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ABSTRACT: Background: Progressive supranuclear
palsy (PSP) is a neurodegenerative disease driven by
4-repeat τ pathology, which is thought to propagate
across interconnected neurons.

Objectives: We hypothesized that interconnected brain
regions exhibit correlated atrophy, and that atrophy prop-
agates network-like from fast-declining epicenters to
connected regions in PSP.
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Methods: We combined resting-state functional magnetic
resonance imaging (fMRI) connectomics with two indepen-
dent 12-month longitudinal structural magnetic resonance
imaging (MRI) datasets of PSP-Richardson syndrome
(PSP-RS) patients (ndiscovery/nvalidation = 114/90). MRI-based
gray matter volumes were assessed for 246 regions of the
Brainnetome atlas and converted to w-scores indicating
local atrophy (ie, volumes adjusted for age, sex, and intra-
cranial volume based on regression models determined in
a sample of 377 healthy amyloid- and τ-negative controls
from the Alzheimer’s Disease Neuroimaging Initiative
[ADNI]). Annual volume changes were determined for each
Brainnetome region of interest using longitudinal structural
MRI. Resting-state fMRI from 69 ADNI healthy controls
was used to determine a connectivity template.
Results: We observed pronounced atrophy and volume
decline in the frontal lobe and subcortical regions bilater-
ally. Correlated atrophy and volume changes were found

among interconnected brain regions, with regions with
severe atrophy or rapid decline being strongly connected
to similarly affected areas, whereas minimally affected
regions were connected to less affected areas. Connec-
tivity patterns of atrophy epicenters predicted patient
level atrophy and volume decline.
Conclusions: Our findings show that key subcortical
and frontal brain regions undergo atrophy in PSP-RS
and that gray matter atrophy expands across inter-
connected brain regions, supporting the view that neu-
rodegeneration patterns may follow the trans-neuronal
τ propagation pattern in PSP-RS. © 2025 The Author
(s). Movement Disorders published by Wiley Periodi-
cals LLC on behalf of International Parkinson and
Movement Disorder Society.

Key Words: functional connectivity; gray matter atro-
phy; imaging; PSP; tauopathies

Progressive supranuclear palsy (PSP) is a progressive
disease driven by the accumulation of 4-repeat (4R) τ
pathology in neurons, astrocytes, and oligodendrocytes,
ensuing neurodegeneration and the development of
sensory-motor and cognitive symptoms.1 The most
common and most specific clinical manifestation of
PSP-type 4R τ pathology is Richardson’s syndrome
(RS), characterized by predominant oculomotor dys-
function, postural instability, and frequent falls.1-3

Although physiological τ is normally expressed at
higher levels in cortical than in subcortical structures,4

postmortem studies have shown that the progression of
4R τ pathology in PSP follows a specific spatio-
temporal pattern along the pallido–nigro-luysian axis
with earliest τ aggregation in the pallidum, followed by
subsequent spread to the neocortex.5,6 This caudo-
rostral expansion has been suggested to be driven by a
“prion-like” spread of pathological τ seeds from earliest
epicenters in the subcortex with subsequent propaga-
tion across synaptic connections ensuing successive
template-based τ misfolding, aggregation, and spread.7

This concept of trans-synaptic τ propagation is strongly
supported by previous experimental evidence, showing
that hyperphosphorylated τ seeds are actively secreted
from neurons at the synapse and taken up by connected
neurons, and that enhanced activity in τ-containing
neurons accelerates the trans-synaptic spread of τ both
in vitro and in vivo models.8

We have previously translated this concept of trans-
neuronal τ spread to human PSP datasets, combining
[18F]PI-2620 τ-positron emission tomography (PET),
postmortem τ assessments and resting-state functional
MRI (rs-fMRI) connectivity, showing that distribution
patterns of τ pathology align closely with the
connectomic architecture of the brain.9 Regions highly
connected to each other showed similar τ pathology

levels in τ-PET assessments and in postmortem-assessed
τ levels, and connectivity patterns of epicenters with
highest τ pathology were predictive of brain wide τ
deposition in PSP patients.9 Cell-type specific regional
τ stainings revealed that neuronal τ deposits primarily
drive the link between τ and connectivity, supporting
synaptic connections formed by neurons as the main
pathway for τ spread across brain regions. We expanded
this approach to assess whether neuroinflammation and
neuronal dysfunction spread with τ in PSP.10,11 Our
findings show that neuroinflammation parallels τ deposi-
tion, whereas neuronal dysfunction expands beyond sites
of highest τ deposition to connected regions in a
diaschisis-like manner. Together, this suggests that the
brain network acts as a general scaffold along which
PSP-type τ pathology, inflammation, and dysfunction
progress.
In the current study, we aimed to determine whether

neurodegeneration, that is, the assumed direct conse-
quence of τ pathology accumulation, expands across
brain networks in a similar manner. More specifically,
we hypothesized that interconnected brain regions show
correlated levels of gray matter atrophy and volume loss
over time, and that atrophy expands from local epicen-
ters across connected brain regions. Addressing these
questions is of key clinical relevance, since predicting
neurodegenerative trajectories in PSP, ideally on the
patient level, could aid with patient-centered disease
prognostication, and the determination of patient-
specific readouts of neurodegeneration in disease-
modifying trials. To this end, we leveraged longitudinal
structural MRI data of two independent cohorts of
patients with PSP-RS from existing placebo arms of
large-scale clinical trials.12,13 We first assessed regional
patterns of gray matter atrophy using an age-matched
sample of healthy control subjects as a reference as well
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as annual gray matter volume loss using longitudinal
structural MRI data. To model the spread of atrophy
across interconnected brain regions, we leveraged high-
resolution fMRI data from healthy controls of the
Alzheimer’s Disease Neuroimaging Initiative (ADNI)
cohort to determine a functional connectivity template,
used as a scaffold for the inter-regional expansion of
neurodegeneration.9 Combining structural MRI data
from the PSP cohorts with the rs-fMRI template, we
tested (1) whether connected brain regions show corre-
lated brain atrophy (ie, cross-sectional) and correlated
volume loss over time (ie, longitudinal); (2) whether
atrophy and volume loss propagate from local epicenters
across connected regions; and (3) whether integrating
brain atrophy patterns and connectivity can predict
brain atrophy and progressive volume loss on the patient
level.

Patients and Methods
Sample

For our primary analyses, we included two inde-
pendent multisite cohorts of patients with PSP-RS
from the placebo arms of randomized controlled tri-
als (PASSPORT [NCT03068468],12 and AL-108-231
Davunetide [NCT01110720]13). Detailed informa-
tion and inclusion criteria can be found online
(https://clinicaltrials.gov) with the respective trial
identifiers and in a previous publication.14

As a healthy reference cohort (HC) to determine
regional brain atrophy patterns in the PSP-RS cohorts,
we further included 3 Tesla (T) structural MRI data
from individuals from the ADNI (ClinicalTrials.gov ID:
NCT02854033). For assessing brain connectivity, we
included rs-fMRI data from a selected subset of ADNI
subjects.
Ethical approval for each study (ie, PASSPORT, AL-

108-231 and ADNI) was obtained at each site from the
local ethics committee, and all participants gave written
informed consent in accordance with the Declaration of
Helsinki. Details on the cohorts, study protocols, struc-
tural MRI acquisition and processing; and assessment
of a functional connectivity template are listed in the
Supporting Data.

Statistics
All analyses described here were conducted using R

statistical software (R version 4.3.1). Associations
(standardized β-weights and correlations) were consid-
ered significant when meeting an α threshold of 0.05.
Sample demographics were compared between the
groups using t tests for continuous measures and χ2

tests for categorical measures.
For our first aim, we evaluated the relationship

between gray matter atrophy, longitudinal volume

changes, and inter-regional functional connectivity. To
test whether connected brain regions exhibit correlated
atrophy or volume changes, linear regression models
were applied, using inter-regional connectivity-based
distance as a predictor of covariance in gray matter
w-scores and longitudinal volume change rates. Ana-
lyses were conducted separately for the discovery and
validation cohorts to ensure reproducibility and assess-
ment of robustness.
For our second aim, we determined whether neu-

rodegeneration spreads from circumscribed epicenter
regions across connected regions, using seed-based
regression models. Specifically, regions of interest
(ROIs) were rank-ordered by their baseline gray matter
atrophy (ie, w-scores) or longitudinal volume change
rates within each patient group. For each rank-ordered
ROI, seed-based connectivity from the ADNI template
to all other ROIs was used as a predictor of their
respective group-mean atrophy or volume change levels
in other ROIs using linear regression.
Finally, to address aim three, patient-level models

were implemented to evaluate whether baseline and
longitudinal gray matter changes could be predicted by
the connectivity profile of epicenter regions with highest
baseline atrophy or fastest volume decline. For each
patient, regions with the strongest atrophy or fastest
volume loss were identified, and their connectivity-
based distances to other ROIs were computed using the
ADNI connectivity template. Linear regression models
were used to determine the relationship between these
distances and gray matter atrophy or volume loss in the
remaining ROIs. Mean standardized regression coeffi-
cients were calculated to summarize the results across
the cohort, with confidence intervals (CI) and statistical
significance tested using one-sample t tests against zero.

Results

The final study cohort included 204 patients with
PSP-RS with longitudinal clinical and 3 T MRI assess-
ment, split into a discovery cohort (Passport,
ndiscovery = 114; 64 [56%] male; mean [SD] age 69.7
[5.7] years) and an independent validation cohort (AL-
108-231 Davunetide, nvalidation = 90; 42 [47%] male;
mean [SD] age 67.3 [6.9] years). Group demographics
are displayed in Table 1. Gray matter volume was com-
puted for comparison in 377 age- and sex-matched HC
(154 [46%] male; mean [SD] age 72.6 [6.5] years) from
the ADNI cohort. All results were fully replicated
across both samples.

Connected Brain Regions Show Correlated
Gray Matter Atrophy and Volume Changes
For our first aim, we assessed whether interconnected

brain regions show correlated brain atrophy and
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volume changes over time. Mapping brain atrophy pat-
terns, we found strongest baseline volume reductions
(ie, lower w-scores) in subcortical and frontal brain
regions, consistently across the discovery (Fig. 1A) and
validation cohort (Fig. 1B). Similarly, fastest rates of
gray matter volume loss over time were found mostly
in subcortical and fronto-temporal brain regions in the
discovery cohort and in left frontal brain regions in
the validation cohort (Fig. 1C,D).
Assessing whether connected brain regions show cor-

related brain atrophy, we found a significant associa-
tion between shorter inter-regional connectivity-based
distance (ie, shorter distance = stronger connectivity)
(Fig. 2A) and stronger inter-regional covariance in
gray-matter w-scores (Fig. 2B,C). This was consistent
across the discovery cohort of 114 patients with PSP-
RS (β = �0.39, P < 0.001) (Fig. 3A) and the validation
cohort of 90 patients with PSP-RS (β = �0.35,
P < 0.001) (Fig. 3B).
When applying the same analysis approach to longi-

tudinally assessed gray matter change rates, we could
confirm that more strongly connected brain regions
also show correlated gray matter volume loss over
time consistent across the discovery (β = �0.28,
P < 0.001) (Fig. 4A) and validation sample (β = �0.39,
P < 0.001) (Fig. 4B).
To address aim two whether neurodegeneration

spreads from circumscribed epicenters across connected
brain regions, we extended the previous analysis by
testing whether the level of baseline gray matter atro-
phy or longitudinal volume change in a given seed ROI
is associated with the level of baseline gray matter atro-
phy or longitudinal volume change in closely connected
regions. This analysis is based on the idea that if neu-
rodegeneration spreads from local epicenters as a func-
tion of functional connectivity, then the connectivity of
regions with strong atrophy or fast volume change
should be predictive of atrophy or volume change in
the rest of the brain. To test this hypothesis, we rank-
ordered all ROIs according to their level of gray matter
atrophy or longitudinal volume changes, respectively.
We reasoned that at strong levels of gray matter

atrophy or fast volume loss in seed regions, stronger
connectivity should be associated with stronger atrophy
or faster volume loss in target regions. Vice versa, at
lower levels of gray matter atrophy of slow volume loss
over time in the seed regions, stronger connectivity
should be associated with less atrophy and slower vol-
ume loss. Using linear regression, we tested for each
rank-ordered ROI (seed) within each sample, the
group-average connectivity to the remaining ROIs (tar-
get) as a predictor of the group-average level of gray
matter atrophy or volume loss over time. As hypothe-
sized, we consistently found in both samples that
depending on the level of gray matter atrophy in the
seed region, the predictive value of connectivity for the
level of gray matter atrophy in the target region chan-
ged. Specifically, for seed ROIs with strong gray matter
atrophy at baseline (ie, more negative w-scores), stron-
ger connectivity (ie, shorter connectivity-based distance)
was associated with stronger gray matter atrophy in
target regions (ie, positive β-values in the regression).
Conversely, for seeds with low gray matter atrophy at
baseline (ie, more positive w-scores), stronger connec-
tivity was associated with lower gray matter atrophy
in target regions (ie, negative β-values in the regres-
sion). This result pattern was mirrored in a strong
negative association between the seed ROIs’ gray
matter atrophy and their connectivity’s predictive
weight (ie, regression derived β-value) on gray matter
atrophy in target ROIs in both the discovery
(β = �0.49, P < 0.001) (Fig. 3C) and validation sam-
ple (β = �0.42, P < 0.001) (Fig. 3D).
Applying this analysis to longitudinally assessed

change rates yielded a consistent result pattern, where
regions with faster volume changes were connected
preferentially to other regions with fast volume changes
in the discovery (β = �0.69, P < 0.001) (Fig. 4C) and
validation sample (β = �0.54, P < 0.001) (Fig. 4D).
Together, these findings suggest that interconnected
brain regions show correlated gray matter atrophy and
volume loss over time in patients with PSP-RS, con-
sisting with the hypothesis that atrophy spreads from
local epicenters across connected brain regions.

TABLE 1 Group demographics

Discovery cohort: Passport study Validation cohort: AL-108–231 study P-value

n 114 90

n longitudinal 114 89

Sex (male in %) 64 (56) 42 (47) 0.23

Age in y (SD) 69.65 (5.69)* 67.32 (6.86)* 0.01

PSPRS total score (SD) 36.74 (10.11) 38.23 (10.68) 0.31

Age and PSPRS distribution were compared with t test; sex distribution was compared with χ2 test. Results are displayed as mean (SD).
Abbreviations: SD, standard deviation; PSPRS, PSP-rating scale.
* P < 0.05.
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FIG. 1. Group-average cross-sectional (A&B) and longitudinal gray matter atrophy (C&D). Mean distribution of cross-sectionally-assessed gray matter
atrophy was measured with w-scores (lower scores = stronger volume reduction) for each sample and diagnostic group. [Color figure can be viewed at
wileyonlinelibrary.com]
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Patient-Level Prediction of Gray Matter Atrophy
and Longitudinal Volume Changes

For aim three, we tested whether subject level pat-
terns of baseline gray matter atrophy or longitudinal
volume change can be predicted based on the seed-
based connectivity of those epicenter regions with
highest baseline atrophy or fastest longitudinal volume
decline. For baseline gray matter atrophy, we deter-
mined atrophy epicenters for each patient defined as
10% of brain regions with the lowest w-scores.10 For
longitudinal data, epicenters were defined for each
patient as 10% of brain regions with fastest volume
decline. For each patient baseline and longitudinally
defined epicenters, we then extracted the mean seed-
based functional connectivity-based distance to the
remaining ROIs using the ADNI-derived connectivity
template. We, then, applied subject-specific linear
regression models to assess whether the shorter
connectivity-based distance of the baseline atrophy or
longitudinal volume change epicenters to other regions
predicted stronger atrophy or faster volume decline.
For baseline atrophy, the mean standardized
β-coefficients of the association between epicenter con-
nectivity and baseline gray matter atrophy were signifi-
cantly greater than zero both in the discovery sample
(βmean = 0.184, 95% CI = [0.154–0.213], T = 12.258;
P < 0.001) (Fig. 3E) as well as the validation sample
(βmean = 0.155, 95% CI = [0.121–0.188], T = 9.173,
P < 0.001) (Fig. 3F). Similarly, for longitudinal gray
matter change, the mean standardized β-coefficients of
the association between epicenter connectivity and lon-
gitudinal volume change were significantly greater than
zero in both the discovery (βmean = 0.187, 95% CI =
[0.154–0.220], T = 11.272, P < 0.001) (Fig. 4E) and
validation sample (βmean = 0.216, 95% CI = [0.182–
0.251], T = 12.620, P < 0.001) (Fig. 4F). Clinical
decline (ie, change in the longitudinal scores of the PSP-
rating scale [PSPRS]) was associated with subject-level
epicenter atrophy rates (ie, regions with fastest volume
decline over time) in the discovery cohort, but not in
the validation cohort (Supporting Figure S1).
These findings indicate that subject-level gray matter

atrophy patterns and longitudinal change rates follow
the connectivity pattern of epicenters with highest atro-
phy and fastest volume decline, supporting the view
that the brains connectomic architecture acts as a

FIG. 2. Group-average functional connectivity and covariance in gray
matter atrophy matrices. Group-average functional connectivity was
computed based on resting-state functional magnetic resonance imag-
ing (fMRI) of 69 cognitively normal, amyloid-PET and τ-PET negative
Alzheimer’s Disease Neuroimaging Initiative (ADNI) participants (A). The
covariance matrices are shown for the discovery cohort (B) and for the
validation cohort (C). [Color figure can be viewed at
wileyonlinelibrary.com]
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FIG. 3. Legend on next page.
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scaffold for routing atrophy spread on the patient level,
but this volume decline does not necessarily translate
into stronger clinical decline.

Discussion

The main goal of this study was to assess whether
neurodegeneration in PSP patients—believed to result
directly from the accumulation and spread of τ pathol-
ogy15—progresses across interconnected brain regions,
using the brains’ connectomic architecture as a general
scaffold. Specifically, we hypothesized that functionally
connected brain regions would exhibit similar patterns
of gray matter atrophy and volume loss over time, with
atrophy spreading from localized epicenters to adjacent
connected regions. To this end, we assessed T1 MRI-
based gray matter volumes and volume change over
time of two independent large cohorts of patients with
clinical diagnosis of probable PSP-RS.12,13 Rs-fMRI
from 69 ADNI healthy controls9 was used to determine
a connectivity template across which we modelled
spread of gray matter atrophy. Strongest gray matter
atrophy and longitudinal volume loss were found bilat-
erally in the frontal lobe and in basal ganglia as
expected from MRI imaging14,16,17 and histopathologi-
cal studies.5,6 Further, the atrophy patterns closely align
with regions of elevated [18F]PI-2620 τ-PET binding in
PSP patients, primarily involving the basal ganglia and
frontal lobes.9,18,19 We found that higher functional
connectivity was associated with stronger covariance of
gray matter atrophy as well as correlated volume
change over time. Regions with severe atrophy or rapid
volume loss were strongly connected to similarly
affected regions. Moreover, the seed-based connectivity
patterns of epicenters with highest baseline atrophy or
fastest volume change predicted brain-wide atrophy
and volume change patterns on the subject level. All
results were fully replicated across both cohorts.
Our first main finding shows that levels of atrophy

are similar (ie, covary) across regions that are highly
functionally connected, which is consistent with a previ-
ous study investigating cross-sectional functional MRI
in a cohort of 36 patients with PSP-RS20 showing that
network connectivity of subcortical atrophy epicenters
predicts downstream atrophy in connected regions.
Similarly, by combining [18F]PI-2620 τ-PET and
rs-fMRI, we have shown previously that regions that

are highly connected to each other show similar τ levels
in 4R tauopathy patients,9 where this association was
mainly driven by neuronal τ. Further, [18F]PI-2620 τ
deposition in subcortical predilection sites may induce
cortical neuronal dysfunction in form of cerebral hypo-
perfusion in connected regions, that may precede mac-
rostructural neurodegeneration detectable with MRI.10

Therefore, these findings are in line with the concept
that τ spreads from local epicenters across inter-
connected neurons that form the basis of neuronal net-
works and that the patterns of τ-induced neuronal
dysfunction and neurodegeneration follow the trans-
neuronal τ propagation in PSP along connected brain
regions.15 This is also suggested for other tauopathies,
such as the 3/4-repeat tauopathy Alzheimer’s disease
(AD), where highly interconnected regions determined
on rs-fMRI are associated with higher spatial covari-
ance of τ deposition and gray matter atrophy.21-25 The
concept of trans-synaptic τ propagation is strongly
supported by experimental evidence demonstrating that
hyperphosphorylated τ seeds are actively secreted and
taken up by connected neurons at synapses, and that
increased activity in τ-containing neurons accelerates
trans-synaptic τ spread in both in vitro and in vivo
models.8,26,27 Further, in the optogenetically stimulated
τ transgenic mouse model an increased spread of τ is
followed by exacerbated cell atrophy.8 Although physi-
ological τ can be expressed at higher levels in cortical
neurons than in subcortical structures,4 postmortem
staging studies on PSP patients suggest that τ deposits
appear early in the disease course, sequentially spread-
ing from midbrain and pons and ultimately to neocor-
tex, accompanied by significant neuronal loss and the
development of clinical symptoms.5,28 Therefore,
the pattern of atrophy spread we observed along inter-
connected regions likely reflects a combination of
intrinsic regional vulnerability and trans-neuronal
spread of pathological τ rather than a direct relation-
ship to normal τ expression levels. As the disease pro-
gresses, atrophy becomes increasingly pronounced as
measured with structural MRI,14,29 aligning with the
postmortem staging system of progressive τ aggrega-
tion.5 Atrophy has been shown to be linked to worsen-
ing of symptoms16,30 and subcortical atrophy may
serve as a predictor of survival in PSP.17 However,
regarding the association between clinical worsening in
the PSPRS and epicenter atrophy rate, we found incon-
sistent results in the two large cohorts in our study,

FIG. 3. Associations between functional connectivity and atrophy covariance. The association between functional connectivity and covariance in w-
scores is illustrated in the scatter plot for the discovery cohort (A) and for the validation cohort (B). Note that connectivity is displayed as connectivity
distance, where shorter distance indicates stronger connectivity. ROI-based analyses between seed-based connectivity and w-scores were performed
on subject-level data, yielding a regression-derived β-value for the association between a given seed ROIs connectivity and w-scores in the discovery
(C) and validation cohort (D), showing that connectivity of regions with low w-scores (ie strong atrophy) predicts brain wide atrophy patterns. The distri-
bution of subject-level β-values between gray matter atrophy epicenter connectivity and w-scores is shown in the box plots for the discovery cohort (E)
and the validation cohort (F), respectively, illustrating that regions more strongly connected to a particular patients gray matter atrophy epicenter also
show stronger atrophy. CI, confidence interval. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 4. Legend on next page.

Movement Disorders, 2025 9

B R A I N N E T W O R K S R O U T E N E U R O D E G E N E R A T I O N I N P S P

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.30257 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [20/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



although both cohorts had a similar atrophy pattern
and volume loss over time. This emphasizes that brain
atrophy may not relate uniformly to the progression of
clinical disease severity, as also outlined in our previous
study.14 In addition, epicenters encompass different
brain regions per individual, hence their atrophy may
not uniformly relate to the symptoms captured in the
PSPRS score.
There is increasing evidence that the colocalization of

neuroinflammation with τ aggregation may be a further
factor contributing to disease progression and atrophy
in tauopathies like AD,31,32 and PSP.33,34 We have
shown recently that neuroinflammation may even pre-
cede the spread of τ pathology across connected regions
as measured with τ- and translocator protein (TSPO)-
PET.11 Inflammatory factors appear capable of trigger-
ing neuronal τ aggregation, promoting τ spreading, and
driving τ-induced synaptic dysfunction.35,36 This is
supported by experimental evidence that in P301S τ
transgenic mice microglial activation may occur before
the formation of τ tangles early in the disease course.37

Taken together, brain atrophy in tauopathies results
from a complex interplay between protein aggregation
and neuroinflammation that spreads across connected
brain regions, with each process exacerbating the other
and contributing to neuronal loss and tissue shrinkage
across connected regions.
To further support the hypothesis that gray matter

atrophy progresses across brain networks in PSP, we
investigated if functionally connected brain regions
would exhibit similar patterns of gray matter volume
loss over time. We found that regions with fast
volume decline were strongly connected to other fast
declining regions, similar to gray matter loss follow-
ing a specific progression pattern in AD.38,39 In line
with this, transgenic mouse model studies investigat-
ing tauopathy spread have shown a strong associa-
tion between the propagation of τ pathology and
volume loss in longitudinal structural MRI37,40 and
fMRI,41,42 suggesting that τ aggregation interferes
with normal cellular processes, including microtu-
bule stability and axonal transport, which lead to
cellular dysfunction and subsequent brain atrophy
across connected regions following the spread of τ.
This aligns with previous findings that, although loss
of normal τ function can cause axonal instability in τ
knockout mice,43 overall τ loss of function alone

plays a limited role of neuronal degeneration in τ
related diseases.44,45

Taken together, the spread of τ in PSP may be
approximated by examining the patterns of atrophy in
brain regions that are functionally connected. Given
that τ pathology likely drives neurodegeneration in PSP
through toxic gain-of-function mechanisms, mapping
gray matter loss across functionally linked regions may
provide valuable insights into the pathways of τ propa-
gation. By tracking the volume changes in connected
brain areas, clinical research could use this information
as a “surrogate endpoint” in clinical trials of PSP-RS
patients. Instead of waiting to observe long-term clini-
cal outcomes (like changes in movement or cognition),
measurable atrophy over time along connected brain
regions may be used as indicators of the disease’s pro-
gression and the potential effectiveness of treatments.
Although this method does not currently aim to replace
established imaging markers such as midbrain atrophy,
it may complement them by providing a network-level
perspective on brain atrophy. The advantage of a MRI
biomarker as a surrogate endpoint is its wide availabil-
ity, making it accessible for use in diverse clinical and
research settings. However, further methodological
refinement and validation are needed before this
approach can be applied to power calculations or sam-
ple size estimations in interventional studies.
There are some limitations to the study. First, there is

no histopathological confirmation of the diagnosis. To
reduce potential misdiagnosis, the screening of PSP-RS
patients was done by movement disorders specialists in
both trials, and only patients with diagnosis of a proba-
ble PSP pathology1 were included in our analysis.
Further, the discrepancy between clinical and histopath-
ological diagnoses in PSP-RS phenotype is generally
low.3 We acknowledge that the participants were mod-
erately affected at baseline (PSPRS �35), limiting con-
clusions about early-stage disease. Because this study
involved two distinct multi-site cohorts, a potential fur-
ther limitation could be the technical variability of dif-
ferent scanners used across sites, even though MRI
acquisition protocols were matched. Nevertheless, the
similarity in atrophy patterns observed in both groups,
despite these protocol differences, suggests that the dis-
crepancies did not significantly affect the reliability of
our findings, endorsing the applicability as a possible
biomarker in real-world clinical settings.

FIG. 4. Associations between functional connectivity and gray matter volume change in atrophy. The association between functional connectivity and
rate of change of gray matter atrophy is illustrated in the scatter plot for the discovery cohort (A) and for the validation cohort (B). Note that connectivity
is displayed as connectivity distance, where shorter distance indicates stronger connectivity. ROI-based analyses between seed-based connectivity
and gray matter atrophy rates were performed on subject-level data, yielding a regression-derived β-value for the association between a given seed
ROIs connectivity and gray matter volume change in the discovery (C) and validation cohort (D), showing that connectivity of regions with fastest vol-
ume decline predicts brain wide volume decline. The distribution of subject-level β-values between gray matter volume decline epicenter connectivity
and brain wide volume decline is shown in the box plots for the discovery cohort (E) and the validation cohort (F), respectively, illustrating that regions
more strongly connected to a particular patients epicenter also show stronger volume decline. CI, confidence interval. [Color figure can be viewed at
wileyonlinelibrary.com]
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In addition, as there are not yet sufficiently large,
good quality rs-fMRI data in the investigated PSP
cohorts, the template of connectivity across brain
regions was determined on rs-fMRI data from healthy
controls, although brain connectivity patterns may dif-
fer between patients with PSP and normally aged
elderly.46 Changes in connectivity may influence
spreading of pathology and atrophy, which should be
specifically addressed in future studies, investigating the
role of brain connectivity changes in routing τ and
brain atrophy spread and ultimately disease progres-
sion. Additionally, 3 T rs-fMRI faces significant chal-
lenges when applied to the brainstem because of its
small and complex structure of nuclei and fiber tracts,
making it challenging to spatially resolve and interpret
functional activity. Our results are based on conven-
tional 3 T structural MRI data from large-scale clinical
cohorts, where sequences were not tailored to specifi-
cally delineate brainstem nuclei and their volume. The
role of connectivity between brainstem and subcortical
and cortical regions in PSP should be specifically
addressed by dedicated studies, using high-resolution
and target imaging of relevant brainstem structures.
Therefore, conclusions about spread of network disrup-
tions in early PSP disease are limited in the current
study. Further, future work should be extended to PSP
phenotypes other than PSP-RS, which is the enrolled
phenotype in the two trials assessed in this study, as the
clinical variety of the PSP phenotypes are thought to
be related to differences in the propagation patterns
of τ pathology.5,47,48 Last, we did not combine gray
matter volume assessments with [18F]PI-2620 τ-PET
to simultaneously track 4R τ aggregation and neu-
rodegeneration, as PET scanning was not implemented
in the clinical trial protocols. Therefore, it remains open
whether the neurodegeneration patterns are directly
related to 4R τ deposition, although previous studies
have provided compelling evidence that 4R τ triggers
neurodegeneration and brain atrophy.5,15 Future
studies should combine both PET and structural MRI
to further elucidate the pathophysiological trajectories
and timing of τ accumulation and neurodegeneration
in PSP.
In conclusion, our findings suggest that in PSP

patients, interconnected brain regions demonstrate cor-
related patterns of gray matter atrophy and volume loss
over time, with the progression of atrophy originating
from localized epicenters and spreading across func-
tionally connected areas. Together with previous evi-
dence, this is supporting the view that gray matter
atrophy may follow trans-neuronal τ propagation in
PSP. This is of substantial clinical importance, because
understanding the spatial and temporal dynamics of
neurodegeneration in PSP could enhance our ability to
predict disease trajectories, particularly at the level of
individual patients. This may be useful for treatment

strategies tailored to the unique progression patterns in
each patient. Furthermore, our findings underscore the
potential of identifying patient-specific biomarkers of
neurodegeneration, which could serve as relevant end-
points in clinical trials aimed at modifying the course
of PSP.
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