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A B S T R A C T

Background: Progressive supranuclear palsy (PSP) is a 4-repeat tauopathy characterized by clinicopathological 
heterogeneity. The complex interplay between tau deposition, structural changes, and disease spread are unclear.
Objectives: To investigate the temporospatial patterns of tau propagation and neurodegeneration using multi
modal imaging with MRI and flortaucipir (FTP) PET, and determine relationship with clinical heterogeneity.
Methods: 150 PSP patients (n = 66 Richardson's syndrome [PSP-RS], n = 26 parkinsonism [PSP-P], n = 25 
speech-language [PSP-SL], n = 13 progressive gait freezing (PSP-PGF), n = 10 corticobasal syndrome [PSP-CBS], 
n = 3 frontal, n = 1 oculomotor and n = 6 postural instability) underwent 3 T-MRI and FTP-PET. Forty-three 
patients died and underwent autopsy. Subtype and Stage Inference (SuStaIn), an unsupervised machine learning 
algorithm that separates data-driven disease phenotypes distinguished by diverse temporal progression patterns, 
was applied to both MRI and FTP-PET W-scores (adjusted for age, sex and scanner, using 102 controls). Lon
gitudinal MRI (n = 76) and FTP (n = 56) data, analysed with linear mixed models, were used to assess regional 
progression patterns and compared with the machine learning predictions.
Results: Two subtypes emerged across modalities. Subtype 1 exhibited initial subcortical involvement, mainly 
included PSP-RS and PSP-P patients and mostly featured PSP pathology, while subtype 2 exhibited early cortical 
involvement, PSP-SL patients and CBD pathology. FTP-PET stages preceded MRI stages, suggesting tau deposi
tion anticipates atrophy. MRI stages were better in capturing clinical progression and predicting longitudinal 
disease evolution.
Conclusions: These findings suggest the existence of subcortical and cortical subtypes of PSP, with distinct 
clinicopathological features. Tau PET and MRI provide complementary insights into disease progression, with 
MRI more closely reflecting clinical evolution.

1. Introduction

Progressive Supranuclear Palsy (PSP) is a neurodegenerative disease 
characterized by the accumulation of 4R tau (Hauw et al., 1994). Clin
ically, PSP presents with ocular motor dysfunction, postural instability, 

akinesia, and cognitive dysfunction, although different variants have 
been recognized (Höglinger et al., 2017a; Respondek et al., 2014): PSP 
with Richardson's syndrome (PSP-RS), PSP with predominant cortico
basal syndrome (PSP-CBS), PSP with predominant speech/language 
disorder (PSP-SL), PSP with predominant parkinsonism (PSP-P), PSP 
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with predominant frontal presentation (PSP-F), PSP with progressive 
gait freezing (PSP-PGF), PSP with predominant postural instability (PSP- 
PI) and PSP with predominant ocular motor dysfunction (PSP-OM). 
These cortical and subcortical variants are distinguished by distinct 
structural and neuropathological features. Indeed, PSP-RS is character
ized by a greater overall tau burden compared with PSP-P and PSP-PGF 
(Sakae et al., 2019), while PSP-F shows increased tau deposition in 
frontal and temporal regions (Sakae et al., 2019). PSP-CBS demonstrates 
a relative shift of tau pathology toward cortical areas, possibly reflecting 
overlap with corticobasal degeneration pathology (Ling et al., 2014; 
Tsuboi et al., 2005). In contrast, PSP-PGF is associated with minimal 
cortical tau pathology and predominant degeneration of subcortical 
structures, including the globus pallidus, substantia nigra, and sub
thalamic nucleus (Ahmed et al., 2008). While these clinical variants 
commonly result from PSP pathology, other pathologies can be observed 
including corticobasal degeneration (CBD) (Ali et al., 2018; Dickson 
et al., 2011; Respondek et al., 2014). This contributes to marked het
erogeneity in both clinical presentation and pathological findings. 
Moreover, pathological tau accumulation begins during a preclinical 
phase and progresses variably across individuals. As a result, patients 
assessed at a single time point may represent different stages of a 
continuously evolving disease process.

Previous PSP studies analyzing biomarkers like MRI atrophy or tau 
PET uptake have often assumed either that patients share a common 
stage of tau accumulation (Grijalva et al., 2022; Whitwell et al., 2020), 
or that they exhibit a uniform clinical phenotype with similar disease 
progression (Agosta et al., 2018; Dutt et al., 2016). Yet, to reach a 
thorough biological understanding of the disease and appropriately 
stratify patients, it is important to consider the diversity of clinical 
groups alongside their individual progression trajectories. A recent post- 
mortem study has staged tau spread in different PSP syndromes and 
across different cell types (neurons, astrocytes, oligodendrocytes) and 
proposed the relative burden in those cell types as the key determinant 
of clinical variability. Indeed, early predominance of neuronal tau in the 
pallido-nigro-luysian system appears to define the classic subcortical 
trajectory, while greater astroglial or oligodendroglial tau involvement 
in motor cortical areas may characterize cortical variants (Kovacs et al., 
2020). However, this staging was based on end-stage collected data. 
Temporal heterogeneity may be more efficiently captured ante-mortem 
using neuroimaging. Indeed, regional network architecture also plays a 
role: tau pathology appears to propagate preferentially along highly 
connected neural circuits, a phenomenon consistent with the cascading 
network failure model initially described in Alzheimer's disease and 
subsequently reported in PSP (Aghakhanyan et al., 2022; Jones et al., 
2016). Understanding these pathogenic factors is essential not only for 
interpreting imaging-derived subtypes, but also for developing subtype- 
specific therapeutic strategies.

Patterns of atrophy on MRI and tau deposition detected by [18F] 
flortaucipir (FTP) PET have been well characterized in PSP (Grijalva 
et al., 2022; Whitwell et al., 2020). While all PSP variants exhibit vol
ume loss and increased FTP uptake in key subcortical regions such as the 
striatum, globus pallidus, and thalamus, variability arises particularly in 
brainstem and cortical regions (Whitwell et al., 2020). PSP-RS promi
nently affects subcortical structures (midbrain, basal ganglia, superior 
cerebellar peduncle, thalamus) (Whitwell et al., 2017), while PSP-P and 
PSP-PGF affect mainly putamen and pallidum (Whitwell et al., 2020). 
Conversely, PSP-CBS, PSP-F, and PSP-SL show greater frontal involve
ment (Whitwell et al., 2020). These differences might indicate distinct 
spatiotemporal patterns of progression across clinical syndromes.

Capturing clinical and temporal heterogeneity in a cross-sectional 
setting would provide valuable insights into the underlying disease 
mechanisms, enabling precise patient classification and prognosis, and 
potentially reducing reliance on longitudinal data. Subtype and Stage 
Inference (SuStaIn) is a novel unsupervised machine learning algorithm 
designed to capture subtype and temporal heterogeneity using neuro
imaging in a cross-sectional setting. The algorithm is fed by a set of 

biomarkers (e.g. regional volumes) and assigns subjects a probability of 
belonging to a given subtype and being at a given disease stage. While 
successfully applied in various neurodegenerative diseases (Saito et al., 
2022; Young et al., 2021; Young et al., 2018; Zhou et al., 2023), its 
accuracy in estimating disease progression has not yet been validated 
with longitudinal data. Furthermore, while SuStaIn has been applied in 
PSP, most studies used T1-weighted MRI (Saito et al., 2022; Satoh et al., 
2025; Scotton et al., 2023) and one study florzolotau PET data (Hong 
et al., 2023). No study has compared the efficacy of both MRI and tau 
PET in the same cohort of patients. This dual modality approach would 
allow a direct comparison of the temporospatial patterns of different, yet 
complementary, biomarkers of disease.

The aims of this study were (i) to apply SuStaIn to a heterogeneous 
cohort of PSP patients using both MRI and FTP PET to test the potential 
of both modalities to separate clinical subtypes and depict disease pro
gression; (ii) explore how different pathologies distribute across 
different subtypes; (iii) evaluate SuStaIn accuracy in predicting disease 
trajectories by comparing patterns of progression with longitudinal data 
from a subset of the same cohort.

2. Methods

2.1. Participants

A total of 150 patients with a clinical diagnosis of PSP were recruited 
by the Neurodegenerative Research Group at Mayo Clinic (Rochester, 
MN) between February 2015 and January 2024. All patients underwent 
MRI on a 3 T scanner (either GE Medical or Siemens) and [18F] FTP tau 
PET as part of the same visit. Patients had a clinical diagnosis of PSP-RS 
(n = 66), PSP-P (n = 26), PSP-SL (n = 25), PSP-PGF (n = 13), PSP-CBS (n 
= 10), PSP-F (n = 3), PSP-OM (n = 1), and PSP-PI (n = 6). Diagnostic 
criteria were applied according to clinical judgment, adopting opera
tional definitions previously outlined (Whitwell et al., 2019). Of 150 
patients, forty-three died and underwent brain autopsy. We excluded the 
patients who had other pathological diagnoses than 4R tauopathies, 
such as multiple system atrophy (MSA).

Additionally, 102 controls who performed ≥23 at MoCA were 
enrolled. All participants provided informed consent in accordance with 
the Declaration of Helsinki. Study protocols were approved by the Mayo 
Clinic ethical committee. Further details on neurological and neuro
psychological assessments are provided in Supplementary Materials.

A subset of patients underwent yearly follow-up. Longitudinal MRI 
data were available for 76 patients (22 patients had two follow-up scans, 
8 had three scans, 2 had four scans, and 1 had six scans). Similarly, 
longitudinal FTP PET scans were available for 56 patients (17 having 
two follow-ups, six having three follow-ups, and one having four follow- 
ups). On average, scans were conducted one year apart. Disease duration 
from symptom onset was used as the time unit in the longitudinal 
analysis.

2.2. MRI and PET analysis

Details on MRI and PET analysis are provided in Supplementary 
materials and previous papers (Satoh et al., 2024; Satoh et al., 2025). 
Volumes and FTP uptake were calculated for 15 ROIs expected to pre
sent alterations in PSP (Whitwell et al., 2020). Nine subcortical ROIs 
included substantia nigra, dentate, subthalamic and red nucleus, pons, 
pallidum, caudate, putamen, and thalamus, while six cortical ROIs 
included prefrontal, precentral, supplementary motor cortex (SMA), 
occipital, temporal, and parietal cortex. Further details are available in 
Supplementary materials. We have visually evaluated the quality of MRI 
and PET processing for all participants, which included tissue segmen
tation, atlas alignment, and registration between MRI and PET images.
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2.3. SuStaIn model

SuStaIn is an unsupervised machine learning algorithm that uses 
cross-sectional data to infer phenotypical (subtypes) and temporal het
erogeneity (stages) (Young et al., 2018). SuStaIn reformulates the nat
ural history of neurodegenerative diseases as a continuous linear 
accumulation of a given biomarker. In this study, we applied SuStaIn 
twice, once using regional volumes and once using regional FTP SUVRs. 
Volumes and FTP SUVR values were converted to W-scores, calculated 
as linear regression coefficients using age, sex and scanner, as covariates 
(MATLAB2022). Each W-score was calculated relative to a group of 102 
controls, so the control population had a mean of 0 and a standard de
viation of 1. No further adjustments were performed for FTP PET W- 
scores. Since MRI W-scores naturally become negative as atrophy pro
gresses, they were inverted by multiplying them by minus one (W-scores 
increase as regional brain volumes decrease). Of note, W-scores were 
calculated for all available visits, but only baseline W-scores were 
included in the SuStaIn model. To find the optimal model, SuStaIn uses a 
hierarchical approach, initially fitted with a single subtype and then 
continuing to the predefined maximum number of subtypes. The 
advantage of a linear W-score model that reshapes the events to repre
sent a gradual accumulation of a biomarker is that it does not necessitate 
knowledge about the timescale of change but uses each event as a 
control point of piecewise linear segments with flexible durations 
(Young et al., 2018). Further details on SuStaIn model are provided in 
Supplementary Materials.

To assess the influence of rare clinical variants (n < 10) on the 
SuStaIn models, we repeated the same SuStaIn analysis without PSP-PI 
(n = 6), PSP-F (n = 3), and PSP-OM (n = 1). Similarly, to assess the 
influence of CBD pathology, we also repeated the same SuStaIn analysis 
without patients with CBD (n = 10).

2.4. Neuropathological evaluation

Forty-three patients died and underwent brain autopsy. Each case 
was evaluated by an experienced neuropathologist according to current 
diagnostic methods (Ahmed et al., 2008; Dickson et al., 2002; Dickson 
et al., 2011; Josephs et al., 2006a; Lin et al., 2004; Sparaco et al., 
1993; Whitwell et al., 2010). Nineteen patients died with PSP pathol
ogy, 10 with atypical PSP, 10 with CBD, three with MSA, and one with 
MELAS. This latter patient developed bilateral ischemic lesions and 
subdural hematoma one year after his last research follow-up, and none 
of these vascular alterations were present at the time of acquisitions 
implemented in this study.

2.5. Statistical analysis

Continuous variables were compared using Kruskal-Wallis, while 
categorical variables using chi-square tests. Correlations between SuS
taIn stages and clinical scores were computed using Pearson's correla
tions. A p-value cutoff of 0.05 was set to determine statistical 
significance. Analyses were carried out with BlueSky Statistics v10.3.1 
pro and MATLAB Statistics and Machine Learning Toolbox.

The lmer function from the lme4 package in R (4.5.3) was used to 
study longitudinal neuroimaging data. A linear mixed model was fitted 
using the maximum likelihood estimation method, in which the fixed 
effects coefficients represented the average change of each W-score 
associated with a unit change in disease duration, SuStaIn subtype, or 
their interaction after accounting for the random effect of individual 
patients. Linear regression models were plotted for each ROI for both 
modalities (MRI and FTP PET) and for each SuStaIn subtype. A quali
tative visual comparison between the output of SuStaIn showing the 
predicted distribution of W-scores across stages and the actual longitu
dinal models was performed.

3. Results

3.1. FTP PET and MRI subtype and stage

A total of 145 patients were included in the SuStaIn analysis 
(Table 1). Four patients with a pathological diagnosis of MSA (n = 3) or 
MELAS (n = 1) were excluded. One patient was also excluded because an 
inaccurate atlas alignment was found during the visual assessment.

Two different patterns of progression emerged using FTP PET 
(Fig. 1A). SuStaIn subtype 1 (n = 89) presented early subcortical uptake, 
with involvement of the pallidum and red nucleus at stage 1 and 
involvement of the subthalamic nucleus, cerebellar dentate and puta
men at stages 3–5. The thalamus, caudate and substantia nigra became 
involved by stage 9. The first cortical regions to become involved were 
the precentral gyrus and supplementary motor cortex which were 
involved by stage 13. Lastly, occipital, prefrontal, parietal, and temporal 
cortices showed mild involvement after approximately stage 20. In 
contrast, SuStaIn subtype 2 (n = 25) presented a more widespread and 
milder pattern of uptake, with early involvement of cortical and 
subcortical areas. The supplementary motor area, precentral cortex, and 
pallidum showed the greatest involvement at stage 1, followed by the 
parietal cortex and putamen. Uptake then progressed to involve most 
other regions with a mild and more homogeneous progressive pattern. 
Of note, 31 patients (21.4%) were not classified in any subtype and were 
considered stage 0 (i.e., uptake was insufficient to classify them).

Two patterns of progression also emerged with MRI (Fig. 1B). SuS
taIn subtype 1 (n = 106) was similar to the FTP PET subtype 1 with a 
subcortical focus and early involvement of the pallidum and sub
thalamic nucleus at stage 1. The substantia nigra and red nucleus also 
showed mild involvement at stage 1 or 2, and the thalamus became 
involved at stage 7. The cerebellar dentate, putamen and caudate 
became involved at later stages than observed in the FTP SuStaIn sub
type 1 and cortical regions did not become involved until after stage 20. 
MRI subtype 2 (n = 37) was also similar to the FTP PET subtype 1, with 
early involvement of the cortex, particularly the precentral cortex and 
supplementary motor area. In contrast to the FTP findings, the pallidum 
and putamen were not involved until later stages, while the substantia 
nigra, red nucleus and subthalamic nucleus showed mild involvement at 
earlier stages. Only two patients had a minimal degree of atrophy to be 
classified as Stage 0 and did not fit in any subtype. These two patients 
included one PSP-PGF patient with FTP subtype 0 (i.e., FTP Stage 0) and 
one PSP-SL patient with FTP subtype 2.

3.2. Clinical features and patient distribution across subtypes

Table 1 summarizes demographic and clinical features by SuStaIn 
subtypes. Across both modalities, most subtype 1 patients had a clinical 
diagnosis of PSP-RS, while subtype 2 was mainly driven by PSP-SL. Both 
FTP and MRI subtyping detected an increased prevalence of PSP in 
subtype 1 and atypical PSP and CBD in subtype 2. The number of pa
tients who died at the time of the study was 79 for MRI-subtypes and 68 
for FTP-subtypes. For both modalities, time from onset to death was 
significantly shorter in subtype 1. In neurological performances, subtype 
1 showed higher (more abnormal) PSIS scores in both modalities. 
Dysarthria was more common in subtype 1. For MRI only, apraxia of 
speech (AOS) was more frequent in subtype 2, and subtype 2 patients 
had higher ASRS scores, indicating more severe AOS. No group differ
ences emerged in AOS type (prosodic vs. phonetic).

Given the small sample sizes of rare variants (PSP-PI, n = 6; PSP-F, n 
= 3; PSP-OM, n = 1), we conducted a pre-specified sensitivity analysis 
repeating the full SuStaIn pipeline after excluding these three groups (n 
= 10 total). Results were highly consistent with those obtained in the full 
cohort (Supplementary Figs. 4), confirming that the inclusion of rare 
variants did not drive the identification of subtypes. Excluding patients 
with CBD pathology also preserved the two-subtype structure across 
both modalities, though the cortical subtype showed reduced robustness 
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in FTP PET (n = 5 versus n = 25), reflecting the contribution of CBD 
cases to this pattern (Supplementary Fig. 5).”

To understand differences between the FTP PET and MRI results, we 
further examined cases classified differently by the two modalities. 
Details are reported in Supplementary materials.

3.3. Correlation between clinical progression and stages

FTP SuStaIn stages did not predict disease severity effectively, as 
most clinical measures showed no correlation with stage (Fig. 2). Sig
nificance emerged only when correlating TMT B and subtype 1 stages (p 
= 0.01, r = 0.34). MRI SuStaIn stages, instead, correlated well with 
disease severity (Fig. 3). MoCA scores declined with advancing stage in 
both subtypes, with a steeper decline in subtype 2. Similar findings were 
observed with the FAB. BNT scores did not correlate with stage in either 
subtype. TMT A and TMT B were associated with stage only in subtype 1. 
The PSP Rating Scale and PSIS correlated with stage in both subtypes. In 
contrast, MDS-UPDRS and ASRS scores did not change significantly with 
advancing stage.

3.4. Correlation between SuStaIn and longitudinal neuroimaging data

Lastly, we evaluated SuStaIn's ability to predict MRI and FTP PET 
disease trajectories by comparing its cross-sectional stage projections 
with slopes from linear mixed models derived from longitudinal data. 
Patients were categorized by SuStaIn subtype, and disease duration was 
included as a covariate. Slopes were qualitatively compared to assess 
how well SuStaIn captured progression. Supplementary Fig. 3 shows 
SuStaIn-predicted FTP PET stage progression (left panels) versus actual 
longitudinal W-score trajectories (right panels). Longitudinal W-scores 
refer to values derived from real follow-up data. Overall, SuStaIn had 
limited accuracy in predicting longitudinal W-score changes: while 
SuStaIn models forecasted worsening W-scores across all ROIs, actual 
longitudinal data did not consistently support this. In subtype 1, SUVR 
values showed minimal change over time, resulting in relatively stable 
W-scores across cortical and subcortical regions. In subtype 2, observed 
data more closely matched SuStaIn predictions, showing a general 
positive trend in SUVR (Supplementary Fig. 3 A–D, F, H–K, M–P), 
though the magnitude of change was smaller than projected.

SuStaIn performed better with MRI data. In subtype 1, longitudinal 
W-scores showed consistent increases in subcortical regions—putamen, 
thalamus, pallidum, subthalamic nucleus, cerebellar dentate, substantia 

Table 1 
Clinical characteristics of PSP patients classified according to FTP PET subtypes.

PSP cohort FTP SuStaIn subtypes MRI SuStaIn subtypes

N ¼ 145 Subtype 1 (N ¼
89)

Subtype 2 (N ¼
25)

p-value Subtype 1 (N ¼
106)

Subtype 2 (N ¼
37)

p-value

Sex, Females N (%) 65 (45%) 36 (40%) 12 (48%) 0.50 49 (46%) 14 (38%) 0.38
Race, White/Caucasian N (%) 137 (94%) 84 (94%) 23 (92%) 0.66 101 (95%) 35 (95%) 0.87
Handedness, Right N (%) 122 (84%) 73 (82%) 23 (92%) 0.23 88 (83%) 32 (86%) 0.62

Age at Scan, years
71.1 (66.3, 

76.1) 70.1 (65.2, 75.4) 72.8 (69.8, 77.3) 0.04 70.2 (65.4, 75.4) 74.1 (69.6, 79.0) 0.007

Age at onset, years
67.1 (61.0, 

72.0) 65.4 (59.1, 70.6) 69.3 (64.9, 72.2) 0.08 65.6 (59.2, 70.8) 68.8 (63.9, 73.3) 0.04

Education 16 (12, 16) 16 (12, 16) 14 (12, 16) 0.26 16 (12, 16) 16 (12, 18) 0.66
Time from disease onset to death 

(years)
6.6 (5.3, 9.0) 6.1 (5.0, 8.8) 9.2 (6.2, 10.5) 0.021 6.2 (5.0, 8.6) 8.6 (6.5, 10.4) 0.0071

Clinical diagnosis
PSP-RS 66 (46%) 51 (57%) 5 (20%)

0.0072

61 (58%) 5 (14%)

<0.0012

PSP-P 22 (15%) 15 (17%) 3 (12%) 19 (18%) 3 (8%)
PSP-PGF 12 (8%) 6 (7%) 2 (8%) 10 (9%) 1 (3%)
PSP-PI 6 (4%) 1 (1%) 1 (4%) 3 (3%) 3 (8%)
PSP-SL 25 (17%) 9 (10%) 10 (40%) 5 (5%) 19 (51%)
PSP-CBS 10 (7%) 4 (4%) 3 (12%) 5 (5%) 5 (14%)
PSP-F 3 (2%) 2 (2%) 1 (4%) 2 (2%) 1 (3%)
PSP-OM 1 (1%) 1 (1%) 0 (0%) 1 (1%) 0 (0%)

Pathological diagnosis
PSP 19 (50%) 16 (76%) 1 (8%)

<0.0012
16 (80%) 3 (18%)

<0.0012Atypical PSP 9 (24%) 3 (14%) 5 (42%) 2 (10%) 6 (35%)
CBD 10 (26%) 2 (10%) 6 (50%) 2 (10%) 8 (47%)

MoCA (/30) 24 (19, 26) 24 (19, 26) 23 (17, 27) 0.431 24 (20, 26) 22 (17, 26) 0.071

FAB (/18) 14 (12, 15) 14 (12, 16) 14 (9, 15) 0.621 14 (12, 16) 13 (10, 15) 0.211

BNT 14 (12, 14) 14 (12, 14) 13 (12, 15) 0.731 14 (12, 14) 14 (12, 15) >0.991

TMT A 68 (50, 94) 62 (46, 88) 93 (55, 101) 0.161 63 (48, 98) 75 (62, 93) 0.231

TMT B 139 (105, 205) 137 (104, 180) 171 (135, 211) 0.151 141 (104, 205) 130 (111, 205) 0.951

PSP Rating Scale (/100) 36 (27, 45) 37 (28, 46) 37 (29, 52) 0.611 36 (28, 44) 38 (27, 55) 0.431

PSP Rating Scale gait-midline (/20) 12 (7, 15) 12 (7, 15) 13 (8, 16) 0.361 12 (7, 14) 15 (6, 17) 0.281

PSIS (/5) 3 (2, 4) 3 (2, 4) 2 (2,3) 0.011 3 (2, 4) 2 (2, 3) 0.041

UPDRS-III 38 (29, 52) 36 (25, 47) 43 (29, 54) 0.101 37 (29, 48) 45 (26, 60) 0.071

ASRS (/52) 4 (2, 8) 4 (2, 7) 4 (1, 8) 0.791 4 (2, 6) 20 (2, 27) < 0.0011

AOS (%) 33 (23%) 16 (18%) 7 (28%) 0.272 11 (10%) 21 (57%) < 0.0012

AOS type
Phonetic 14 (42%) 7 (44%) 3 (43%)

0.292
3 (27%) 11 (52%)

0.392Prosodic 17 (52%) 9 (56%) 3 (43%) 7 (64%) 9 (43%)
Mixed 2 (6%) 0 (0%) 1 (14%) 1 (9%) 1 (5%)

Dysarthria (%) 114 (79%) 77 (87%) 15 (60%) 0.0032 91 (86%) 22 (59%) 0.0012

Data shown as number (%), median (IQR). 1Kruskal-Wallis rank sum test, 2Pearson's Chi-squared test. Abbreviations: CBD: Corticobasal Degeneration; PSP: Progressive 
Supranuclear Palsy. PSP-CBS: PSP-Corticobasal Syndrome; PSP-F: PSP-Frontal; PSP-OM: PSP-Oculomotor dysfunction; PSP-P: PSP-Parkinsonism; PSP-PGF: PSP-Pro
gressive gait freezing; PSP-PI: PSP-Postural instability; PSP-RS: PSP-Richardson's syndrome; PSP-SL: PSP-speech/language disorders. MoCA = Montreal Cognitive 
Assessment; PSIS––PSP Saccadic Impairment Scale; UPDRS = Unified Parkinson's Disease Rating Scale; ASRS = Apraxia of Speech Rating Scale; BNT: Boston Naming 
Test: TMT = Trail Making Test.
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nigra, and red nucleus—closely matching SuStaIn's predicted progres
sion (Fig. 4; F, G, H, J, L, M, P). For subtype 2, longitudinal W-scores in 
all cortical regions increased more steeply than in subtype 1 (Fig. 4; A, 
B, C, D, I, K), reflecting the cortical-dominant pattern predicted by the 
model. In subcortical regions, subtype 2 also showed rising W-scores, 
aligning with SuStaIn projections in most areas, including the putamen, 
thalamus, pallidum, subthalamic nucleus, substantia nigra, and pons 
(Fig. 4; F, G, H, J, M, O).

4. Discussion

This study assessed spatiotemporal patterns of disease spread in PSP 
using both MRI and FTP PET. Both modalities identified two distinct 
subtypes—a subcortical and a cortical pattern—each associated with 
different clinical presentations and outcomes. The subcortical subtype 
was linked to shorter survival and PSP-RS phenotype, while the cortical 
subtype was rich in PSP-SL and CBD. MRI stages were more strongly 
associated with clinical measures and longitudinal change, suggesting 

MRI Subtype 1 (n=106) MRI Subtype 2 (n=37)

FTP Subtype 2 (n=25)FTP Subtype 1 (n=89)

SuStaIn Stage
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Fig. 1. Positional variance diagrams estimated by SuStaIn according to FTP PET (A) and MRI (B) data. The color of each region indicates the severity of tau 
uptake, which ranges from red (most severely involved) to magenta to blue (least severely involved).

PET subtype:
S1
S2

S1: r = -0.13
S2: r = 0.18

S1: r = 0.01
S2: r = 0.04

S1: r = -0.09
S2: r = -0.24

S1: r = 0.15
S2: r = 0.26

S1: r = 0.34*
S2: r = 0.25

S1: r = 0.02
S2: r = -0.15

S1: r = 0.03
S2: r = -0.17

S1: r = 0.04
S2: r = -0.06

S1: r = -0.06
S2: r = -0.01

S1: r = 0.04
S2: r = -0.26

Fig. 2. Correlation between clinical test scores and SuStaIn stages across FTP PET subtypes. Each dot represents a subject. Subtype 1 = blue; subtype 2 =
orange. Asterisks indicate p-values as *p < 0.05. MoCA = Montreal cognitive assessment; FAB=Frontal assessment battery; BNT = Boston naming test; TMT = Trail 
making test; PSPRS = Progressive supranuclear palsy rating scale; PSPRS-GM = PSP Rating Scale gait-midline; PSIS––PSP saccadic impairment scale; UPDRS =
Unified Parkinson's disease rating scale; ASRS = Apraxia of speech rating scale.
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better utility for tracking disease evolution. FTP PET stages, while less predictive of clinical severity, appeared to precede MRI stages in several 

MRI subtype:
S1
S2

S1: r = -0.23*
S2: r = -0.36*

S1: r = -0.26**
S2: r = -0.46**
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S2: r = 0.27

S1: r = 0.14
S2: r = 0.09

Fig. 3. Correlation between clinical test scores and SuStaIn stages across MRI subtypes. Each dot represents a subject. Subtype 1 = blue; subtype 2 = orange. 
Asterisks indicate p-values as *p < 0.05, **p < 0.01, and ***p < 0.01. MoCA = Montreal cognitive assessment; FAB=Frontal assessment battery; BNT = Boston 
naming test; TMT = Trail making test; PSPRS = Progressive supranuclear palsy rating scale; PSPRS-GM = PSP Rating Scale gait-midline; PSIS––PSP saccadic 
impairment scale; UPDRS = Unified Parkinson's disease rating scale; ASRS = Apraxia of speech rating scale.

Fig. 4. Comparison of MRI disease progression predicted by SuStaIn versus longitudinal data models. Cross-sectional SuStaIn projections across subtypes 
(left) are compared to linear mixed models derived from actual longitudinal data (right) per each ROI. Fitted lines from the linear mixed effects model are shown 
between 3 and 10years. Subtype 1 = blue; subtype 2 = orange. SMA = Supplementary motor area.
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regions, indicating that tau pathology may anticipate structural decline.
In both MRI and FTP data, subtype 1 followed a progression begin

ning in the pallidum and red nucleus, then involving subthalamic nu
cleus and later the thalamus. FTP PET revealed earlier involvement of 
subcortical (cerebellar dentate, putamen, caudate) and cortical (pre
central cortex, SMA) regions. In contrast, atrophy and tau deposition in 
parietal, prefrontal, and occipital regions occurred more synchronously. 
These findings support the hypothesis that tau deposition leads to 
neuronal loss and neurodegeneration. Our group has previously found 
that the burden of combined neuronal and glial 4R tau in the striatum is 
relatively higher compared to the degree of volume loss in PSP-RS 
(Orlandi et al., 2024), possibly explaining why uptake on FTP PET in 
the striatum occurs earlier than atrophy. Furthermore, a positive cor
relation was previously demonstrated between FTP uptake and atrophy 
in the cerebellar dentate, red nucleus, and subthalamic nucleus, sup
porting a possible causal relationship between tau accumulation and 
subsequent tissue loss (Sintini et al., 2019). Contrasting with these 
findings, the substantia nigra showed early volume loss compared to FTP 
uptake. This mismatch may be driven by the fact that FTP uptake is 
influenced by reduced neuromelanin levels (Marquié et al., 2017).

Our findings align closely, though not exactly, with previous SuStaIn 
results by Scotton et al. (Scotton et al., 2023) who identified a cortical 
and a subcortical PSP pattern using MRI alone. Unlike their study, where 
midbrain atrophy appeared early in both subtypes, we found early 
midbrain involvement only in subtype 1. Our work suggests two 
different disease epicenters: midbrain for subcortical PSP and prefrontal 
cortex for cortical PSP. Similarly, Hong et al. (Hong et al., 2023) adopted 
a new-generation tau tracer ([18F] Florzolotau), also identifying similar 
subtypes with early tau uptake in subcortical regions for subtype 1 and 
simultaneous cortical-subcortical progression in subtype 2. Our study is 
distinctive in applying both PET and MRI SuStaIn within the same PSP 
cohort, providing unique insights into how tau deposition and atrophy 
progression patterns relate. The differential tau deposition observed 
between our subcortical subtype — predominantly comprising PSP-RS 
and PSP-P patients — and the cortical subtype is consistent with a 
recent review by Alster et al. (2025), who highlighted that tau neuro
imaging yields differing results across PSP subtypes and that the pattern 
of tau accumulation depends critically on cell-type tropism. Impor
tantly, it is emphasized that in vivo evaluation of tau accumulation by 
PET may ultimately redefine therapeutic stratification, an aspiration 
directly supported by the data-driven subtype framework presented here 
(Alster et al., 2025).

A neuropathology paper by Kovacs et al. (Kovacs et al., 2020) has 
recently described the distribution patterns of tau pathology in PSP, 
using postmortem data and applying conditional probability to model 
the sequential distribution of tau deposition. Our findings only partially 
corroborate their results. Their proposed progression starts with tau 
accumulation in the pallidum, subthalamic nucleus, and substantia 
nigra, followed by the tegmentum, pons, and striatum, then the dentate 
nucleus and amygdala, and finally the cortex—frontal first, then parietal 
and temporal, and lastly occipital. This pattern closely resembles our 
subtype 1 progression, particularly the early involvement of the pal
lidum and subthalamic nucleus, with the precentral cortex as the first 
cortical region affected. However, a key difference emerges in that 
Kovacs et al. suggest a single epicenter—the pallidum—for all PSP cases. 
In contrast, our SuStaIn model identifies two distinct epicenters: 
subcortical for subtype 1 and cortical (SMA and precentral cortex) for 
subtype 2. While the pallidum is involved early in both subtypes, FTP 
uptake in subtype 2 begins most prominently in motor-related cortical 
regions, diverging from the uniform model proposed by Kovacs. We 
argue that postmortem studies might miss early disease stages, where 
tau distribution likely differs between cortical and subcortical PSP 
subtypes. After death, tau has likely already accumulated in neocortical 
and subcortical regions, missing nuances characterizing early distribu
tion. Autopsy data showed that MRI-defined subtypes correlated with 
pathology: subtype 1 patients mostly died with PSP, while subtype 2 

with CBD or atypical PSP. Previous studies showed a predominance of 
PSP pathology in PSP-RS cases and CBD pathology in PSP-SL cases (Ali 
et al., 2019; Hokelekli et al., 2022; Orlandi et al., 2024). A similar dis
tribution of pathology across subtypes was observed in the FTP-defined 
subtypes. These findings suggest MRI-based and FTP-based SuStaIn may 
help predict underlying 4R tauopathy, pending validation in external 
cohorts. Notably, patient selection in this study was based on clinical 
judgment, without prior knowledge of underlying pathology. We only 
excluded non-4R tauopathies such as MELAS and MSA to improve the 
model's reliability. We chose this clinically driven approach to reflect 
real-world conditions, as SuStaIn is intended to support prognosis in 
routine practice, where pathological confirmation is unavailable.

Clinical differences were observed across MRI and FTP-defined 
subtypes. Subtype 1, which included more PSP-RS patients, showed 
greater ocular motor impairment, more frequent dysarthria, and shorter 
survival—consistent with known features of PSP-RS (Clark et al., 2021). 
Subtype 2, with more PSP-SL and PSP-CBS cases, showed higher AOS 
prevalence and severity, and trends toward lower MoCA scores, 
reflecting greater cognitive and language deficits (Pavone et al., 2023). 
Although no formal survival analysis was performed, subtype 1 patients 
had shorter time from onset to death, aligning with previous studies 
linking PSP-RS to worse prognosis (Guasp et al., 2021), secondary to 
cognitive impairment, frequent falls (Agarwal and Gilbert, 2024) and 
early-onset dysphagia (Glasmacher et al., 2017).

Only MRI-based SuStaIn stages reliably tracked clinical progression 
in PSP. They correlated with worsening MoCA, FAB, PSP Rating Scale, 
and PSIS scores in both subtypes, and with declines in executive function 
and processing speed (TMT A and B) in subtype 1. These results suggest 
that neurodegeneration measured by MRI better reflects clinical dete
rioration than tau burden captured by FTP PET.

SuStaIn's predictions of FTP PET disease progression did not align 
well with actual longitudinal data. We previously demonstrated that 
FTP uptake increases over one year in the pallidum, precentral cortex, 
cerebellar dentate, and midbrain in PSP-RS; however, these longitudinal 
changes did not correlate with clinical severity and were less robust than 
MRI-based measures, reinforcing the superior reliability of MRI in 
tracking disease progression (Whitwell et al., 2019). The lack of 
consistent longitudinal findings in FTP could reflect variability in indi
vidual trajectories, potential limitations in FTP's sensitivity to 4R tau 
(Ghirelli et al., 2020; Lowe et al., 2016; Sander et al., 2016), and possible 
biological factors—such as concurrent neurodegeneration that scav
enges tau accumulation (Sato et al., 2018) or declining glial tau with 
disease progression (Josephs et al., 2006b). Notwithstanding the lower 
sensitivity of flortaucipir for 4R tau compared to AD-related 3R + 4R 
tau, the fact that Hong et al. (Hong et al., 2023) found similar subtype 
patterns using the more sensitive tracer florzolotau reinforces the val
idity of our findings. This lower affinity may contribute to underesti
mation of tau burden in some PSP patients, particularly in early stages or 
in regions with low tau density. Despite these limitations, the consis
tency of subtype patterns across tracers suggests that the biological 
subtypes identified reflect meaningful differences in disease expression.

MRI, on the other hand, outperformed FTP PET in predicting disease 
trajectories. This aligns with prior longitudinal MRI studies in PSP-RS 
that reported widespread cortical and subcortical atrophy (Josephs 
et al., 2013). One such study found that midbrain, frontal lobes, and 
third ventricle volumes were especially sensitive markers, capable of 
detecting significant annualized changes with relatively small sample 
sizes. In our cohort, the widespread decline in volume likely reflects the 
longer follow-up period (Höglinger et al., 2017b). We also acknowledge 
that visual comparison is a qualitative approach and does not offer a 
rigorous statistical assessment of SuStaIn's precision in modeling longi
tudinal progression, limiting the strength of conclusions drawn from this 
comparison.

Beyond their scientific interest, the subtypes identified here carry 
direct clinical relevance. First, subtype assignment at baseline — 
achievable from a single cross-sectional imaging session — may assist 
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clinicians in anticipating disease trajectory and counselling patients and 
families regarding prognosis. Subtype 1 patients showed shorter time 
from onset to death and greater ocular motor impairment, consistent 
with the known aggressive course of PSP-RS. Subtype 2 patients showed 
greater speech and language involvement and trends toward lower 
MoCA scores, pointing toward distinct management needs, including 
early speech-language therapy. Second, and perhaps most critically for 
the field, accurate subtyping and staging of PSP patients at baseline has 
important implications for clinical trial design. The failure of several 
recent PSP therapeutic trials may in part reflect biological heterogeneity 
within enrolled populations (Dam et al., 2021; Höglinger et al., 2021). 
Stratifying patients by imaging-derived subtype prior to trial entry could 
enrich study populations with individuals sharing a common disease 
trajectory, increasing sensitivity to detect treatment effects. Third, the 
observation that MRI-based SuStaIn stages reliably track clinical pro
gression — while FTP PET stages do not — has immediate practical 
implications: MRI staging may be more suitable as a trial endpoint or 
progression biomarker in PSP, at least with currently available tau 
tracers.

Several limitations should be acknowledged. The autopsy subset (n 
= 43) is relatively small, and pathological validation of imaging sub
types should be considered preliminary pending external replication. 
FTP's substantially lower affinity for 4R tau may have attenuated PET- 
derived signals, though the consistency of our subtype structure with a 
study (Hong et al., 2023) using the higher-affinity [18F]Florzolotau 
tracer argues against a tracer artifact. SuStaIn infers trajectories from 
cross-sectional data without explicit temporal information, and our 
comparison with longitudinal data was qualitative rather than formally 
validated. Finally, single-center recruitment at a tertiary referral center 
and the predominantly Caucasian cohort composition (95%) may limit 
generalizability of the findings.

In summary, SuStaIn proved to be a valuable tool for predicting at
rophy patterns over time and discerning diverse neurodegeneration 
trajectories in PSP, correlating accurately with disease severity scales. 
However, its application with FTP PET data requires caution, as longi
tudinal predictions are less precise and correlate poorly with clinical 
severity measures. Despite this, tools capable of predicting longitudinal 
progression solely from cross-sectional data could significantly assist 
clinicians in patient prognosis and appropriate clinical trial inclusion.
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Lessons learned about [F-18]-AV-1451 off-target binding from an autopsy-confirmed 
Parkinson's case. Acta Neuropathol. Commun. 5, 75.

Orlandi, F., Carlos, A.F., Ali, F., Clark, H.M., Duffy, J.R., Utianski, R.L., Botha, H., 
Machulda, M.M., Stephens, Y.C., Schwarz, C.G., Senjem, M.L., Jack, C.R., Agosta, F., 
Filippi, M., Dickson, D.W., Josephs, K.A., Whitwell, J.L., 2024. Histologic tau lesions 
and magnetic resonance imaging biomarkers differ across two progressive 
supranuclear palsy variants. Brain Commun 6, fcae113.

Pavone, C., Weigand, S.W., Ali, F., Clark, H.M., Botha, H., Machulda, M.M., Savica, R., 
Pham, N.T.T., Grijalva, R.M., Schwarz, C.G., Senjem, M.L., Agosta, F., Filippi, M., 
Jack, C.R., Lowe, V.J., Josephs, K.A., Whitwell, J.L., 2023. Longitudinal clinical 
decline and baseline predictors in progressive supranuclear palsy. Parkinsonism 
Relat. Disord. 107, 105290.

Respondek, G., Stamelou, M., Kurz, C., Ferguson, L.W., Rajput, A., Chiu, W.Z., van 
Swieten, J.C., Troakes, C., Al Sarraj, S., Gelpi, E., Gaig, C., Tolosa, E., Oertel, W.H., 
Giese, A., Roeber, S., Arzberger, T., Wagenpfeil, S., Höglinger, G.U., 2014. The 
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