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A B S T R A C T

Parkinson’s disease (PD) epidemiology and clinical features are sexually dimorphic. However, there are no data 
based on EEG functional connectivity (FC). Likewise, the contribution of sex hormones on brain FC has never 
been evaluated. Here, we aimed to investigate the association between biological sex and sex hormones on 
cortical FC changes in PD using high-density EEG. This study involved 69 early-stage PD patients (F/M 27/42) 
and 69 age-matched healthy controls (HC) (F/M 30/39). Sex hormone levels (total-testosterone (TT), estradiol 
(E2), follicle-stimulating hormone (FSH), and luteinizing hormone (LH)) were assessed in PD patients. Data were 
recorded with a 64-channel EEG system. Source reconstruction method was used to identify brain activity. 
Cortico-cortical FC was analysed based on the weighted phase-lag index (wPLI) in θ-α-β-low γ bands. Network- 
based statistic (NBS) was used to compare FC between genders in HC and PD and to study the relationship 
between FC and sex hormones in PD. PD exhibited a hypoconnected network at θ and α bands and a hyper
connected network at β band compared to HC. Male HC showed a hyperconnected network at α-band compared 
to female HC. Conversely, males with PD showed a hypoconnected network at α-band compared to females with 
PD. In females and males with PD, E2 positively correlated with α-FC, while gonadotropins positively correlated 
with β-FC. TT positively correlated with the θ-FC only in males. Sex hormones shape EEG-FC in both males and 
females with PD, supporting their major influence on PD pathophysiology.

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegen
erative disorder, characterized by widespread deposition of α-synuclein- 
containing Lewy bodies (LBs) and primary loss of dopaminergic neurons 
of Substantia Nigra pars compacta (SNpc).

PD has a prominent sexual dimorphism (Cerri et al., 2019; Meoni 
et al., 2020). Indeed, PD is twice as prevalent in males, and males tend to 
have an earlier age of onset (Moisan et al., 2016). Male patients also 
display faster motor progression and greater involvement in cognitive 
function, reflecting a peculiar vulnerability to pathogenic events un
derlying PD (Picillo et al., 2017). On the other hand, wearing-off phe
nomena and dyskinesias occur earlier in women, and female PD patients 

more frequently bear with levodopa-induced motor complications, 
neuropsychiatric manifestations, and overall poorer quality of life (QoL) 
(Bovenzi et al., 2024a; Picillo et al., 2017). However, the biological 
bases of these peculiarities have not yet been clarified.

Sex hormones are likely to play a substantial role in the sex differ
ences observed in PD because of their neuroactive properties (Cerri 
et al., 2019). Nevertheless, the contribution of sex hormones to neural 
activity has not been demonstrated in vivo. In preclinical models, es
trogens have shown neuroprotective and pro-dopaminergic properties 
(Kompoliti, 2003). On the other hand, gonadotropins have been shown 
to promote neurodegenerative changes, favoring PD dementia (Bovenzi 
et al., 2024c, 2023c). Conversely, the role of androgens on PD remains to 
be investigated (Bourque and Di Paolo, 2022; Bovenzi et al., 2024b).
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In this regard, functional connectivity (FC) could represent a valid 
tool for understanding these phenomena in PD patients better. Indeed, 
FC, based on different techniques such as functional magnetic resonance 
imaging (fMRI) or electroencephalography (EEG), can estimate the in
teractions between brain regions and has been extensively studied in PD 
(Conti et al., 2024b, Conti et al., 2022a, 2022b), improving the under
standing of the heterogeneous pathophysiology and showing to be an 
effective biomarker of disease progression (Yassine et al., 2022).

Sex differences were found to have an impact on brain FC in both HC 
(Zhang et al., 2018) and PD (De Micco et al., 2019). Nevertheless, while 
most studies are based on fMRI techniques, no data is available on EEG- 
FC in sex differences in PD. Furthermore, to date, the influence of sex 
hormones on brain FC in PD patients is scarcely known.

In this study, we thus aimed to investigate, using high-density (HD) 
EEG, the role of sex hormones in the sexual dimorphism of cortical FC 
alterations in PD.

2. Methods

2.1. Study population

In our study, we enrolled patients diagnosed with idiopathic PD in 
the early stages of the disease, followed up at the Parkinson Unit of the 
University of Rome “Tor Vergata” from June 2022 to December 2023. 
The inclusion criteria of the study were: 1) diagnosis of PD according to 
MDS criteria (Postuma et al., 2015); 2) stage of disease according to 
Hoehn & Yahr scale ≤ 2 (Goetz et al., 2004); 3) duration of disease < 48 
months; 4) no treatment with Levodopa (LD naïve), to overcome its 
possible long-term effects (Zappia and Nicoletti, 2010).

The exclusion criteria were instead: 1) history of epilepsy or other 
neurological conditions that may cause alteration of EEG; 2) history of 
major psychiatric pathologies; 3) dementia, defined as Mini-Mental 
State Examination (MMSE) score < 25 (Folstein et al., 1975); 4) brain 
parenchymal lesions on brain MRI (e.g., brain tumors, strokes, ab
scesses, or other infectious conditions); 5) acute or chronic internal 
disorders; 6) a history of gynecological/prostate malignancy; 7) use of 
hormone therapy; 8) fertile age in females. We decided to exclude fertile 
women to keep the hormonal levels homogeneous within the female PD 
group and to avoid potential influences of the menstrual cycle.

We also enrolled a group of HC, who were similar in age and sex 
distribution to the patients and had no history of major neurological 
disorders and no exclusion criteria.

The study was conducted in agreement with the ethical principles of 
Helsinki and approved by the Policlinico Tor Vergata Ethical Committee 
(protocol number RS 16/17). Informed consent was obtained from all 
individual participants included in the study.

2.2. Clinical evaluation

All PD patients received a complete clinical evaluation on the same 
day as the EEG recording. Motor impairment was assessed using the 
Hoehn and Yahr scale (H&Y) (Goetz et al., 2004) and the MDS Unified 
Parkinson’s Disease Rating Scale part 3 (MDS-UPDRS III) (Goetz et al., 
2008). Moreover, the motor subscores were calculated as the sum of the 
specific items of MDS-UPDRS-III (rigidity 3.3; bradykinesia 3.4–3.8, 
3.14; tremor 3.15–3.18; gait/postural stability 3.9–3.13). Cognitive 
function was assessed through mini-mental state examination (MMSE) 
(Folstein et al., 1975) and Montreal cognitive assessment (MoCA) 
(Nasreddine et al., 2005). Non-motor symptoms of PD were evaluated by 
the non-motor symptoms scale (NMSS) (Chaudhuri et al., 2007) and the 
SCales for Outcomes in PArkinson’s disease − Autonomic Dysfunction 
(SCOPA-AUT) (Visser et al., 2004). All clinical evaluations were per
formed after overnight withdrawal from any dopaminergic drug. For all 
PD patients, the levodopa equivalent daily dose (LEDD, mg/day) for 
non-levodopa dopaminergic medications was calculated using the con
ventional formula. Informed consent was obtained from each 

participant in this study.

2.3. Sex hormones assay

Blood sex hormone levels, including total testosterone (TT), estradiol 
(E2), follicle-stimulating hormone (FSH), and luteinizing hormone (LH), 
were quantified in n = 49 PD patients (F/M 21/28), according to stan
dard procedures (Bovenzi et al., 2023c). All blood samples were taken 
between 8 and 10 am, after overnight fastening, on the same day of the 
EEG recording and the clinical assessment, after overnight withdrawal 
from any dopaminergic drug.

2.4. EEG recording

HD-EEG data were recorded for 10 min at a sampling rate of 1024 
Hz, band-pass filtered at 0.5–50 Hz using a 64-channel EEG system 
(EbNeuro BePlus-ProStandard). Electrodes were positioned according to 
the 10–10 International System (Nuwer, 2018). Impedance was kept 
below 5 kΩ. HD-EEG recording was performed in the eyes-closed (EC) 
resting state: the subjects were instructed to keep their eyes closed while 
staying awake for 5 min (Yassine et al., 2022). Then, reactivity to eyes 
opening and activation tests were performed to exclude the appearance 
of epileptiform elements in the EEG data.

In the PD group, the HD-EEG recording was performed after over
night withdrawal from the last administration of dopaminergic therapy. 
The same HD-EEG recording was obtained in HC.

2.5. FC analysis

We then proceeded to the primary FC analysis of the data collected. 
The data analyses were performed a priori and blind to the clinical 
examinations.

HD-EEG recordings were segmented into epochs of 30 s each for 
visualization purposes (Yassine et al., 2022). The first epoch of each 
recording was discarded. Then, we manually selected the first six 
consecutive low-artifact epochs (total 180 s) that were retained for the 
following analysis. The same method was used for PD patients and HC.

Independent component analysis (ICA) was used to remove the re
sidual EEG artifacts (Hyvärinen and Oja, 2000). Then, we proceeded 
with EEG source localization (Conti et al., 2022b). To this purpose, all 
subjects underwent MRI, and personal T1-weighted MPRAGE MRI 
sequence and EEG data were co-registered through the identification of 
the same anatomical landmarks. Each MRI was segmented using Free
Surfer software (Fischl, 2012), obtaining a cortex surface of 5000 
vertices. Then, the Boundary Element Method (BEM) (Jatoi et al., 2016) 
was used to solve the forward problem, while weighted minimum-norm 
estimation (wMNE) was used to solve the inverse problem (Grech et al., 
2008), projecting the EEG signal to the 5000 cortical sources. The source 
activity was averaged into 68 brain regions using the Desikan–Killiany 
atlas (Desikan et al., 2006).

FC was calculated in source space using the weighted phase lag index 
(wPLI), a measure known to reduce conduction volume artifacts, noise 
artifacts, and bias from small samples (Hardmeier et al., 2014). Phase 
information from the preprocessed signals was computed using the 
Hilbert transform in θ (4–8 Hz), α (8–13 Hz), β (13–30 Hz), and low-γ 
(30–45 Hz) frequency bands. Dynamic FC matrices were computed be
tween any pair of regions in the different EEG bands on segments of 1- 
second length, with an overlap of 50 %, according to Welch’s method. 
Of note, this method is not affected by the length of the displayed epochs 
(Jwo et al., 2021). Those matrices were averaged across time epochs to 
obtain static FC matrices.

EEG post-processing, source localization, and FC analysis were made 
using the Brainstorm toolbox (Tadel et al., 2011), combined with 
custom-written scripts for MATLAB R2023b. Other details of the meth
odology we used can be found in this paper of our group (Conti et al., 
2023).
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2.6. Statistical analysis

Differences in qualitative and quantitative variables between groups 
were tested using the Chi-Square Test and ANOVA test, respectively. 
Moreover, we analyzed the Spearman correlations between clinical 
features and sex hormone levels in female and male PD groups.

Differences in θ, α, β, and low-γ FC between female PD, male PD, 
female HC, and male HC were analyzed using the network-based statistic 
(NBS). NBS is a cluster-based statistical method used in numerous pre
vious studies (Conti et al., 2024c, 2024a; De Micco et al., 2021; Yassine 
et al., 2022) that has been shown to provide greater statistical power 
than standard univariate tests and traditional correction methods 
(Zalesky et al., 2010).

Specifically, in this study, we performed a one-way ANCOVA test 
edge-by-edge between the four groups (female PD, male PD, female HC, 
and male HC), considering age, disease duration, LEDD, and the most 
affected side as covariates. Next, we computed the size of the network 
whose edges had greater weights than the defined F threshold. We then 
performed a permutation test, randomly assigning all subjects into one 
of the four groups, maintaining each size of groups N-1 times, and 
computed maximum sizes of networks whose edges had bigger weights 
than the threshold, resulting in an empirical null distribution of 
maximum sizes. The number of permutations used in the present study 
was 5000. Then, we assigned the P value of the network with a fraction 
of the occurrence whose sizes were larger than the size of the network of 
the original assignment. Moreover, we defined the mean network con
nectivity (mNC) as the average connectivity of an NBS network. An 
ANOVA test with Tukey–Kramer post-hoc analysis was used to evaluate 
differences in mNC between each pair of groups.

Choosing the NBS threshold F represents an arbitrary parameter, 
even if control of the family-wise error rate (FWER) is guaranteed irre
spective of the threshold choice. In our study design, we chose the 
smallest threshold F, which identified a significant NBS network (p <
0.05) with at least a “medium” effect size. This choice was made to avoid 
the inclusion of excessively large networks, which, while statistically 
significant, would have a negligible effect size, potentially masking the 
meaningful and relevant connections within the brain network. The 
effect size for a given threshold F was estimated using omega-squared 
(ω2), as in this case, the general linear model (GLM) used in NBS was 
ANCOVA(Watson Peter, 2018). An estimated effect size > 0.06 was 
considered “medium” (Watson Peter, 2018). Considering the sample size 
(N = 138), the number of groups (k = 4), and the number of covariates 
(Ncov = 4), the initial threshold F was 4.2. The incremental step was 0.1.

The significant differential networks were described in terms of 
nodes and links. Nodes refer to the individual components of the 
network, which in our case were the 68 cortical regions of interest 
(ROIs) defined by the Desikan-Killiany atlas, while links represent the 
interactions between each pair of nodes.

In case of significant effect in the one-way ANCOVA, post-hoc 
analysis of each degree of the selected network was performed using 
the Tukey–Kramer method to identify possible inter-sex (female PD vs. 
male PD and female HC vs. male HC) and intra-sex (female PD vs. female 
HC and male PD vs. male HC) differences in specific subnetworks be
tween groups. Age and gender were considered confounding factors in 
the NBS.

Finally, we analyzed the partial Pearson correlations between mNC 
of disrupted PD networks and clinical features (age, disease duration, 
MDS-UPDRS total scores and subscores, MoCA, MMSE, total NMSS, and 
single domains, SCOPA-AUT) and sex hormone levels (E2, total TT, FSH, 
LH), in male and female PD groups. Age, disease duration, BMI, and 
most affected side were considered covariates. Moreover, we estimated 
the out-of-sample performance of the partial Pearson correlations 
analysis using bootstrapping (BS) as a cross-validation method. This 
resampling technique allowed us to assess the stability and generaliz
ability of our correlation estimates by repeatedly sampling subsets of the 
data and simulating different training and testing datasets. The number 

of BS iterations we used was 1000. In the results, we provided a 95 % 
confidence interval (BS-95 %CI) of the BS distribution of correlation 
coefficients as an estimation of the robustness of our findings.

All statistical analyses were conducted using two-tailed tests, and a 
significance level of p < 0.05 was employed throughout the study. No 
statistical power calculation was conducted prior to the study. The 
sample size was based on the available data and our previous experience 
with the design of an FC study based on NBS. There were no missing data 
from the study variables.

2.7. Cross-validation algorithm

The NBS algorithm is based on a general linear model (GLM). 
Therefore, NBS does not allow for the evaluation of generalizability and 
reproducibility of the results. Thus, we evaluated the out-of-sample 
reliability of the NBS using a novel NBS tool called NBS-Predict(Serin 
et al., 2021). NBS-Predict employs suprathreshold edge selection in the 
training set in the outer loop to identify a connected component among 
the set of suprathreshold edges. The suprathreshold edge selection is 
identical to the original NBS method (more details on this method can be 
found in this paper (Serin et al., 2021)). The model for predictive 
analysis was Linear discriminant Analysis. The cross-validation (CV) 
algorithm we used in our study is the leave-one-out, an exhaustive CV 
method. Using NBS-Predict, we estimated the following parameters for 
each network: accuracy, precision, Cohen’s Kappa, Area Under Curve 
(AUC), sensitivity, and specificity.

The statistical analysis was performed using MATLAB 2023b, NBS 
(Zalesky et al., 2010), and NBS predict (Serin et al., 2021) toolboxes. 
Graphs were based on custom-written scripts on MATLAB 2023b and R 
(ggplot2 package).

3. Results

From an initial cohort of 156 subjects (78 PD patients and 76 HC), 69 
PD patients (F/M 27/42) and 69 HC (F/M 30/39) matching the study 
criteria were included in the study.

The demographic and clinical characteristics of PD patients and HC 
are reported in Table 1. No significant differences emerged between PD 
female and male groups, except for the total SCOPA AUT score (p <
0.001).

The serum levels of sex hormones in the PD patients who underwent 
blood sampling are reported in Table 2. Female PD patients, compared 
to males, had lower E2 and TT levels (0.5 ± 0.5 vs. 28.6 ± 16.9, p <
0.001, and 26.5 ± 19.8 vs. 484.8 ± 182.9, p < 0.001, respectively), and 
higher gonadotropins levels (FSH 64.9 ± 26.5 vs. 8.6 ± 12.3, p < 0.001, 
and LH 22.6 ± 10.5 vs. 3.7 ± 2.9, p < 0.001, respectively).

No significant correlations were found between clinical features and 
sex hormone levels in female and male PD.

3.1. Differences in FC between female PD, male PD, female HC, and male- 

HC

First, we performed NBS analysis to investigate differences in FC 
across the four groups (female PD, male PD, female HC, and male HC).

We identified a statically significant network at θ band (F = 4.3, p =
0.048), where FC was significantly different between the four groups. 
The network was comprised of 38 nodes and 84 links and was rather 
lateralized in the left hemisphere (57.9 %). ROIs with higher degrees 
were part of the left dorsolateral prefrontal cortex, right insula, senso
rimotor (bilateral precentral cortex), and limbic (manly right anterior 
cingulate area and bilateral posterior cingulate cortex) lobes (Fig. 1, 
Panels A, B). The mNC was significantly lower in female PD compared to 
female HC (p < 0.001) and male HC (p < 0.001), and in male PD 
compared to female HC (p < 0.001) and male HC (p < 0.001) (Fig. 1, 
Panel C).

We then identified a large FC network in the α band (65 nodes and 
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620 links, homogeneously distributed in the two hemispheres – 50.8 % 
left), which differed significantly between the four groups (F = 4.2, p <
0.001). ROIs with higher degrees were part of the dorsolateral, ventro
lateral prefrontal cortex (left superior frontal, bilateral caudal middle 
frontal and pars opercularis ROIs), orbitofrontal cortex (bilateral medial 
and lateral orbitofrontal areas), sensorimotor (mostly left paracentral 
and precentral, and right postcentral cortex), and temporal (predomi
nantly left superior temporal and right temporal pole) (Fig. 1, Panels D, 
E). The mNC was significantly higher in male HC compared to male PD 
(p < 0.001), female PD (p = 0.001), and female HC (p = 0.001). Finally, 
the mNC was significantly higher in female PD compared to male PD (p 
= 0.015) (Fig. 1, Panel F).

Finally, we identified a significant large network in the β band (t =
2.5, p = 0.030), showing differences in FC among the groups. The 
network was composed of 67 nodes and 612 connections and was 
equally distributed between the two hemispheres (left 50.1 %). Brain 
regions with higher degrees were part of the sensorimotor (mainly 
bilateral precentral and postcentral), limbic (predominantly bilateral 
anterior cingular cortex), left insula, and parietal (mostly right pre
cuneus and superior parietal cortex) lobes (Fig. 1, Panels G, H). The mNC 

was significantly higher in female PD compared to female HC (p <
0.001) and male HC (p < 0.001), and in male PD compared to female HC 
(p < 0.001) and male HC (p < 0.001) (Fig. 1, Panel I).

No significant differences were observed in the other bands.

3.2. Inter-sex FC differences in HC and in PD cohorts

At this point, we analyzed EEG-FC differences between females and 
males, first in HC and then in PD patients, using a post-hoc analysis of 
the differential networks found.

Among HC, we found a statistically significant subnetwork at the α 
band characterized by higher connectivity in males than females. This 
subnetwork was composed of 55 nodes and 248 links (40 % of the 
original network) and was slightly lateralized in the right hemisphere 
(59.2 %). The higher degrees ROIs of this network were part of the 
dorsolateral prefrontal cortex (bilateral caudal middle frontal ROIs), 
right orbitofrontal cortex, temporal lobe (mainly right temporal pole 
and bilateral middle and inferior temporal cortex), and limbic areas 
(primarily bilateral anterior cingulate cortex) (Fig. 2, Panel B). No 
further differences were observed between the two sexes.

Regarding PD patients, we observed a significant subnetwork in the α 
band, where FC was higher in PD females than males. This network 
comprised 47 nodes and 122 links (18.1 % of the original α network). 
ROIs with higher degrees belonged mainly to the left hemisphere (59.6 
%) and were composed of the dorsolateral and dorsoventral prefrontal 
cortex (bilateral superior frontal and right caudal middle frontal areas), 
right sensorimotor (mostly bilateral and postcentral cortex) and left 
temporal pole (Fig. 2, Panel A). No significant different subnetworks 
were found between PD females and males in the other frequencies.

3.3. Intra-sex FC differences between PD and HC cohorts

Then, we analyzed FC differences between female PD and HC and 
between male PD and HC, using post-hoc analysis of the differential 
networks found in the θ. α and β bands.

When analyzing females, we found a statistically significant sub
network at the θ band, where the connectivity was lower in female PD 
compared to female HC. This subnetwork was composed of 20 nodes and 
40 links (47.6 % of the original network) and was lateralized in the left 
hemisphere (82.5 %). The higher degrees ROIs of this subnetwork were 
part of the sensorimotor areas (mostly bilateral precentral cortex) and 
left transverse temporal cortex (Fig. 2, Panel C). On the contrary, we 
observed a significant subnetwork in the β band, where FC was higher in 
PD females compared to HC females. This subnetwork comprised 63 
nodes and 460 links, including 75.2 % of the original links (460/612), 
and was equally distributed between the two hemispheres. Brain regions 
with higher degrees mainly belonged to the limbic lobe (predominantly 
bilateral anterior cingular cortex) (Fig. 2, Panel F).

Regarding males, we identified a statistically significant subnetwork 
at the θ band, where the connectivity was lower in male PD compared to 
male HC. This subnetwork was composed of 26 nodes and 48 links (57.1 
% of the original network) and was slightly lateralized in the right 
hemisphere (54.2 %). The higher degrees ROIs of this subnetwork were 
part of the right insula and right anterior cingulate (Fig. 2, Panel D). 
Moreover, we observed a significant subnetwork in the α band, where FC 
was higher in HC males compared to PD males. This network comprised 
64 nodes and 602 links, largely overlapped with the original network, 
including 97.1 % of its links (602/620) (Fig. 2, Panel E). Finally, a sig
nificant subnetwork was found in the β band, where FC is higher in male 
PD compared to male HC. This subnetwork was composed of 52 nodes 
and 194 edges (31.7 % of the original network) and was slightly later
alized in the left hemisphere (58.8 %). ROIs with higher degrees were 
mainly part of the limbic lobe (bilateral anterior cingulate) and senso
rimotor areas (mostly left precentral and postcentral cortex) (Fig. 2, 
Panel G).

Table 1 
Clinical and demographic data of the study population.

Female 
PD 
(n ¼ 27)

Male PD 
(n ¼ 42)

Female 
HC 
(n ¼ 30)

Male 
HC 
(n ¼
39)

p- 
value

Age (y) 61.8 ± 9.0 62.8 ±
9.0

57.2 ±
11.8

60.1 ±
10.5

n.s.

Disease duration 
(m)

29.3 ±
19.5

27.5 ±
19.4

— — n.s.

BMI 24.9 ± 2.6 25.5 ±
3.8

— — n.s.

Laterality (L/R) 13/16 19/23 — — n.s.
H&Y stage 2.0 ± 0.6 1.8 ± 0.4 — — n.s.
MDS-UPDRS-III 29.2 ±

12.6
27.0 ±
10.6

— — n.s.

Rigidity 5.1 ± 2.7 5.3 ± 3.1 — — n.s.
Bradykinesia 14.4 ± 5.6 12.7 ±

5.1
— — n.s.

Gait/postural 3.5 ± 2.1 2.7 ± 1.9 — — n.s.
Tremor 2.8 ± 3.2 4.0 ± 3.7 — — n.s.
Total LEDD (mg/ 
die)

110.3 ±
133.2

100.8 ±
138.7

— — n.s.

MoCA 27.4 ± 2.2 27.0 ±
2.2

— — n.s.

MMSE 28.9 ± 1.8 28.7 ±
1.6

— — n.s.

NMSS 34.8 ±
35.1

32.3 ±
27.4

— — n.s.

Domain 3 ¡
Mood

9.8 ± 12.0 7.8 ±
10.1

— — n.s.

SCOPA-AUT 23.0 ±
15.8

13.1 ±
10.5

— — 0.003

Data are expressed as mean ± standard deviation of variables. Statistical sig
nificance is marked in bold. Age is expressed in years. Disease duration is 
expressed in months. All patients were L-dopa-naïve.

Table 2 
Age and sex hormone levels in PD fertile and post-menopausal females, and PD 
males.

Female PD 
(n ¼ 21)

Male PD 
(n ¼ 28)

p-Value

Age 63.2 ± 9.7 61.2 ± 8.9 n.s.
Estradiol (pg/ml) 0.5 ± 0.5 28.6 ± 16.9 p < 0.001
Total Testosterone (ng/dl) 26.5 ± 19.8 484.8 ± 182.9 p < 0.001
FSH (mUI/ml) 64.9 ± 26.5 8.6 ± 12.3 p < 0.001
LH (mUI/ml) 22.6 ± 10.5 3.7 ± 2.9 p < 0.001

Data are expressed as mean ± standard deviation of variables. Age is expressed 
in years. FSH, follicle-stimulating hormone, and LH, luteinizing hormone.
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3.4. Cross-validation of the NBS analysis

We analyzed the out-of-sample reliability and prediction perfor
mance of the NBS network found in the above analyses using a cross- 
validation leave-one algorithm. Accuracy, precision, Cohen’s κ, AUC, 
sensitivity, and specificity of the differential NBS network in discrimi
nating inter-sex (female PD vs. male PD and female HC vs. male HC) and 
intra-sex (female PD vs. female HC and male PD vs. male HC) differences 
are reported in Table 3.

3.5. Association between dysfunctional networks and clinical scores in PD 
females and males

We thus analyzed the correlations between clinical scores and the 
mNC of the differential networks in female and male PD patients. Each 
correlation was corrected for age, disease duration, and most affected 
side of the disease, using Pearson’s partial correlation analysis.

We found significant negative correlations between the mNC of the θ 
network (F = 4.3) and total NMSS in both PD females (r = − 0.47, p =
0.014, BS-95 %CI [-0.67––0.30]), and PD males (r = − 0.37, p = 0.016, 
BS-95 %CI [-0.56––0.16]) (Fig. 3, Panel A) and NMSS domain 3 (Mood) 
in female (r = − 0.49, p = 0.009, BS-95 %CI [-0.66––0.32]), and male 
PD (r = − 0.34, p = 0.028, BS-95 %CI [-0.49––0.15]) (Fig. 3, Panel B). 
Moreover, we observed a significant positive correlation between the 
mNC of the θ network and the tremor subscore of the MDS-UPDRS-III in 
female PD (r = 0.42, p = 0.030, BS-95 %CI [-0.01 0.67]), while among 
male PD patients, the same correlation was at the limit of significance (r 
= 0.30, p = 0.054, BS-95 %CI [-0.07 0.60]) (Fig. 3, Panel C).

Regarding the α network (F = 4.2), we discovered a significant 
positive correlation between the mNC and the MoCA score in both fe
male (r = 0.41, p = 0.033, BS-95 %CI [0.12 0.67]) and male PD (r =
0.39, p = 0.011, BS-95 %CI [0.11 0.59]) (Fig. 3, Panel D). Furthermore, 
we found a significant negative correlation between the α network mNC 
and the gait subscore of the MDS-UPDRS-III in male PD (r = − 0.48, p =

Fig. 1. Graph representations of the differential networks between female PD, male PD, female HC, and male HC in θ (A), α (D), β (G) bands. Colors indicate different 
brain lobes: orange = fronto-insular, red = sensorimotor, yellow = limbic, green = temporal, magenta = parietal, light-blue = occipital; circle diameters are directly 
proportional to region of interest (ROI) degrees. Representation of ROI degrees on the model brain surface of the θ (B), α (E), β (H) differential networks. The mNC in 
female PD, male PD, female HC, and male- HC of the NBS differential networks in θ (C), α (F) and β (I) bands. Brain surface is based on MNI ICBM 152 non-linear 
template (Copyright (C) 1993–2009 Louis Collins, McConnell Brain Imaging Centre, Montreal Neurological Institute, McGill University).
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0.002, BS-95 %CI [-0.67––0.19]), but not in female PD (r = − 0.15, p =
0.46, BS-95 %CI [-0.47 0.19]) (Fig. 3, Panel E).

Finally, we observed significant positive correlations between the 
mNC of the β network and the bradykinesia subscore the MDS-UPDRS-III 
in both female (r = 0.39, p = 0.045, BS-95 %CI [-0.12 0.65]) and male 
PD (r = 0.34, p = 0.028, BS-95 %CI [0.11 0.55]).

No significant correlations were found between FC networks and 
age, disease duration, MMSE, SCOPA-AUT, total MDS-UPDRS-III, or the 
rigidity subscore.

3.6. Association between dysfunctional networks and sex hormones in PD 
females and males

In the female PD group, we found a significant positive correlation 

between the mNC of the differential α network (F = 4.2) and the 
estradiol levels (r = 0.47, p = 0.029, BS-95 %CI [0.17 0.74]) (Fig. 4, 
Panel B). Moreover, we observed a significant positive correlation be
tween the mNC of β FC network (F = 4.2) and LH levels (r = 0.58, p =
0.006, BS-95 %CI [0.09 0.81]) (Fig. 3, Panel C). A positive correlation 
was also found between the mNC of β FC network and FSH levels, which, 
however, did not reach statistical significance (r = 0.33, p = 0.16, BS-95 
%CI [-0.21 0.72]).

In the PD male group, we observed a positive correlation between the 
mNC of the differential θ network (F = 4.3) and total testosterone levels 
(r = 0.49, p = 0.008, BS-95 %CI [0.13 0.69]) (Fig. 3, Panel D). Moreover, 
we discovered a significant positive correlation between the mNC of the 
α FC network (F = 4.2) and the estradiol levels (r = 0.44, p = 0.023, BS- 
95 %CI [0.13 0.71]) (Fig. 3, Panel D). Additionally, we found a 

Fig. 2. Graph representations (on the left of each panel) and representation of ROI degrees on the model brain surface (on the right of each panel) of the differential 
subnetwork between female and male PD (FC females > males) in α band (A); female and male HC (FC males > females) in α band (B); female HC and female PD in θ 
band (FC HC > PD) (C) and in β band (FC PD > HC) (F); male HC and male PD in θ band (FC HC > PD) (D), in α band (FC HC > PD) (E), and in β band (FC PD > HC) 
(G);. Colors indicate different brain lobes: orange = fronto-insular, red = sensorimotor, yellow = limbic, green = temporal, magenta = parietal, light-blue = occipital; 
circle diameters are directly proportional to region of interest (ROI) degrees. Brain surface is based on MNI ICBM 152 non-linear template (Copyright (C) 1993–2009 
Louis Collins, McConnell Brain Imaging Centre, Montreal Neurological Institute, McGill University).
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significant positive correlation between the mNC of the β FC network (F 
= 4.2) and FSH levels (r = 0.52, p = 0.004, BS-95 %CI [0.10 0.79]) 
(Fig. 3, Panel E). No significant correlation was observed between the 
mNC of the β FC network and the LH levels (r = 0.068, p = 0.77, BS-95 % 
CI [-0.24 0.37]).

No other significant results were found between sex hormone levels 
and the mNC of PD dysfunctional networks.

4. Discussion

This study, by means of the HD-EEG, demonstrated that FC differed 
between females and males in both early-stage levodopa naïve PD pa
tients and healthy controls and was diversely associated with clinical 
features and sex hormone levels in patients depending on the sex, 
providing substantial background for the well-known sexual dimor
phism of the disease.

Our group recently described the EEG-based FC features 

Table 3 
Cross-validation of the differential NBS network in inter-sex (female PD vs. male PD and female HC vs. male HC) and intra-sex (female PD vs. female HC and male PD vs. 
male HC) conditions based on NBS-Predict leave-one-out method. The parameters reported are in the first row the value of accuracy, precision, Cohen’s Kappa, AUC, 
sensitivity and specificity, and in the second row their relative 95% confidence interval (95%CI).

Networks Accuracy Precision Cohen’s κ AUC Sensitivity Specificity

Female PD vs. Male PD ​ ​ ​ ​ ​ ​
α − female > male 0.73 

[0.70 0.74]
0.65 
[0.58 0.71]

0.47 
[0.25 0.68]

0.73 
[0.59 0.84]

0.74 
[0.54 0.89]

0.74 
[0.58 0.85]

Female HC vs. Male HC ​ ​ ​ ​ ​ ​
α – female < male 0.69 

[0.68 0.71]
0.74 
[0.68 0.82]

0.41 
[0.19 0.63]

0.69 
[0.55 0.81]

0.67 
[0.48 0.83]

0.74 
[0.58 0.86]

Female PD vs. female HC ​ ​ ​ ​ ​ ​
θ − PD < HC 0.74 

[0.73 0.77]
0.77 
[0.70 0.86]

0.54 
[0.32 0.76]

0.81 
[0.67 0.90]

0.74 
[0.54 0.88]

0.80 
[0.62 0.92]

β − PD > HC 0.75 
[0.68 0.76]

0.93 
[0.82 1.00]

0.84 
[0.72 0.91]

0.84 
[0.72 0.91]

0.62 
[0.46 0.75]

0.93 
[0.77 1.00]

Male PD vs. Male HC ​ ​ ​ ​ ​ ​
θ – PD < HC 0.76 

[0.75 0.78]
0.77 
[0.70 0.87]

0.55 
[0.37 0.73]

0.79 
[0.67 0.87]

0.81 
[0.67 0.91]

0.74 
[0.58 0.87]

α – PD < HC 0.79 
[0.78 0.81]

0.83 
[0.75 0.90]

0.63 
[0.46 0.80]

0.86 
[0.76 0.81]

0.81 
[0.67 0.91]

0.82 
[0.67 0.92]

β − PD > HC 0.75 
[0.72 0.76]

0.68 
[0.61 0.75]

0.51 
[0.30 0.72]

0.77 
[0.62 0.87]

0.78 
[0.58 0.91]

0.74 
[0.59 0.86]

Fig. 3. Correlations between the mNC of the differential θ network and total NMSS (A), NMSS domain 3 (B), and tremor subscore of MDS-UPDRS III (C) in PD females 
and males. Correlations between the mNC of the differential α network and MoCA (D), and gait subscore of MDS-UPDRS III (E) in PD females and males. Correlations 
between the mNC of the differential β network and bradykinesia subscore of MDS-UPDRS III (F) in PD females and males.
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characterizing PD with respect to HC (Conti et al., 2023). Current data 
confirm those findings on a larger sample, showing how early-stage both 
female and male PD patients may present with band- and network- 
specific functional changes compared to female and male HC. In 
particular, here, both female and male PD patients stood out for a 
reduced FC in θ bands, mainly in prefrontal, insular, and sensorimotor 
areas, and an increased FC in β band, predominantly in the sensori
motor, limbic, and parietal areas, compared to both female and male HC. 
On the contrary, a reduced FC in the α band, mainly in prefrontal, 
sensorimotor, temporal, and limbic regions, was observed only in male 
PD patients compared to male HC, while no significant differences were 
found between female PD patients and female HC.

When analyzing EEG-FC changes according to sex, either in patients 
or HC, we noticed a sex-dimorphic network in the α band in both groups. 
Specifically, the EEG-FC network in the α band was increased in male HC 
compared to females, primarily in dorsolateral prefrontal, orbitofrontal, 
temporal, and limbic areas. Conversely, the same network was more 
disrupted in male PD patients compared to females, mostly in the left 
hemisphere, within the dorsolateral and ventral prefrontal cortex, the 
sensorimotor areas, the left insula, and the temporal lobe. Albeit based 
on different techniques, our findings are in line with compelling evi
dence from fMRI studies. In fact, Zhang et al., utilizing the data from 494 
HC of the Human Connectome Project, found that healthy males can 
exhibit a widespread greater FC than females, mostly in frontal, parietal, 
and temporal lobes, and that the male brain can be more segregated 
while the female brain more integrated(Zhang et al., 2016). Otherwise, 
the FC can increase in the sensorimotor network in healthy males 
compared to females(Weis et al., 2019). Also fMRI-based studies on PD 
disclosed a higher FC in female patients compared to males, mostly 
involving the sensorimotor areas (De Micco et al., 2018).

Patterns of EEG-FC were also variously associated with main clinical 
features in patients, either in a sex-specific or a sex-independent manner.

The mNC of θ dysfunctional network, which predominantly involved 
the prefrontal areas, negatively correlated to total NMSS and NMSS 
domain 3 (mood) in both sexes. As the EEG θ activity might mark the 
emotional processes and the functional impairment within the 
dorsolateral-prefrontal cortex might account for depression in PD(Wen 
et al., 2013), we could suppose that the prefrontal-limbic dysfunction of 
θ FC reflects the impairment of emotional process and the development 
of mood disorder in PD, regardless of the sex.

Testosterone seems to have a role in mediating this association, as 
the positive relationship between EEG-FC at θ band and total testos
terone levels in male patients suggests. In a previous study, we 
demonstrated that testosterone might contribute to male vulnerability to 
PD, favoring some neuropathological changes, including the accumu
lation of synucleinopathy and basal ganglia atrophy (Bovenzi et al., 
2023c). Otherwise, testosterone modulates mood and behavior, and 
lower levels have been found in male PD patients with depression, 
anxiety, and anhedonia (Okun et al., 2002). Here, the association be
tween hormone and FC at θ band could be thus referred to as the latter 
property of the hormone, confirming its capability to affect the neuro
psychological circuits of the male brain. The absence of correlations in 
female patients could rather depend on the low circulating hormone 
levels, which can prevent the statistical significance.

The θ mNC also positively correlated with the MDS-UPDRS III tremor 
subscore in PD females, whereas, in males, the correlation did not reach 
statistical significance. Consistent with our results, an increased syn
chronization in oscillatory activity between the STN, the GPi, the thal
amus, and the motor cortex, which occurs at the resting tremor 
frequency θ (4–7 Hz), has been documented in PD in studies, and 

Fig. 4. Correlations between the mNC of the differential θ network and the total testosterone levels in PD females (A) and males (D). Correlations between the mNC 
of the differential α network and the estradiol levels in PD females (B) and males (E). Correlations between the mNC of the differential β network and the LH levels in 
PD females (C) and the FSH levels in PD males (F).
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predominantly in those with tremor-dominant forms (Brown, 2003). 
Such synchronization seems to be linked to the activation of GPi- 
thalamic-cortical pathways with pro-tremorgenic activity.

The mNC of the α network, which was significantly hypoconnected 
in prefrontal, sensorimotor, and temporal regions of PD patients, 
directly correlated with cognition, as assessed by the MoCA scores, in 
both sexes. The reduction of EEG-FC at α band is commonly observed in 
PD at different disease stages (Conti et al., 2023; Yassine et al., 2022) 
and in other neurodegenerative disorders, such as Alzheimer’s disease 
(AD) or Lewy body disease (LBD) (Babiloni et al., 2019). The biological 
substrate is thought to be the disruption of ascending and cortical 
cholinergic systems (Babiloni et al., 2019). The α-FC decrease in PD 
patients’ cortical areas could thus reflect a subcortical and/or cortical 
cholinergic impairment, leading to cognitive deterioration since the 
earliest stages of the disease (van der Zee et al., 2022).

We also found that the mNC of the α network had a male-specific 
direct correlation with the MDS-UPDRS-III gait/postural stability sub
score. A reduction of synchronization in the α band between the 
pedunculopontine nucleus and motor cortex has already emerged in PD 
and atypical parkinsonisms (Stefani et al., 2007), suggesting the alter
ation in cholinergic neurotransmission as a potential mechanism un
derlying gait dysfunction in PD (Morris et al., 2019). It is well-known 
that male PD patients can suffer from axial postural abnormalities, 
faster motor progression, and cognitive impairment more frequently 
than females (Picillo et al., 2022). Therefore, we propose that male 
patients had a selective susceptibility to cholinergic transmission within 
the frontotemporal areas, which may account for their predisposition to 
a worse motor phenotype.

This hypothesis is partially supported by the correlation analysis 
with sex hormones. In fact, in both the sexes, the EEG-FC at α band 
positively correlated with E2 levels. Estrogen levels, mostly E2, 
dramatically decrease in post-menopausal females, produced by a few 
extragondal sites rather than the ovary (Hall, 2015). In males, a small 
number of estrogens is synthesized by the aromatization of androgens in 
peripheral tissues. We have already demonstrated that E2 levels can 
significantly affect motor features in PD patients, regardless of sex 
(Bovenzi et al., 2023a, 2023b, 2023c). Therefore, the positive associa
tion between FC at α band and E2 levels indicates that estrogens might 
preserve motor brain circuit integrity, in particular, the dopaminergic 
and the basal forebrain cholinergic ones, regardless of the sex, in line 
with evidence from animal models (Bourque et al., 2023). Accordingly, 
we could hypothesize that the higher lifetime exposure to estrogens in 
female patients might protect neural circuits related to α-FC; conversely, 
the lower estrogenic tone and the detrimental effects of testosterone 
might account for the greater vulnerability of the male patients.

Finally, consistent with our previous work (Conti et al., 2023), we 
observed a positive correlation between the mean connectivity of the β 
dysfunctional network FC and the MDS-UPDRS III bradykinesia subscore 
in female and male PD patients. The increased synchronization in the β 
band between basal ganglia (BG) and motor cortex is a typical neuro
physiological marker of PD(Little and Brown, 2014), classically related 
to the bradykinesia severity (Brown, 2003). Indeed, the balance between 
β and γ oscillation in the motor cortex plays a relevant role in modu
lating movement performance in PD, with β oscillations favoring bra
dykinesia, whereas γ cortical oscillations have an anti-bradykinetic 
effect (Guerra et al., 2022). However, our data show that the increase of 
β-FC at the cortical level can also involve extra motor areas, including 
limbic and parietal regions, which suggests that β network abnormalities 
may underlie other, non-purely motor features. Here, the gonadotropin 
levels – FSH in PD males and LH in PD post-menopausal females – 
directly correlated with the increased β FC in those areas. Circulating 
gonadotropins increase with aging in both sexes, reaching the highest 
levels in post-menopausal females in response to the estrogenic decline. 
In PD patients, both males and post-menopausal females, such an in
crease has been associated with a significant burden of brain amyloid
opathy and a major occurrence of cognitive complaints. Since 

bradykinesia in PD might also imply a cognitive contribution (Bologna 
et al., 2020), we can interpret the reciprocal correlations among β FC, 
bradykinesia, and gonadotropin levels as a sex-independent and age- 
related trajectory (Bovenzi et al., 2023c), leading to greater neuro
degeneration and higher risk for cognitive decline.

This study has some limitations, including the cross-sectional design, 
the partial data from the control group, and, although all the patients 
were LD-naïve, the potential confounding effect of other dopaminergic 
medications on either FC or sex hormone production. Moreover, we 
must acknowledge the low spatial resolution of the EEG technique and 
the difficulty in investigating the high-γ band because of the muscle 
artifacts. However, we enrolled a homogeneous population, strictly 
selected to avoid any biases due to comorbidity or concurrent condi
tions, and we also performed statistical analyses adjusting for main 
potential confounding factors. Actually, there were no significant dif
ferences between PD patients and HC in age, and the analyses were also 
covariate for this potential confounding factor, which is a well-known 
factor affecting FC (Varangis et al., 2019). The PD group included pa
tients with similar disease duration and pharmacological treatments 
without major cognitive impairment, assessed after overnight with
drawal from any dopaminergic drug discontinuation to avoid potential 
effects on both the FC-EEG and the hormone levels. Indeed, no signifi
cant relationships were found between FC changes and disease duration 
in this study. Larger, prospective studies, including patients at various 
disease stages, are needed to investigate any sex-dimorphic trajectory of 
FC changes. Moreover, although the sex hormone levels were not 
assessed in the HC, the sex hormone levels in the PD cohort were within 
normal ranges as expected by sex and age, despite conflicting evidence 
regarding an altered hormone profile in PD (Nitkowska et al., 2015). 
Moreover, a limitation of the study lies in the modest strength of the 
observed correlations, which, although statistically significant, could be 
influenced by floor or ceiling effects in the raw data, such as MoCA 
scores or hormone levels. However, a bootstrap method was used to 
estimate the out-of-sample reliability of the found correlations. Again, 
future studies should consider measuring sex hormone levels in a control 
group to better clarify the extent to which the observed phenomena in 
the present study are due to sex, hormone levels, the disease, or rather 
potential interactions between these factors. Finally, we observed lat
eralized dysfunctions of specific ROI of one hemisphere compared to the 
other. However, we have not related these differences to the more 
affected side of the disease of PD patients in the present study. Never
theless, we considered the more affected side as a covariate in the NBS 
analysis.

5. Conclusions

This study demonstrated that the biological sex and the sex hormone 
levels can account for different network- and band-specific FC features 
in early-stage PD patients, which in turn may underly, at least in part, 
the dimorphic clinical presentation of the disease. The main intersex 
difference was in the α band-FC, a network basically sustained by the 
cholinergic signaling, which was more disrupted in males than in fe
males. The network integrity was directly correlated with E2 levels in 
both sexes, suggesting a protective effect of the estrogens on those 
neural circuits per se. However, the greater lifetime exposure to estro
gens might justify the sex-specific α band-FC preservation. Otherwise, 
the male-specific α band-FC impairment might represent the substrate 
for axial and gait disturbances or cognitive issues, which are more 
frequent in male patients. Male patients also had a direct association 
between testosterone levels and the θ band FC, whose integrity tends to 
decrease in PD, favoring depression and apathy occurrence, which in
dicates the hormone’s capability, at the high male-specific circulating 
levels, to stimulate mood and behavior circuits. Finally, a direct corre
lation resulted between gonadotropins, whose levels physiologically 
increase with aging and menopause, and the FC in the β band, which 
may track an age-related and sex-independent neurodegenerative 
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trajectory responsible for bradykinesia and eventual cognitive decline, 
two peculiar features of elderly.

These findings, although needing appropriate replication and 
confirmation on a larger scale, support the central role of sex hormones 
in driving PD pathophysiology by direct and novel human-based evi
dence and even provide hints for personalized neuromodulation-based 
therapeutic approaches.

CRediT authorship contribution statement

Matteo Conti: Writing – original draft, Software, Methodology, 
Formal analysis, Data curation, Conceptualization. Roberta Bovenzi: 
Writing – original draft, Formal analysis, Data curation, Conceptuali
zation. Mariangela Pierantozzi: Visualization. Clara Simonetta: Re
sources, Data curation. Valerio Ferrari: Data curation. Jacopo 
Bissacco: Data curation. Rocco Cerroni: Visualization. Claudio Lig
uori: Visualization. Francesca Di Giuliano: Validation. Nicola Biagio 
Mercuri: Visualization. Tommaso Schirinzi: Writing – review & edit
ing, Supervision, Conceptualization. Alessandro Stefani: Writing – re
view & editing, Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This work was supported by: Ministry of University and Research 
(MUR), Next Generation EU, National Recovery and Resilience Plan 
(NRRP), project MNESYS (PE0000006) – A Multiscale integrated 
approach to the study of the nervous system in health and disease (DN. 
1553 11.10.2022) to NBM, AS, CL and MP; Ministry of University and 
Research (MUR), Next Generation EU, National Recovery and Resilience 
Plan (NRRP) NRRP M6C2 - Investment 2.1 Enhancement and strength
ening of biomedical research in the NHS (PNRR-MAD-2022-12376769) 
to AS; BRIC 2023 (INAIL) to AS.

Data availability

Data will be made available on request. 

References

Babiloni, C., Del Percio, C., Pascarelli, M.T., Lizio, R., Noce, G., Lopez, S., Rizzo, M., 
Ferri, R., Soricelli, A., Nobili, F., Arnaldi, D., Famà, F., Orzi, F., Buttinelli, C., 
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