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Abstract

Longitudinal connectivity studies might guide our understanding of the underlying neurodegenerative processes. We report
the results of a longitudinal study in patients at different stages of Parkinson’s disease (PD), who performed motor and non-
motor evaluations and serial resting state (RS) functional MRI (fMRI). Cluster analysis was applied to demographic and
clinical data of 146 PD patients to define disease subtypes. Brain network functional alterations were assessed at baseline in
PD relative to 60 healthy controls and every year for a maximum of 4 years in PD groups. Progression of brain network
changes were compared between patient clusters using RS fMRI. The contribution of network changes in predicting clinical
deterioration was explored. Two main PD clusters were identified: mild PD (86 patients) and moderate-to-severe PD (60
patients), with the latter group being older and having earlier onset, longer PD duration, more severe motor, non-motor and
cognitive deficits. Within the mild patient cluster, two clinical subtypes were further identified: mild motor-predominant (43)
and mild-diffuse (43), with the latter being older and having more frequent non-motor symptoms. Longitudinal functional
connectivity changes vary across patients in different disease stages with the coexistence of hypo- and hyper-connectivity in
all subtypes. RS fMRI changes were associated with motor, cognitive and non-motor evolution in PD patients. Baseline RS
fMRI presaged clinical and cognitive evolution. Our network perspective was able to define trajectories of functional
architecture changes according to PD stages and prognosis. RS fMRI may be an early biomarker of PD motor and non-motor
progression.

Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder after Alzheimer’s disease and is
characterized by motor symptoms such as bradykinesia,
rigidity, tremor and postural instability [1]. PD patients also
experience a multitude of non-motor symptoms such as
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Emerging evidence suggests that a-synuclein pathology
may propagate across interconnected networks throughout
the nervous system [4]. Magnetic resonance imaging (MRI)
provides biomarkers that can objectively detect the wide-
spread consequences of network changes in neurodegen-
erative diseases [5]. Resting state (RS) functional MRI
(fMRI) allows for the exploration of the reorganization of
neural pathways and functional disruptions. RS fMRI stu-
dies in PD described the presence of abnormalities in a large
number of widely distributed regions within and beyond
the basal ganglia-thalamo-cortical and cerebello-thalamo-
cortical circuits [6-8]. Brain functional connectivity (FC)
alterations have been related to motor and cognitive deficits,
indicating a potential contribution to clinical progression
[6-8]. However, a large heterogeneity among studies was
revealed dependent upon not only the use of different fMRI
techniques but also the inclusion of patients at different
disease stage as FC can present with opposite patterns along
the disease course [6—8]. In addition, the presence of diverse
motor symptoms, cognitive deficits and other non-motor
manifestations may correspond to specific patterns of RS
functional changes [6-8].

As a result of advances in computational neuroscience, it is
now possible to model and characterize topologically, from a
local to a global level, the intricate functional integrative bases
that support brain behavior [9]. Using graph analysis, brain
network (the “connectome”) can be regarded as a graph of
nodes, representing specialized neural elements, linked by
edges, representing measures of structural or FC between
nodes [9]. These techniques can provide a detailed description
on how the disease alters brain organization [10] and, more
recently, allowed to make hypotheses about underlying phy-
siopathology [11]. Recent cross-sectional analyses of the
functional brain connectome in PD patients suggested an
altered global architecture with reduced local efficiency and
global integration [12-20] starting from the earliest disease
phase [15, 21, 22]. Regional decreases and increases in
functional interactions were reported in sensorimotor, default
mode (DMN), frontal, and temporal-occipital networks
[16, 18-21]. Although altered functional organization of brain
network correlated with PD motor severity and cognitive
impairment [14, 16-19, 21, 22], how functional dis-
organization relates to different PD subtypes and disease
progression is still not known.

Longitudinal connectivity studies have the potential to
provide a characterization of disease progression related to
clinical phenotype, and might guide our understanding of
the underlying neurodegenerative processes. Longitudinal
data assessing the dynamic evolution of FC in relation to
PD heterogeneity are critically missing. To the best of our
knowledge, only 3 studies so far attempted to investigate
FC changes over time in small and clinically heterogeneous
PD samples using two time point RS fMRI [23-25].
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The present study reports the results of an ongoing
longitudinal project in PD patients at different disease stage
assessed using comprehensive motor and non-motor eva-
luations and serial RS fMRI scans. Cluster analysis was
applied to define disease subtypes based on demographic
characteristics, disease duration, motor severity, and certain
non-motor features at study entry. The aims of our study
were to: (i) investigate brain network functional alterations
at baseline in a large cohort of PD patients stratified
in different subtypes; (ii) compare longitudinal trends of
progression of brain network changes between PD subtypes
using multiple serial RS fMRI scans; and (iii) explore the
contribution of network changes in predicting clinical
deterioration.

Methods
Participants and cluster/subtype definition

154 patients with PD were prospectively recruited within
the framework of an ongoing longitudinal project.
Patients received a comprehensive evaluation including
clinical, cognitive/behavioral and MRI assessments at
study entry and every year for a maximum of 4 years
(Supplementary Fig. 1). Sixty age- and sex-matched
healthy controls performed clinical, cognitive and MRI
assessments at baseline. Supplementary material reports
details on inclusion/exclusion criteria and clinical and
cognitive/behavioral evaluations.

Eight PD patients were excluded from the analysis due to
incomplete MRI or movement artifacts (Supplementary
Fig. 1). Cluster analysis based on k-medoids method for
data partitioning was applied on the remaining 146 patients
using the Gower distance calculated for baseline data on
demographic/general clinical information (age, sex, educa-
tion, age at onset, disease duration, family history), motor
symptoms/signs (Hoehn and Yahr [HY], Unified Parkin-
son’s Disease Rating Scale [UPDRS] II-III total, UPDRS III
axial and bradykinesia, presence of dyskinesia and fluc-
tuations, Freezing of Gait-Questionnaire, motor phenotype),
levodopa equivalent daily-dose (LEDD), cognition and
mood (Addenbrooke’s Cognitive Examination [ACE]-
revised, Hamilton Depression Rating Scale [HDRS],
Hamilton Anxiety Rating Scale [HAMA], Apathy Evalua-
tion Scale), and the presence of other non-motor manifes-
tations (hallucinations, REM Sleep Behavior Disorder
[RBD], orthostatic hypotension, and olfactory, gastro-
intestinal, urinary, sexual dysfunctions). Missing data were
imputed using the Random Forest algorithm. According to
the clustering, the highest silhouette index was estimated
with respect of two identified PD clusters (mild and
moderate-to-severe PD). Within the mild PD cluster,
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two clinical subtypes were further identified: mild motor-
predominant and mild-diffuse.

Local ethical standards committee on human experi-
mentation approved the study protocol and all participants
provided written informed consent prior to study inclusion.

MRI analysis

Baseline and follow-up MRI scans were acquired on the same
1.5 Tesla scanner. Supplementary material reports the MRI
protocol and details on RS fMRI pre-processing and con-
struction of brain networks. Head motion parameters (mean
absolute cumulative translation and mean rotation) are
reported in the Supplementary Table 1. Global and mean
lobar functional network characteristics were explored using
the Brain Connectivity Matlab toolbox (http://www.brain-
connectivity-toolbox.net). 83 regions of interest from both
hemispheres were grouped into six anatomical macro-areas
(hereafter referred to as brain lobes): temporal, parietal,
occipital, fronto-insular, basal ganglia, and sensorimotor
areas. Network metrics (nodal strength, characteristic path
length, local efficiency, clustering coefficient) were assessed
to characterize the topological organization of global brain
and lobar networks [26, 27]. Network-based statistic (NBS)
[28] assessed FC in PD subtypes and healthy controls.

Statistical analysis

Demographic and clinical general data were compared
between groups using ANOVA models or Fisher exact test.
For clinical motor, non-motor and cognitive variables, Pois-
son regressions, which accounted for overdispersion, were
performed. Global and lobar nodal metrics were compared
between groups using age- and sex-adjusted ANOVA mod-
els. Changes in continuous variables over time were assessed
by the annualized mean rate of change (%), calculated from
the regression slope of a generalized linear model for long-
itudinal data (using Poisson as link function) for clinical
continuos variables and from the regression slope of ANOVA
model for longitudinal data for MRI variables, using time as
continuous variable. Test for linear trend (associated with the
annualized mean rate) was estimated in PD groups and group-
by-time interaction was assessed to evaluate longitudinal
between-group differences. Such models were adjusted for
age, sex and LEDD (treated as time-varying covariate) in case
of MRI variables. p-values were adjusted for multiple com-
parisons controlling the False Discovery Rate at level 0.05
using Benjamini-Hochberg step-up procedure. Two-sided
p-value <0.05 was considered for statistical significance.
Analyses were performed using SAS (Release 9.4, SAS
Institute, Cary, NC, USA).

NBS [28] compared FC in PD subtypes and controls at
baseline at p <0.05. A corrected p-value was calculated using

age- and sex-adjusted permutation analyses (10000 permuta-
tions). Patient-group comparisons were adjusted also for
LEDD. Linear mixed-effects models were implemented in
NBS to investigate FC changes over time. The effects of age,
sex, baseline LEDD and LEDD changes, and individual
follow-up duration were considered in the regression model.

Correlations between functional measures and global
composite outcomes (GCOs) were tested (see Supplementary
material for GCO definition) at baseline. Partial Spearman
correlations were assessed between baseline fMRI metrics
(both nodal and NBS-connectivity values), which were found
to be different between PD subgroups and healthy controls,
and the four baseline GCOs. Analysis was adjusted for age,
sex and baseline LEDD. Furthermore, to test the effect of
brain network changes on clinical progression in patient
groups, correlations between functional measures and GCO
changes were explored (see Supplementary material for GCO
changes definition). Using SAS, partial Spearman correlations
were assessed between changes over time of the nodal metrics
presenting significant trend within patient groups or a differ-
ential trend between groups, and the four GCO changes.
Analysis was adjusted for age, sex, baseline LEDD, LEDD
changes, and individual follow-up duration. Mean FC values
of each connection presenting changes over time were
obtained from the FC matrices for each subject at each
timepoint and their changes over time were correlated with
the four GCO changes.

Finally, in each PD group, linear regression models in
SAS assessed the association between baseline fMRI
metrics (both nodal and NBS-connectivity values) which
were found to be different between groups and the four
GCO changes. Each GCO was considered as the dependent
variable into each model, which also included age, sex,
baseline LEDD, individual follow-up duration and baseline
nodal or NBS metric as covariates (independent variables).
R? goodness of fit statistic was estimated for each model at
issue, for each PD subtype separately.

Results
PD clusters

According to cluster analysis, two main PD subtypes were
identified: 86 mild and 60 moderate-to-severe PD patients,
with the latter group being older and having earlier PD onset,
longer disease duration, lower education, higher LEDD,
more severe motor signs/symptoms, more severe and fre-
quent non-motor manifestations and more severe cognitive
deficits (Supplementary Tables 2 and 3). Within the mild PD
cluster, two subtypes were further identified: mild motor-
predominant (N 43) and mild-diffuse (N 43), with the latter
group being slightly older, more frequently male, taking
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lower LEDD, shorter PD duration, more frequent non-motor
manifestations (i.e., urinary dysfunction) and greater memory
deficits (Supplementary Tables 4 and 5).

Longitudinal clinical changes

Clinical and cognitive changes in PD clusters are reported
in Supplementary Tables 2—5. Both mild and moderate-to-
severe PD patients showed a significant worsening of motor
signs/symptoms, which was greater in mild cases (Supple-
mentary Table 2). Mild-diffuse and motor-predominant
subjects worsened in all motor variables, without difference
between groups (Supplementary Table 4). Both mild and
moderate-to-severe PD patients showed a significant wor-
sening of fluctuations (p <0.001 and p = 0.02, respectively)
and dyskinesia (p =0.02 and p =0.01, respectively), with
the mild group showing also an increased frequency of
orthostatic (p =0.03) and RBD (p =0.001) symptoms.
Both mild motor-predominant and mild-diffuse PD patients
had a worsening of fluctuations (p =0.002 and p = 0.005,
respectively) and RBD (p=0.02 and p=0.01, respec-
tively), while only the motor-predominant subtype devel-
oped more dyskinesia (p = 0.02) and orthostatic symptoms
(p = 0.04). Moderate-to-severe PD patients worsened in all
cognitive domains, except for language (Supplementary
Table 3). Cognitive deterioration in mild PD patients was
less severe (Supplementary Tables 3 and 5). Both mild and
moderate-to-severe PD groups showed increased depression
and apathy, while only moderate-to-severe PD patients had
an increased anxiety (Supplementary Tables 3 and 5).

Baseline functional connectome in PD patients
PD subtypes vs controls

Both moderate-to-severe and mild PD clusters showed a
relatively preserved global functional brain architecture rela-
tive to controls at baseline (Table 1). On the contrary, lobar
network analysis showed reduced mean nodal strength and
longer path length of the parietal areas in both patient groups
and longer path length of the sensorimotor areas in moderate-
to-severe patients relative to controls (Supplementary
Table 6). In the regional FC analysis (Supplementary Fig. 2a),
a widespread pattern of decreased connectivity involving the
basal ganglia, sensorimotor, frontal, parietal and temporal
networks was found in moderate-to-severe PD patients rela-
tive to controls. Regional FC was not affected in mild PD
patients.

Mild motor-predominant PD cases showed no global and
lobar nodal as well as regional FC abnormalities relative to
controls (Table 1 and Supplementary Table 7). Mild-diffuse
PD patients did not show any difference in global network
architecture relative to controls (Table 1), while they had a
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reduced mean nodal strength in parietal areas and an
increased path length in sensorimotor areas compared with
controls (Supplementary Table 7). Regional FC analysis
showed that mild-diffuse PD patients presented alterations
in basal ganglia, sensorimotor, frontal, parietal and temporal
networks relative to controls (Supplementary Fig. 2b).

Comparisons between PD subtypes

No difference was found in global and lobar functional
topological properties as well as in FC in moderate-to-severe
and mild PD patients as a whole (Table 1 and Supplementary
Table 6). Moderate-to-severe and mild-diffuse PD patients
showed no global, lobar and regional FC differences (p >
0.05). Mild motor-predominant and moderate-to-severe
PD patients showed no global and lobar nodal differences
(p>0.05), while a decreased connectivity was observed in
sensorimotor, basal ganglia, frontal, parietal and temporal
networks in moderate-to-severe patients (Supplementary
Fig. 2c). Mild motor-predominant and mild-diffuse PD
patients showed no RS fMRI differences (Table 1 and Sup-
plementary Table 7).

Correlations between baseline functional network
alterations and GCOs

Supplementary Table 8 reports significant correlations
between baseline functional network alterations and motor,
cognitive, mood, and non-motor GCOs in PD clusters.

Longitudinal functional network changes in PD
subtypes

Table 1, Supplementary Tables 6, 7, 9 and 10, and Figs. 1
and 2 report functional network changes in PD subtypes.
Moderate-to-severe PD patients showed a progressive altera-
tion of the global network properties relative to mild PD cases
(decreased mean nodal strength, local efficiency and cluster-
ing coefficient, and longer path length), while no global
changes were observed in mild PD (Table 1). Nodal proper-
ties changes in moderate-to-severe PD patients involved
sensorimotor, fronto-insular, temporal and parietal regions
(Supplementary Table 6). In the occipital lobe, mild PD
patients showed increased mean nodal strength, local effi-
ciency and clustering coefficient and decreased path length
over time relative to moderate-to-severe cases (Supplementary
Table 6). No significant nodal changes were found in the two
mild PD subtypes (Table 1 and Supplementary Table 7).
When FC changes over time were compared between PD
subtypes using NBS (Figs. 1 and 2; Supplementary Tables 9
and 10), four distinct patterns of progression were identified:
(1) different trend of changes between subtypes (increase vs
decrease, increase or decrease vs stable); (2) similar trend of
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Fig. 1 Functional connectivity A
changes over time in
moderate-to-severe vs mild PD
subtypes. Three distinct patterns
of progression are represented:

a different trend of change
between subtypes; b similar trend
of change (increase or decrease),
with or without functional
connectivity difference between
the subtypes; and c different but
stable functional connectivity
values over time in the two
subgroups. The effects of age,
sex, levodopa equivalent daily
dose at study entry and changes
of treatment over time were

considered in the model. In the
upper part of the figure, the
affected connections are shown
in blue and the corresponding
connected cortical regions are
represented in yellow. In the
bottom part of the figure, affected
subcortical and hippocampal
regions are shown (amygdala =
red; caudate = cyan; globus
pallidus = blue; hippocampus =
yellow; putamen = green;
thalamus = magenta). See
“Methods” section for further
details.

change (increase or decrease), with or without FC difference
between the groups; (3) different but stable FC in the two
subtypes; (4) stable FC with no difference between groups. In
moderate-to-severe and mild PD, both decreased and
increased FC were observed in basal ganglia-cortical, sen-
sorimotor-cortical, and cortico-cortical connections (Fig. 1;
Supplementary Table 9). However, when a different trend of
change was observed, increased FC prevailed in mild
PD patients and decreased connectivity over time was the
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predominant pattern in moderate-to-severe cases (Fig. 1;
Supplementary Table 9). In both mild motor-predominant and
mild-diffuse subtypes, decreased and increased FC were
observed (Fig. 2; Supplementary Table 10). In the two
mild PD subtypes, decreased connectivity involved pre-
dominantly basal ganglia-sensorimotor and sensorimotor-
cortical connections, while increased FC was observed in
basal ganglia-basal ganglia and cortico-cortical connections
(Fig. 2; Supplementary Table 10).
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Fig. 2 Functional connectivity
changes over time in mild-
diffuse vs mild motor-
predominant PD subtypes.
Three distinct patterns of
progression are represented:

a different trend of change
between subtypes; b similar
trend of change (increase or
decrease), with or without
functional connectivity
difference between the subtypes;
and c different but stable
functional connectivity values
over time in the two subgroups.
The effects of age, sex, levodopa
equivalent daily dose at study
entry and changes of treatment
over time were considered in the
model. In the upper part of the
figure, the affected connections
are shown in blue and the
corresponding connected
cortical regions are represented
in yellow. In the bottom part of
the figure, affected subcortical
and hippocampal regions are
shown (amygdala = red;
caudate = cyan; globus pallidus
= blue; hippocampus = yellow;
putamen = green; thalamus =
magenta). See “Methods”
section for further details.
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The effect of brain network changes on clinical PD

progression

Table 2 reports significant correlations between functional
network changes and clinical evolution (i.e., motor, cognitive,
mood, and non-motor GCO changes) in PD subtypes. Table 3
summarizes the ability of functional network alterations at
baseline to predict mood and non-motor evolution in

moderate-to-severe PD patients and motor, cognitive, mood
and non-motor evolution in mild-diffuse PD patients.

Discussion

Graph analysis and connectomics were applied to multiple
serial RS fMRI to explore brain functional network changes

SPRINGER NATURE
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over maximum 4 years in 146 PD patients. Longitudinal
clinical data showed that the course and prognosis of dis-
ease differ between the subtypes. Brain functional network
alterations and their longitudinal changes varied across
groups of patients in different disease stages with distinctive
clinical features. A key finding was that RS fMRI changes
were associated with motor, cognitive and non-motor evo-
Iution in PD patients. Moreover, baseline RS fMRI sig-
nificantly predicted the severity of clinical evolution
differently according to PD subtypes. Collectively, our
findings suggest that RS fMRI may be an early biomarker of
PD motor and non-motor progression.

PD subtypes showed a relatively preserved global topo-
logical organization of the functional brain network but
significant focal alterations in lobar nodal topological
properties. Both mild and moderate-to-severe patients had
decreased mean nodal strength, which is the simplest esti-
mator of the “wiring cost” of the network [9], and longer
path length, which estimates the potential for functional
integration between brain regions [9], in parietal lobe
compared to controls. This suggests that the parietal brain
networks of PD patients have more nodes with fewer con-
nections (low degree) and fewer nodes with many connec-
tions (high degree), and a weaker potential for integration.
FC alterations of the parietal lobe within the DMN have
been usually related to cognitive deficits; [29] however
previous studies showed reduced efficiency of the brain
parietal nodes also regardless of the stage of the disease and
cognitive impairment of PD patients [6, 8]. In accordance
with the clinical core motor features of PD [1] and previous
studies [6, 8], moderate-to-severe PD patients also showed a
significant increase in the path length of sensorimotor areas
relative to controls.

Unlike nodal analysis, regional FC showed different
deterioration patterns among PD clusters. The severe FC
breakdown in the basal ganglia, sensorimotor areas, frontal
and posterior brain regions, particularly in bilateral occipi-
tal, temporal and parietal lobes in moderate-to-severe PD
patients suggests a widespread FC modification with the
motor and non-motor severity progression. Reduced FC in
the cortico-striatal-thalamic-cortical circuits in moderate-to-
severe patients with PD is a robust finding in previous lit-
erature [6, 8]. The specific involvement of associative
frontal, parietal, temporal and occipital connections was
related with a spectrum of cognitive deficit [14, 18, 21, 22].
Non-motor PD manifestations such as RBD [30], halluci-
nations [31], and dysautonomia [32] were previously
associated with a loss of network functional efficiency.

Of particular interest are the findings obtained in the two
mild PD subtypes. Mild motor-predominant PD patients
appear to be the least impaired in their network connectivity
organization, in accordance with the less severe motor and
clinical symptoms and the relatively lower frequency of
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other non-motor manifestations. On the contrary, mild-
diffuse PD patients were characterized by a disrupted
organization of parietal and sensorimotor nodes at baseline
as well as by widespread connectivity alterations. In addi-
tion, as no significant difference was noted in mild-diffuse
relative to moderate-to-severe patients, it can be speculated
that the same amount of functional brain disruption occur-
red in a shorter time span in mild-diffuse cases (disease
duration <2 years) pointing to this subtype as an aggressive
form of the disease. Importantly, this group were char-
acterized by more severe memory impairment and more
frequent urinary symptoms at study entry as well as with a
trend toward a more severe cognitive decline over follow-up
compared with mild motor-predominant cases. Our findings
deepen previous graph analysis fMRI studies in smaller
samples suggesting that disrupted FC in the mild PD phase
is related to cognitive deficits [21, 22].

As the disease progressed, moderate-to-severe patients
progressed with greater cognitive and non-motor decline
relative to mild cases and had a less integrated global net-
work configuration. Local alterations of nodal topological
properties worsened in sensorimotor and parietal regions
and evolved to include fronto-insular and temporal areas.
The spreading of network changes observed in moderate-to-
severe patients resembles PD pathology progression from
brainstem to higher cortical layers [33], demonstrating a
greater degeneration along the PD disease-specific path-
ways in the advanced disease phase.

Over the follow up, moderate-to-severe and mild PD
patients showed a widespread reorganization of brain
functional connections. Both decreases and increases in FC
were observed in all PD patients, although hypoconnectivity
prevailed in patients at later disease stage and hypercon-
nectivity in mild cases. The classical explanation of this
finding is that decreased functional integration and con-
nectivity are a direct effect of neurodegeneration, while
increased connectivity may reflect compensation. As the
disease progresses and the burden of pathology increases,
this early adaptive and plastic response might then be
overwhelmed. However, this can be an oversimplification
of a more complex scenario, in which increased topology
and connectivity could be playing an active role in the
pathogenesis of the disease. Indeed, it is plausible that
increased integration and connectivity in remote sites might
also be caused by loss of cortical inhibitory influence. These
hypotheses can only be tested longitudinally by correlating
functional network changes with clinical evolution. In mild
PD subtypes, the correlation between the motor/cognitive
deterioration and the FC reduction among basal ganglia,
sensorimotor, frontal and inferior parietal areas might
represent a neurodegeneration-related effect. On the con-
trary, with disease progression, the increased nodal strength,
local efficiency and clustering coefficient in the occipital
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lobe observed in mild PD patients may be compensatory
because posterior regions are relatively spared early in the
disease [33]. As the disease progresses, posterior regions
become targeted by Lewy Bodies pathology [33], thus
moderate-to-severe PD patients showed decreased nodal
properties and connectivity in the occipital lobe associated
with non-motor symptoms and mood worsening. On the
other hand, correlation analysis between functional network
and clinical changes over time suggest that many increased
connections in PD brains are maladaptive as they do
associate with clinical worsening. This was the case for
instance in mild-diffuse PD cases where the enhanced FC
between precentral cortex and postcentral and inferior par-
ietal lobe was associated with greater motor disability, and
the increased FC among basal ganglia, parietal, temporal,
frontal and hippocampal regions correlated with more
severe mood disturbances.

Importantly, our study also showed that RS fMRI
abnormalities at baseline not only correlated with baseline
clinical findings but also presaged clinical and cognitive
evolution in PD patients. In mild PD patients, lower the
strength and longer the path length in the parietal lobe,
greater the motor disability at baseline. In addition,
reduced nodal strength of the parietal lobe and decreased
connections of the parietal regions with brainstem, insu-
lar, frontal, and temporal areas predicted more rapid
decline in motor, cognitive and non-motor scores in mild-
diffuse cases. These findings corroborate the baseline and
longitudinal observations of the central role of parietal
disconnectivity in identifying most severe PD cases. In
addition, baseline correlation analysis and prediction
models confirmed that both hypo- and hyperconnectivity
were associated with clinical deficits in PD at different
stage of the disease.

This study is not without limitations. First, the mean age
at onset of our cohort is slightly lower than expected [34].
Although these data are in line with recent epidemiological
findings suggesting that the improved awareness of early
parkinsonian signs among clinicians could have contributed
to shift the timing of PD diagnosis earlier [35], differences
in age at disease onset between groups may explain some
clinical results. For instance, mild-diffuse PD patients were
slightly older compared with mild motor-predominant cases
and this could be associated with the higher frequency of
non-motor features at disease onset [34]. Nevertheless,
results in the moderate-to-severe group should not have
been influenced by the patients’ age at onset because pre-
vious findings of clinico-pathological investigations sug-
gested that, in the advanced PD stages, the pattern of
disease progression is similar both in cases with younger
and older age at onset [36]. In addition, in our PD cohort,
only few subjects are between 40 and 50 years and they can
be representative of the possible heterogeneity of PD

population [34]. Second, PD patients were evaluated in ON
status. Unlike previous longitudinal fMRI studies [23-25],
our analysis accounted for both LEDD at baseline and
change over time. Third, we do not have longitudinal RS
fMRI data in healthy controls. Thus, we cannot ignore that
part of the functional reorganization we observed in patients
was related to aging effects. However, our findings
demonstrate that brain network properties change differen-
tially among PD subtypes with a similar age. Fourth, we
used a 1.5 T MRI scanner, which is characterized by a lower
BOLD signal to noise ratio compared with higher field
strength scanners. Fifth, several studies have attempted to
divide PD patients into subtypes [37]. Our data-driven
cluster analysis needs to be validated in independent
cohorts. Finally, longer follow-up of our cohort will allow
continued assessment of changes.

In conclusion, capitalizing on the large sample size, the
comprehensive clinical evaluations and the multiple RS
fMRI scanning, our network perspective was able to define
trajectories of functional architecture changes according to
PD subtypes and prognosis. Future studies that integrate
different imaging modalities will be helpful to clarify
whether the disease-specific patterns of functional changes
in PD are associated with specific structural connectivity
alterations.
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