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Introduction

Forgetfulness, inability to sustain attention and organize 

ideas are among the cognitive impairments that crucially 

affect the life quality of patients suffering from Parkin-

son’s disease (PD), which represents the second most 

common neurodegenerative disorder, affecting > 1% of 

the population ≥ 65 years of age and with a prevalence 

set to double by 2030 [1]. It has been estimated that 

approximately 40% of PD patients suffer from mild cogni-

tive impairment [2]. Although, it is commonly assumed 

that prevalence and severity of cognitive impairment 

increase as the disease progresses, 32% of PD patients 

already show signs of mild to moderate cognitive impair-

ment by the time of diagnosis [2], while signs of cognitive 

impairment are even known in the case of prodromal PD 

patients.

Focusing on the mechanism of PD, it has been stated 

that basal ganglia-thalamo-cortical-circuits play an 

important role not only in motor, but also in cognitive 

and behavioral dysfunctions. In particular, frontostriatal 

and orbitofrontal loops seem to be involved in cognitive 

processes and behavioral flexibility. Among the most 

common cognitive deficits in Parkinson’s patients with 

mild cognitive impairment (PD-MCI) are attention and 

memory deficit as well as deficiencies in visuospatial per-

ception, language and executive function [3]. Since effec-

tive pharmacological interventions to deal with PD-MCI 

are limited, non-pharmacological interventions such as 

cognitive training (CT), physical activity (PA), non-inva-

sive brain stimulation, social engagement, and neuro-

feedback represent alternative options.

With regard to CT, we previously demonstrated 

improvement of executive function (EF) in PD-MCI 

induced by multi-domain group CT, specially showing an 

enhanced effect for patients that were more affected [4]. 

Likewise, such intervention was able to improve memory 

function after 6 months, although the improvement was 

not present after 12 months, while EF remained stable 

in the long term [5]. Notoriously, it has recently been 

reported that CT increases PA in patients with PD-MCI, 

possibly due to effects on EF [6]. Crucially, PA has also 

been shown to alter positively brain function and cogni-

tive performance [7] as well as motor symptoms [8] in 

PD.

Based on a multicenter (MC) study addressing the 

independent effect of CT and PA on cognition, we pre-

viously reported a statistical trend on the interaction 

between time and group (CT and PA) on overall EF and 

a significant effect only on phonemic fluency as a spe-

cific part of EF [4]. Moreover, we reported a significant 

effect on the interaction between time and group (CT 

and PA) on memory after 6 months of intervention, but 

not on EF after 6 and 12 months of intervention although 

EF enhancement occurred immediately after interven-

tion [5]. Note that the MC study is slightly significant 

regarding the independent effect of interventions on EF, 

however the single center data that we consider in the 

present study showed no independent effect of interven-

tions on EF, possibly due to underpower. Consequently, 

this exploratory study considers pooling data from both 

interventions to increase statistical power and provide 

a proof of principle for the use of resting state EEG as 

a neurophysiological biomarker of joint intervention’s 

effect on EF and attention in PD-MCI. By pooling data, 

we also aim to gaining neurophysiological insight into a 

recently reported interaction between CT and PA, that is, 

CT leads to increased PA possibly through EF [6] and the 

fact that PA favors cognitive and motor functions [7, 8]. 

Because MCI in PD has been shown to affect low (delta 

and theta) [9] and high (alpha and beta) frequency bands 

[10] of recorded MEG and EEG activity, we expected a 

relationship between cognitive ability and EEG power 

at those frequency bands as modulated by the applied 

interventions.

Methods

Patients

Nineteen PD patients (age range: 50–80 years) were 

recruited from the movement disorders unit of the Uni-

versity Hospital Düsseldorf. Patient inclusion criteria 

were: (1) PD diagnosis according to the UK Brain Crite-

ria, (2) self-reported cognitive impairment assessed with 

the subjective cognitive impairment (SCI) questionnaire 

and/or objective cognitive impairment assessed with the 

Montreal Cognitive Assessment (MoCA) < 26 points, 

(3) PD-MCI according to Movement Disorders Society 

(MDS) Task Force Level-II criteria (cognitive impairment 

in at least two cognitive tests; z-score ≤ − 1, SD below the 

mean normative score), (4) PD duration ≥ three years, 

(5) stable medication within four weeks before screen-

ing and (6) written informed consent. Table 1 describes 

demographic, clinical and neuropsychological character-

istics of PD-MCI patients that participated in the present 

study.

�is study was conducted in accordance with the ethics 

committee of the medical faculty of the Heinrich Heine 

University Düsseldorf (Reg. 2,016,034,986). All patients 

signed a written consent for participation. �e present 

study considered a single-center cohort of a Multicenter, 

prospective, randomized controlled study (TrainParc. 
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German Clinical Trials Register, ID: DRKS00010186), 

which was approved by the local ethic committees of the 

participating centers (Medical faculty of Cologne, Düs-

seldorf, Kiel, and Tübingen).

Cognitive training and physical activity

10 PD-MCI patients underwent cognitive training (CT) 

and 9 PD-MCI patients underwent physical activity (PA) 

over a period of six weeks with two sessions per week 

(90 min each). CT was based on the standardized NEU-

ROvitalis training program [11] that focus on attention, 

executive functions, memory, and visuocognition. Each 

session in the program included some of the follow-

ing components: (1) psychoeducation aimed at creating 

awareness about memory strategies, healthy cognitive 

aging and strategies against cognitive decline in PD, (2) 

group tasks and activity games, (3) individual exercises 

and (4) homework. �e PA intervention aimed to benefit 

movement abilities of patients. �e PA program included: 

(1) stretching, (2) flexibility, (3) loosening up and (4) 

relaxation [12].

Composite score for executive functions and attention

We defined a composite z-score for EF based on norma-

tive data corresponding to the following tests: letters/

number sequence (WIE), Modified Wisconsin Card Sort-

ing Test (correct categories, perseverative errors, non-

perseverative errors) and Regensburg Word Fluency Test 

(semantic category, phonemic category). For attention, 

a composite z-score based on the D2 concentration test 

(error rate and concentration performance) was defined.

Table 1 Baseline demographic, clinical and neuropsychological characteristics of PD-MCI patients considered in this study (n = 19). 
Values are presented as the mean ± standard deviation or median and range or frequency with percentages. For baseline comparison 
between groups, p-values of Mann-Whitney-U tests, independent sample t-tests or χ2-tests are reported as appropriate. Self-reported 
activity level: 0 = “not at all active”; 1 = “little active”; 2 = “moderate active”; 3 = “very active”

Cognitive training

(n = 10)

Physical activity

(n = 9)

p value

Age (years) 62.5 ± 1.61 61.44 ± 2.4 0.356

Sex 0.089

 Male (%) 9 (90%) 5 (55.6%)

 Female (%) 1 (10%) 4 (44.4%)

Years of education 13.8 ± 0.8 (11.00–18.00) 14.22 ± 1.12 (10.00–20.00) 0.760

Age at PD symptom onset (years) 51.9 ± 3.04 52.11 ± 2.51 0.939

Age at PD diagnosis (years) 54.6 ± 2.0 53.11 ± 2.51 0.646

PD duration (months) 96.5 ± 11.93
(48.00-188.00)

97.33 ± 15.35 
(44.00-163.00)

0.905

Hoehn-Yahr stage 0.303

 1 (%) 2 (20%) 5 (55.6%)

 2 (%) 6 (60%) 4 (44.4%)

 2.5 (%) 1 (10%) 0

 3 (%) 1 (10%) 0

 4 (%) 0 0

UPDRS-III 16 ± 0.2.17 13.11 ± 2.11 0.966

MoCA (max. 30 points) 25.3 ± 0.33 26.22 ± 0.55 0.160

SCI – number of impaired cognitive do-
mains (max. 6 points)

3.4 ± 0.54 2.00 ± 0.44 0.065

BDI-II (max. 63 points) 9.4 ± 1.56 6.22 ± 1.23 0.134

GSE (max. 40 points) 27.6 ± 1.71 34.00 ± 0.94 0.006

PD-MCI subtype

 Single-domain PD-MCI (%)

 Multi-domain PD-MCI (%)

0 0

10 (100%) 9 (100%)

Physiotherapy at baseline 8 (80%) 7 (77.8%) 0.906

Cognitive training previously 1 (10%) 1 (11.1%) 0.937

Self-reported activity levelc

 not active at all 0 0

 little active 0 1 (11.1%)

 moderate active 7 (70% 6 (66.7%)

 very active 3 (30%) 2 (22.2%)
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EEG Recording

EEG (128 channels, BrainProducts GmbH (Gilching, 

Germany) was recorded during resting state (10  min), 

with eyes open for each participant before and after CT 

and PA. �e recording sampling rate was 5000  Hz and 

channel impedances were kept in the range 0-20KΩ. FCz 

served as the reference. No filters were applied during 

recording. Note that electrophysiological data were col-

lected immediately before and after both training inter-

ventions for each participant.

EEG analysis

Preprocessing

EEG was re-referenced to Cz and band pass filtered 

(0.5–100  Hz). A notch filter (50  Hz) was applied to 

remove line disturbances. �e sampling rate was set up 

to 512  Hz. Independent component analysis (ICA) was 

used to remove eye blinks and facial muscle artifacts. �e 

remaining artifacts were visually screened and rejected. 

For channels with pronounced background noise, we 

made use of channel interpolation. Artifact-free data 

were divided into segments of duration 1s. �e aver-

age length of the EEG recording after data cleaning was 

455.4  s (SD 84.2) for pre-intervention and 501.6  s (SD 

133.9) for post-intervention.

Spectral analysis

Power spectrum was calculated by using Fast Fourier 

Transform with 1  Hz resolution and Hanning window 

(10% overlap). Focusing on scalp regions on interest, 

frontal and parietal regions have been considered by pre-

vious studies due to their involvement in early and late 

cognitive dysfunction in PD [13]. Nevertheless, we focus 

our analysis on the frontal region because of its partic-

ular involvement in high cognitive functions specially 

related to cognitive impairment in PD [14, 15] and PD-

MCI [16]. Also, based on brain stimulation studies that 

stressed the causal role of frontal regions in normalizing 

the area related to PD-cognitive deficit-related metabolic 

pattern [17] and cognitive function in PD [18]. Power was 

extracted from two cortical areas of interest, frontal left 

(FL) consisting of channels (Fp1, AFp1, AF7, AF3, AFF5h, 

AFF1h, F1, F3, F5, F7, F9) and frontal right (FR) consist-

ing of channels (Fp2, AFp2, AF8, AF4, AFF6h, AFF2h, F2, 

F4, F6, F8, F10) by averaging the power of channels corre-

sponding to a specific area and frequency band. �e fol-

lowing frequency bands were considered: delta (1-4 Hz), 

deltatheta (2-7  Hz), theta (4-8  Hz), alpha (8-13  Hz)). 

All calculations were performed by using Brain Vision 

Analyzer Version 2.1 (Brain Products GmbH, Gilching, 

Germany).

Statistical analysis

Joint effect of interventions on cognition

We assessed the joint effect of interventions (pooled 

data) on EF and attention, e.g. within and between-sub-

jects effect over time, by means of repeated measures 

ANOVA. All statistical calculations were performed by 

using SPSS Version 25. �e level of significance for all sta-

tistical tests was set up to 0.05. Bonferroni correction for 

multiple comparisons was applied. Effect size for within 

and between subjects effects were estimated by using the 

open source software G*power (Version 3.1.9.7) [19].

Correlation analysis

For the calculation of correlations (Pearson and Spear-

man, as appropriate regarding distribution of data) 

between neuropsychological and neurophysiological 

data, we made use of relative EEG power for areas FL and 

FR, namely in relation to the ipsilateral and contralateral 

occipital regions (OL and OR). Note that power ratios 

were calculated for pre- and post-intervention conditions 

as well as the difference between pre and post as we tar-

geted power changes over time. Note that pooled data 

from both intervention were used for the calculation of 

correlations. We utilized z-standardized values for power 

analysis.

Results

Repeated measures ANOVA revealed a statistical trend 

towards a positive joint effect of interventions on atten-

tion (p = 0.092, 0.05 ≤ p < 0.1) (Fig.  1 (A)). We found a 

trend toward a within-subjects effect (F(1,18) = 3.171, 

p = 0.092, partial η2
p = 0.150, f = 0.420) and a between-sub-

jects effect (F(1,18) = 6.861, p = 0.017, η2
p = 0.276, f = 0.617) 

of the factor time.

We found a significant positive joint effect of inter-

ventions on EF (p = 0.013) (Fig.  1 (B)). In particu-

lar, it was revealed a significant within-subject effect 

(F(1,18) = 7.589, p = 0.013, η2
p = 0.297, f = 0.649) and a 

between-subjects effect (F (1, 18) = 7.592, p = 0.013, 

η2
p = 0.297, f = 0.617) of the factor time.

By considering the pooled data, we found a trend in 

the negative correlation (Pearson) between attention and 

theta power at FL (r=-0.435, p = 0.063, n = 19) (Fig. 1 (C)) 

as well as between attention and theta power at FR (r=-

0.441, p = 0.059, n = 19) (Fig. 1 (D)) for the condition pre-

intervention. A trend in the positive correlation (Pearson) 

between EF and alpha power at FL (r = 0.407, p = 0.084, 

n = 19) (Fig. 1 (E)) for the condition post-intervention was 

indicated. We found a significant negative correlation 

(Spearman) between attention score and theta power at 

FR (ρ=-0.497, p = 0.031, n = 19) over time (pre-post).
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Discussion

In agreement with previous reports [12], the joint effect 

of interventions (CT and PA) was positive on cognitive 

abilities, e.g. EF and attention, although only the effect 

on EF was significant. As we utilized data from a single 

center cohort of the core multicenter study, the within-

subject effect on attention was not significant possibly 

because the cohort was underpowered. In the present 

analysis, we sought to gain understanding on the neuro-

physiological manifestation of the joint effect of interven-

tions as reflected in power activity of resting state EEG at 

frontal brain regions.

Our correlation results point in the direction of a rel-

evant role of resting EEG activity as biomarker of the 

joint effect of interventions on cognition. Although, the 

negative relationship (pre-intervention) between atten-

tion and theta power at FL and FR as well as the positive 

relationship (post-intervention) between EF and alpha at 

FL were not significant, it is observed that 55.56%, 52.63% 

and 68.42% respectively of patients have a 95% probabil-

ity that the true linear regression line of the population 

will lie within confidence interval of the regression line 

calculated from the sample data. It was also revealed a 

significant negative relationship (Spearman) between 

attention and theta over time (post-pre), which indicates 

that a high attention change would be possibly accompa-

nied with low theta change (post-pre). Interestingly, pre-

vious studies reported abnormal functional connectivity 

patterns in theta band and lower levels of alpha as char-

acteristic in PD-MCI [11, 12]. �e fact that PA as part of 

Fig. 1 Intervention effects and correlations. (A) A trend on the joint effect of interventions on attention was revealed (0.05 < p < 0.1). The graph displays 
mean and standard error for the composite scores of attention (z-scores); (B) Significant joint effect of interventions on executive function (EF) (p < 0.05). 
The graph displays mean and standard error for the composite scores of EF (z-scores); (C) Linear relationship (R2 = 0.1895) between attention scores and 
theta band at FL during pre-intervention; (D) Linear relationship (R2 = 0.1943) between attention and theta band at FR during pre-intervention; (E) Linear 
relationship (R2 = 0.1653) between EF and alpha band at FL during post-intervention
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the join effect of interventions led to improved cognitive 

abilities, is consistent with previous studies reporting 

that PA stabilizes disease progression in relevant sen-

sorimotor networks while enhancing cognitive perfor-

mance [7]. �us, the present findings support the role of 

the joint effect of interventions in regulating the power in 

theta and alpha bands that led to the indicated cognitive 

improvement (Fig. 1 (A) and (B)).

Based on a recently reported interaction between CT 

and PA, the present exploratory study used pooled data 

from both interventions not only to increase statistical 

power, but also to provide a proof of principle for the 

utility of resting state EEG as a neurophysiological bio-

marker of intervention’s effect on cognition in PD-MCI. 

Note that pooling data was meaningful concerning the 

statistical effect of joint interventions on EF and the 

revealed significant relationship between attention and 

theta band over time. In turn, such observations may be 

useful concerning the design of future studies and testing 

of new hypothesis.

Limitations of the present study include a small sample 

size, which affects the statistical power of our analysis 

and prevents deeper interpretability on the relationship 

between theta and alpha band and cognitive improve-

ment induced by both interventions. In a future study, we 

will incorporate patients from other participant centers, 

which is also essential for EEG-network analysis.

Conclusion

Our results support the role of theta and alpha power 

at frontal areas as a biomarker for the therapeutic joint 

effect of interventions.

Abbreviations

PD  Parkinson’s disease
MCI  Mild cognitive impairment
PD-MCI  Parkinson’s disease with mild cognitive impairment
CT  Cognitive training
PA  Physical Activity
MEG  Magnetoencephalogram
EEG  Electroencephalogram
UPDRS  Unified Parkinson’s disease rating scale
MoCA  Montreal Cognitive Assessment
SCI  Subjective cognitive impairment questionnaire
BDI II  Beck Depression Inventory II
GSE  General Self-Efficacy Questionnaire

Acknowledgements

The authors are grateful with all the PD patients that participated in this study.

Authors’ contributions

1) Research project: (A) Conception, (B) Organization, (C) Execution;
2) Statistical Analysis: (A) Design, (B) Execution, (C) Review and Critique;
3) Manuscript: (A) Writing of the first draft, (B) Review and Critique.
Author CT: 1 C, 2 A, 2B, 2 C, 3 A, 3B.
Author PT: 2 A, 2B, 2 C, 3 A, 3B.
Author SE: 1 C, 2 C, 3B.
Author KD: 1 C, 2 C, 3B.
Author AKF: 2 C, 3B.
Author KW: 2 C, 3B.
Author DW: 2 C, 3B.

Author ILS: 2 C, 3B.
Author EK: 1 A, 2 A, 2 C, 3B.
Author LW: 1 A, 1B, 2B, 2 A, 2 C, 3B.

Funding

This work was supported in the framework of the TrainParc(-EEG) projects 
by the Parkinson Fonds Germany and by ERA-NET NEURON/BMBF Germany 
(TYMON; Grant Nr. 01EW1411 to LW).
Open Access funding enabled and organized by Projekt DEAL.

Availability of supporting data

Data of this study are available from the corresponding author upon 
reasonable request.

Declarations

Ethical approval and Consent to participate

This study was approved by the ethics committee of the medical faculty of 
Heinrich Heine University Düsseldorf (Reg. 2016034986). All patients signed a 
written consent for participation. We confirm that we have read the Journal’s 
position on issues involved in ethical publication and affirm that this work is 
consistent with those guidelines.

Consent for publication

The authors have the right to publish the data expressed in the manuscript.

Competing interests

LW has previously received funding grants and institutional support from the 
German Research Foundation, Hilde-Ulrichs-Stiftung für Parkinsonforschung, 
and the ParkinsonFonds Germany, BMBF/ERA-NETNEURON, DFG 
Forschergruppe (FOR1328), Deutsche Parkinson Vereinigung (DPV), 
Forschungskommission, Medizinische Fakultät, HHU Düsseldorf, UCB; 
Medtronic, UCB, Teva, Allergan, Merz, Abbvie, Roche, Bial, Merck, Novartis, 
Desitin, Spectrum. Author Lars Wojtecki owned stock in company BioNTech 
SE. Lars Wojtecki is consultant to the following companies: TEVA, UCB Schwarz, 
Desitin, Medtronic, Abbott/Abbvie, MEDA, Boehringer I, Storz Medical, Kyowa 
Kirin, Guidepoint, Merck, Merz, Synergia, BIAL, Zambon, Sapio Life, STADA, 
Inomed. Vertanical.
AKF received honoraria from Springer Medizin Verlag GmbH, Heidelberg, 
Germany; Springer-Verlag GmbH, Berlin; ProLog Wissen GmbH, Cologne, 
Germany; Bundesverband Klinische Linguistik e.V., Coburg, Germany; 
Hochschule Fresenius, Düsseldorf, Germany; as well as Seminar- und 
Fortbildungszentrum Rheine, Germany; and has received grants from 
the German Parkinson Society; German Alzheimer’s Society; Federal Joint 
Committee (G-BA); and STADAPHARM GmbH.
EK has received honoraria from ProLog Wissen GmbH, Cologne, Germany; 
Kyowa Kirin Services LTD, London, United Kingdom; AbbVie Inc., as well 
as from the Movement Disorders Society; and has received grants from 
German Ministry of Education and Research (BMBF); German Parkinson 
Society; German Alzheimer’s Society; Federal Joint Committee (G-BA); and 
STADAPHARM GmbH.
The other authors have no competing interests to declare.

Author details
1Center for Movement Disorders and Neuromodulation, Departmemt of 
Neurology, University Clinic Duesseldorf, Duesseldorf, Germany
2Institute of Clinical Neuroscience and Medical Psychology, Medical 
Faculty, Heinrich Heine University, Duesseldorf, Germany
3Departmemt of Neurology and Neurorehabilitation, Hospital Zum 
Heiligen Geist, Academic Teaching Hospital of the Heinrich-Heine-
University Duesseldorf, Von-Broichhausen-Allee 1, 47906 Kempen, 
Germany
4Max Planck Institute for Empirical Aesthetics, Frankfurt am Main, 
Germany
5Department of Medical Psychology | Neuropsychology & Gender 
Studies, Center for Neuropsychological Diagnostic and Intervention 
(CeNDI), Faculty of Medicine and University Hospital Cologne, University 
of Cologne, Kerpener Str. 62, 50937 Cologne, Germany
6Department of Neurology, University Hospital Schleswig-Holstein, 
Christian-Albrechts-University, Arnold-Heller- Str. 3, 24105 Kiel, Germany



Page 7 of 7Trenado et al. Neurological Research and Practice            (2023) 5:46 

7Research Center Neurosensory Science, Carl von Ossietzky University 
Oldenburg, Heiligengeisthöfe 4, 26121 Oldenburg, Germany
8German Center of Neurodegenerative Diseases (DZNE) and Hertie 
Institute for Clinical Brain Research, Department of Neurodegenerative 
Diseases, University of Tübingen, Hoppe-Seyler-Str. 3, 72076 Tübingen, 
Germany
9IB Hochschule für Gesundheit und Soziales, Paulinenstr. 45,  
70178 Stuttgart, Germany

Received: 23 March 2023 / Accepted: 31 July 2023

References

1. Aarsland, D., Batzu, L., Halliday, G. M., Geurtsen, G. J., Ballard, C., Ray Chaudhuri, 
K., & Weintraub, D. (2021). Parkinson disease-associated cognitive impair-
ment. Nat Rev Dis Primers, 7, 47. https://doi.org/10.1038/s41572-021-00280-3.

2. Monastero, R., Cicero, C. E., Baschi, R., et al. (2018). Mild cognitive impair-
ment in Parkinson’s disease: The Parkinson’s disease cognitive study (PACOS). 
Journal Of Neurology, 265, 1050–1058.

3. Kalbe, E., Rehberg, S. P., Heber, I., et al. (2016). Subtypes of mild cogni-
tive impairment in patients with Parkinson’s disease: Evidence from the 
LANDSCAPE study. Journal Of Neurology, Neurosurgery And Psychiatry, 87, 
1099–1105.

4. Kalbe, E., Folkerts, A. K., Ophey, A., Eggers, C., Elben, S., Dimenshteyn, K., 
Sulzer, P., Schulte, C., Schmidt, N., Schlenstedt, C., Berg, D., Witt, K., Wojtecki, 
L., & Liepelt-Scarfone, I. (2020). Enhancement of Executive Functions but Not 
Memory by Multidomain Group Cognitive Training in Patients with Parkin-
son’s Disease and Mild Cognitive Impairment: A Multicenter Randomized 
Controlled Trial. Parkinsons Dis ; 4068706.

5. Schmidt, N., Tödt, I., Berg, D., Schlenstedt, C., Folkerts, A. K., Ophey, A., Dimen-
shteyn, K., Elben, S., Wojtecki, L., Liepelt-Scarfone, I., Schulte, C., Sulzer, P., 
Eggers, C., Kalbe, E., & Witt, K. (2021). Memory enhancement by multidomain 
group cognitive training in patients with Parkinson’s disease and mild cogni-
tive impairment: Long-term effects of a multicenter randomized controlled 
trial. Journal Of Neurology, 268, 4655–4666.

6. Bode, M., Sulzer, P., Schulte, C., Becker, S., Brockmann, K., Elben, S., Folkerts, A. 
K., Ophey, A., Schlenstedt, C., Witt, K., Wojtecki, L., Evers, J., Maetzler, W., Kalbe, 
E., & Liepelt-Scarfone, I. Multidomain cognitive training increases physical 
activity in people with Parkinson’s disease with mild cognitive impairment. 
Parkinsonism Relat Disord 2023 Feb 17:105330. doi: https://doi.org/10.1016/j.
parkreldis.2023.105330.

7. Johansson, M. E., Cameron, I. G. M., Van der Kolk, N. M., de Vries, N. M., Klimars, 
E., Toni, I., Bloem, B. R., & Helmich, R. C. (2022). Aerobic Exercise alters brain 
function and structure in Parkinson’s Disease: A Randomized Controlled Trial. 
Annals Of Neurology, 91(2), 203–216. https://doi.org/10.1002/ana.26291.

8. van der Kolk, N. M., de Vries, N. M., Kessels, R. P. C., Joosten, H., Zwinder-
man, A. H., Post, B., & Bloem, B. R. (2019). Effectiveness of home-based and 

remotely supervised aerobic exercise in Parkinson’s disease: A double-blind, 
randomised controlled trial. Lancet Neurology, 18(11), 998–1008. https://doi.
org/10.1016/S1474-4422(19)30285-6.

9. Simon, O. B., Rojas, D. C., Ghosh, D., Yang, X., Rogers, S. E., Martin, C. S., Holden, 
S. K., Kluger, B. M., & Buard, I. (2022). Profiling Parkinson’s disease cognitive 
phenotypes via resting-state magnetoencephalography. Journal Of Neuro-

physiology, 127, 279–289. https://doi.org/10.1152/jn.00316.2021.
10. Gu, Y., Chen, J., Lu, Y., & Pan, S. (2016). Integrative frequency power of EEG 

correlates with progression of mild cognitive impairment to Dementia in 
Parkinson’s Disease. Clinical Eeg And Neuroscience, 47, 113–117. https://doi.
org/10.1177/1550059414543796.

11. Baller, G., Kalbe, E., Kaesberg, S., & Kessler, J. (2009). Neurovitalis. Ein Neuropsy-

chologisches Gruppenprogramm zur Förderung der Geistigen Leistungsfähigkeit. 
ProLog.

12. Rahe, J., Petrelli, A., Kaesberg, S., Fink, G. R., Kessler, J., & Kalbe, E. (2015). Effects 
of cognitive training with additional physical activity compared to pure 
cognitive training in healthy older adults. Clinical Interventions In Aging, 10, 
297–310. https://doi.org/10.2147/CIA.S74071.

13. Caviness, J. N., Hentz, J. G., Evidente, V. G., Driver-Dunckley, E., Samanta, J., 
Mahant, P., Connor, D. J., Sabbagh, M. N., Shill, H. A., & Adler, C. H. (2007). Both 
early and late cognitive dysfunction affects the electroencephalogram in 
Parkinson’s disease. Parkinsonism & Related Disorders, 13(6), 348–354. https://
doi.org/10.1016/j.parkreldis.2007.01.003.

14. Polito, C., Berti, V., Ramat, S., Vanzi, E., De Cristofaro, M. T., Pellicano, G., et 
al. (2012). Interaction of caudate dopamine depletion and brain meta-
bolic changes with cognitive dysfunction in early Parkinson’s disease. 
Neurobiology Of Aging, 33, 206e229–e239. https://doi.org/10.1016/j.
neurobiolaging.2010.09.004.

15. Teramoto, H., Morita, A., Ninomiya, S., Akimoto, T., Shiota, H., & Kamei, S. 
(2016). Relation between Resting State Front-Parietal EEG Coherence and 
Executive Function in Parkinson’s Disease. Biomed Res Int. ; 2016:2845754. 
doi: https://doi.org/10.1155/2016/2845754.

16. Cai, M., Dang, G., Su, X., Zhu, L., Shi, X., Che, S., Lan, X., Luo, X., & Guo, Y. (2021). 
Identifying mild cognitive impairment in Parkinson’s Disease with Electro-
encephalogram Functional Connectivity. Frontiers In Aging Neuroscience, 13, 
701499. https://doi.org/10.3389/fnagi.2021.701499.

17. Ko, J. H., Choi, Y. Y., & Eidelberg, D. (2014). Graph theory-guided transcranial 
magnetic stimulation in neurodegenerative disorders. Bioelectronic Med, 1, 
15–18. https://doi.org/10.15424/bioelectronmed.2014.00004.

18. Beheshti, I., & Ko, J. H. (2021). Modulating brain networks associated with 
cognitive deficits in Parkinson’s disease. Molecular Medicine, 27, 24. https://doi.
org/10.1186/s10020-021-00284-5.

19. Faul, F., Erdfelder, E., Buchner, A., & Lang, A. G. (2009). Statistical power analy-
ses using G*Power 3.1: Tests for correlation and regression analyses. Behavior 

Research Methods, 41, 1149–1160.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


