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ABSTRACT: Background: Stepwise functional con-
nectivity (SFC) detects whole-brain functional couplings
of a selected region of interest at increasing link-step
topological distances.

Objective: This study applied SFC to test the hypothesis
that stepwise architecture propagating from the disease
epicenter would shape patterns of brain atrophy in patients
with progressive supranuclear palsy-Richardson’s syn-
drome (PSP-RS).

Methods: Thirty-six patients with PSP-RS and
44 age-matched healthy control subjects underwent
brain magnetic resonance imaging on a 3-T scanner.
The disease epicenter was defined as the peak of
atrophy observed in an independent cohort of
13 cases with postmortem confirmation of PSP
pathology and used as seed region for SFC analysis.
First, we explored SFC rearrangements in patients
with PSP-RS, as compared with age-matched control
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subjects. Subsequently, we tested SFC architecture
propagating from the disease epicenter as a determi-
nant of brain atrophy distribution.

Results: The disease epicenter was identified in the left
midbrain tegmental region. Compared with age-matched
control subjects, patients with PSP-RS showed progres-
sively widespread decreased SFC of the midbrain with
striatal and cerebellar regions through direct connections
and sensorimotor cortical regions through indirect connec-
tions. A correlation was found between average link-step
distance from the left midbrain in healthy subjects and brain
volumes in patients with PSP-RS (r = 0.38, P < 0.001).
Conclusions: This study provides comprehensive
insights into the topology of functional network
rearrangements in PSP-RS and demonstrates that the
brain architectural topology, as described by SFC propa-
gating from the disease epicenter, shapes the pattern of
atrophic changes in PSP-RS. Our findings support the
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view of a network-based pathology propagation in this
primary tauopathy. © 2024 The Author(s). Movement Dis-
orders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society.

Key Words: progressive supranuclear palsy; MRI; rest-
ing-state functional MRI; RS fMRI; stepwise functional
connectivity; SFC

Progressive supranuclear palsy (PSP) is a relentless
neurodegenerative condition characterized by a pro-
gressive decline in motor function, oculomotor paral-
ysis, speech alterations, and cognitive deficits." Due
to overlapping symptoms with other Parkinsonian
syndromes, PSP presents unique challenges for its
clinical management and comprehension of underly-
ing pathophysiology. Despite some variability in the
pathological substrate of PSP syndrome, cases pre-
senting with a typical Richardson’s syndrome
(PSP-RS) are associated with the deposition of char-
acteristic four-repeat tau aggregates in the brain, pos-
ing this condition of the frontotemporal lobar
degeneration (FTLD) spectrum as an in vivo model of
tauopathy.”

There is a consistent overlap between atrophy pat-
terns observed in patients with neurodegenerative con-
ditions and intrinsic connectivity networks in healthy
individuals.>* Therefore, neurodegenerative processes
are thought to originate in specific focal points (ie, dis-
ease epicenters) and subsequently propagate through
highly interconnected neural networks. Magnetic reso-
nance imaging (MRI) connectomics has unveiled the
relationship between brain connectivity networks and
the progressive accumulation of pathology in various
disorders within the FTLD spectrum, including PSP.>”
These findings lend support to the prevailing perspec-
tive of a network-based model for the spread of patho-
genic protein deposits.

Prior studies have mainly used traditional functional
brain connectivity analyses that do not distinguish
between direct and indirect connections to the disease
epicenter. Stepwise functional connectivity (SFC) over-
comes traditional connectomic approaches, recon-
structing a hierarchical architecture of the functional
connectome from a region of interest (ROI) that
includes and differentiates direct and indirect connec-
tions.® This technique has provided an interesting
framework to assess the spatial convergence between
the functional topological organization and the patho-
logical burden in  neurodegenerative  diseases,
supporting a network-based degeneration hypothesis
for Alzheimer’s disease, Parkinson’s disease, and
frontotemporal dementia.’>”>'°

The purpose of this study was to investigate disease-
specific rearrangements of SFC in patients with PSP-RS,
and to test brain network architecture propagating
from the disease epicenter as a determinant of atrophy
distribution.

Subjects and Methods

Participants
Main Cohort

Between March 2010 and April 2022, 64 patients
with a suspected PSP syndrome were referred to the
Neurology Unit, IRCCS San Raffaele Scientific Institute
in Milan to undergo neurological examination, neuro-
psychological assessment, and brain MRI scan on a 3-T
scanner. Forty-six patients were diagnosed with proba-
ble PSP-RS, according to current diagnostic criteria.'"
Ten patients were excluded because of the presence of a
high cerebrovascular burden, severe motion artifacts, or
incomplete MRI protocols, resulting in 36 patients with
PSP-RS to be included in this study.

Forty-four healthy control subjects (HCs), compara-
ble for age and sex with patients (therefore named HC-
old), were recruited among spouses of patients and by
word of mouth. Control subjects showed normal neu-
rological assessment, Mini-Mental State Examination
(MMSE)'? score 227, and no family history of
neurodegenerative diseases. In addition to patients with
PSP-RS and HC-old subjects, 50 young healthy control
subjects (HC-young, ie, aged 20-30 years, 23 females)
were recruited to provide as a reference healthy
connectome for association analysis between SFC maps
and regional atrophy in patients with PSP-RS, exclud-
ing the influence of age-related connectome alterations.

Path-Proven Cohort

MRI data of 13 patients with PSP-RS and postmor-
tem histological evidence of 4R-tau PSP pathology were
provided by the Neurodegenerative Research Group,
Mayo Clinic in Rochester (MN, USA) to identify the
disease epicenter to be used as seed of the SFC analysis
performed on the main study cohort. T1-weighted
scans obtained in vivo between April 2007 and
September 2018 were used. Disease duration at MRI of
the path-proven cohort (3.73 4+ 1.57 years) and the
main study cohort (3.24 4+ 1.54 years) were compara-
ble (P =0.31). Thirteen age- and sex-matched HCs
were also selected. The inclusion and exclusion criteria
for HCs were the same as for the main cohort.

Table 1 summarizes the demographic characteristics
of the study cohorts. The study methods were autho-
rized by local ethical standards committees on human
testing, and all subjects supplied signed informed
permission.
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TABLE 1  Demographic and clinical features of the subjects included in this study

Main cohort HC-01d PSP-RS P
n 44 36
Age at MR, y 70.19 £ 4.56 (60.79-79.34) 71.57 £ 7.74 (52-85.25) 0.33
Sex, M/F 17/27 13/23 1.00
Education, y 12.25 £ 4.39 (5-24) 9.44 £+ 4.11 (5-23) 0.005

Disease duration, y =
Scanner type, 1/2 17/27
UPDRS III motor score—off -

3.24 + 1.54 (0.82-8.23) -
16/20 0.65
38.27 + 13.48 (23-75) -

H&Y = 3.1 £0.69 2—4) =

MMSE 29.16 £ 0.9 (27-30) 25.50 % 3.06 (18-30) <0.001
Path-proven cohort HC PSP-RS p

n 13 13

Age at MRI, y 62.62 + 7.11 (55-77) 66.19 £+ 7.24 (53.5-76.7) 0.22

Sex, M/F 4/9 8/5 0.24

Education, y 14.31 £ 1.97 (12-18) 14.83 £ 1.99 (12-18) 0.51

Disease duration, y =
UPDRS III motor score =
MMSE _

3.73 + 1.57 (1.64-6.89) =
4544105 —
27.58 + 1.98 (24-30) -

Values are means &= SD (range). P values refer to ANOVA models, Bonferroni-corrected for multiple comparisons, or Fisher’s exact test, as appropriate. The threshold of statisti-

cal significance was set at P < 0.05.

Abbreviations: HC, healthy control subject; PSP-RS, progressive supranuclear palsy-Richardson’s syndrome; MRI, magnetic resonance imaging; M, male; F,
female; UPDRS, Unified Parkinson’s Disease Rating Scale Part III; H&Y, Hoehn and Yahr; MMSE, Mini-Mental State Examination; PSP, progressive supranuclear

palsy.

Clinical Evaluation

Clinical evaluation of the main cohort was performed
at the IRCCS San Raffaele Scientific Institute by experi-
enced neurologists blinded to the MRI results. Patients
with PSP-RS were evaluated through the Unified
Parkinson’s Disease Rating Scale Part III ((UPDRS III),
with all the dopaminergic medications withheld over-
night prior to testing (UPDRS III motor score off),"
and Hoehn and Yahr Scale."

Neuropsychological Assessment

Participants underwent a comprehensive neur-
opsychological assessment performed by experienced
neuropsychologists. Global cognitive functioning was
evaluated with the MMSE,'> whereas memory,
attentive-executive, visuospatial, linguistic, emotional,
and behavioral domains were evaluated using specific
tests (see Supporting Information).

MRI Acquisition

Patients and control subjects from the main cohort
underwent a brain scan including three-dimensional

T1-weighted and resting-state  functional MRI
(RS fMRI) sequences on a 3-T scanner (Philips Medical
Systems, Best, the Netherlands) at the IRCCS San
Raffaele Scientific Institute between 2007 and 2019.
The original scanner was substituted with an upgraded
model from the same manufacturer in 2016. Patients of
the Mayo Clinic cohort also underwent a 3-T brain
MRI, including a three-dimensional T1-weighted
sequence on one of two GE scanners (GE Healthcare,
Milwaukee, WI, USA). MRI protocols are summarized
in Table S1.

MRI Analysis

The MRI analysis was performed at the Neuroimag-
ing Research Unit, IRCCS San Raffaele Scientific Insti-
tute by experienced observers, blinded to subjects’
identity.

Voxel-Based Morphometry

Voxel-based morphometry (VBM) analysis was per-
formed using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/)
and Diffeomorphic Anatomical Registration Exponentiated
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Lie Algebra (DARTEL) registration method,"’ to assess
brain volumetric alterations’ and identify the disease
epicenter in path-proven PSP from the Mayo Clinic
cohort. Considering that subcortical regions mostly
affected in patients with PSP pathology are best sam-
pled by the white matter (WM) parcellation of VBM,'®
we performed both gray matter (GM) and WM
parcellations. Group comparisons between patients and
HCs of the path-proven cohort were tested using analy-
sis of variance (ANOVA) models. Using the MarsBaR
ROI toolbox for SPM12 (http://marsbar.sourceforge.
net), a spherical, 10-mm-radius ROI was created
around the most significant atrophy peak. The choice
of using an independent set of patients with PSP with
proven pathology for seed definition was made to avoid

circular reasoning when correlating atrophy with
SFC data.

SFC Analysis

In brief, SFC is a graph-theory-based method that
allows to map the connectivity patterns of selected
brain seed regions at different step (or link-step) dis-
tances, creating a framework where a step refers to the
number of links (edges) that belong to a path con-
necting a node to the seed.® Here, we will use the term
direct connections when assessing one-step functional
topological distances (step 1), whereas the term indirect
will refer to further-step distances from the seed region
(steps 2—4). The pipeline adopted for this study has
been recently described.”'® Notably, the number of
steps merely describes the topological distance between
two nodes within the brain functional connectome;
therefore, it does not refer to the presence of a direct/
indirect axonal connection.

In patients with PSP-RS and each group of HCs (ie,
HC-old and HC-young) of the main cohort, SFC analy-
sis was performed using as seed region the specific ROI
previously identified in the Mayo Clinic population.
Given the lack of directionality information provided
by RS fMRI data, we did not include any restrictions
about recurrent pathways crossing the seed regions
multiple times. All maps across different link-step dis-
tances from 1 to 4 were used to describe connectivity
differences between HC-old and PSP-RS participants.
Further steps were not included in this analysis, as SFC
patterns became stable for link-step distances above
4. Subsequently, a combined version of all SFC 1 to
4 maps into one single map from nondisrupted connec-
tivity pathways of HC-young (combined SFC map) was
employed to investigate the relationships between “stan-
dard” healthy neuroimaging patterns and volumetric
measures of patients with PSP. To build the SFC com-
bined map, we determined, for each pair of voxels, at
which step the relative degree of stepwise connectivity
was maximized. Thus, we obtained an SFC combined

map for each subject, with values ranging from 1 to
4. Finally, the combined SFC map was registered to the
90-region Automated Anatomical Labeling (AAL) atlas.

Regional Brain Volumetric Measures

To obtain measures of regional atrophy in patients
with PSP-RS from the main cohort, we parcellated GM
maps of these subjects into the 90 AAL ROIs. Cortical
GM maps were obtained using the segmentation step of
VBM, whereas maps of the basal ganglia, hippocam-
pus, and amygdala were obtained using the FMRIB’s
Integrated Registration and Segmentation Tool (FIRST)
(http://www.fmrib.ox.ac.uk/fsl/first/index.html). The AAL
atlas was then registered to the subject T1-weighted
images, masked using the GM maps, by means of linear
(FLIRT)'” and nonlinear (FNIRT)"® registrations in FSL.
Regional brain volumes were obtained and multiplied by
the normalization factor derived from SIENAx (http:/
www.fmrib.ox.ac.uk/fsl/sienax/index.html) to correct for
individual head size. The volumetric values of each AAL
region for each patient were normalized relative to
controls.

Statistical Analysis
Sociodemographic, Clinical, and Cognitive Data

The normal distribution assumption was tested using
the Q-Q plot, as well as the Shapiro-Wilks and
Kolmogorov-Smirnov tests. Fisher’s exact test or
ANOVA models were used to evaluate demographic,
clinical, and neuropsychological data between groups,
as appropriate. ANOVA models were adjusted for age,
sex, and education, Bonferroni-corrected for multiple
comparisons. The statistical significance level was cho-
sen at P <0.05. The program SPSS Statistics 26.0
was used.

MRI Data

VBM group comparisons were assessed using an
ANOVA model adjusted for total intracranial volume,
age, and sex, thresholded at P < 0.05, family-wise error
(FWE)-corrected for multiple comparisons, as
implemented in SPM12. Voxel-wise studies were under-
taken to examine SFC alterations using general linear
models implemented in SPM12. Whole-brain two-
sample ¢ test comparisons were done for each of the
four stages, with age, sex, and scanner type as
covariates. To detect statistically significant differences
at P <0.05, FWE-corrected, we used a threshold-free
cluster enhancement method combined with nonpara-
metric permutation testing (5000 permutations), as
implemented in the Computational Anatomy Toolbox
12 (CAT12, http://www.neuro.uni-jena.de/cat/). Finally,
for each AAL region, correlations between the com-
bined SFC maps obtained in HC-young subjects for the
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seed ROI and average brain volumes of patients with
PSP-RS of the main sample were tested using the Pear-
son correlation coefficient (SPSS Statistics 26.0).

Results

Sociodemographic, Clinical, and
Neuropsychological Features

Patients with PSP-RS and respective HCs of each
cohort were comparable in terms of age at MRI, sex,
and scanner type (Table 1).

Patients with PSP-RS of the main cohort had lower
education levels than age-matched HCs. They had
mean disease duration of approximately 3 years and
were in a moderate stage of the disease (mean Hoehn
and Yahr Scale score = 3.1 & 0.7). They showed a mild
to moderate cognitive impairment, as measured by
MMSE scores (mean = 25.5 & 3.1). After adjusting for
age, sex, and education levels, patients with PSP-RS
showed significant impairment across all assessed cog-
nitive domains (Table S2), including verbal and visual
memory, attention, executive functions, visuospatial
abilities, phonemic and semantic fluency, as well as
emotional cognition. Mood was also mildly affected
(Table S2).

Identification of Disease Epicenter

VBM analysis of path-proven PSP patients of the
Mayo Clinic cohort showed one cluster of significant
atrophy involving the midbrain tegmental and sub-
thalamic regions, bilaterally (P < 0.05, FWE-corrected;
Fig. 1A), with the peak of significance located in the left
Neurological

midbrain (T score = 8.8; Montreal

r STEPWISE

FUNCTIONAL CONNECTIVITY IN PSP
Institute coordinates = —8, —12, —3). This region was
selected as seed region for the subsequent SFC analysis
(Fig. 1B).

SFC Comparisons

We tested SFC differences between patients with PSP-
RS and HC-old of the main cohort (P < 0.05, FWE-
corrected, Fig. 2).

Direct Connectivity (Step 1)

At one link-step distance, the seed ROI placed in the
left midbrain of patients with PSP-RS showed reduced
SFC (yellow-red regions in Fig. 2) with left precentral,
postcentral, superior frontal, inferior frontal, lingual
and supramarginal gyri, the left insula and head of the
caudate nucleus, as well as the anterior cingulate and
pericalcarine cortices, bilaterally—with a greater
involvement of the left hemisphere. Decreased SFC of
the left midbrain was also found with bilateral anterior
cerebellar regions, including lobules IV, V, and VI
(mostly in the right hemispheric regions), and the ver-
mis. Patients with PSP-RS showed increased direct SFC
of the left midbrain (blue-green in Fig. 2) with its sur-
rounding regions in the midbrain, the subthalamic/
hypothalamic regions, rostral anterior cingulate, medial
orbitofrontal gyrus, cuneus, and lateral occipital and
anterior temporal cortices, bilaterally.

Indirect Connectivity (Steps 2-4)

Across steps 2—4, patients with PSP-RS relative to
HC-old showed decreased SFC of the left midbrain
with extensive cortical regions, including the bilateral

FIG. 1. Identification of disease epicenter. (A) Results of voxel-based morphometry analysis showing regions of significant brain atrophy in path-proven
PSP-RS patients of the Mayo Clinic cohort when compared with healthy control subjects. Significant clusters are overlaid on the axial sections of the
Montreal Neurological Institute (MNI) standard brain. Analyses were corrected for age, sex, and total intracranial volume. Statistical threshold for signifi-
cance was P < 0.05, FWE-corrected for multiple comparisons. (B) A 10-mm-radius sphere overlaid on the MNI standard brain shows the identified peak
of atrophy in the left midbrain. FWE, family-wise error; L, left hemisphere; PSP-RS, progressive supranuclear palsy-Richardson’s syndrome; R, right

hemisphere. [Color figure can be viewed at wileyonlinelibrary.com]

RIGHTS L | M Hiz

Movement Disorders, Vol. 39, No. 9, 2024 1497

85UB017 SUOWIWIOD BA11E81D) 8]qeot [dde 8y} Aq pausenob ake Sapie O '8sn JO S9N 10} ARIq1T 8UIUO AB|IAA UO (SUONIPUOD-PUR-SLLIBY WD A8 |MAR1q 1 U1 |UO//STNY) SUORIPUOD PUe SWIS 1 8U) 88S " [F20Z/0T/c2] U0 Akidiauliuo AB|IM B pe)fey Ues aepedsO SO0 | Aq 28862 SPW/Z00T 0T/I0p/W00" A8 | AReiq | pUl|UO'S BPI0S IPIUSWBAOW//:StNY WOy pepeojumoq ‘6 ‘202 ‘2GZ8TEST


http://wileyonlinelibrary.com
https://movementdisorders.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fmds.29887&mode=

SPINELLI ET AL ]

J

PSP-RS>HC PSP-RS<HC

p<0.05, FWE-corrected

FIG. 2. Stepwise functional connectivity (SFC) alterations in patients with PSP-RS. Cortical and subcortical differences between patients with PSP-RS
and age-matched healthy control subjects (HC-old) from the main cohort in SFC of the left midbrain (red-yellow = lower functional connectivity, blue-
green = higher functional connectivity). Statistical threshold for significance was P < 0.05, FWE-corrected for multiple comparisons. FWE, family-wise
error; HC, healthy control subject; L, left hemisphere; PSP-RS, progressive supranuclear palsy-Richardson’s syndrome; R, right hemisphere. [Color fig-

ure can be viewed at wileyonlinelibrary.com]

anterior cingulate, precentral, postcentral, insular, sup-
ramarginal, inferior parietal, and precuneal cortices, as
well as the left superior frontal cortex. In step 2, patients
with PSP-RS showed increased SFC of the left midbrain
with the same regions as in step 1, with a lesser involve-
ment of the left anterior temporal regions. In steps
3 and 4, increased SFC of the midbrain involved the
medial orbitofrontal cortex, bilaterally, the right supe-
rior frontal cortex, and the right anteroinferior tempo-
ral regions. In steps 3 and 4, patients with PSP-RS also
showed increased SFC of the left midbrain with bilat-
eral regions of the posterior cerebellum (crus I, crus II,
and lobule VIIb).

Correlations Between Brain Atrophy and SFC
Architecture

The left midbrain ROI was also used to create an
SFC model of brain network architecture in the
HC-young group, as represented in Fig. 3. Combining
the average SFC maps of steps 1-4, we determined, for
each region of the AAL atlas, at which functional link-
step distance from the left midbrain they were more
likely to stand. Table S3 and Figure S1 provide the full

list of AAL regions—grouped by brain anatomical
areas—at progressive link-step distances from the PSP
disease epicenter. For each brain region, we found a sig-
nificant correlation between average SFC link-step dis-
tance from the left midbrain in HC-young and

normalized mean volumes in patients with PSP-RS of
the main cohort (Fig. 4, r = 0.40, P < 0.001).

Discussion

SFC has been recently developed to investigate the
organization of functional connectivity (FC) pathways at
discrete numbers of relay stations in several neurological
and psychiatric conditions.” In this study, we tested such
hierarchical models of brain functional network architec-
ture to assess rearrangements propagating from a disease
epicenter identified in the midbrain in a cohort of
patients with PSP-RS. Our results showed a widespread
decreased SFC of the epicenter with ipsilateral sensori-
motor, striatal, and anterior cerebellar regions through
direct connections, progressively involving also bilateral
sensorimotor cortical regions through indirect connec-
tions. This finding was mirrored by a more
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FIG. 3. Stepwise functional connectivity (SFC) architecture from disease epicenters in young healthy subjects. Average SFC maps in young healthy
control subjects (HC-young) using the left midbrain as seed region of interest. Results are depicted in surface space. Red-yellow indicates high
strength of connectivity; blue-violet indicates low strength of connectivity. [Color figure can be viewed at wileyonlinelibrary.com]

Normalized GM volumes in PSP-RS patients
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FIG. 4. Correlation analysis between average step distance from the left midbrain in HC-young subjects and average volume in patients with PSP-RS
from the main cohort for each of the 90 brain regions of the AAL atlas. Color legend represents regional distribution of each AAL label. AAL, Automated
Anatomical Labeling; GM, gray matter; HC, healthy control subject; PSP-RS, progressive supranuclear palsy-Richardson’s syndrome. [Color figure can

be viewed at wileyonlinelibrary.com]
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circumscribed pattern of increased SFC of the midbrain
with extramotor cortical, subcortical, and posterior cere-
bellar regions. The correlation analysis suggested that
the brain architectural topology, as described by SFC
link-steps propagating from the disease epicenter, shaped
the pattern of atrophic changes in patients with PSP-RS,
supporting the view of a network-based pathology prop-
agation in this primary tauopathy.

We identified as disease epicenter the rostral area of
the midbrain tegmentum, close to the subthalamic
nucleus, as derived from the peak of atrophy of an
independent cohort of patients with PSP-RS with post-
mortem histopathological diagnosis of PSP pathology.
The location of our seed ROI was consistent with the
known midbrain atrophy'®'”** and deposition of tau
pathology in this region.”>*> The location of our seed
ROI was also in line with the recently proposed patho-
logical staging system,* which considers the midbrain/
subthalamic regions among those involved in the earliest
stages of the disease. A previous study assessing struc-
tural MRI connectomics to model pathology spreading
in PSP indicated a seed located in the hypothalamus as
the best candidate for explaining disease pathological
spread of tau pathology. Compared with this previous
study,” our results benefited not only from an unbiased
identification of the disease epicenter from an indepen-
dent pathologically proven cohort, but also from a more
accurate clinical classification that led to the inclusion of
only patients with PSP-RS, because other phenotypes
(eg, PSP with prevalent parkinsonism) show important
divergence in the distribution of 4R-tau pathology.

To the best of our knowledge, this was the first
research to employ SFC analysis in the context of PSP.
The novelty of our approach, which has been recently
applied to other phenotypes of the FTLD spectrum,’
lies in the possibility to apply the same technique for
the double-fold purpose to evaluate any divergence in
functional rearrangements affecting direct and indirect
connections with the disease epicenter, as well as to
model the brain network architecture as a determinant
of the progression of disease pathology.

When we evaluated SFC reorganization in patients
with PSP-RS, as compared with age-matched controls,
a significant decrease in direct SFC was found between
the left midbrain epicenter and widespread brain regions
broadly involved in motor planning and processing. The
involvement of ipsilateral cortical and subcortical brain
areas, such as the primary motor, supplementary motor,
and premotor cortices, as well as the ipsilateral caudate
nucleus and (mostly, contralateral) anterior cerebellar
regions, is consistent with an early disruption of
nigrostriatal, motor cerebellar, and cortical sensorimotor
circuits shown by different neuroimaging studies in
patients with PSP.?”%3 Previous fMRI studies have
observed similar abnormalities,””**** with a widespread
reorganization of functional connectivity in motor

networks involving the precentral and premotor cortices,
supplementary motor area, striatum, and anterior cere-
bellar regions, where structural changes were also
observed.? Overall, these findings support the hypothe-
sis of a functional disconnection caused by structural
damage along the dentatorubrothalamic  and
nigrostriatal tracts,’® crucially involved in the pathogene-
sis of PSP motor symptoms.

The significant decrease in SFC between the midbrain
and anterior cingulate/insular cortical regions through
both direct and indirect connections is consistent with a
disruption of the salience network, likely propagating
from its subcortical nodes, as previously suggested.*® The
decreased direct SFC with the pericalcarine cortex is in
agreement with an early involvement of posterior tha-
lamic radiations described by structural MRI studies.®”>*®

The pattern of decreased functional connectivity
observed in patients with PSP-RS became even more
widespread at increasing link-step distances from the
midbrain,  with  greater  disconnection  with
bihemispheric frontal, parietal, and anterior cingulate
regions, supporting the hypothesis that the failure of
functional integrity observed in the FTLD spectrum
may result from widespread downstream propagation
effects of disconnection from the disease epicenter at
increasing topological distances.>”**"

One of the most striking results in our study was the
increased SFC of the midbrain epicenter with immedi-
ately surrounding regions, similar to previous findings
in other FTLD variants.” Based on the fact that
increased local functional connectivity could be
observed since link-step 1, our hypothesis is that struc-
tural alterations may drive network disruptions, proba-
bly because of a loss of local inhibitory control.*!
Following this line of thought, this phenomenon might
therefore reflect a maladaptive process caused by local
deafferentation, as a response to pathological tau
spreading.*” The presence of increased SFC with limbic
cortical areas (ie, medial orbitofrontal, anterior tempo-
ral, cingulate) and association with emotional lability in
patients with PSP*? is further supportive of this notion.
By contrast, the increased SFC of the midbrain epicen-
ter with the contralateral superior frontal cortical
regions of the frontal eye field at higher link-step dis-
tances might rather suggest a possible compensatory
role for impaired control of eye movements,**** the
pathognomonic clinical feature of PSP.'" Increased SFC
of the midbrain with the medial prefrontal cortex,
which was present throughout all link-steps, has also
been previously described and suggested as a possible
compensatory element.*’ In line with this view, a previ-
ous connectomic study performed in a smaller cohort
of patients with PSP-RS® suggested that impaired
cortico-subcortical functional connectivity might result
in cerebral information transfer taking a less direct path
through a larger number of cortical nodes, causing
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widespread increases in cortical functional connectivity
to compensate for tau aggregation burden in subcorti-
cal regions.

Notably, in contrast with the extensively decreased
direct SFC of the midbrain with anterior cerebellar
regions (ie, lobules IV-VI and vermis)—mostly involved
in motor planning and modulation and typically
atrophied in PSP**—at indirect link-steps, we observed
a significant increased SFC with posterior cerebellar
regions (ie, crus I, crus II, and lobule VIIb), which
recent neuroimaging studies have linked with the elabo-
ration of action sequences relevant to social cognition
and theory of mind.*”*® This finding replicates previ-
ous observations that we drew in frontotemporal
dementia clinical variants,” strongly indicating the cere-
bellum as a key anatomical region to understand the
pathophysiology of FTLD-related presentations.

Another fundamental goal of this work was to exam-
ine the association between healthy brain SFC architec-
ture and the location of atrophy in PSP-RS, using the
identified disease epicenter. In this study, we were able
to demonstrate a strongly significant relationship
between SFC architecture propagating from the left
midbrain and atrophy distribution in patients with PSP-
RS. This finding is consistent with recent evidence that
a structural connectome-based network diffusion model
propagating from a subcortical hypothalamic region
could accurately predict the distribution of regional
atrophy in patients with PSP,” supporting the hypothe-
sis that pathological propagation of tau pathology in
this disease may be caused by transsynaptic or trans-
neuronal spreading neural connections at the basis of
brain networks,>** as previously demonstrated for
Alzheimer’s™ disease and Parkinson’s disease.’® Our
model was consistent with the pathological staging sys-
tem proposed for PSP,** indicating early accumulation
of 4R-tau burden primarily within subcortical regions
(ie, midbrain, deep nuclei, cerebellum) and subsequent
spreading to cortical regions only in later stages. This
view is also consistent with longitudinal studies show-
ing progression of brain atrophy within frontal and
temporal  regions,  basal  ganglia,  midbrain,
and cerebellum,?’ together with significant disruption
over time of WM tracts, including the corpus callosum,
superior longitudinal fasciculus, internal capsule, ante-
rior thalamic radiation, and cerebellar peduncles.’’

As a limitation of this study, its cross-sectional design
prevented us from drawing firm conclusions about the
development of functional connectivity alterations in
PSP-RS, regarding their maladaptive or compensatory
role in relationship with clinical progression. We also
lack longitudinal validation of our model to predict the
progression of atrophy over time. Indeed, the assump-
tion that the peak of atrophy defines the disease epicen-
ter is a mere simplification to suggest the possible
region of maximal pathological burden. Another

r STEPWISE
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shortcoming lies in the fact that the AAL atlas does not
include some subcortical regions that might be of inter-
est in PSP-RS (eg, the subthalamic or brainstem nuclei),
partially limiting our focus for correlations with atro-
phy. Nonetheless, we achieved the primary goals of our
study, which were to propose SFC analysis as a new
technique for assessing brain network disturbance in
patients with PSP-RS and to support a network-based
progression model in this disease. Our findings shed
light on the architecture of functional disconnection in
PSP-RS, which has the potential to be used to model
disease development, track disease progression, and
assess therapy response in future interventional studies. ®
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