0.241
R-BA10 296 <0.001* 278 <0.001* 299 <0.001* 267 <0.001*
R-BA9 283 <0.001% 273 <0.001* 296 <0.001% 245 0.005
R-BA8 253 0.002* 227 0.027 241 0.008 226 0.029
R-BA6 245 0.005 254 0.002* 247 0.004 238 0.011
R-BA4 200 0.160 190 0.264 244 0.006 180 0.406
R-BA3 251 0.003 212 0.079 276 <0.001* 212 0.079
R-BA7 222 0.039 169 0.603 223 0.037 165 0.684
R-BA39 205 0.121 174 0.509 205 0.121 137 0.726
R-BA40 270 <0.001* 205 0.121 221 0.042 223 0.037

Table 3 Comparisons of the active Brodmann'’s areas across the different task conditions (Friedman’s ANOVA with significance level

at p=0.05 and Durbin-Conover pairwise comparisons with Bonferroni-adjusted p=0.0125). * indicates statistical significance. n.s.
indicates a non-significant contrast, consequently to the result of Friedman's ANOVA not reaching statistical significance

BA X3 p

V5_no-HOLD vs.V3_no-HOLD V5_HOLDvs.V3_HOLD V5_no-HOLD vs.V5_HOLD V3_no-HOLD vs.V3_HOLD

[-BA10 10.1 0.018* 0.011* 0.048
L-BA8 9.15 0.027* 0016 0.050
-BA6 5.15 0.161  ns. ns.
[-BA3 9.75 0.021* 0.002* 0.907
[-BA39 148 0.002* <0.001* 0.053
[-BA40 218 <0.001* 0.002* <0.001*
R-BA1O  9.65 0.022*  0.009* 0.082
R-BA9 131 0.004* 0.001* 0.057
R-BA8 118 0.008* <0.001* 0.285
R-BA6 525 0.154 ns. n.s.
R-BA3 108 0.013* 0.008* 0.047
R-BA40 114 0.010* <0.001* 0.553

0.445 0.860
0.726 0.907
n.s. n.s.

0.293 0.029
0.181 0.714
0.696 0.362
0.907 0413
0.630 0.336
0.124 0.405
n.s. n.s.

0813 0.345
0.046 0.406

Examining BA-to-BA FC in the V3_no-HOLD con-
dition, FC was found to be reduced than in the V5_no-
HOLD condition, with moderate correlation between
motor cortical areas (L-BA4 < L-BA6). In the right
hemisphere, fronto-parietal cortical areas showed strong
or moderate correlation (R-BA9 < R-BA3, R-BA4,
R-BA6, R-BA7, R-BA39, R-BA40). In contrast, a compa-
rable analysis of FC when participants were walking at
3 km/h holding onto the treadmill handrails (V3_HOLD)
did not identify any connectivity in the prefrontal and
parietal cortical areas, but a cluster of FC was identi-
fied in the sensorimotor cortical areas (L-BA4 < L-BA3,
L-BA6; R-BA3 < R-BA4). Considering inter-hemispheric
FC, one small cluster of strong FC was found in the pre-
frontal cortical areas (L-BA10 < R-BA10). In addition, a

moderate FC was observed among sensorimotor areas of
the two hemispheres.

When comparing the different FC patterns observed
during the different conditions, a visual inspection
strongly suggested an influence dictated by task condi-
tion. In particular, there was a striking difference between
the FC pattern observed in the V5_no-HOLD condition
vs. the V3_HOLD condition. Indeed, among all the statis-
tical comparisons of the different FC matrices across the
conditions, only the node between L-BA10 and L-BA40
survived the Bonferroni correction (Z score=3.49,
p=0.00023). Crucially, the correlation value between
L-BA10 and L-BA40 was close to zero in the V3_HOLD
condition, whereas it was extremely high (r=0.80) in the
V5_no-HOLD condition.
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Discussion

The use of handrails in treadmill systems is a debated

topic in the rehabilitation field, though so far

only been explored from a behavioral perspective. We
tried to give new hints in this framework, by conduct-

treadmill. We found significant differences in cortical

it has

ing an fNIRS study in healthy volunteers walking on the

activation between two walking speeds (3—5 km/h) in the
unsupported condition (not holding onto the handrails);
the use of handrails (holding onto the handrails) canceled
these differences, except for the left BA 40.
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Fig. 4 Correlation matrices representing pairwise BA-to-BA task-based functional connectivity

Generally, the premotor, sensorimotor, and associative
areas are the main cortical regions involved during walk-
ing, working together in a complex system to regulate
gait and maintain balance [51-54].

In this study we found a large network including pre-
frontal and parietal cortical areas. Interestingly, the
pattern of activation was different across the several con-
ditions under investigation. By a contrast analysis, we
compared the cortical activations at the speed of 5 km/h
between the HOLD and no-HOLD conditions, and the
cortical activations at the speed of 3 km/h between the
same conditions. We observed no significant differ-
ences between the two holding conditions, considering

the two speeds separately. We could interpret these
results in terms of similar cortical activation patterns,
at both high and low speeds, when holding or not hold-
ing onto the treadmill handrails. Although the contrast
analysis showed no significant results, we could observe
that the cortical activation at the speed of 3 km/h in
the two holding conditions had a common prefron-
tal cortical area (right BA10), but the activation pattern
was slightly larger in the no-HOLD condition. This dif-
ference between the two holding conditions was exac-
erbated by speed: a wider activation of fronto-parietal
areas was observed at the higher speed (5 km/h) in the
unsupported compared to the supported condition. In
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this regard, the comparison between the cortical activa-
tions at the two different speeds (3 km/h vs. 5 km/h) in
the unsupported condition confirmed this observation.
Specifically, cortical activation was significantly higher
when the participants walked with a spontaneous swing
of the arms at a speed of 5 km/h compared to 3 km/h
in the following Brodmann’s areas: left BA10, BA3, and
BA309, and right BA10, BA9, BA8, BA3, and BA40. In the
same cortical areas, no significant differences were found
when participants were holding onto the handrails. These
findings indicate that the more the speed increases, the
more the cortical activation increases, and different areas
are activated between the two conditions. Previously, it
has been shown that the prefrontal and premotor corti-
ces are involved in adapting to locomotor speed on the
treadmill [24]. Further, the change in the left prefrontal
cortex activation is associated with walking speed, being
influenced by the participant’s gait capacity at high walk-
ing speed [55].

However, when we compared the cortical activations in
the two speeds in the supported condition only one dif-
ference remained, consisting in a higher activation of the
left BA40 at the higher speed. The left inferior parietal
cortex (left BA40) is involved in the cortical frontopari-
etal attention network [56].

The negligible modulation induced by speed in the
supported condition is related to a generally reduced
activity pattern, probably because keeping the hands on
the treadmill handrails facilitates the task, regardless of
speed. In the supported condition, the cortical activation
pattern at the higher speed closely resembles that at the
lower speed, with no significant differences between the
speed conditions. Crucially, the reduced activation of
the fronto-parietal areas in the supported condition con-
trasts with the unsupported condition, where those areas
were clearly recruited at the higher speed. In the control
of voluntary movement, these areas are related to atten-
tion and task complexity. During walking, the broader
activation of the supplementary motor and premotor
regions have been found to be related to variability of gait
parameters [57]. This involvement could be regarded as
indirect evidence that walking requires increased atten-
tion for the effort to match the target speed by modulat-
ing the gait parameters. Cortical activity is proportional
to the difficulty in controlling dynamic balance rather
than to the need to walk fast. This would also have impli-
cations for the use of endurance training methods, which
should be performed without hand support, when pos-
sible, if more areas need to be recruited.

Furthermore, at higher speed and without the use
of handrails, a wider pattern of task-based functional
connectivity was observed, with significantly stron-
ger connectivity between the left BA10 and left BA40.
The former could have a role when increased cognitive
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control is required during walking at higher speed
and without support, as evidenced in usual walking in
patients with Parkinson’s disease who need cognitive
resources even in simple tasks [58]. The stronger connec-
tivity between the left BA10 and the left BA40 supports
the idea that walking requires considerable cognitive
input, enriched by information from associative areas.
Indeed, it has been shown that gait and cognitive activity
share a frontoparietal network, and gait speed is signifi-
cantly linked to functional connectivity within the fron-
toparietal network [26].

We could hypothesize that the higher activity elic-
ited by treadmill walking in fronto-parietal areas in the
V5_no-HOLD condition and the associated stronger
frontoparietal connectivity in the left hemisphere are
fundamental for inducing neuroplasticity phenomena.
This is supported by previous studies indicating that
higher neural activation is associated with early plastic-
ity related to motor learning [59], and greater task com-
plexity could be beneficial in inducing motor plasticity in
younger adults [59-61]. Indeed, non-fatiguing conven-
tional locomotor exercise decreases intracortical inhibi-
tion and/or increases intracortical facilitation [62], whilst
exercise with higher workload, that our V5 condition
might be like, could activate wider neural networks and
shape neuroplasticity.

In a rehabilitation perspective it has been reported that
holding onto the handrails while walking or running on
the treadmill reduces the benefits of a workout [9-12]:
the use of handrails forces an unnatural walking. On the
other hand, patients feel more confident on the tread-
mill using them, especially if they report medical condi-
tions that interfere with balance. Previous studies suggest
that support can improve the safety and stability limit of
the center of mass [63, 64]. However, they cannot assess
whether these methods induce adaptive changes taking
place in the central nervous system.

Nevertheless, an important goal of neurological reha-
bilitation from a neural perspective is to design exercises
stimulating cortical activity and connectivity in regions
typically involved in healthy gait, but that can be affected
or associated with the site of lesions [65, 66]. The goal of
rehabilitation is in fact to provide active exercises capa-
ble of inducing improvement in the capacity and qual-
ity of movement, and at the same time to induce brain
functional reorganization. This study shows that corti-
cal activity in healthy individuals is modulated by vary-
ing walking speed, especially when not holding onto the
treadmill handrails. Additionally, stronger connectiv-
ity is associated with increased speed and the absence
of support. Our results indicate that walking speed, and
whether holding the treadmill handrail should be con-
sidered when planning a treatment to increase cortical
activity in regions of interest.
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Based on the present results, we propose that, when
possible, the handrails should be used only when getting
onto and off of the treadmill and when it is starting the
movement, but not during walking. At the same time,
walking speed should be set close to the maximum gait
capacity.

A limitation of this study is the absence of behavioral
data to correlate with the hemodynamic responses or to
assess the workload associated with the different walk-
ing speeds. However, it is worth noting that walking at 3
and 5 km/h is not a demanding task for healthy subjects,
therefore behavioral differences between these condi-
tions were not of interest in this study. Nonetheless, this
could be relevant for patients with lower limb disability,
for whom a speed of 5 km/h could already represent a
challenging task, potentially leading to observable differ-
ences in behavioral and metabolic aspects.

Further studies need to investigate the cortical corre-
lates of speed and the use of handrails during treadmill
walking in a population of patients with neurological dis-
eases affecting gait and balance.

Conclusions

We demonstrated that walking speed and the use of
treadmill handrails influence walking cortical activ-
ity patterns, therefore they are key ingredients to take
into account when planning a rehabilitation program. It
would be advisable not to use the handrails, or gradu-
ally reduce their use, in order to keep the body upright
and not leaning. Also, the speed should be set as high as
possible, gradually increasing it on the basis of individu-
al’'s performance. We suggest that the effects of walking
speed and handrails use on cortical activation levels can
significantly contribute to the induction of neural plas-
ticity in the context of repeated intervention sessions.
This phenomenon is essential for optimizing therapeu-
tic effects, promoting neurophysiological adaptations
that can improve motor function and facilitate recovery.
Therefore, modulation of these variables during reha-
bilitation sessions may represent a strategic approach to
maximize clinical outcomes.
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