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Contributions of sex, depression, and cognition on brain
connectivity dynamics in Parkinson’s disease
Maria Diez-Cirarda 1,2,3✉, Iñigo Gabilondo 3,4, Naroa Ibarretxe-Bilbao5, Juan Carlos Gómez-Esteban3,6, Jinhee Kim 1,2,
Olaia Lucas-Jiménez 5, Rocio Del Pino3, Javier Peña 5, Natalia Ojeda5, Alexander Mihaescu1,2, Mikaeel Valli 1,2,
Maria Angeles Acera3, Alberto Cabrera-Zubizarreta7, Maria Angeles Gómez-Beldarrain8 and Antonio P. Strafella1,2✉

Alterations in time-varying functional connectivity (FC) have been found in Parkinson’s disease (PD) patients. To date, very little is
known about the influence of sex on brain FC in PD patients and how this could be related to disease severity. The first objective
was to evaluate the influence of sex on dynamic FC characteristics in PD patients and healthy controls (HC), while the second aim
was to investigate the temporal patterns of dynamic connectivity related to PD motor and non-motor symptoms. Ninety-nine PD
patients and sixty-two HC underwent a neuropsychological and clinical assessment. Rs-fMRI and T1-weighted MRI were also
acquired. Dynamic FC analyses were performed in the GIFT toolbox. Dynamic FC analyses identified two States: State I,
characterized by within-network positive coupling; and State II that showed between-network connectivity, mostly involving
somatomotor and visual networks. Sex differences were found in dynamic indexes in HC but these differences were not observed in
PD. Hierarchical clustering analysis identified three phenotypically distinct PD subgroups: (1) Subgroup A was characterized by mild
motor symptoms; (2) Subgroup B was characterized by depressive and motor symptoms; (3) Subgroup C was characterized by
cognitive and motor symptoms. Results revealed that changes in the temporal properties of connectivity were related to the motor/
non-motor outcomes of PD severity. Findings suggest that while in HC sex differences may play a certain role in dynamic
connectivity patterns, in PD patients, these effects may be overcome by the neurodegenerative process. Changes in the temporal
properties of connectivity in PD were mainly related to the clinical markers of PD severity.
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INTRODUCTION
In the last few years, functional connectivity (FC) during resting-
state functional magnetic resonance imaging (rs-fMRI) has been
used in Parkinson’s disease (PD) to study the neural mechanisms
of various complications, such as cognitive impairment1–3 and
depression4–7. Recently, a number of studies have applied time-
varying analysis methods for brain connectivity, also known as
dynamic FC, in diverse populations8,9. These chronnectome
techniques assume that brain connectivity is not static but
changes over time, and aim to identify dynamic and reoccurring
patterns of connectivity10. Alterations in dynamic FC have been
found in major depression11,12, psychiatric disorders13,14, and
neurodegenerative diseases, including Alzheimer’s disease and
PD15–18. Previous studies in PD have identified two recurring FC
States16,19,20. Dynamic FC alterations have been reported in the
disease, showing changes in the number of state transitions, and
reduced time spent in the sparsely connected state, linked to an
increased time spent in the strongly between-network connected
state16. These alterations have shown relationships with motor
symptoms and various degrees of cognitive impairment16,19,20.
Increased motor complications were related to the increased
number of state transitions and associated with reduced time
spent in the within-network connected state16. Additionally, the
presence of cognitive impairment in PD was also related to
changes in state transitions and altered dwell time in dynamic
states19,20. However, little is known about other highly prevalent

and disabling non-motor symptoms in PD, such as depression21,
and its association with the intrinsic dynamic patterns of brain
connectivity.
Another factor that needs to be taken into account when

analyzing the relationship between PD symptomatology and brain
connectivity is sex differences. Previous literature has reported sex
differences in PD motor and non-motor symptoms22–25. The
analysis of the differences in brain FC between sexes could help to
understand the mechanisms that explain the clinical differences
between females and males with PD, but literature on this matter
is very scarce. One previous study in de novo PD investigated sex
differences in resting-state brain static FC in drug-naïve patients26.
Results showed no significant differences in whole-brain con-
nectivity, including the somatomotor (SM) network, default-mode
network (DMN), dorsal and ventral attention networks, and
frontoparietal network, but revealed slight differences with
region-of-interest analysis and other neurophysiological record-
ings in the basal ganglia and SM network26.
On the contrary, sex differences have shown an impact on

resting-state functional network connectivity in healthy adults.
The literature suggests that female adults may show stronger
connectivity within the DMN, while male adults present instead
stronger connectivity patterns within and between the SM and
visual (VIS) networks27–30. A recent dynamic FC study in healthy
subjects also revealed a more unstable pattern of connectivity in
males than in females31. These sex differences in healthy subjects
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in their brain static and dynamic FC have been associated with
trends in behavioral differences31,32.
Increasing our knowledge about the contributions of sex in

brain connectivity in PD could help to better understand PD
heterogeneity and its association with motor and non-motor
symptoms. In light of this, the objectives of the present study were
twofold. The first aim was to evaluate for the first time the
influence of sex on dynamic FC characteristics in PD patients and
healthy controls (HC). The second objective was to investigate the
temporal patterns of dynamic connectivity associated with PD
severity, considering motor symptoms, depression, and cognition.

RESULTS
Sociodemographic and clinical characteristics for HC and PD
groups
Demographic and clinical characteristics are shown in Table 1. No
significant sex differences were found in HC and PD participants
for cognition or clinical features between PD males and females.
Years of education and the presence of depression were included
as covariates in the following analyses. Cognition and depression
were also tested with a two-way multivariate analysis of
covariance (MANCOVA). Significant results were found for group
effect on cognition [assessed with the Montreal Cognitive
Assessment (MoCA)] (F= 15.758; p < 0.001) and depressive
symptoms [assessed with the 15-item Geriatric Depression Scale
(GDS-15)] (F= 20.734; p < 0.001), showing PD patients greater
cognitive impairment and depressive symptoms compared to HC.
GroupxSex interaction was not significant in MoCA (F= 0.641;
p= 0.425) or GDS-15 (F= 0.214; p= 0.645).

Dynamic FC states
Independent component analysis (ICA) resulted in 53 independent
components (ICs) grouped in seven networks (Fig. 1). Dynamic FC
analysis identified two highly structured FC States in all
participants (Fig. 2). Results showed a more frequent State I
(67%) with sparse positive coupling mainly within networks [e.g.,
DMN, SM, VIS, and central-executive network (CEN)], and a less
frequent State II (33%) with stronger FC between networks. The
latter between-network connectivity pattern included both
negative and positive coupling, mainly in the posterior-central
regions between the SM and VIS networks.

Dynamic FC States and sex differences in HC and PD
The connectivity patterns in each State for male and female PD
and HC subgroups are shown in Fig. 3a, b. In both HC and PD

groups, males and females showed a more frequent State I and a
less frequent State II with stronger FC between networks. Sex
differences in connectivity in State I or State II did not survive false
discovery rate (FDR) correction.
Two-way MANCOVA showed that there was a significant

GroupxSex interaction effect in the temporal properties of
connectivity. Specifically, we found a significant GroupxSex
interaction effect in fractional time window in State I and State II
(F= 3.020; p= 0.020), mean dwell time in State I (F= 4.269; p=
0.003), and state transitions (F= 4.287; p= 0.003).
Within-group analysis revealed sex differences in dynamic

indexes in HC. HC females significantly spent more time (fractional
time window) in the within-network connected State I compared
to HC males [females: mean ± standard deviation (SD)= 88.88 ±
20.69%; males: mean ± SD= 79.10 ± 28.66%] (Fig. 3c), suggesting
that the female group exhibited a higher proportion of time spent
in the more frequent State I with sparse coupling mainly within
networks, while HC males tended to stay in State II with stronger
between-network connectivity (mostly between the SM and VIS
networks). In addition, HC females showed increased mean dwell
time in State I (mean ± SD= 130.20 ± 63.75) compared to HC
males (mean ± SD= 124.68 ± 76.25) (F= 4.538; p= 0.015), which
indicates that females tend to spend more time in the within-
network connected state before switching to the other state.
Significant differences in state transitions were found in HC males
compared to HC females (males: mean ± SD= 1.87 ± 2.21; females:
mean ± SD= 1.38 ± 1.56) (F= 4.567; p= 0.015) (Fig. 3c), suggest-
ing an increased number of transitions between States in the male
group. Overall, these observations suggested significant sex
differences in HC with greater stability of the sparse coupling
within-network FC (State I) in females. In contrast, the male sample
expressed increased transitions between states with less stability
and a tendency for a longer length of stay in the between-network
FC (State II).
There were no significant differences in dynamic indexes when

comparing males and females in the PD sample. No specific
differences were present in any dynamic index, suggesting that
both PD males and females spent a similar time in the within- and
between-network connected states. Overall, these observations
suggested that sex was probably not a contributing factor in the
time-varying FC changes in PD patients; thus, we aimed to
investigate other potential contributing factors of PD on the
temporal properties of connectivity.

Demographic and clinical characteristics of PD subgroups
To accurately classify the patients based on the severity of
symptoms, including both motor and non-motor symptoms, we

Table 1. Sex differences in sociodemographic and clinical characteristics in HC and PD patients.

PD sample (n= 99) HC sample (n= 62)

PD Male (n= 69) PD Female (n= 30) F p HC Male (n= 31) HC Female (n= 31) F p

Age (years) 63.36 (8.16) 65.48 (6.85) 1. 546 0.217 64.38 (7.90) 62.20 (8.42) 1.109 0.297

Education (years) 13.14 (4.92) 10.73 (3.90) 5.637 0.020 13.23 (4.22) 12.42 (4.80) 0.492 0.486

MoCA 24.53 (3.53) 24.20 (3.65) 0.186 0.668 26.10 (3.00) 26.87 (2.12) 1.319 0.256

GDS-15 2.82 (2.52) 2.54 (2.66) 0.241 0.625 1.31 (1.80) 0.63 (1.02) 3.203 0.079

Disease duration 6.01 (4.86) 7.24 (4.54) 1.374 0.244 – – – –

UPDRS III 26.52 (10.65) 24.00 (12.33) 1.063 0.305 – – – –

Hoehn and Yahr 1.97 (0.45) 2.06 (0.50) 0.871 0.353 – – – –

LEDD 622.57 (373.62) 705.45 (491.58) 0.844 0.360 – – – –

Values are shown as mean (standard deviation).
HC healthy controls, PD Parkinson’s disease, MoCA Montreal cognitive assessment, GDS-15 geriatric depression scale, UPDRS III unified PD rating scale, motor
subscale, LEDD levodopa equivalent daily dose.
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used hierarchical agglomerative clustering analysis. The hierarch-
ical clustering analysis identified three distinct PD subgroups
based on motor and non-motor symptoms (Table 2 and Fig. 4).
Principal component analysis (PCA) validated the PD subgroup
classification (Supplementary Fig. 1).
PD subgroup A (mild subtype) was characterized by mild motor

symptoms [Unified PD Rating Scale (UPDRS) III= 19.00 ± 8.10]. PD
subgroup B (depression dominant subtype) was characterized
mainly by motor symptoms (UPDRS III= 34.81 ± 9.03), the
presence of depressive symptoms [43.3% had a GDS-15 > 5, and
the rest had depressive symptoms], and slight cognitive
differences with HC. PD subgroup C (cognitive dominant subtype)
was characterized mainly by the presence of moderate motor
symptoms (UPDRS III= 23.76 ± 9.40), pronounced cognitive
impairment (MoCA= 20.14 ± 2.49), with slight depression score
differences compared to HC. Chi-squared analysis revealed no
significant differences in the percentage of males and females
between PD subgroups and HC (see Table 2).

Dynamic FC States in PD subgroups and HC
Connectivity patterns in each State for each PD subgroup and HC
are visualized in Supplementary Fig. 2, showing that all PD
subgroups had a more frequent State I with sparse positive
coupling mainly within networks (e.g., DMN, SM, VIS, and CEN) and
a less frequent State II with stronger FC between networks.
Differences in connectivity in State I or State II in PD subgroups
compared to HC did not survive FDR correction.
PD subgroups exhibited variations in the temporal properties of

connectivity compared to HC. MANCOVA revealed significant
differences between groups in fractional time window (State I and
State II) (F= 3.153; p= 0.027), mean dwell time in State I (F= 3.369;
p= 0.020), and state transitions (F= 5.891; p < 0.001).
In detail, in the HC group, the fractional time window or total

occurrences of State I were more frequently observed (mean ± SD
= 83.99 ± 25.27%) than of State II (mean ± SD= 16.01 ± 25.27%),
and a similar percentage was observed in the PD subgroup A
(mean ± SD= 83.48 ± 22.59% and 16.52 ± 22.59%). Instead, in the
PD subgroups B and C, State I occurred less frequently (Subgroup

Fig. 1 Representation of the ICs grouped in each intrinsic connectivity network. Representation of the ICs grouped in each Network.
a Spatial representation of the 53 ICs identified by ICA grouped in functional networks. b Group averaged static FC matrix between the 53 ICs.
Correlation values between ICs represent the Fisher’s z-transformed Pearson correlation coefficient. Color-coded legend of each component
matches colors between a and b. More information about the ICs is shown in Supplementary Table 2.

Fig. 2 Cluster centroids for each dynamic State. Cluster centroids for each dynamic FC State. Specific ICs colors within each network
corresponds to the same colors in Fig. 1 and Supplementary Table 2 of the manuscript. The total number of windows is specified in each State
I and II. The percentage indicates the occurrence rate. SC subcortical network, AUD auditory network, SM somatomotor network, VIS visual
network, CEN cognitive executive network, DMN default-mode network, CB cerebellar network.
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B: mean ± SD= 71.85 ± 29.20%; Subgroup C: mean ± SD= 75.25 ±
25.88%), while State II re-occurred at a higher rate (Subgroup B:
mean ± SD= 28.15 ± 29.20% and subgroup C: mean ± SD=
24.75 ± 25.88%) (Fig. 5a). Post hoc analyses revealed significant
differences in fractional time window between PD subgroup C and
HC (p= 0.011) and PD subgroup A (p= 0.010) (Fig. 5a).

In addition, mean dwell time in State I was shorter in the more
symptomatic PD subgroups (PD subgroup B: mean ± SD= 88.09 ±
71.98%; PD subgroup C: mean ± SD= 94.14 ± 68.91%) compared to
HC (mean ± SD= 127.44 ± 69.76%) and PD subgroup A (mean ±
SD= 111.74 ± 69.73%). Post hoc analyses revealed significant
differences in PD subgroup B compared to HC (p= 0.035), and in

Fig. 3 Dynamic FC States and sex differences in HC and PD. a, b Group centroids for each FC State per group. The percentage indicates the
occurrence rate. c Sex differences in dynamic FC indexes in HC and PD groups. A fractional time window is represented by the mean
percentage in each State; Mean dwell time is represented with boxplots. The median and mean are represented by black and white lines,
respectively. State transitions are represented with mean and error bars. *p < 0.05. HC healthy controls, PD Parkinson’s disease, SC subcortical
network, AUD auditory network, SM somatomotor network, VIS visual network, CEN cognitive executive network, DMN default-mode network,
CB cerebellar network.
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PD subgroup C compared to HC (p= 0.005), suggesting a shortened
length of stay in the State with within-network connectivity (Fig. 5b).
Group differences were also found in the number of transitions

between States. PD subgroups B and C showed significantly
increased state transitions compared to HC (mean ± SD= 1.62 ±
1.91) [PD subgroup B (mean ± SD= 3.11 ± 2.52, p= 0.005); PD
subgroup C (mean ± SD= 3.00 ± 2.58, p < 0.001)]. Moreover, PD
subgroup C showed differences in state transitions compared to
PD subgroup B (p= 0.022) and PD subgroup A (p= 0.032) (Fig. 5c).
Overall, these observations suggest that the stability of the
connectivity is altered in symptomatic PD subgroups.
Finally, we analyzed the sex differences within each PD

subgroup, and we found no significant differences in dynamic
indexes between males and females in any of the PD subgroups A,
B, or C (see “supplementary results” in supplementary materials).

Relationships between PD symptomatology and temporal
properties of connectivity
Correlation analyses were performed to evaluate the relationships
between dynamic FC indexes and PD motor and non-motor

symptoms. Z-scores of the UPDRS III, Hoehn & Yahr, MoCA, and
depression scores were combined into one variable that
represented PD symptomatology. Results showed significant
associations between PD symptomatology and fractional time
window in State I (r=−0.196; p= 0.028), State II (r= 0.196; p=
0.028), mean dwell time in State I (r=−0.185; p= 0.035), and state
transitions (r= 0.175; p= 0.044). These results suggest that greater
PD symptomatology was related to reduced time spent in the
within-network connected State I, while increased time spent in
the between-network connected State II, accompanied by a more
unstable pattern of connectivity.

DISCUSSION
This study aimed to analyze the effect of sex and PD-related motor
and non-motor manifestations in time-varying FC patterns of the
brain. The most compelling finding was that while in healthy
adults sex differences influenced dynamic FC patterns, in PD
patients sex was not a contributing factor in the time-varying FC
changes. In these parkinsonian patients, changes in the temporal

Table 2. Sociodemographic and clinical characteristics of PD subgroups and HC.

HC (n= 62) PD subgroup A (mild
subtype) (n= 42)

PD subgroup B (depression
dominant) (n= 36)

PD subgroup C (cognitive
dominant) (n= 21)

F p

Age (years) 63.29 (8.17) 62.02 (8.24) 64.03 (7.74) 67.93 (5.54) 2.779 0.043a

Sex (male/female) 31/31 29/13 26/10 14/7 χ2= 6.472 0.091

Education (years) 12.82 (4.5) 13.74 (4.42) 11.69 (4.78) 11.00 (4.87) 2.217 0.088

MoCA 26.50 (2.59) 26.30 (2.63) [15–30] 24.75 (2.88) [15–30] 20.14 (2.49) [13–23] 32.839 <0.001b

GDS-15 0.97 (1.49) 1.63 (1.83) [scores: 0–6] 4.22 (2.92) [scores: 0–11] 2.39 (1.87) [scores: 0–7] 20.231 <0.001c

FD mean 0.17 (0.07) 0.16 (0.07) 0.20 (0.08) 0.20 (0.07) 2.436 0.067

Age at disease onset – 57.02 (7.93) 56.33 (7.39) 59.35 (9.78) 0.937 0.395

UPDRS III – 19.00 (8.10) [2–41] 34.81 (9.03) [20–57] 23.76 (9.40) [8–41] 32.471 <0.001d

Hoehn and Yahr – 1.70 (0.38) [1.0–2.0] 2.34 (0.42) [1.5–3] 2.00 (0.22) [1.5–2.5] χ2= 49.252 <0.001e

LEDD – 558.72 (312.22) 620.25 (355.64) 872.66 (583.01) 4.486 0.014f

Values are shown as mean (standard deviation).
HC healthy controls, PD Parkinson’s disease, MoCA Montreal cognitive assessment, GDS-15 geriatric depression scale, FD framewise displacement, UPDRS III
unified PD rating scale, motor subscale, LEDD levodopa equivalent daily dose.
aSignificant post hoc differences showing PD subgroup C > PD subgroup A (p= 0.027).
bSignificant post hoc differences showing PD subgroup C < HC (p < 0.001), PD subgroup A (p < 0.001) and PD subgroup B (p < 0.001); and PD subgroup B < HC
(p= 0.011).
cSignificant post hoc differences showing PD subgroup B > HC (p < 0.001), PD subgroup A (p < 0.001) and PD subgroup C (p= 0.007); and PD subgroup C < HC
(p= 0.032).
dSignificant post hoc differences showing PD subgroup B > PD subgroup A (p < 0.001) and PD subgroup C (p < 0.001).
eSignificant post hoc differences between all groups (p < 0.001).
fSignificant post hoc differences showing PD subgroup C < PD subgroup A (p= 0.011).

Fig. 4 Dendrogram of clustering analysis (a) and visual representation (b) of PD subgroup symptomatology. a Dendrogram of clustering
analysis of PD patients divided according to the motor and non-motor symptomatology; b Visual representation of each PD subgroup. HCA
was performed with motor, cognitive, and depression scores. Age and age of disease onset are used as references for sociodemographic and
clinical aspects. Scores are shown in (z-scores*100) for visualization purposes. Cognitive symptoms represented by MoCA scores (z-scores,
inverse values); Motor = Composite score created of the UPDRS III and Hoehn & Yahr for visual representation (z-score). Depression = Geriatric
Depression Scale (z-score). PD Parkinson’s disease.
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properties of connectivity were mainly related to motor and non-
motor symptoms linked to disease severity.
Dynamic FC analysis identified two recurring FC States. A more

frequent State (State I) with sparse within-network connectivity,
involving mainly the DMN, CEN, VIS, and SM networks, with
stronger activity in frontal and posterior areas; and a less frequent
State (State II) characterized by stronger between-network
connectivity, mostly between the SM and VIS networks, showing
stronger activity in posterior brain areas. Previous dynamic studies
in PD also found two different dynamic FC States with similar
characteristics16,19,20.
In the HC group, sex differences were found between males and

females in the temporal properties of dynamic FC. More
specifically, HC females spent more time (i.e., fractional time
window) in the within-network connected State (State I), and spent
less time in the between-network connected State (State II)
compared to HC males. Similar results were found in mean dwell
time, suggesting a reduced length of stay in the within-network
connected State in HC males compared to HC females. Interest-
ingly, State I was characterized by stronger within-network
connectivity including the DMN, while State II was characterized
by stronger between-network SM–VIS network connectivity. These
results are consistent with the previous brain static FC studies in
HC, showing greater FC mostly within the DMN in HC females, and
greater FC within the SM network and between SM–VIS network
connectivity in HC males27–30,33. The DMN has been related to
social cognition34 and semantic memory35, while the SM and VIS
networks have been related to visuospatial and sensorimotor
skills36. The coordination between sensory and motor networks
has been associated with motor learning37. One possible
hypothesis could suggest a relationship between these brain
dynamic FC differences and results from previous studies that
show tendencies in behavioral differences between females and
males, suggesting that males tend to score higher in motor and
visuospatial skills, and women tend to have higher scores in social
cognition and memory32. Moreover, HC males in the present study
showed a more unstable pattern of connectivity (i.e., increased
changes between states) compared to HC females. Similarly, in a
recent dynamic FC study, HC males showed increased brain
connectivity dynamism compared to females, which correlated
with mental rotation performance and response inhibition31.
On the contrary, when evaluating sex differences among PD

patients, these differences in the temporal properties of dynamic
FC were not observed. In the present study, we analyzed whole-
brain time-varying FC in PD patients with a mean disease duration
of 6–7 years. These results are in line with observations from a
previous PD study analyzing sex-related brain differences in de
novo patients26. In that study, authors investigated whole-brain
static FC differences and did not detect different patterns of

connectivity at the cortical level between PD males and females26.
However, the region-specific analysis showed some sex differ-
ences only in the SM network (including the basal ganglia and
cortical areas) with increased values in female PD patients
compared to male PD patients26. Another study found that female
PD patients presented with higher [123I]FP-CIT striatal binding
compared to males with an early onset of PD symptoms38.
Altogether, these results suggest that sex differences in PD may be
detectable at very early stages of the disease in specific brain
areas, but as the neurodegeneration progresses and worsens, sex
differences may no longer have an effect on brain connectivity
and may be overcome by the neurodegenerative process. This
hypothesis is reinforced by the correlational results from the
present study showing significant associations between the
altered patterns of dynamic connectivity and PD-related sympto-
matology. Another possible hypothesis is that sex differences in
PD brain connectivity might be detectable in specific brain regions
(i.e., subcortical) or specific brain circuits. In the present study, we
did not find significant differences in connectivity in State I or
State II between PD males and females. Further research is needed
to better understand this subject.
The clustering analysis identified three highly symptom-based

differentiated PD groups: PD subgroup A, which included patients
with less severe motor symptoms and no significant non-motor
complications; PD subgroup B, represented by patients with motor
symptoms and predominantly depressive symptomatology, show-
ing slight cognitive differences compared to healthy subjects; and
PD subgroup C, which included patients with motor symptoms
and predominantly cognitive impairment, but with slight differ-
ences in depressive symptoms compared to healthy subjects.
Interestingly, the literature has suggested different non-motor
subtypes of PD, including depression-dominant and cognitive-
dominant subtypes with related routes of spread of the
pathophysiological process39.
Results revealed that the most significant changes in dynamic FC

in PD patients were mainly related to the presence of motor and
non-motor complications. An observation worth highlighting is that
both symptomatic groups (depression-dominant and cognitive-
dominant subtypes) showed the same directionality in the alterations
in temporal connectivity patterns. In detail, both of the more
symptomatic PD subgroups showed reduced time spent (8–12% of
the total time) in the more segregated State (State I) and
proportionally increased total time spent in the stronger between-
network connected State (State II). Reduced time spent in the
sparsely connected State and proportionally increased time spent in
the interconnected State has been previously described in sympto-
matic PD16. Conversely, PD patients with less motor severity and a
lack of non-motor symptoms (PD subgroup A) showed a similar

Fig. 5 Dynamic FC differences in PD subgroups and HC. Post hoc significant differences between groups. *p < 0.05; a Fractional time window
is represented by the mean percentage in each state; b Mean dwell time is represented with boxplots. The median and mean are represented
by black and white lines, respectively. c State transitions are represented with mean and error bars. PD Parkinson’s disease, HC healthy controls.
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pattern of dynamic FC to HC, which may suggest that dynamic
alterations may be more accentuated with disease progression.
As noted above, PD patients with depression-dominant

subtype showed significant dynamic alterations with strongly
reduced time spent in the sparsely connected State I, involving
the DMN, CEN, VIS, and SM networks, and proportionally
increased time spent in the highly between-network connected
State II. Previous studies evaluated the FC variability across sliding
windows and found that patients with major depressive disorder
showed increased variability in regions of the CEN and DMN,
including the dorsolateral prefrontal cortex, anterior cingulate
cortex, amygdala, and hippocampal area12. Interestingly, in our
study, PD patients with depressive symptoms showed increased
variability (i.e., State transitions) between State I (2% of the
strongest connections included the CEN within-network) and
State II (with no strong within-network connectivity in the CEN).
Thus, the present results reinforce the observation that depres-
sive symptoms in PD patients are associated with a more unstable
pattern of connectivity mostly in the executive network with a
greater tendency to prefer the between-network connected State
(i.e., reduced functional segregation).
Moreover, PD patients with the cognitive-dominant subtype

also showed alterations in the temporal patterns of connectivity.
Results showed that PD patients with cognitive deficits increased
the time spent in State II with stronger between-network
connectivity compared to PD patients with normal cognition
and HC. That is, the early presence of cognitive deficits may be
related to reduced within-network brain activity mainly in the
DMN, SM, VIS, and CEN and increased connectivity between the
SM and VIS networks (i.e., reduced functional segregation).
Interestingly, State II was characterized by a reduced negative
correlation between the DMN and CEN compared to State I, and
this was previously related to PD patients with mild cognitive
impairment1. Findings also identified an altered number of
transitions between states in PD patients with cognitive impair-
ment compared to healthy adults. Some previous PD studies have
demonstrated similar results, such as increased time spent in the
between-network connected state16,20 or increased state transi-
tions20, while these differences were not found in another study of
PD patients with dementia19. Interestingly, PD patients with
dementia were reported with a reduced number of changes
between States and decreased time spent in the between-
network connected State compared to PD patients with cognitive
impairment and normal cognition19. These observations may
suggest that early cognitive symptoms show slight time-varying
connectivity changes in PD, possibly because of likely compensa-
tory changes, which may change and decrease when symptoms
become more severe and compensatory mechanisms fail.
Increased connectivity between the SM and VIS networks has
been related to motor learning37 and previously found in PD as a
compensatory mechanism40. One hypothesis goes along with a
possible network reorganization to overcome the PD-related
striato-cortical loop deficits. This reorganization may be effective
only temporarily until the severity of PD symptoms worsens and
the compensatory mechanism starts failing41–43.
Altogether, these findings seem to suggest that within-network

connectivity (i.e., functional segregation) is the most prominent FC
pattern during resting-state in HC and in early PD patients.
However, with the progression of disease severity, PD patients
tend to express reduced functional neural segregation by switch-
ing to between-network connectivity (mostly between the SM and
VIS networks), suggesting a possible network reorganization.
Increased between-network coupling during resting-state has
been related to higher-frequency oscillations in the “alpha” and
“beta” bands44. Beta oscillations showed positive correlations with
activity in the bilateral temporo-parietal junction and VIS, auditory
(AUD), and SM networks. This increment of between-network
synchronization in PD has been associated with disease

progression45,46 and suggested to be a compensatory mechanism
to overcome the PD-related striato-cortical loop deficits41–43. The
present study did not detect differences in motor, cognitive, or
depressive symptoms between PD males and females. We
speculate that the use of global screening scales (e.g., UPDRS
and MoCA) may not be able to detect specific differences, as
already seen in previous PD studies using similar measures24,47.
Some limitations of the study should be considered. Cognitive

deficits were assessed with the MoCA. The MoCA score gives an
overall estimation of cognitive performance; thus, it would be
better to evaluate cognition with a more comprehensive
assessment (level II) as suggested by the Movement Disorder
Society task force criteria for mild cognitive impairment in PD48.
In addition, there was an unbalanced of males and females
between groups. Finally, depressive symptoms sometimes coexist
with symptoms of anxiety and apathy in PD49. Future studies
should include evaluations of these other non-motor symptoms
in order to assess and differentiate their relevance and relation-
ship with dynamic alterations. From a methodological point of
view, TE from the resting-state of one of the MRI acquisition
center was slightly lower.
In conclusion, this study evaluated the influence of sex on

brain temporal FC patterns in PD and HC and provided several
new observations. One of the interesting observations was that
while in healthy adults, sex-related differences played a certain
role in dynamic connectivity patterns, these may no longer have
an effect on PD brain connectivity as the neurodegenerative
process worsens. In these parkinsonian patients, changes in the
temporal properties of dynamic connectivity were mainly related
to motor and non-motor symptoms linked to disease severity
and suggested a possible mechanism of compensatory con-
nectivity network reorganization to overcome the PD-related
striato-cortical deficits.

METHODS
Participants
This study included a retrospective pooled database from three research
centers: the Biocruces Bizkaia Health Research Institute (Barakaldo, Spain),
the University of Deusto (Bilbao, Spain), and the Centre for Addiction and
Mental Health (Toronto, Canada). The original pooled database was
composed of 129 PD patients and 68 HC. After reviewing MRI data for
quality control50,51, 24 participants were excluded. In addition, two HC
were excluded due to enlarged ventricles. Nine participants were excluded
due to participation in the two Spanish research centers, which are in the
same province. The database included in this study comprised 100 PD
patients and 62 HC. After motion correction during resting-state fMRI, the
final sample size was 99 PD patients and 62 HC. At each site, PD patients
and HC were recruited. PD patients were enrolled in the study with the
following criteria: 1) Fulfill the UK PD Society Brain Bank diagnostic criteria;
2) Hoehn and Yahr disease stage 1–352; and 3) Age range between 45 and
75 years. Exclusion criteria included other neurological or psychiatric
disorders, a history of head injury, and incompatibilities with MRI
acquisition (e.g., claustrophobia, deep brain stimulation). Disease severity
was assessed with the UPDRS III and Hoehn and Yahr stages, along with
disease duration and levodopa equivalent daily dose (LEDD) was
registered53. Cognitive impairment was evaluated with the MoCA54 or
the Mini-mental State Examination (MMSE)55. Depression symptomatology
was evaluated with the GDS-1556 or the Beck Depression Inventory (BDI
II)57. MMSE scores were converted into MoCA scores based on multicentre
validation58. Conversion from the BDI to the GDS was performed as in the
previous studies59. We found no significant differences in MoCA scores
(F= 1.195; p= 0.305) or depression scores (F= 0.083; p= 0.920) between
recruitment centers. Participants in the original studies provided written
informed consent approved by the local research ethics committees
according to the Declaration of Helsinki. The current retrospective study
was approved by the research ethics committee of the Centre for
Addiction and Mental Health.
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Neuroimaging acquisition
T1-weighted images were acquired in 3 T scanners, in a sagittal orientation.
Acquisition parameters were as follows: Repetition time (TR)= 6.7/7.4 ms;
Flip angle 8°/9°; Matrix size= 256 × 256/228 × 218; Slice thickness= 0.9/
1.1 mm. The rs-fMRI data were obtained in an axial orientation in an
anterior-posterior phase direction using a sequence sensitive to blood
oxygen level-dependent (BOLD) contrast. Acquisition parameters were as
follows: TR= 2000/2100ms; Flip angle= 60°/80°; Matrix size= 64 × 64/
80 × 79; Slice thickness= 5/3mm; Volumes= 240/214; Acquisition time=
8′04′′; 7′40″). The complete acquisition parameters are specified in
Supplementary Table 1.
Rs-fMRI data were acquired during a so-called resting-state block.

Subjects were instructed to neither engage in any particular cognitive nor
motor activity, to keep their eyes closed without thinking about anything
in particular, and they were told they could not fall asleep. Once the rs-
fMRI acquisition terminated, the participant was asked whether they had
fallen asleep or not. No patient reported having fallen asleep. Foam
padding and headphones were used to limit head movement and reduce
scanner noise for the subject. The acquisition site was used as a covariate
in all analyses. PD patients were ON medication during the neuroimaging
acquisition. All PD patients were receiving stable dopaminergic treatment
prior to the assessment. LEDD from each patient was calculated53.

Neuroimaging preprocessing and analysis
Rs-fMRI preprocessing was performed using the CONN toolbox 18.a60. All
preprocessing steps were conducted using the default preprocessing
pipeline, including realignment to the first volume, slice-timing correction
(interleaved bottom-up), co-registration to structural data, spatial normal-
ization into the standard MNI space (Montreal Neurological Institute), and
finally, a smoothing of Gaussian kernel of 6 mm FWMH was applied.
Moreover, the noise was reduced via the anatomical CompCor approach,
which extracts principal components from white matter and cerebrospinal
fluid time series. These components were added as confounds in the
denoising step of the CONN toolbox. The six head motion parameters
derived from spatial motion correction were also added as confounds. As
recommended, linear detrending and band-pass filtering with a frequency
window of 0.008 to 0.09 Hz was performed61. For a schematic representa-
tion of neuroimaging acquisition, preprocessing, and analysis, see
Supplementary Fig. 3.
Group ICA of fMRI Toolbox (GIFT) was used to decompose the data into

intrinsic FC networks62. First, subject-specific data was reduced to 120 ICs
with the principal component reduction. In a second step, the expectation-
maximization algorithm was used to perform group-data reduction to 100
ICs, which ensures functional parcellation of cortical and subcortical
components9. To ensure stability and validity, we repeated the Infomax ICA
algorithm 20 times in ICASSO63. Then, the GICA back-reconstruction
algorithm was used to obtain subject-specific maps and time courses for
each IC, as implemented in GIFT software62. The spatial correlation values
between ICs and the template were used for ICs selection64, based on the
FC atlas networks28 according to these 7 categories: Subcortical (SC), AUD,
SM, VIS, CEN (which includes the salience network and language network),
DMN, and cerebellar (CB) networks. Components were classified as intrinsic
connectivity networks if they exhibited peak activations in gray matter,
high correlation values with resting-state networks, and had time courses
dominated by low-frequency fluctuations9. This process resulted in 53 ICs
out of the 100 ICs obtained (see Fig. 1; Supplementary Table 2). After ICs
selection, subject-specific spatial maps and times courses were post-
processed to remove the remaining noise. This post-processing included
detrending, despiking, and a filter cutoff using a fifth-order Butterworth
low-pass filter with a high-frequency fluctuation set at 0.15 Hz.
To minimize the impact of head movement in the dynamic connectivity

results8, strict criteria were applied. Framewise displacement (FD) index
was calculated following the published formula65. Subjects were excluded
from analysis when the FD mean >0.5 mm. There were no significant
differences in mean FD between PD patients (mean ± SD= 0.19 ±
0.076mm) and HC (mean ± SD= 0.18 ± 0.079mm) (F= 0.309; p= 0.579).
Moreover, we included FD as a covariate in the neuroimaging analyses. In
addition, we calculated the maximum displacement (maximum absolute
value of displacement of each volume) in translation indexes x, y, or z was
higher than 3.0 mm and in rotation, indexes was higher than 3.0°. One
patient was excluded due to head motion. Therefore, the analyses were
carried out with 99 PD patients and 62 HC. Moreover, during the fMRI
preprocessing steps, the six motion parameters were regressed out with

the anatomical CompCor approach to reduce the head motion and noise
influence from the signal.

Dynamic FC analysis
Time-varying FC analysis was examined with the dynamic functional
network connectivity toolbox in GIFT. In order to analyze the temporal
variations of dynamic FC, a sliding window approach was applied. A sliding
time window of 22 TR with a size of 44 s was specified for each subject,
with a Gaussian window alpha value of 3, and a step between windows of
1 TR. The window size was chosen following previous studies in PD for later
results comparisons16,19 and following the previous recommendations9.
Within each window, the time series data of the 53 ICs was used to obtain
the 53 × 53 covariance matrices. Due to the short time segments that could
have insufficient information, the regularized inverse covariance matrix
was used66. Additionally, we specified the L1 regularization and repeated
100 times to promote sparsity67. Values in the FC matrices were converted
into z-scores using Fisher’s z transformation to improve the normality of
the distribution.
All the FC windows across all subjects were used to estimate the

dynamic FC States (i.e., reoccurring FC patterns in several windows). We
applied the k-means clustering method to cluster the FC windows. To
estimate the similarities between each FC window and the cluster centroid
(i.e., center), the L1 distance norm (Manhattan distance) was applied and
was repeated 100 times to obtain the unbiased initial cluster. Windows
consisting of local maxima in FC variance were used to reduce redundancy
between windows as well as computational demand9. To estimate the
optimal number of FC States, we performed clustering validity with gap
and silhouette criteria. Both methods determined the number of clusters
(i.e., States) (k= 2). After that, all windows across all subjects were classified
and categorized in each dynamic FC State, following the similarities with
each cluster centroid. The final cluster centroids were calculated with the
median of all the regrouped FC windows in each State (Fig. 2). For each
subject, a subject-specific centroid was calculated, with the median value
of each FC matrix for that State. Figure 3 shows the mean matrix per each
State for each PD and HC male and female groups. Supplementary Fig. 2
shows the group-specific mean per each State for PD subgroups and HC.
The following temporal features of the FC States were analyzed for each

subject: (1) Fractional time window defined as the total time spent in one
State (measured in percentage); (2) Mean dwell time defined as the number
of consecutive windows in a specific State, before switching to another
State (measured in windows); and (3) Number of transitions between
States or State transition was calculated counting the total number of
changes between States9.

Hierarchical clustering analysis in PD
To answer the second objective and accurately classify the patients based
on motor and non-motor symptoms, we used hierarchical agglomerative
clustering analysis performed in Statistical Package for Social Science
(SPSS) (IBM SPSS Statistics 22). The clustering analysis first starts with each
subject separately, and at each step combines subjects by pairs based on
similarities, until the last two clusters combined include all the participants.
The clustering method used was Ward’s clustering linkage method with
squared Euclidean distance. This method minimizes the sum of square
errors from the cluster mean68.
The variables introduced for clustering analysis were the UPDRS III,

Hoehn and Yahr stage, MoCA for cognitive impairment, and GDS-15 for
depressive symptoms. All variables were introduced in z-scores. Different
numbers of clusters were specified (2–4) to evaluate the more accurate
distinction between patients. Among the solutions, 2 clusters only made a
distinction between lower or higher motor symptoms but not a distinction
in non-motor symptoms. The 4-cluster solution included one group too
small for statistical analyses (n= 12). The three-cluster solution showed
significant differences in motor and non-motor symptomatology. There-
fore, the optimal number of clusters for our PD group was set to three
because of the better distribution and clinical relevance (Fig. 3).
PCA was performed to validate the PD subgroup classification obtained

from the clustering analysis. PCA transforms data into linear components,
with the objective of reducing the number of variables in components that
explain the maximum total variance69. The four variables were introduced
in the analysis and two components were obtained: a motor component
and a non-motor component. The combination of these two components
could be interpreted as the best representation of the variability and
distribution of the data (Supplementary Fig. 1).
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Statistical analysis
Statistical analyses were performed in the SPSS (IBM SPSS Statistics 22).
Sociodemographic and clinical differences were calculated with Analysis of
Variance (ANOVA) within each group (PD and HC). Cognitive and
depression differences were calculated with two-way MANOVA for
between-group comparisons, to test GroupxSex interaction.
The first objective of the study was to evaluate the influence of sex on

dynamic FC characteristics both in HC and PD patients. To answer this first
objective, we performed between-group comparisons with two-way
MANCOVA to assess GroupxSex interaction with acquisition site, FD mean,
age, years of education, MoCA score, and depression score as covariates.
Then, within-group comparisons were analyzed with the same covariates.
To answer the second objective, we used hierarchical agglomerative

clustering analysis in SPSS to classify the patients based on their
symptomatology. Sociodemographic, clinical, and cognitive/behavioral
differences between PD subgroups and HC were assessed with one-way
ANOVA. Chi-squared analysis was used to determine significant sex
differences in the frequency of the PD subgroups and HC. Dynamic FC
differences between PD subgroups and HC were assessed with one-way
MANCOVA with acquisition site, FD mean, and age as covariates in these
secondary analyses. Additionally, because LEDD was found to influence
brain FC in PD70, LEDD was introduced as a covariate for all rs-fMRI data.
Results are shown with p < 0.05 (two-tailed). Moreover, FC differences
within each State between groups were calculated (p < 0.05 FDR
corrected). Finally, Pearson’s correlation analyses were carried out between
temporal properties of connectivity and PD symptomatology. To do so, we
created a PD symptomatology variable with a composite score of the
UPDRS III, Hoehn & Yahr, MoCA, and depression scores. MoCA scores were
recoded so that higher values represented greater cognitive impairment.
RStudio v1.3.1093 was used for results visualization.

Reporting Summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request and once the project is finalized.
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