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Introduction

A prominent feature of Parkinson’s disease (PD) is impaired 
gait, which is marked by slow walk, short steps, increased 
variability, and reduced automaticity.1 Gait automaticity 
refers to the ability to walk with minimal conscious effort 
(or executive-attentional resources).2,3 In PD, this automatic 
control is disrupted by the degenerative process that affects 
the basal ganglia and networks involved in automaticity. It 
is suggested that people with PD may compensate for defi-
cits in automaticity by engaging cognitive resources for the 
control of gait,4-7 a process thought to be mediated by the 
cholinergic system.8 However, the levels of acetylcholine 
are reduced in people with PD,9,10 limiting the ability of the 
compensatory mechanism in maintaining healthy gait.

Measuring the integrity of the cholinergic system may 
provide valuable insights into the extent of cholinergic 
involvement in PD-related gait impairments. Three main 
techniques can assess the cholinergic system. First, molecu-
lar imaging techniques, such as single-photon emission 
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Abstract
Background. The extent to which the cholinergic system contributes to gait impairments in Parkinson’s disease (PD) remains 
unclear. Electroencephalography (EEG) alpha reactivity, which refers to change in alpha power over occipital electrodes 
upon opening the eyes, has been suggested as a marker of cholinergic function. We compared alpha reactivity between 
people with PD and healthy individuals and explored its potential association with gait measures. Methods. Eyes-closed 
and eyes-open resting-state EEG data were recorded from 20 people with idiopathic PD and 19 healthy individuals with 
a 64-channel EEG system. Alpha reactivity was calculated as the relative change in alpha power (8-13 Hz) over occipital 
electrodes from eyes-closed to eyes-open. Gait spatiotemporal measures were obtained with an electronic walkway. 
Results. Alpha reactivity was reduced in people with PD compared to healthy individuals (U = 105, P = .017); the rank-biserial 
correlation of .447 indicated a moderate effect size. When controlling for global cognition (Mini Mental State Examination), 
the group difference in alpha reactivity was no longer significant. Alpha reactivity associated with measures of gait variability 
only (ρ = −.437 to −.532). Conclusions. Resting-state alpha reactivity is reduced in PD, suggesting impaired cholinergic 
function. Reduced alpha reactivity was associated with greater gait variability, indicating a role of the cholinergic system in 
the mechanisms underlying gait variability. Therefore, the cholinergic system may represent a target for treatments aiming 
to reduce gait variability and alpha reactivity should be further explored as an endpoint for clinical trials.
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computerized tomography, and positron emission tomogra-
phy, allow the assessment of cholinergic markers (presyn-
aptic, postsynaptic, and muscarinic acetylcholine receptors). 
Molecular imaging studies show that gait impairments 
relate to cortical levels of acetylcholine whereas fall history 
is linked to thalamic levels of acetylcholine in people with 
PD.9,11-15 In turn, freezing of gait has been linked to reduced 
vesicular acetylcholine transporter binding in striatal cho-
linergic interneurons and the limbic archicortex.15 Second, 
short latency afferent inhibition (SAI) measured with tran-
scranial magnetic stimulation (paired with electrical stimu-
lation of a peripheral nerve) can quantify cortical cholinergic 
activity.16 SAI studies show that lower levels of acetylcho-
line are associated with shortened strides, reduced gait 
speed, and increased dual-task cost and falls in people with 
PD.17,18 Although molecular imaging and SAI studies have 
contributed to the understanding of the cholinergic system, 
such techniques involve expensive equipment, injection of 
tracers, and/or magnetic and electric stimulation that may 
be uncomfortable. Such inherent characteristics may limit 
the utilization of molecular imaging and SAI.

The third technique for the assessment of the cholinergic 
system refers to electroencephalography (EEG) alpha reac-
tivity. The concept arose from studies linking EEG alpha 
activity with cognitive processes, particularly attention and 
alertness, which are modulated by cholinergic activity. 
During resting-state eyes-closed EEG, a prominent rhythm 
in the alpha frequency band (8-13 Hz) can be observed.19 In 
healthy individuals, opening of the eyes results in marked 
attenuation of alpha power.19,20 Thus, alpha reactivity is 
defined as the magnitude of such attenuation (or change) in 
alpha power from eyes-closed to eyes-open condition, par-
ticularly in occipital electrodes. Wan et  al21 demonstrated 
that alpha reactivity is associated with the functional con-
nectivity between the nucleus basalis of Meynert (a major 
source of cortical cholinergic innervation) and the visual 
cortex. Further, reduced alpha reactivity is associated with 
smaller volumes of the nucleus basalis of Meynert.22 
Therefore, alpha reactivity has been suggested as a marker 
of cholinergic system integrity,21,23 with reduced alpha reac-
tivity reflecting impaired cholinergic function.

Measuring alpha reactivity offers a novel, non-invasive, 
and relatively inexpensive approach to explore the relation-
ship between cholinergic system integrity and gait impair-
ments in PD. To date, 2 studies have reported reduced alpha 
reactivity in PD24,25 and no previous study has investigated 
the association between alpha reactivity and gait in PD. 
Therefore, the aim of this study was to compare alpha reac-
tivity between people with PD and healthy individuals and 
explore its association with gait measures representing vari-
ous gait domains. By examining the link between a cholin-
ergic marker (ie, alpha reactivity) and gait performance, this 
study may provide insights into cholinergic mechanisms 
underlying gait impairments in PD. We hypothesize that 

people with PD will demonstrate reduced alpha reactivity, 
which will be associated with gait impairments.

Methods

Participants, Ethics, and Clinical Assessment

This is an observational, cross-sectional study. Thirty-nine 
participants were recruited from our lab database (Sao 
Paulo State University, Rio Claro, Brazil), including 20 
people with PD and 19 healthy individuals. All partici-
pants gave their written informed consent before they par-
ticipated in the study. The study procedures were conducted 
in accordance with the Declaration of Helsinki, and the 
study protocol was approved by the local Ethics Committee 
(#39844814.5.0000.5465).

Patients were selected on the criteria of having a con-
firmed diagnosis of idiopathic PD (according to UK 
Parkinson’s Disease Society Brain Bank criteria). The fol-
lowing inclusion criteria were common for both groups: 
able to walk unaided and be community-dwelling. Exclusion 
criteria were the following: clinical diagnosis of dementia 
or other severe cognitive impairment (according to recom-
mendations for utilization of the Mini-Mental State 
Examination in Brazil; cut-off = 20/24 points for illiterates 
and those who attended formal education, respectively26); 
diagnosed major depressive disorder; chronic musculoskel-
etal or neurological disease (other than PD). An initial 
anamnesis was carried out to obtain demographic informa-
tion (eg, age, height, and body mass). The Unified 
Parkinson’s Disease Rating Scale (UPDRS) and the Hoehn 
and Yahr Rating Scale (H&Y) were applied to assess dis-
ease severity and disease stage, respectively. People with 
PD were tested in the ON state of medication (approxi-
mately 1 hour after having taken a dose).

EEG Recordings and Processing

Resting state EEG recordings were acquired using a mobile 
64-channel system (eego™ sports, ANT Neuro, Enschede, 
The Netherlands), sampled at 1024 Hz. Waveguard caps, 
comprising sintered Ag/AgCl electrodes, were placed 
according to the 10-10 system. One channel was used to 
record electrooculography data, with the electrode posi-
tioned below the left eye. The electrodes AFz and CPz 
served as online ground and reference, respectively. 
Participants remained seated on a comfortable chair (in a 
quiet room) and EEG signals were recorded for eyes-closed 
(5 minutes) and eyes-open (2 minutes) conditions (Figure 1). 
For the transition between conditions, participants received 
a verbal instruction to open their eyes. Participants were 
instructed to remain awake. During the eyes-open condi-
tion, participants were asked to fixate their gaze at a target 
placed on the wall in front of them (2 m away from the 
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chair), at the height of their eyes. The research team super-
vised participants during the recording to monitor adher-
ence to the protocol.

Pre-processing steps of EEG data were performed in 
MATLAB (Mathworks, Natick, MA, USA), using scripts 
and functions based on EEGLAB 2024 (http://www.sccn.
ucsd.edu/eeglab).27 The EEG data were pre-processed using 
the following pipeline. First, signals were band-pass filtered 
between 0.5 and 100 Hz using a second-order Butterworth 
filter. Line noise was attenuated with the CleanLine func-
tion (pop_cleanline) with a 60 Hz notch filter, bandwidth of 
2 Hz, and a time window of 4 seconds. Noisy channels and 
artefactual segments were removed using the Clean 
Rawdata function (pop_clean_rawdata), applying a flatline 
threshold of 5 seconds, a channel correlation criterion of 
0.8, and a burst criterion of 20 to identify and reject non-
brain activity. In total, 10.2 ± 6.9% of the recording dura-
tion for eyes-open and 7.6 ± 6.9% for eyes-closed were 
excluded as artefactual segments. Channels were re-refer-
enced to the average reference. Independent component 
analysis (ICA) was performed using the extended version 
of the RUNICA algorithm (pop_runica) to decompose the 
data into independent components. The resulting compo-
nents were classified using ICLabel (pop_iclabel), and 

components representing non-neural sources (eg, eye 
movements and muscle artifacts)28 were identified with a 
probability threshold of 0.6 and flagged using pop_icflag. 
These flagged components were then removed (pop_sub-
comp). Finally, any previously removed channels were 
interpolated using spherical spline interpolation to restore 
the channel configuration (pop_interp). This comprehen-
sive pipeline ensures the data are clean, free of artifacts, and 
ready for further analysis.

Data from 3 occipital electrodes (O1, O2, and Oz) were 
selected for the alpha reactivity analysis.21,22 The power 
spectral density (PSD) was estimated for each electrode 
separately, using Welch’s method with a frequency resolu-
tion of 0.25 Hz and a Hamming window. The resulting PSD 
for the 3 electrodes was averaged across the 3 electrodes for 
each condition separately (eyes-closed and eyes-open). 
Alpha reactivity (αR ) was then calculated according to the 
following formula:
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Alpha power (P) was computed as the relative power within 
8 to 13 Hz frequency band (normalized by the total power 
across all frequency bands).

Figure 1.  Summarized methodological approach and processing steps for EEG data.

http://www.sccn.ucsd.edu/eeglab
http://www.sccn.ucsd.edu/eeglab
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Gait Assessment

Participants walked, at their preferred pace, for 1 minute 
around a 25.8 m oval circuit (with two 6.5 m parallel 
straights; Figure 1). Four trials/repetitions were per-
formed. Spatiotemporal gait parameters were recorded by 
a 5.74 m electronic walkway (200 Hz; GAITRite®, CIR 
Systems, Inc., Franklin, NJ, USA) placed over the central 
area of the first straight segment of the circuit. We 
recorded an average of 107.3 (range = 97-127) steps for 
people with PD and 103.4 (range = 86-119) steps for 
healthy individuals, which is far above the minimum of 
30 steps recommended for reliable measures of gait vari-
ability.29 A customized MATLAB algorithm was used to 
obtain the following gait parameters (from the GAITRite 
output): step length, step duration, step velocity, step 
width, stance time, swing time (mean of the recorded 
steps), and step-to-step variability in the same parameters 
(standard deviation of the recorded steps).

Statistical Analysis

The statistical analysis was carried out in Statistical Package 
for the Social Sciences version 26 (The International 
Business Machines Corporation, USA); the significance 
level was set to 0.05. For demographic data, unrelated sam-
ple Student’s t-tests, Mann–Whitney U test, and chi-square 
tests were employed for between-group comparisons. The 
Shapiro–Wilk’s test showed that alpha reactivity had non-
normal distribution in our sample. Therefore, the Mann–
Whitney U test was used to compare alpha reactivity 
between groups. The rank-biserial correlation was calcu-
lated as a measure of effect size and interpreted as: small 
effect (<0.3), moderate effect (0.3-0.5), or large effect 
(>0.5). Because the Mini Mental differed between groups, 
we used rank analysis of covariance (Quade’s test) to com-
pare alpha reactivity between people with PD and healthy 
individuals while controlling for Mini Mental scores. 
Furthermore, the associations between alpha reactivity and 

gait measures or clinical scales (ie, UPDRS, H&Y, and Mini 
Mental) were explored using Spearman correlation coeffi-
cients (with significance level corrected for multiple 
correlations).

Data Availability

Derived data supporting the findings of this study are avail-
able from the corresponding author on request.

Results

Participants Characteristics

The 2 groups were not significantly different in sex, age, 
body mass, or height (Table 1). People with PD presented 
H&Y stages I to III, with mild to moderate disease severity 
(Table 1) as measured by the UPDRS. Despite having pre-
served global cognitive function, people with PD had lower 
Mini Mental scores than healthy individuals (Table 1). 
Relative to healthy individuals, people with PD walked 
with shorter and slower steps and increased step-to-step 
variability (Supplemental Table 1).

Alpha Reactivity: Healthy Versus PD

Figure 2 shows the power spectral density curves of the 3 
occipital electrodes (O1, O2, and Oz) in the eyes-closed 
(black line) and eyes-open (red line) conditions. Alpha reac-
tivity from eyes-closed to eyes-open condition was reduced 
in people with PD compared to healthy individuals (U = 105, 
P = .017, Figure 3); the rank-biserial correlation of 0.447 
indicated a moderate effect size. Of note, this finding of 
reduced alpha reactivity in people with PD was consistent 
even when O1 and O2 electrodes were analyzed separately 
(Supplemental Table 2), suggesting that lateralization does 
not seem to play a role on findings. However, when control-
ling for scores in Mini Mental, the group difference was no 
longer significant (P = .216, Figure 3).

Table 1.  Demographic Characteristics of Both Groups.

Variables Parkinson Control P-value

Sex (male/female) 8/12 7/12 .839
Age (years) 70.6 (9.6) 70.1 (5.6) .860
Body mass (kg) 69.5 (11.5) 68.7 (10.5) .812
Height (cm) 161.2 (7.8) 160.7 (7.3) .858
Mini-Mental (0-30 score) 27.2 (1.7) 28.8 (1.0) .005*
UPDRS I (0-16 score) 3.3 (1.2) — —
UPDRS II (0-52 score) 9.1 (4.4) — —
UPDRS III (0-108 score) 23.9 (8.9) — —
Hoehn and Yahr (1/1.5/2/2.5/3) 2/4/9/4/1 — —

Abbreviation: UPDRS, Unified Parkinson’s Disease Rating Scale.
*Significant difference between groups.
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Associations With Gait, Cognition, and Clinical 
Scales

Across the entire sample, alpha reactivity associated with 
measures of gait variability only (Table 2), namely: stance 
time variability (ρ = −.532), step velocity variability 
(ρ = −.515), step time variability (ρ = −.463), and step 
length variability (ρ = −.449). When only people with PD 
were considered for correlations, alpha reactivity also 
associated with measures of gait variability only 
(Supplemental Table 3), namely: stance time variability 
(ρ = −.638) and swing time variability (ρ = −.544). Figure 4 

illustrates the significant association between alpha reactiv-
ity and gait variability. Alpha reactivity also associated with 
Mini Mental (ρsample = .346, P = .033; ρPD = .536, P = .015). 
Alpha reactivity was not significantly associated with other 
gait measures, UPDRS, or H&Y scale (P > .05; Table 2; 
Supplemental Table 3).

Discussion

Alpha reactivity from eyes-closed to eyes-open condition 
has been suggested as a marker of cholinergic activity.21,22,24 
We compared alpha reactivity (from occipital electrodes) 

Figure 2.  Mean and standard deviation of the power spectral density of the 3 occipital electrodes (O1, O2, and Oz) for both groups 
in the eyes-closed (black line) and eyes-open (red line) conditions.

Figure 3.  Mean, standard deviation and individual data-points of alpha reactivity and its unstandardized residuals (when controlling 
for Mini Mental scores) for both groups.
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between people with PD and healthy individuals. This is the 
first study to examine the association between alpha reac-
tivity and gait in people with PD. We demonstrated that 
alpha reactivity is reduced in people with PD relative to 
healthy individuals. This finding confirmed our hypothesis 
and was largely expected, as reduced alpha reactivity in PD 
had been previously reported,24,25 and other techniques (ie, 

molecular imaging and SAI) had demonstrated that cholin-
ergic deficits are also part of pathophysiology in PD.9,10,17,18 
However, the group difference in alpha reactivity was not 
significant while controlling for Mini Mental scores; and 
reduced alpha reactivity associated with worse Mini Mental 
score, indicating that the group difference in alpha reactiv-
ity is driven by levels of global cognitive function and per-
haps is not specific to PD. Finally, we observed that alpha 
reactivity was specifically associated with measures of gait 
variability, suggesting that cholinergic activity plays a role 
in the control of gait variability, with reduced cholinergic 
activity being associated with greater gait variability.

Cholinergic Deficits Are Associated With Worse 
Gait

Studies combining gait assessment and different techniques 
to assess cholinergic function (namely molecular imaging 
and SAI) have highlighted the role of the cholinergic system 
in gait impairments in PD. Bonnen et al11 showed that gait 
speed while OFF medication was slower in people with PD 
with low levels of neocortical acetylcholine ([(11)C]methyl-
4-piperidinyl propionate acetylcholinesterase positron emis-
sion tomography [PET] imaging), but not in those with PD 

Table 2.  Spearman Correlation Coefficient and P-values for 
Correlations Between Alpha Reactivity and Gait Measures or 
Clinical Scales Across the Overall Sample.

Outcome measures Overall sample (n = 39)

Step velocity ρ = .289, P = .075
Step length ρ = .294, P = .069
Step time ρ = −.078, P = .635
Swing time ρ = .125, P = .450
Stance time ρ = −.148, P = .369
Step velocity variability ρ = −.515, P < .001**
Step length variability ρ = −.449, P = .004**
Step time variability ρ = −.463, P = .003**
Swing time variability ρ = −.437, P = .005
Stance time variability ρ = −.532, P < .001**

**Significant correlation after P-value correction (P < .005).

Figure 4.  Significant associations between alpha reactivity and measures of gait variability (for the entire sample). Gray markers 
represent people with PD and blue markers represent healthy individuals.
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with normal-range levels of acetylcholine. Rochester et al18 
observed that worse SAI was associated with slower gait 
speed and shorter step length (while ON medication). 
Pelosin et al17 observed that worse SAI is associated with 
increased dual-task cost of gait speed (ON medication). In 
contrast, we observed that reduced alpha reactivity is spe-
cifically associated with greater gait variability (but not with 
other gait measures). It is worth noting that our findings are 
in line with findings from Henderson et al,30 who observed 
reduced step time variability in response to rivastigmine. In 
combination, these findings suggest that different measures 
of cholinergic function (which may represent distinct sources 
of cholinergic activity or pathways) may selectively influ-
ence distinct aspects of gait. A larger study combining all 3 
techniques of cholinergic function assessment with gait 
analysis is needed to clarify this interpretation. To date, 
d’Angremont et al31 recently reported that SAI did not cor-
relate with fluorine-18 fluoroethoxybenzovesamicol ([18F]
FEOBV)-PET in people with PD patients (in the primary 
motor and somatosensory cortices and the thalamus), sug-
gesting that SAI and [18F]FEOBV-PET assess different 
aspects of cholinergic transmission.

Alpha reactivity reflects cortical activation changes 
associated with attention, cognitive engagement, and visual 
input, which are modulated by cholinergic activity.8 Alpha 
rhythms are generated in part by thalamocortical circuits, 
which are also modulated by acetylcholine. Cholinergic 
inputs to the thalamus and cortex help regulate sensory pro-
cessing and attentional shifts, leading to alpha desynchroni-
zation during wakeful, eyes-open states. Further, alpha 
reactivity is associated with smaller volumes of the nucleus 
basalis of Meinert and its functional connectivity with the 
visual cortex.21,22 Thus, the specific association of alpha 
reactivity with gait variability may be due to gait variability 
being more sensitive (than other gait measures) to changes 
in cholinergic function within pathways involving the 
above-mentioned areas (ie, thalamus, cerebral cortex, and 
nucleus basalis of Meinert).

The findings linking cholinergic involvement to gait 
variability in PD raises questions about gait impairments in 
Alzheimer’s disease (AD), where cholinergic dysfunction is 
a hallmark feature. While gait disturbances are present in 
AD, they are typically less pronounced in terms of variabil-
ity and fall risk compared to PD. This discrepancy may 
stem from the complex interplay between cholinergic and 
dopaminergic systems in motor control.32 While cholinergic 
dysfunction contributes to gait disturbances in PD, it does 
so within the context of profound dopaminergic degenera-
tion.1,9,10,14 The basal ganglia, which play a key role in auto-
matic gait control, receive both dopaminergic and 
cholinergic inputs, and disruptions in this circuitry can lead 
to impaired step-to-step regulation.33 In PD, degeneration 
of the pedunculopontine nucleus and nucleus basalis of 
Meynert (major sources of cholinergic innervation) occurs 

alongside nigrostriatal dopaminergic loss, potentially 
amplifying gait variability and increasing fall risk. In con-
trast, while AD is also characterized by cholinergic degen-
eration, it lacks the same degree of dopaminergic deficits 
seen in PD, which may explain why gait variability is typi-
cally less pronounced in AD. Future research should inves-
tigate the impact of the complex interactions between 
cholinergic and dopaminergic systems on gait variability; 
testing people with PD (gait assessment and alpha reactiv-
ity) while ON and OFF their dopaminergic medication and 
assessing the effects of cholinergic augmentation (in PD 
and AD) may provide valuable insights

Alpha Reactivity Is Reduced in PD, But It Is Not 
Specific to PD

Reduced alpha reactivity does not seem to be specific to 
PD. Our findings of reduced alpha reactivity in PD are in 
line with 2 recent studies.24,25 However, the group differ-
ence disappeared while controlling the comparison for 
Mini Mental scores. In addition, reduced alpha reactivity 
has been reported in other neurological cohorts (eg, AD, 
Lewis Body Dementia, and PD Dementia) compared to 
healthy individuals.22,34,35 Thus, alpha reactivity, as a 
stand-alone measure, does not seem to represent a marker 
for a specific pathology. Instead, alpha reactivity seems to 
be a good marker for overall integrity of the cholinergic 
system or cholinergic activity. This is supported by studies 
reporting that reduced alpha reactivity is related to a loss 
of cholinergic drive from the nucleus basalis of 
Meynert,21,22 a major source of cortical cholinergic inner-
vation. Because reduced alpha reactivity has also been 
observed in people with Mild Cognitive Impairment, alpha 
reactivity should be further investigated as a potential 
marker for early cognitive decline.

Clinical Implications and Future Directions

Alpha reactivity may represent a non-invasive and rela-
tively inexpensive option to assess cholinergic function in 
clinical trials involving interventions aimed to enhance cho-
linergic function and/or reduce gait variability. The inter-
play between alpha reactivity, different gait measures/
domains, and different cognitive domains must be further 
investigated in PD (as we only explored global cognition) 
and other neurological cohorts with gait and/or cognitive 
impairments.

An optimal protocol for calculating alpha reactivity 
must be established, with definitions of minimal number 
of EEG channels needed and optimal duration of the 
recordings and automated preprocessing steps. Thus, 
researchers in the field of gait research are encouraged to 
explore the development of alpha reactivity as a biomarker 
for understanding the cholinergic mechanisms associated 
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with gait impairments and response to interventions. For 
example, although cholinergic augmentation with acetyl-
cholinesterase inhibitors can improve gait and turning in 
PD,36,37 their side effects are burdensome and particularly 
problematic in the older adult population.30 Therefore, alter-
native treatment options to increase cholinergic function 
need to be investigated, including exercise, vagus nerve 
stimulation, transcranial direct current stimulation (tDCS), 
and others. To date, among various gait domains assessed in 
our recent study,38 only gait variability (ie, step time vari-
ability) responded to the combination of aerobic exercise 
with anodal tDCS over the prefrontal cortex. Thus, the addi-
tion of anodal tDCS over the prefrontal cortex to a session 
of aerobic exercise may have increased cholinergic activity, 
leading to reduced gait variability.

Limitations

A limitation of the current study is that people with PD were 
only tested in their ON state of dopaminergic medication, 
which may influence EEG recordings (relative to OFF state 
of medication).39 Because we did not record the partici-
pants’ medications, we were unable to control the analysis 
for their dose of dopaminergic medication. Furthermore, 
our study did not assess various distinct cognitive domains, 
limiting the interpretations to global cognition as assessed 
with the Mini Mental (ie, a screening tool). Given the prom-
ising nature of current findings, future studies are encour-
aged to address these limitations.

Conclusion

Alpha reactivity from resting-state eyes-closed to eyes-
open EEG is reduced in people with PD, suggesting 
impaired cholinergic function in PD. The reduced alpha 
reactivity seems to be driven by the association with levels 
of global cognition. Furthermore, reduced alpha reactivity 
associated with greater gait variability, indicating a crucial 
role of the cholinergic system in the mechanisms underly-
ing increased gait variability. Therefore, the cholinergic 
system may represent a target for treatments aiming to 
reduce gait variability and alpha reactivity should be further 
explored as a potential endpoint for clinical trials.

Acknowledgments

Authors acknowledge participants for donating their time.

Author Contributions

Ellen Lirani-Silva: Data curation; Investigation; Methodology; 
Project administration; Visualization; and Writing—original draft. 
Layla C. S. Silva: Data curation; Formal analysis; Investigation; 
Methodology; and Writing—review & editing. Diego Orcioli-
Silva: Data curation; Investigation; Methodology; and Writing—
review & editing. Victor S. Beretta: Data curation; Investigation; 

Methodology; and Writing—review & editing. Lucas G. S. 
França: Formal analysis; Investigation; Methodology; and 
Writing—review & editing. Daniel B. Coelho: Data curation; 
Formal analysis; Investigation; Methodology; Visualization; and 
Writing—review & editing. Rodrigo Vitório: Conceptualization; 
Data curation; Formal analysis; Funding acquisition; Investigation; 
Methodology; Project administration; Supervision; Visualization; 
Writing—original draft; and Writing—review & editing.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: This 
research was supported by the Sao Paulo Research Foundation 
(FAPESP; 2014/22308-0; 2017/19845-1), and the Coordenação 
de Aperfeiçoamento de Pessoal de Nível Superior—Brasil 
(CAPES)—Finance Code 001.

Ethical Considerations

The study procedures were conducted in accordance with the 
Declaration of Helsinki, and the study protocol was approved by 
the local Ethics Committee of Sao Paulo State University 
(#39844814.5.0000.5465).

Consent to Participate

All participants gave their written informed consent before they 
participated in the study.

Consent for Publication

All participants gave their written consent for publication.

ORCID iDs

Ellen Lirani-Silva  https://orcid.org/0000-0002-7658-6883

Diego Orcioli-Silva  https://orcid.org/0000-0002-2278-8092

Victor S. Beretta  https://orcid.org/0000-0002-4640-7733

Lucas G. S. França  https://orcid.org/0000-0003-0853-1319

Daniel B. Coelho  https://orcid.org/0000-0001-8758-6507

Rodrigo Vitorio  https://orcid.org/0000-0001-7128-9452

References

	 1.	 Mirelman A, Bonato P, Camicioli R, et al. Gait impairments 
in Parkinson’s disease. Lancet Neurol. 2019;18(7):697-708. 
doi:10.1016/s1474-4422(19)30044-4

	 2.	 Wu T, Hallett M, Chan P. Motor automaticity in Parkinson’s 
disease. Neurobiol Dis. 2015;82:226-234. doi:10.1016/j.
nbd.2015.06.014

	 3.	 Nóbrega-Sousa P, Gobbi LTB, Orcioli-Silva D, Conceição 
NRD, Beretta VS, Vitório R. Prefrontal cortex activity during 
walking: effects of aging and associations with gait and execu-
tive function. Neurorehabil Neural Repair. 2020;34(10):915-
924. doi:10.1177/1545968320953824

https://orcid.org/0000-0002-7658-6883
https://orcid.org/0000-0002-2278-8092
https://orcid.org/0000-0002-4640-7733
https://orcid.org/0000-0003-0853-1319
https://orcid.org/0000-0001-8758-6507
https://orcid.org/0000-0001-7128-9452


750	 Neurorehabilitation and Neural Repair 39(9)

	 4.	 Orcioli-Silva D, Vitório R, Beretta VS, et al. Is cortical acti-
vation during walking different between Parkinson’s dis-
ease motor subtypes? J Gerontol Ser A Biol Sci Med Sci. 
2021;76(4):561-567. doi:10.1093/gerona/glaa174

	 5.	 Orcioli-Silva D, Vitório R, Nóbrega-Sousa P, et al. Cortical 
activity underlying gait improvements achieved with dopa-
minergic medication during usual walking and obstacle 
avoidance in Parkinson disease. Neurorehabil Neural Repair. 
2021;35(5):406-418. doi:10.1177/15459683211000736

	 6.	 Orcioli-Silva D, Vitório R, Nóbrega-Sousa P, et al. Levodopa 
facilitates prefrontal cortex activation during dual task walk-
ing in Parkinson disease. Neurorehabil Neural Repair. 
2020;34(7):589-599. doi:10.1177/1545968320924430

	 7.	 Vitorio R, Stuart S, Mancini M. Executive control of walk-
ing in people with Parkinson’s disease with freezing of 
gait. Neurorehabil Neural Repair. 2020;34(12):1138-1149. 
doi:10.1177/1545968320969940

	 8.	 Fisher SK, Wonnacott S. Acetylcholine. In: Brady ST, Albers 
RW, Siegel GJ, & Price DL, eds. Basic Neurochemistry: 
Principles of Molecular, Cellular and Medical Neurobiology, 
8th ed. Academic Press; 2011: p. 258-282.

	 9.	 Bohnen NI, Müller ML, Kotagal V, et  al. Heterogeneity 
of cholinergic denervation in Parkinson's disease without 
dementia. J Cereb Blood Flow Metab. 2012;32(8):1609-
1617. doi:10.1038/jcbfm.2012.60

	10.	 Calabresi P, Picconi B, Parnetti L, Di Filippo M. A conver-
gent model for cognitive dysfunctions in Parkinson’s dis-
ease: the critical dopamine-acetylcholine synaptic balance. 
Lancet Neurol. 2006;5(11):974-983. doi:10.1016/s1474-
4422(06)70600-7

	11.	 Bohnen NI, Frey KA, Studenski S, et  al. Gait speed in 
Parkinson disease correlates with cholinergic degenera-
tion. Neurology. 2013;81(18):1611-1616. doi:10.1212/
WNL.0b013e3182a9f558

	12.	 Bohnen NI, Müller ML, Koeppe RA, et  al. History of falls 
in Parkinson disease is associated with reduced cholinergic 
activity. Neurology. 2009;73(20):1670-1676. doi:10.1212/
WNL.0b013e3181c1ded6

	13.	 Müller ML, Albin RL, Kotagal V, et  al. Thalamic cholin-
ergic innervation and postural sensory integration function 
in Parkinson’s disease. Brain. 2013;136(Pt 11):3282-3289. 
doi:10.1093/brain/awt247

	14.	 Bohnen NI, Marusic U, Roytman S, et al. Dynamic balance 
and gait impairments in Parkinson's disease: novel choliner-
gic patterns. Brain Commun. 2024;6(5):fcae286. doi:10.1093/
braincomms/fcae286

	15.	 Bohnen NI, Kanel P, Zhou Z, et  al. Cholinergic  
system changes of falls and freezing of gait in Parkinson’s 
disease. Ann Neurol. 2019;85(4):538-549. doi:10.1002/ana. 
25430

	16.	 Di Lazzaro V, Oliviero A, Pilato F, et al. Motor cortex hyperex-
citability to transcranial magnetic stimulation in Alzheimer’s 
disease. J Neurol Neurosurg Psychiatry. 2004;75(4):555-559. 
doi:10.1136/jnnp.2003.018127

	17.	 Pelosin E, Ogliastro C, Lagravinese G, et al. Attentional con-
trol of gait and falls: is cholinergic dysfunction a common 
substrate in the elderly and Parkinson’s disease? Front Aging 
Neurosci. 2016;8:104. doi:10.3389/fnagi.2016.00104

	18.	 Rochester L, Yarnall AJ, Baker MR, et al. Cholinergic dys-
function contributes to gait disturbance in early Parkinson’s 
disease. Brain. 2012;135(Pt 9):2779-2788. doi:10.1093/brain/
aws207

	19.	 Markand ON. Alpha rhythms. J Clin Neurophysiol. 
1990;7(2):163-189. doi:10.1097/00004691-199004000-
00003

	20.	 Könönen M, Partanen JV. Blocking of EEG alpha activity dur-
ing visual performance in healthy adults. A quantitative study. 
Electroencephalogr Clin Neurophysiol. 1993;87(3):164-166. 
doi:10.1016/0013-4694(93)90122-c

	21.	 Wan L, Huang H, Schwab N, et al. From eyes-closed to eyes-
open: role of cholinergic projections in EC-to-EO alpha reac-
tivity revealed by combining EEG and MRI. Hum Brain Map. 
2019;40(2):566-577. doi:10.1002/hbm.24395

	22.	 Schumacher J, Thomas AJ, Peraza LR, et al. EEG alpha reac-
tivity and cholinergic system integrity in Lewy body dementia 
and Alzheimer’s disease. Alzheimers Res Ther. 2020;12(1):46. 
doi:10.1186/s13195-020-00613-6

	23.	 Osipova D, Ahveninen J, Kaakkola S, Jääskeläinen IP, 
Huttunen J, Pekkonen E. Effects of scopolamine on MEG 
spectral power and coherence in elderly subjects. Clin 
Neurophysiol. 2003;114(10):1902-1907. doi:10.1016/s1388-
2457(03)00165-2

	24.	 Rea RC, Berlot R, Martin SL, et  al. Quantitative EEG and 
cholinergic basal forebrain atrophy in Parkinson's disease and 
mild cognitive impairment. Neurobiol Aging. 2021;106:37-
44. doi:10.1016/j.neurobiolaging.2021.05.023

	25.	 Gimenez-Aparisi G, Guijarro-Estelles E, Chornet-Lurbe A, 
Ballesta-Martinez S, Pardo-Hernandez M, Ye-Lin Y. Early 
detection of Parkinson’s disease: systematic analysis of the 
influence of the eyes on quantitative biomarkers in resting 
state electroencephalography. Heliyon. 2023;9(10):e20625. 
doi:10.1016/j.heliyon.2023.e20625

	26.	 Almeida OP. Mini exame do estado mental e o diagnóstico 
de demência no Brasil [Mini mental state examination and 
the diagnosis of dementia in Brazil]. Arq Neuropsiquiatr. 
1998;56(3b):605-612. doi:10.1590/s0004-282x1998000400014

	27.	 Delorme A, Makeig S. EEGLAB: an open source toolbox for 
analysis of single-trial EEG dynamics including independent 
component analysis. J Neurosci Methods. 2004;134(1):9-21. 
doi:10.1016/j.jneumeth.2003.10.009

	28.	 Chaumon M, Bishop DV, Busch NA. A practical guide to 
the selection of independent components of the electroen-
cephalogram for artifact correction. J Neurosci Methods. 
2015;250:47-63. doi:10.1016/j.jneumeth.2015.02.025

	29.	 Galna B, Lord S, Rochester L. Is gait variability reliable 
in older adults and Parkinson’s disease? Towards an opti-
mal testing protocol. Gait Posture. 2013;37(4):580-585. 
doi:10.1016/j.gaitpost.2012.09.025

	30.	 Henderson EJ, Lord SR, Brodie MA, et al. Rivastigmine for 
gait stability in patients with Parkinson’s disease (ReSPonD): 
a randomised, double-blind, placebo-controlled, phase 2 trial. 
Lancet Neurol. 2016;15(3):249-258. doi:10.1016/S1474-
4422(15)00389-0

	31.	 d’Angremont E, Sommer IEC, van der Zee S, van Laar T, 
de Vries EFJ, Zijdewind I. Short-latency afferent inhibition 
as a biomarker of cholinergic degeneration compared to PET 



Lirani-Silva et al	 751

imaging in Parkinson’s disease. Parkinsonism Relat Disord. 
2024;121:106032. doi:10.1016/j.parkreldis.2024.106032

	32.	 Amalric M, Pattij T, Sotiropoulos I, et  al. Where dopa-
minergic and cholinergic systems interact: a gateway for  
tuning neurodegenerative disorders. Front Behav Neurosci. 
2021;15:661973. doi:10.3389/fnbeh.2021.661973

	33.	 Morris R, Martini DN, Madhyastha T, et  al. Overview 
of the cholinergic contribution to gait, balance and falls in 
Parkinson’s disease. Parkinsonism Relat Disord. 2019;63:20-
30. doi:10.1016/j.parkreldis.2019.02.017

	34.	 Babiloni C, Lizio R, Vecchio F, et al. Reactivity of cortical 
alpha rhythms to eye opening in mild cognitive impairment 
and Alzheimer’s disease: an EEG study. J Alzheimers Dis. 
2010;22(4):1047-1064. doi:10.3233/jad-2010-100798

	35.	 Fonseca LC, Tedrus GM, Fondello MA, Reis IN, Fontoura 
DS. EEG theta and alpha reactivity on opening the eyes in 
the diagnosis of Alzheimer’s disease. Clin EEG Neurosci. 
2011;42(3):185-189. doi:10.1177/155005941104200308

	36.	 Vitorio R, Stuart S, Giritharan A, Quinn J, Nutt JG, Mancini M. 
Changes in prefrontal cortical activity and turning in response 
to dopaminergic and cholinergic therapy in Parkinson’s dis-
ease: a randomized cross-over trial. Parkinsonism Relat 
Disord. 2021;86:10-14. doi:10.1016/j.parkreldis.2021.03.014

	37.	 Stuart S, Morris R, Giritharan A, Quinn JF, Nutt JG, Mancini 
M. Prefrontal cortex activity and gait in Parkinson’s disease 
with cholinergic and dopaminergic therapy. Mov Disord. 
2020;35(11):9. doi:10.1002/mds.28214

	38.	 Conceição NR, Gobbi LTB, Nóbrega-Sousa P, et al. Aerobic 
exercise combined with transcranial direct current stimulation 
over the prefrontal cortex in Parkinson disease: effects on cor-
tical activity, gait, and cognition. Neurorehabil Neural Repair. 
2021;35(8):717-728. doi:10.1177/15459683211019344

	39.	 Melgari JM, Curcio G, Mastrolilli F, et  al. Alpha and beta 
EEG power reflects L-dopa acute administration in parkinso-
nian patients. Front Aging Neurosci. 2014;6:302. doi:10.3389/
fnagi.2014.00302


