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The genetic traits that underlie vulnerability to neuronal damage across specific brain circuits in Parkinson’s
disease (PD) remain to be elucidated. In this study, we characterized the brain topological intersection between
propagating connectivity networks in controls and PD participants and gene expression patterns across the
human cortex — such as the SNCA gene. We observed that brain connectivity originated from PD-related pa-
thology epicenters in the brainstem recapitulated the anatomical distribution of alpha-synuclein histopathology

in postmortem data. We also discovered that the gene set most related to cortical propagation patterns of PD-
related pathology was primarily involved in microtubule cellular components. Thus, this study sheds light on
new avenues for enhancing detection of PD neuronal vulnerability via an evaluation of in vivo connectivity
trajectories across the human brain and successful integration of neuroimaging-genetic strategies.

1. Introduction

Parkinson’s disease (PD) is a frequently diagnosed neurodegenera-
tive disorder that is characterized by an accumulation of Lewy bodies
and Lewy neurites in the brain, including a-synuclein aggregates (Poewe
et al., 2017). According to the presence of this pathologically misfolded
protein, Braak and colleagues hypothesized that the pathologic process

progresses in a stereotyped fashion along specific brain systems, from
one susceptible brain region to the next, sometimes postulated as a trans-
synaptic spreading mechanism (Braak et al., 2003a; Kalia and Lang,
2015; Soto and Pritzkow, 2018). The observed pattern of PD pathology
distribution at postmortem led Braak et al. to suggest a six-stage system
of disease progression, beginning from the brainstem and progressively
affecting subcortical areas and cerebral hemispheres along neuronal
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CAT12, Computational Anatomy Toolbox 12; DK, Desikan-Killiany; FDR, False Discovery Rate; GO, Gene Ontology; HY, Hoehn and Yahr; LEDD, levodopa equivalent
daily-dose; PANTHER, Protein Analysis Through Evolutionary Relationships; PALS, Population-Average Landmark and Surface-based; PD, Parkinson’s disease; RS-
fMRI, resting-state functional MRI;; SD, standard deviations; SFC, stepwise functional connectivity; UPDRS, Unified Parkinson’s Disease Rating Scale.
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pathways, following a caudal-rostral axis within the brain (Braak et al.,
2003b; Braak et al., 2006b; Goedert et al., 2013). While histological
postmortem studies have helped establish patterns of a-synuclein dis-
tribution in PD brains, it is less understood how a-synuclein, as well as
other PD-related pathologic factors, relate to in vivo disruptions of large-
scale neuronal circuits across the entire cerebral topology. Furthermore,
the genetic background that underlies the vulnerability of specific
neuronal circuits related to PD pathology remains to be elucidated.

Recent in vivo neuroimaging studies have shown that deposition and
aggregation of misfolded proteins in neurodegenerative diseases, such as
Alzheimer’s disease and PD, are not randomly distributed but follow
connectivity networks, supporting the assumed trans-neuronal spread
model of progression (Goedert et al., 2017; Greicius, 2008; Sepulcre
et al., 2018; Zheng et al., 2019; Zhou et al., 2012). In the last few years,
the graph-theory neuroimaging approach has widely aided the study of
complex human brain network architectures (Crossley et al., 2014;
Fornito et al., 2015; Rubinov and Sporns, 2010). The implementation of
such a framework in the study of PD pathology networks would help
toward a deeper understanding of the spatial distribution and potential
propagation of PD (Yau et al., 2018). Using graph theory-based methods,
previous studies have investigated models of PD propagation through
brain networks using resting-state functional MRI (RS-fMRI). For
example, functional and anatomical connectivity of a supposed
epicenter of the disease in the substantia nigra has been shown to be
correlated with degree of regional atrophy (Zeighami et al., 2015). Such
findings have been corroborated in more recent studies, suggesting that
cortical areas with greater functional or structural connectivity to
subcortical pathology reservoirs may present greater cortical impair-
ment (Yau et al., 2018). Finally, graph theory-based approaches may
help in understanding the neural correlates of clinical evolution in PD
(Filippi et al., 2020b; Zarkali et al., 2021). A recent study has examined
changes in structural-functional connectivity coupling in PD patients in
relation to underlying different neurotransmitter expression, identifying
the organisational patterns that possibly drive cognitive impairment
(Zarkali et al., 2021).

In this study, we applied a novel graph theory metric based on
stepwise functional connectivity (SFC) analysis (Bueicheku et al., 2020;
Gao et al., 2019; Qian et al., 2018; Sepulcre et al., 2012). This method
allows for the mapping of connectivity patterns of brain ‘seed’ regions
and considers direct and indirect connectivity routes. In this way, we
aimed to reveal how disease might alter functional brain network or-
ganization and how pathology may spread across such networks.
Moreover, a detailed account of the relationship between brain con-
nectivity networks and spatial gene expression patterns would aid in the
understanding of the pathogenic mechanisms underlying progression of
pathology and its interaction with genes in neurodegenerative diseases
(Sepulcre et al., 2018). In the emerging field of neuroimaging-genetics,
the advent of a comprehensive brain-wide gene expression atlas (Allen
Human Brain Atlas (Jones et al., 2009; Shen et al., 2012); AHBA) helped
position the field toward innovation by combining RS-fMRI with gene
expression data, opening up an exciting avenue for discovery in neuro-
biology and brain network architectures (Diez et al., 2021; Freeze et al.,
2018; Ortiz-Teran et al., 2017). To date, the vulnerability that the SNCA
gene (encoding a-synuclein protein) and other gene expression profiles
confer to functional connectivity networks in PD patients is not well
understood. In keeping with the hypothesis that a-synuclein deposits
follow specific propagation connectivity pathways in the human brain,
our study first aimed to investigate functional brain network organiza-
tion and putative pathways of a-synuclein deposits in a sample of PD
participants at different stages of the disease using functional connec-
tivity MRI and a new graph theory metrics. Secondly, we examined the
topological similarity between large-scale functional connectivity net-
works emanating from postulated brain-stem epicenters of PD pathology
and gene expression patterns of the SNCA gene. We then evaluated if
functional connectivity disruptions were associated with the abnormal
deposition of a-synuclein in PD participants by using postmortem
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density scores of a-synuclein-immunoreactive Lewy bodies. Finally, we
investigated the biological functional meaning of our connectomic-
genetic findings.

2. Materials and methods

The main cohort of participants of this study were recruited by
University of Belgrade, Belgrade, Serbia, where they performed clinical
and cognitive evaluations, and RS-fMRI scans (Filippi et al., 2020b). The
replication dataset of PD participants for neuroimaging purposes was
recruited at the Hospital Universitario Donostia, San Sebastian, Spain.
Both studies were approved by the local ethics committees at University
of Belgrade and Gipuzkoa Clinical Research Ethics Committee respec-
tively and written informed consent to participate in the study was ob-
tained from all participants. All the acquired data were sent to
Neuroimaging Research Unit, Division of Neuroscience of San Raffaele
Scientific Institute and Vita-Salute San Raffaele University of Milan,
Italy, and analyzed at Gordon Center for Medical Imaging, Department
of Radiology, Massachusetts General Hospital and Harvard Medical
School, Boston, Massachusetts, USA.

2.1. Participants and cluster/subtype definition

154 PD patients were recruited and underwent comprehensive
evaluation including clinical, cognitive/behavioral and MRI assessments
(Supplemental Table 1) as previously described (Filippi et al., 2020b;
Filippi et al., 2020c). Sixty age- and sex-matched healthy controls per-
formed the same study protocol (Supplemental Table 1). Eight PD pa-
tients were excluded from analysis due to excessive movement.
Supplementary materials report details on (i) inclusion/exclusion
criteria; (ii) cognitive/behavioral evaluations; and (iii) cluster analysis
for data partitioning (Filippi et al., 2020b). According to cluster analysis,
two main PD subgroups were identified: 86 mild and 60 moderate-to-
severe PD patients (Supplemental Tables 1 and 4) (Filippi et al.,
2020b; Filippi et al., 2020c).

A replication cohort of PD participants (N = 58, mean age 70.80 +
5.76 years, 20/38F/M) was recruited at the Hospital Universitario
Donostia, and scanned at the Basque Center on Cognition, Brain and
Language, San Sebastian, Spain. Replication data were used for neuro-
imaging purposes only, namely to assess the spatial similarity between
SFC maps with our PD study sample for three alternative seeds of the
brainstem (medulla, pons and midbrain) (see MRI analysis for further
details).

2.2. MRI analysis

Supplementary materials report the MRI protocol, RS-fMRI pre-
processing details and functional connectivity brain networks con-
struction (Fig. 1-A).

2.2.1. Stepwise functional connectivity analysis

SFC analysis is a novel graph theory metric that detects both direct
and indirect functional couplings between a predefined seed region and
other brain regions (Fig. 1-B) (Costumero et al., 2020; Gao et al., 2019;
Qian et al., 2018; Sepulcre et al., 2012). SFC analysis aims to charac-
terize regions connected to specific seed brain areas at different levels of
link-step distances (Costumero et al., 2020; Gao et al., 2019; Qian et al.,
2018; Sepulcre et al., 2012) (see Supplementary materials for details).

Given the goal of the study was to investigate a model of PD-related
pathology propagation, we used seeds from brainstem regions described
in the first stage of Braak’s staging scheme, namely medulla oblongata,
pons, and midbrain. Binary masks were created for these three seeds
using FreeSurfer version 6.0.0 software package (Fig. 1-B) (http://surfer
.nmr.mgh.harvard.edu/) and its extension of brainstem substructure
segmentation (https://surfer.nmr.mgh.harvard.edu/fswiki/Brains
temSubstructures). As our replication analysis showed a high
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Fig. 1. Progression of Parkinson’s disease pathology based on Braak stages. (A) Pipeline of intrinsic connectivity analysis. (B) Cortical connectivity diagram of an a
priori selected area in the brainstem using stepwise connectivity analysis. Cortical maps show characterization of stepwise connectivity analysis from medulla
oblongata in healthy controls. (C) Small diagram showing the cortical maps and scatterplot of our spatial similarity approach. (D) Connectomic-genetic analyses.
Abbreviations: SFC = stepwise functional connectivity; N = number; AHBA = Allen Human Brain Atlas; R = right.

reproducibility of the medulla oblongata connectivity distribution
compared to pons and midbrain (Supplemental Fig. 1), and since the
pathology occurs in the medulla in the first stage and only in the pontine
tegmentum in the second stage (see Supplementary Table 5 for details),
we used the medulla oblongata mask in our main analyses. To test if the
obtained correlations with the replication dataset were due to spatial
dependencies introduced by comparison of autocorrelated brain maps
(Markello and Misic, 2021), the likelihood of the obtained similarity
with randomly generated autocorrelated maps were evaluated. 1,000
surrogate maps were generated with a spatial autocorrelation matching
target brain map using BrainSMASH software (Burt et al., 2020) and
compared with the similarity obtained with replication dataset. All maps
across different link-step distances from one to four (i.e., SFC maps 1 to
4) were used in the characterization of connectivity alterations between
healthy controls and PD participants. Considering only healthy subjects,
combined version of all SFC 1 to 4 maps into one single map from non-
disrupted connectivity pathways (combined SFC map; Fig. 1-B) was
employed to investigate the relationships between standard neuro-
imaging patterns and the AHBA transcriptome data. To build the SFC
combined map, the functional connectivity between the seed region and
all the other brain voxels has been identified in the four different steps.
Subsequently, the highest functional connectivity per each voxel of the
four previous considered values were selected. Finally, the values of
each voxel in the SFC combined map were set to the number of step
(from 1 to 4) in which the functional connectivity was maximized.
Thus, we obtained a SFC combined map for each subject whose
values ranged from 1 to 4 steps (1 = closer to the epicenter; 4 = far from
the epicenter), as a proxy for the spreading of pathology (1 denoting
more pathology; 4 referring to less pathology). A mean combined SFC
map of controls was obtained averaging all the healthy subject maps.
Consequently, SFC maps were projected onto the cerebral hemispheres
of the Population-Average Landmark and Surface-based (PALS) surface

(PALS-B12) provided with Caret software (Van Essen and Dierker, 2007)
using the “enclosing voxel algorithm” and “multifiducial mapping”
settings (Fig. 2).

In order to verify whether the null hypothesis is uniform, a network
randomization analysis was performed by considering each individual
functional connectivity matrix in the healthy controls and randomly
shuffling all the connections. All data were normally distributed, and the
randomization created also normally distributed data, including the
degree distribution. Then, we re-run SFC maps across different link-step
distances from one to four starting from the medulla oblongata seed
(Supplemental Fig. 3). With this method, we used the resulting maps of
healthy controls obtained after network randomisation to confirm dis-
ease progression in PD patients .

2.2.2. Statistical analyses

Voxel-wise analyses were performed using general linear models in
SPM12 (Wellcome Department of Imaging Neuroscience, London, En-
gland; www. fil.ion.ucl.ac.uk/spm). Whole-brain two-sample t-test
comparisons between groups were performed, including age, gender
and LEDD (only in the comparison between patients’ groups) as cova-
riates. A threshold-free cluster enhancement method (Smith and Nich-
ols, 2009) combined with nonparametric permutation testing (5000
permutations) as implemented in the Computational Anatomy Toolbox
12 (CAT12, http://www.neuro.uni-jena.de/cat/) was used to detect
statistically significant differences at p < 0.05, family-wise error (FWE)
corrected. These analyses allowed for the identification of specific re-
gions that demonstrated between-group differences in SFC.

2.2.3. Spatial associations between SFC and human transcriptome (AHBA)

Aprioristic knowledge of PD risk genes and data-driven approaches
based on the full genome-wide (protein-coding) transcriptome of the
AHBA (Hawrylycz et al., 2012) was used to investigate cortical and
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Fig. 2. Differences between Parkinson’s disease participants and healthy controls in stepwise functional connectivity of the medulla oblongata. Cortical maps
represent the significant differences in stepwise functional connectivity values between PD severity subtypes and healthy controls (A-B) and between PD groups (C).
Insets show the approximate location of the seed. Statistical analysis was adjusted for age, gender and levodopa equivalent daily-dose (only in the comparison
between patient groups). Results were corrected for multiple comparisons using a threshold-free cluster enhancement method combined with nonparametric per-
mutation testing at p < 0.05 FWE-corrected. Color bars show the t-statistic applicable to the image. Abbreviations: HC = healthy controls; M—S = moderate-to-

severe; PD = Parkinson’s disease.

subcortical gene expression profiles associated with PD pathology
(Fig. 1-C and 1-D). The AHBA provides whole-brain genome-wide
expression of 20,737 protein-coding genes patterns extracted from
3,702 brain samples covering the whole brain (58,692 measurements) in
six human subjects. To reduce noise and variability in the genetic
measures a brain atlas was used and all the samples falling into each
region averaged. We generated 105 regions to account for both cortical
and subcortical structures. 68 cortical regions of the Desikan-killiany
(DK) atlas were used, 16 subcortical from Freesurfer segmentation,
and 21 Parkinson related nuclei. These nuclei included each hemisphere
medullary reticular group, substantia nigra, subthalamic nucleus, lateral
hypothalamic area, ventromedial hypothalamic nucleus, reticular nu-
cleus, paraventricular nucleus, locus coeruleus, dorsal motor nucleus
vagus and medial raphe nuclei, pontine raphe and midbrain raphe.
Three processing stages were followed to derive projected transcriptome
data to our 105 regions atlas: (i) expression values from multiple probes
were mean averaged for each gene; (ii) each sample was mapped to a
region of our atlas. All samples falling inside the cortical or subcortical
regions of the atlas were assigned to the corresponding region and for
samples belonging to each nuclei we used the classification provided by
AHBA. The distance of the samples not assigned to any region was
evaluated and the samples with a distance < 2.5 mm to any cortical or
subcortical region was assigned to it; (iii) the average genetic expression

across all samples mapped into a specific atlas region was computed for
each individual brain. A group expression map was derived computing
the median values between the 6 donors.

To investigate spatial similarities between regional gene expression
profiles and brain areas involved in PD pathology, the mean combined
SFC map of healthy subjects was converted from the voxel-level spatial
resolution to a cortical atlas based on DK parcellation and subcortical
FreeSurfer regions (using the average intensity) to allow for comparison
with the AHBA data. Subsequently, we correlated SFC value of each
cortical or subcortical region with the expression levels of genes of that
region from AHBA using the Pearson’s correlation (MATLAB v8.0 soft-
ware; Mathworks Inc.). As a data-driven strategy, we calculated the
spatial similarity between the combined SFC map and gene expression
level for each of the 20,737 genes (the entire transcriptome of AHBA
data; histogram in Fig. 1-D). Then, as SFC spreading patterns display an
inverse spatial relationship with potential PD-related pathological bio-
markers (please see Fig. 1), we identified all genes for which expression
levels presented negative spatial similarities with the SFC map
(considering a significant cutoff of —1.96 standard deviations [SD] in
the lower bound of the tail of the null hypothesis distribution; red area in
Fig. 3-A). To test that the obtained spatial similarity of SFC map with the
genes set in the lower tail are not due to spurious similarities due to
spatial autocorrelation of the data (Markello and Misic, 2021), we
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Fig. 3. Brain Co-localization of In Vivo SFC Patterns and Allen Gene Expression Data to detect PD Vulnerable Pathways and Genetic/Pathological Signatures. (A)
Scatterplot between in vivo spreading connectivity pattern (bottom cortical maps) and SNCA (left cortical maps). Null hypothesis distributions of similarity scores
between in vivo SFC patterns and the entire protein-coding transcriptome. Similarity scores were converted to z-scores, corresponding to one-tailed p-values for the
SNCA z-score. Red area shows similarity scores below —1.966. (B) Relationship between SFC and a-synuclein-immunoreactive density scores. (C) Interactome and
Gene Ontology Analyses of the genetic set obtained in II (red bars in histogram). Interactome network showing significant Gene Ontology (GO) overrepresented
functionality (FDR-corrected q < 0.05). (D) Protein-protein interactome network with closeness centrality, and (E) GO network for Cellular Components assessment.
Abbreviations: Ant = anterior; cSCM = combined stepwise connectivity map; Inf = inferior; GO = gene ontology; L = left; Mid = middle; R = right; sc = spatial
correlations; SFC = stepwise functional connectivity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

computed the likelihood of obtaining this spatial similarity values in a
randomly generated maps preserving the autocorrelation of the input
map. BrainSMASH software (Burt et al., 2020) was used to generate
1000 surrogate maps and compute a distribution of random association
between surrogate maps and 20,737 genes. Finally, the significance of
the association of SFC map with SNCA expression was evaluated
computing a p-value based on the likelihood of obtaining a higher as-
sociation between SNCA expression and the generated 1000 random
maps.

2.2.4. Relationship between post-mortem neuropathological data and
imaging metrics

We used the combined SFC maps and postmortem density scores of
a-synuclein-immunoreactive Lewy bodies to gain knowledge concerning
how the cortical spreading from PD-related epicenters related to
abnormal cortical deposition of PD pathology. Density scores of a-syn-
uclein-immunoreactive Lewy bodies were obtained postmortem from
186 PD volunteer donors from the Arizona Study of Aging and Neuro-
degenerative Disorders (AZSAND)/Banner Sun Health Research Insti-
tute Brain and Body Donation Program (BBDP; www.
brainandbodydonationprogram.org). Particularly, a-synuclein-immu-
noreactive density scores were evaluated in the following brain regions:
olfactory bulb and tract, anterior medulla (two levels anterior to the
obex), anterior and mid-pons, mid-amygdala with adjacent trans-
entorhinal area, anterior cingulate gyrus (1-3 cm posterior to the cor-
onal slice containing the genu of the corpus callosum), middle temporal
gyrus (at the level of the lateral geniculate nucleus), middle frontal gyrus
(4-5 cm posterior to the frontal pole), and inferior parietal lobule (Beach

et al., 2009). As we spatially compared these regions to functional
connectivity-derived values, we excluded olfactory bulb and tract areas
due to the low reliability of the BOLD signals in those areas. Subse-
quently, the a-synuclein-immunoreactive density scores of the eight
leftover brain regions were averaged over all 186 PD subjects. Similarly
as the previous section, the Pearson’s correlation between the combined
SFC map and synucleinopathy density scores from postmortem brain
tissue was used to evaluate the spatial similarity between corresponding
regions (Fig. 1-C).

2.2.5. Gene Ontology and interactome analysis

Using the entire profile of AHBA genes with significant negative
spatial similarity with the SFC map based on the full protein-coding
transcriptome distribution, we performed a gene set enrichment anal-
ysis and Interactome analyses to gain insights about their genetic
functionalities (Diez and Sepulcre, 2021). First, we investigated whether
the data-driven genetic imaging profile displayed any specific biological
process. To overcome false-positive bias in gene set enrichment of
spatially resolved transcriptomics (Fulcher et al., 2021) we adapted
over-representation analysis to evaluate the likelihood of obtaining each
functional annotation by surrogate maps with same autocorrelation as
the input map (Bueicheku et al., 2021). First, BrainSMASH software
(Burt et al., 2020) was used to generate 1000 surrogate maps with
matching spatial autocorrelation properties to SFC map. For each of the
surrogate maps the list of genes in the tail was used to perform an
overrepresentation analysis using a Fisher test. For each Biological
process annotation, a p-value and fold enrichment were computed. Then
the overrepresentation of the genes in the original lower tail was
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computed for Biological Process annotations. For each annotation a p-
value was computed using the Fisher test and compared with the dis-
tribution of p-values obtained for the surrogate maps. A new p-value
with the likelihood of the annotation appearing by chance was
computed. A false discovery rate of the neuro related annotations was
computed to correct for multiple comparisons with a q-level < 0.01. The
neuro related annotations were defined as those annotations with at
least 50% of their genes been classify as neuro genes (3,157 genes
derived from Amigo). The resulting annotation were clustered into
groups based on a similarity approach to reduce the information and
help int the interpretability. The following steps were done for clustering
the annotations: (a) a binary gene-term matrix was generated. Genes
belonging to a particular term had a value of 1 and 0 otherwise; (b) a
term-term kappa score matrix was generated. Each entry measured the
similarity of 2 terms with kappa score based on observed occurrence of
genes and was compared to chance occurrence; (c) hierarchical clus-
tering was applied were terms with a kappa threshold > 0.3 were
merged; (d) for each cluster the term with the most significant p value
was used as the representative term. The enrichment analysis has been
carried out for Biological Process terms from Gene Ontology (the
reference genome and Gene Ontology annotations were retrieved from
http://www.webgestalt.org/ on 01/14/2019). Additional analysis de-
tails were as follow: (a) genes that were not annotated as Biological
Process were not used for the analyses; (b) terms with less than 5 or more
than 2,000 genes were removed; (c) annotations with less than 3 genes
overlapping with the candidate gene list or with less than an uncorrected
p value of 0.01 (Fisher test) were discarded. The spatial similarity
analysis was done by means of in-house Matlab code. We used Cytoscape
(www.cytoscape.org (Lopes et al., 2010)) and the Genemania toolbox
(http://www.genemania.org; default settings (Mostafavi et al., 2008))
to perform a network interactome analysis based on protein-protein
interactions in order to identify key metabolic players within our AHBA-
derived gene list. Using this interactome approach and node-level
closeness centrality, we identified the most central interacting genes at
the protein—protein level, as well as their particular role in cellular
components (FDR-corrected at g-level < 0.05).

3. Results
3.1. Connectivity reorganization in PD subjects

In the early step maps of healthy controls, medulla displayed a direct
functional connection to the midbrain, thalamus, insula, para-
hippocampus, superior temporal lateral occipital and lingual gyri
(Fig. 1; please see Supplemental Fig. 1 for a complete left and right
display, as well as alternative seeds in pons and midbrain). After the
initial steps of connectivity, medullary pathways then reached the pa-
rietal lobe (particularly its superior and inferior parts and precuneus
cortex), temporal lobe (superior temporal and fusiform gyri) and oc-
cipital lobe (including lateral occipital gyrus and lingual gyri and
cuneus). At the final steps 3 and 4, other temporal regions (middle and
inferior temporal and isthmus cingulate gyri) were related to the med-
ullary connectivity pathways (Fig. 1; Supplemental Fig. 1). Medullary
connectivity pathways were spatially similar in healthy controls and the
two PD subgroups in all the four different step maps (Supplemental
Fig. 2-A and 2-B). The correspondence of SFC maps across different link-
step distances (from one to four) with PD pathological stages and clinical
evolution according to the Braak system is reported in Supplemental
Table 5.

Analogous results were obtained with the replication PD dataset:
indeed, spatial similarity analysis among the SFC maps in the two PD
cohorts (PD study sample and PD replication sample) revealed signifi-
cant similarity starting from the three alternative seeds (medulla, pons
and midbrain; Supplemental Fig. 1-D, 1-E and 1-F).

When comparing PD subgroups with healthy controls, we found
significant differences in the stepwise connectivity of the medullary
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epicenter (Fig. 2). Mild PD patients presented lower connectivity in
fusiform and lingual gyri compared to controls (Fig. 2-A). At interme-
diate link-step distances, mild PD patients showed a lower functional
connectivity in sensorimotor cortex (precentral and postcentral gyri),
parietal (superior and inferior parietal gyri and precuneus), temporal
(superior, middle, and inferior temporal gyri) regions and cuneus
(Fig. 2-A). Referring to the opposite contrast, mild PD patients exhibited
enhanced connectivity across 2-4 link-steps from medulla seed to
medial orbitofrontal, parahippocampal and lateral occipital gyri (Fig. 2-
A). The analysis also revealed that at one-link step distance from me-
dulla seed, moderate-to-severe PD patients showed decreased connec-
tivity in the inferior parietal gyrus and occipital lobe (lateral occipital
gyrus and cuneus) relative to controls (Fig. 2-B). Across 2—4 link-steps,
reduced functional connectivity was found in sensorimotor cortex
(precentral and postcentral gyri), frontal (superior frontal gyrus and
caudal/rostral anterior cingulate), parietal (superior and inferior pari-
etal gyri, posterior cingulate cortex and precuneus), temporal (superior
and middle temporal gyri) regions and cuneus (Fig. 2-B). With regard to
the opposite contrast, moderate-to-severe PD patients exhibited signif-
icantly increased functional connectivity at intermediate link-step dis-
tances in frontal (medial orbitofrontal gyri) and temporal (inferior
temporal, parahippocampal, fusiform gyri and entorhinal cortex) re-
gions (Fig. 2-B).

When comparing PD patient subgroups, at one-link step distance
from the medulla seed, moderate-to-severe PD patients showed
decreased connectivity only in the lateral occipital gyrus relative to mild
PD cases (Fig. 2-C). Across 2-4 link-steps, moderate-to-severe PD pa-
tients were characterized by additional decreased functional connec-
tivity within inferior parietal gyrus and insula relative to the mild PD
group (Fig. 2-C). Furthermore, moderate-to-severe PD patients showed
increased connectivity relative to mild PD cases only at intermediate
link-step distances within sensorimotor cortex (precentral and post-
central gyri), caudal middle frontal gyrus, superior parietal gyrus, and
temporal areas (superior, middle, and inferior temporal, para-
hippocampal gyri and entorhinal cortex).

3.2. Connectomic-Genetic relationships

The analysis of spatial similarity between SNCA gene expression
levels and functional brain organization is reported in Fig. 3-A. Our
analysis showed that SNCA gene expression levels are spatially -and
inversely- related to the normal pattern of stepwise connectivity from
medulla (Fig. 3-A). In the data-driven approach taking into account the
entire human transcriptome as null hypothesis distribution, 784 genes
(Supplemental Table 2) were similarly distributed along the cortical
mantle as in the medulla stepwise connectivity maps in healthy controls
(<-1.96 SD; see histogram in Fig. 3-A). These genes were significantly
associated when testing with 1,000 surrogate maps with same auto-
correlation as the SFC map. Importantly, SNCA gene expression was
found in the lower bound of the tail of the overall distribution of simi-
larities between the medulla connectivity map and the expression of
20,737 protein-coding genes (Fig. 3-A). The cortico-subcortical simi-
larity analysis among the combined SFC map and postmortem a-synu-
clein-immunoreactive density scores from 186 PD brains revealed
statistically significant similarities. In particular, synucleinopathy den-
sity in the aforementioned brain regions showed a notable negative
correlation with the spreading connectivity map (Fig. 3-B), that is, the
greater synucleinopathy density score the closer step or connectivity
proximity to the medulla epicenter.

Using FDR-corrected GO annotation analysis (q-level < 0.05) tar-
geting biological processes, we found several overrepresented gene sets
engaged in the regulation of dopamine secretion, neuropeptide trans-
mission, and axon guidance assemblies (Fig. 3-C). Moreover, we found
that SNCA was a top central gene in the protein—protein interactome
(top 3; Fig. 3-D; Supplemental Table 3). Finally, the main gene set rec-
ollecting the PD-related spreading pattern was predominantly involved
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in microtubule cellular components (Fig. 3-E).
4. Discussion

Recent evidence supports the hypothesis postulated by Braak, ac-
cording to which pathogenic forms of a-synuclein protein in PD spread
throughout the nervous system in a predefined pattern (Braak et al.,
2003b; Braak et al., 2006b; Goedert et al., 2013). In this study, we
identified a model of PD propagation, starting from a supposed epicenter
of the disease (according to Braak staging), by using novel graph theory
metrics (i.e., SFC analysis). The findings are strongly consistent with the
staging of brain pathology in PD patients presumed by Braak et al (Braak
et al., 2003b). SFC also revealed patterns of functional network reor-
ganization for early- or late-stage PD patients. Moreover, AHBA data of
gene expression levels supported us in the characterization of the
a-synuclein propagation using functional connectivity patterns from the
epicenter region in healthy controls. We found that the spatial topology
of a rich set of genes devoted to the regulation of dopamine secretion, in
which SNCA played a central role, recapitulated the identified pathways
of connectivity emanating from the medullary epicenter. Collectively,
our findings demonstrate a parsimonious approach for prediction of
a-synuclein pathology along the disease trajectory using an SFC
approach to map aberrations in streams of connectivity from a priori
epicenters of disease.

With the medulla as a candidate epicenter region for PD in mind, we
first found in healthy controls that direct functional connections from a
medulla seed (one step-link distance) included functional connections to
the insular cortex, pericalcarine, lingual and parahippocampal gyri.
With subsequent steps in the connectivity network, the seed region was
connected to parietal, occipital, temporal lobes and the isthmus cingu-
late gyrus. Considering those functional connections form ‘highways’
through which a disease-causing agent might spread, our findings are in
line with the idea that pathological proteins propagate firstly in regions
directly connected to the epicenter (one step-link distance) and then
progress to areas at further link-step distances. These findings are
strongly consistent with the ascending staging system of brain pathology
in PD patients assumed by Braak (Braak et al., 2003a) (Supplemental
Table 5). This observation is also supported by the randomization
analysis. Indeed, the average maps of healthy controls obtained after
network randomization (Supplemental Fig. 3) did not confirm the
ascending staging system (Braak et al., 2003a). Importantly, the med-
ullary connectivity patterns were also found to be spatially consistent in
healthy and diseased populations as the average maps of mild and
moderate-to-severe PD patients displayed similar pathways of healthy
controls in all the four different step maps, albeit with altered functional
connectivity values. The stepwise connectivity characterization in
healthy controls lays a foundation for studying the emerging concept
that misfolded proteins follow connectivity-based models of spreading,
highlighting the essential role of connectivity in susceptible brain re-
gions (Filippi et al., 2020a; Frost et al., 2009; Raj et al., 2012; Vogel
et al., 2020; Zhou et al., 2012).

PD has been characterized by atypical brain network organization.
Conventional strategies as well as more-sophisticated graph theory an-
alyses have shown that PD patients are characterized by hypo- and
hyper-connectivity patterns (Filippi et al., 2019). Our results highlight
the potential for studying functional network reorganization at different
stages of disease through SFC analysis: early- and late-stages of PD. In
particular, SFC analysis showed different patterns of disruption among
PD subgroups. For example, in mild PD patients, the involvement of
direct and indirect connections from the medulla to the sensorimotor
network (precentral and postcentral gyri), cuneus, lateral and medial
parietal regions and lateral temporal gyri suggests an initial disruption
of functional connectivity, in accordance with mild motor and clinical
symptoms in addition to mild cognitive impairment (Filippi et al., 2019;
Wolters et al., 2019). RS-fMRI techniques have been applied in recent
studies in order to disentangle the role of sensorimotor network in PD
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patients (Agosta et al., 2014a; Baudrexel et al., 2011; Helmich et al.,
2010; Kwak et al., 2010; Seibert et al., 2012). Considering the charac-
teristic motor manifestations found in PD, dysfunction of somatomotor
networks is not surprising and is even expected as confirmed in many
studies (Campbell et al., 2015; Canu et al., 2015; Gorges et al., 2015;
Gottlich et al., 2013; Guimaraes et al., 2016; Olde Dubbelink et al.,
2014; Peraza et al., 2017; Tan et al., 2015).

At a one-link step distance, moderate-to-severe PD patients showed
decreased connectivity in the lateral occipital and inferior parietal gyri,
and cuneus. Across 2-4 link-steps, we detected extended reductions in
functional connectivity within parietal (superior and inferior parietal
gyrus and precuneus), temporal (superior and middle temporal gyrus),
frontal (superior frontal gyrus and caudal/rostral anterior cingulate)
and limbic (posterior cingulate) lobes. These findings are in support of
non-motor symptom presentation in moderate-to-severe PD patients,
including cognitive deficits and other non-motor manifestations (Agosta
et al., 2014a; Baudrexel et al., 2011; Helmich et al., 2010; Kwak et al.,
2010; Seibert et al., 2012). Our results are also consistent with previous
studies highlighting that cognitive functions result from alterations in
RS-fMRI networks (default mode, dorsal-attention, fronto-parietal,
salience or associative visual networks) (Filippi et al., 2019).

Interestingly, SFC analysis highlighted a greater extent of damage in
moderate-to-severe PD than in mild PD patients, suggesting that func-
tional organization of brain networks worsens with progression of motor
and non-motor symptom severity. Consistently with previous studies
(Agosta et al., 2014b; de Schipper et al., 2018; Fang et al., 2017; Filippi
et al., 2020a; Filippi et al., 2019; Tuovinen et al., 2018), both mild and
moderate-to-severe PD patients exhibited significantly increased func-
tional connectivity at intermediate link-step distances in frontal and
temporal regions, with a greater extent of functional alterations in
moderate-to-severe PD than in mild PD cases. The explanation of this
finding is that increased connectivity may be a compensation or might
also be caused by loss of cortical inhibitory influence.

Importantly, the SFC approach was able to provide information
regarding not only the strength or number of connections, but also nodal
properties of network distance of voxels relative to the rest of the voxels
in the entire brain, providing essential information about putative flows
across brain networks. Owing to this, the functional connectivity results
found at different stages of PD patients resembles assumed PD pathology
progression (Braak et al., 2006a), in such a way that it demonstrates
greater impairment along the suggested propagation patterns of a-syn-
uclein deposits in the human brain.

Understanding ‘if’ and ‘how’ genetic factors are related to the iden-
tified PD propagation pathways is challenging. In this study, we inves-
tigated whether genetic biomarkers confer functional vulnerability to
PD-related pathology in brain regions directly and indirectly con-
nected to the epicenter. Expression of the SNCA gene (encoding a-syn-
uclein protein) in healthy controls was associated with the proximity of
a region to the epicenter of pathology, likely shaping functional archi-
tectures of the human brain. In our study, we investigated gene
expression profiles and functional connectomes as possible vulnerability
factors, using a new stepwise connectivity technique that might improve
the possibility to reveal vulnerable networks. In light of this, our find-
ings support the idea that brain regions closer to the epicenter and with
greater SNCA gene expression may have higher probability of accumu-
lating pathological proteins before other brain regions do, and, thus,
confer greater vulnerability to disease spread (Achard and Bullmore,
2007). These results are in line with findings demonstrating that SNCA
has a dose-response relationship with PD severity, posited to arise from
an increasing presence of pathological a-synuclein aggregates (Devine
et al., 2011). Notably, while previous imaging studies evaluating func-
tional connectivity at the whole-brain level have found weak associa-
tions between SNCA gene expression and loss of functional connectivity
(Rittman et al., 2016), the present stochastic SFC method demonstrated
greater spatial sensitivity for aberrant flow across streams of functional
connectivity than whole-brain level assays.
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While SNCA played a central role in regional propagation, it has been
demonstrated that the coordination of multiple genes may relate to
progression of PD pathology (Hibar et al., 2015). Indeed, here we further
performed an exploratory analysis that identified 784 genes (including
SNCA gene) from the 20,737 protein-coding genes of the human tran-
scriptome. Importantly, these data-driven ascertained genes shared
similar spatial distributions with the maps of medulla connectivity
characterized in healthy controls. We also observed that these genes
exhibited an overrepresented biological functionality in key domains for
PD pathology, such as dopamine neurotransmission. Moreover, we
observed that genes displaying a high spatial overlap with the PD-
related spreading pattern were predominantly implicated in microtu-
bule dynamics. Lewy bodies have been found to contain tubulin and
neurofilaments, key elements of the neuronal cytoskeleton (Goldman
et al.,, 1983). Neurons overexpressing a-synuclein show microtubule
dysfunction, including decreased microtubule networks, impaired
microtubule-dependent trafficking, Golgi fragmentation and neuritic
degeneration (Lee et al., 2006). In addition, a multitude of other proteins
and pathways of varying functional relationships with microtubules are
suggested to be implicated in PD, including parkin, PINK1, and the
Leucine-rich repeat kinase 2 (Pellegrini et al., 2017). These proteins
interact with microtubules, either directly or via adaptor and motor
proteins, modulating their assembly and stability. Their aberrant ac-
tivity may thus ultimately result in disruption of cytoskeletal architec-
ture and loss of functional localization of any protein or organelle whose
transport is secondarily delayed/affected. Notably, stabilization of mi-
crotubules has emerged as a beneficial therapeutic strategy for PD
(Ballatore et al., 2012).

Few years ago, knowledge on PD progression was limited to in-
ferences about underlying pathology ascertained from histopathological
examination (Beach et al., 2009). In this study, we investigated the
relation between functional connectivity (SFC maps) and density scores
of a-synuclein-immunoreactive Lewy bodies in PD subjects. In line with
previous genetic findings, we demonstrate that regions closer to the
epicenter present higher density of a-synuclein. The combination of
Lewy-type synucleinopathy density on postmortem brain tissue infor-
mation with modern neuroimaging tools bolster our hypothesis of a
convergence between spatially stereotyped accumulation of protein
aggregates and putative contributions from functional connectivity
network organization.

The present study is not without limitations. The most important one
is that a confirmed relationship between Braak staging, and the clinical
evolution of PD patients has not been provided yet. The validity of Braak
staging has been suggested by several studies demonstrating that be-
tween 51 and 83% of PD followed this pathological system (Beach et al.,
2009; Dickson et al., 2010; Halliday et al., 2008; Halliday et al., 2006;
Jellinger, 2009; Kingsbury et al., 2010; Muller et al., 2005). On the other
hand, the relationship between neuropathological staging and clinical
symptoms has been only partially confirmed by other (Braak et al.,
2005; Jellinger, 2003; Mori et al., 2008; Muller et al., 2005). Secondly,
the data was cross-sectional in nature, and by clustering participants
into different stages of the disease (mild PD and moderate-to-severe PD)
does not entirely represent the progression of the disease. Another
limitation of this study is that we considered only gene expression
profiles and functional connectome as possible vulnerability factors to a
specific pathophysiological process. However, it has been demonstrated
that different factors are able to confer regional vulnerability to patho-
logical process in neurodegenerative disorders (Bischof et al., 2019; Raj
et al., 2012; Raj et al., 2015; Warren et al., 2013). These models include
protein strains, susceptible cell features, gene expression level, struc-
tural and functional connectome and activity-demands (Bischof et al.,
2019). Finally, different approaches can be used to detect spatial spread
of pathology in vivo possibly leading to different findings. A group of
studies tested the hypothesis of Braak staging using standard structural
and functional MRI techniques supporting or not the assumed spreading
(Guimaraes et al., 2016; Kamagata et al., 2013; Li et al., 2017; Potgieser

Neurolmage: Clinical 33 (2022) 102941

et al., 2014; Tinaz et al., 2011). On the other hand, recent studies ana-
lysed the utility of connectomics approach applied to structural and
functional data to understand the temporo-spatial pattern of accumu-
lation and spreading of misfolded proteins in neurodegenerative dis-
eases (Yau et al., 2018; Zarkali et al., 2021; Zeighami et al., 2015).
However, to date, there is no agreement about the best method to apply.

In conclusion, in this study we characterized in vivo large-scale
propagation pathways of o-synuclein pathology and identified
different patterns of functional connectivity disruptions in PD patients at
different stages of the disease. Our results identified the genetic un-
derpinnings of PD pathology, highlighting their contribution to focal
neuronal vulnerability to progression of PD. Our results pave the way
toward better accounting for the brain networks complexity and
mechanisms underlying distinct spatial vulnerability to PD pathology,
thus informing early diagnosis and future novel therapeutic strategies.
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