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ABSTRACT: Background: Several magnetic resonance
imaging (MRI) measures have been suggested as progres-
sion biomarkers in progressive supranuclear palsy (PSP), and
some PSP staging systems have been recently proposed.
Objective: Comparing structural MRI measures and
staging systems in tracking atrophy progression in PSP
and estimating the sample size to use them as endpoints
in clinical trials.
Methods: Progressive supranuclear palsy-Richardson’s
syndrome (PSP-RS) patients with one-year-follow-up longi-
tudinal brain MRI were selected from the placebo arms of
international trials (NCT03068468, NCT01110720,
NCT01049399) and the DescribePSP cohort. The discovery
cohort included patients from the NCT03068468 trial; the
validation cohort included patients from other sources. Mul-
tisite age-matched healthy controls (HC) were included for
comparison. Several MRI measures were compared: auto-
mated atlas-based volumetry (44 regions), automated plani-
metric measures of brainstem regions, and four previously
described staging systems, applied to volumetric data.
Results: Of 508 participants, 226 PSP patients including
discovery (n = 121) and validation (n = 105) cohorts, and

251 HC were included. In PSP patients, the annualized
percentage change of brainstem and midbrain volume,
and a combined index including midbrain, frontal lobe,
and third ventricle volume change, were the progression
biomarkers with the highest effect size in both cohorts (dis-
covery: >1.6; validation cohort: >1.3). These measures
required the lowest sample sizes (n < 100) to detect 30%
atrophy progression, compared with other volumetric/
planimetric measures and staging systems.
Conclusions: This evidence may inform the selection of
imaging endpoints to assess the treatment efficacy in
reducing brain atrophy rate in PSP clinical trials, with auto-
mated atlas-based volumetry requiring smaller sample size
than staging systems and planimetry to observe significant
treatment effects. © 2024 The Author(s). Movement Disor-
ders published by Wiley Periodicals LLC on behalf of Inter-
national Parkinson and Movement Disorder Society.
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Introduction

Progressive supranuclear palsy-Richardson’s syndrome
(PSP-RS) is a rapidly-progressive neurodegenerative
4R-tauopathy, yet effective treatments are lacking.1,2

To date, most clinical trials have employed clinical pro-
gression markers as primary endpoints to determine
treatment efficacy.3-7 However, there is a strong ratio-
nale for using neuroimaging-based progression markers
as additional endpoints since: (i) they are not affected
by day-to-day variability and (ii) because they allow
direct assessment of treatment-related attenuation of
neurodegeneration, by measuring longitudinal cerebral
tau accumulation or brain atrophy.8

While positron emission tomography (PET) tracers
have been developed to assess cerebral tau accumula-
tion in vivo,9-11 tau-PET imaging is an expensive proce-
dure restricted to specialized centres, not yet established
to monitor longitudinal 4R tau accumulation in
PSP-RS.9,12 In contrast, MRI has become widely avail-
able and recent trials have already incorporated struc-
tural MRI-based measures as secondary endpoints.4-7

The main knowledge gap in this field is which MRI
measure to optimally use to effectively monitor disease
progression in clinical trials.
Previous studies suggested midbrain, pons, third ven-

tricle, or lateral ventricle volumes to provide the
smallest sample size estimates for detecting treatment
effects over 1 year.13-20 Other studies found that plani-
metric measures such as midbrain area and Magnetic Res-
onance Parkinsonism Index (MRPI), which are diagnostic
markers to distinguish PSP from Parkinson’s disease,21-23

also showed potential as PSP progression biomarkers.23-25

Finally, recent studies have developed PSP staging systems
(SS) based on the concept that the neurodegenerative pro-
cess emerges in subcortical regions and subsequently
spreads to other connected structures, defining sequential
progression patterns of tau deposition and atrophy.26-28

Kovacs and colleagues26 developed a neuropathologic
staging approach in PSP based on the sequential spread of
tau aggregates in specific cell populations. Scotton et al.28

proposed a probabilistic, data-driven PSP staging system
based on the sequence of MRI-assessed atrophy progres-
sion across brain regions. The breadth of different
MRI measures and SS proposed to quantify PSP pro-
gression renders it difficult to a priori select the best
measure as an endpoint to capture treatment effects
in clinical trials.
Therefore, we leveraged the large-scale longitudinal

MRI data of two independent cohorts of PSP-RS
patients from existing observational studies or pla-
cebo arms of trials, with the main objective of evalu-
ating systematically volumetric and planimetric MRI
measures in comparison with the more recent SS to
detect atrophy progression in PSP-RS. This study

represents the first attempt to apply
neuropathologically-derived PSP SS to volumetric
MRI data in vivo, thus we first evaluated whether
patients fitted the described spatial–temporal
sequences of regional involvement of the SS, and then
investigated the performances of these SS as progres-
sion markers by looking at longitudinal atrophy
spread to new regions. For each MRI-based measure
(planimetric/volumetric measures and SS), we deter-
mined and validated the sensitivity to track PSP-
related brain atrophy progression, reporting effect
sizes and sample size required to detect potential
treatment effects in clinical trials.

Methods
Study Participants

We included two independent multisite cohorts of
PSP-RS patients2 from the placebo arms of three random-
ized controlled trials (PASSPORT [NCT03068468],6 AL-
108-231 [NCT01110720],7 TAUROS [NCT01049399])5

and from the DescribePSP network cohort.29 Detailed
information and inclusion criteria are provided in the Sup-
plementary Materials. PSP-RS patients from the
NCT030684686 trial were used as a discovery cohort
(n = 132), while patients from other sources5,7,29 were
used as an independent validation cohort (n = 117)
(Fig. S1). A multicohort group of healthy controls
(HC) aged >45 years was included for baseline and longi-
tudinal comparison with PSP-RS patients. HC were
selected from the Alzheimer’s-Disease-Neuroimaging-
Initiative (ADNI, n = 116), the Degeneration-Controls-
and-Relatives (DANCER) cohort (n = 70), and a previ-
ously published multicentre German HC cohort
(n = 73).30 HC from ADNI had 52-week longitudinal
brain MRI, while individuals from the other cohorts had
baseline MRI only (Supplementary Materials). Demo-
graphics, longitudinal clinical data, and T1-weighted MRI
were obtained. Ethics approval was obtained at each site
from the local ethics committee, and all participants gave
written informed consent.

MRI Processing and Application of Staging
Systems

The DICOM 3D T1-weighted MR images were
pseudonymized, visually inspected for quality control
(six PSP and one HC were excluded because of poor
MRI quality) and processed through an automated
pipeline of atlas-based volumetry17,30 as described in
the Supplementary Materials. In view of the longitudi-
nal design of the current study, the T1-weighted images
at baseline and follow-up of each subject were co-
registered prior to volumetric analysis. This approach
creates a within-subject average image to reduce
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measurement variability for longitudinal evaluations
which may occur with cross-sectional processing pipe-
lines.31 Volumes were summed for bilateral regions and
normalized to intracranial volume (ICV). Subjects with
ICV variation ≥2% between baseline and follow-up
were excluded (PSP, n = 17; HC, n = 7). Automated
planimetric measurements (midbrain and pons area,
superior and middle cerebellar peduncle width, third
ventricle and frontal horns width, MRPI, and MRPI
2.0) were performed using a previously described auto-
mated algorithm.21,32-34 The methodology description
and information on algorithm success rate (92.4%) and
failures are provided in the Supplementary Materials
and Table S1.
Five staging systems were investigated: one previously

described data-driven MRI SS (MRI-ss)28 reflecting the
sequence of atrophy progression across brain regions, and
four neuropathologic SS26 describing the sequential
involvement of brain structures in terms of tau pathol-
ogy (1) in neurons (Neuronal-ss), (2) in astroglia
(Astroglial-ss) (3) in oligodendroglia (Oligodendroglial-ss),
and (4) considering these cell populations together
(Pathological-ss). Each SS included six distinct stages,26,28

each characterized by the involvement of different brain
regions (Table S2). For SS application to volumetric data,
volumes were transformed into w-scores (age- and sex-
adjusted z-scores) using regional mean and standard devi-
ation from HC. A threshold (w-score ≤ �2) was used to
define the presence/absence of atrophy in each region,
consistent with previous PET studies adopting similar
methods.35,36 Each participant was assigned to a stage,
both at baseline and follow-up (rules in Table S3).

Statistics
Comparisons among groups were performed with

Fisher’s exact test, Wilcoxon rank-sum test, and
ANCOVA (covariates: age and sex). P-values of all
between-group comparisons were corrected for multiple
testing according to Bonferroni’s method. Differences in
volumetric/planimetric measures between baseline and
follow-up were transformed into annualized percentage
change rates. A previously described index obtained by
summing the midbrain, third ventricle, and frontal lobe
annualized volumetric change was calculated.17 The
standardized effect size with 95% confidence intervals
was calculated for each measure/score, based on the
mean and standard deviation of its annualized percent-
age change rate in each PSP-RS cohort, consistent with
previous reports.17,20,37 The sample size was estimated
based on a two-sample t-test with 5% significance level
and 80% power, to detect 20%, 30%, or 50% changes
in atrophy progression rate in the intervention arm.17

Associations between clinical and imaging longitudinal
changes were assessed using Pearson product-moment
correlation and linear regression. To investigate the

effectiveness of imaging SS in detecting atrophy pro-
gression, we used two alternative methods. The first
simpler method consisted of assessing the stage change
over time in each patient. The latter method consisted
of stratifying patients into stages at baseline and then
measuring volume changes in the regions included in
the subsequent stage (indicative of atrophy spread),
enabling effect size and sample size estimation, which
were compared for the different SS and volumetric/
planimetric measures. Figure 1 shows a flowchart of the
study design and main analyses.

Results

The final study cohort included 226 PSP-RS patients
with longitudinal clinical and MRI assessment, split
into a discovery cohort (n = 121; 68 [56.2%] male;
mean [SD] age 69.8 [5.8] years) and an independent
validation cohort (n = 105; 49 [46.7%] male; mean
[SD] age 67.8 [6.9] years), and 251 age- and sex-
matched HC (131 [52.2%] male; mean [SD] age 68.1
[8.3] years), 109 of whom had longitudinal MRI
(Fig. S1). Group demographics are shown in Table S4.

Baseline Evaluation
At baseline, PSP-RS patients showed diffuse brain

atrophy compared with HC, detected by MR volumetry
and planimetry (Tables S4 and S5). Volume loss was
found both in grey (GM) and white matter (WM)
regions; the most striking atrophy involved brainstem
regions, ventral diencephalon, superior cerebellar
peduncles and globus pallidus, coupled with ventricular
enlargement (Table S5). The highest mean percentage
difference and z-scores from HC were detected by pla-
nimetric indexes as MRPI (+85.8% to HC; mean PSP
z-score: +3.97) and MRPI 2.0 (+182.7% to HC; mean
PSP z-score: +4.05), which were superior to the
midbrain-to-pons area ratio and volumes (Table S5).
All results were consistent across the two independent
PSP-RS cohorts.

Longitudinal Evaluation
PSP-RS patients were slightly younger than HC with

longitudinal MRI, thus the analyses included age as
covariate (Tables 1 and S6). Progression over one-year
time was observed in most planimetric and volumetric
measures, in all groups (Table S7). GM volumes
showed more severe longitudinal loss in PSP-RS
patients than in HC, while WM volumes showed simi-
lar slight reduction in all groups (Tables 1 and S6). The
highest annualized percentage change rate in PSP-RS
patients was observed in clinical scores, followed by
MR planimetry (MRPI 2.0) and ventricular volumes.
On the contrary, the highest effect size and smallest
sample size was obtained by automated volumetry
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(brainstem, midbrain, red nucleus, lateral ventricles)
(Fig. 2, Table S8). An index combining the midbrain,
third ventricle, and frontal lobe volume changes per-
formed slightly worse than the midbrain alone. The
lower effect sizes of clinical scores and planimetry com-
pared with volumetry were explained by larger inter-
individual variability (SD). Further details can be found
in the Supplementary Materials. All results were consis-
tent across the two cohorts (Fig. 2, Table S9).

Correlations Between Imaging and Clinical
Progression

The proposed imaging progression biomarkers
(brainstem and midbrain volumes) were associated with
the clinical progression. A linear model including PSP-
RS score and brainstem atrophy at baseline as
covariates revealed a significant association (β = �0.21;

P = 0.0016) between the brainstem volume annualized
percentage change rate and the PSPRS score annualized
percentage change rate; similar results were obtained for
midbrain volume (β = �0.19; P = 0.00413). Further
details are included in the Supplementary Materials and
Figure S2.

Application of the Staging Systems to
Volumetric Data

For each SS, participants were assigned to a stage
based on their atrophy pattern (Tables S2 and S3). First,
we investigated the percentage of patients fitting the
described sequences of regional involvement, and we
found that the Neuronal-ss and the Oligodendroglial-ss
showed the highest percentage of patients fitting the
described sequence, in both cohorts (Fig. 3, Table S9).
The Neuronal-ss also showed the highest sensitivity

FIG. 1. A flowchart of the study design with the main analyses. Boxes highlighted in red refer to the assessment of magnetic resonance
(MR) planimetric and volumetric measures as progression biomarkers in progressive supranuclear palsy-Richardson’s syndrome (PSP-RS). Boxes
highlighted in blue refer to the assessment of staging systems as progression biomarkers in comparison with automated volumetry and planimetry.
Boxes highlighted in green refer to the application of staging systems to MR volumetric data in our patients, to evaluate whether they fitted the
described spatial–temporal sequences of the staging systems. HC, healthy controls. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Longitudinal evaluation of clinical and imaging measures in patients with progressive supranuclear palsy and in control subjects

Data
Longitudinal PSP

discovery cohort (N = 121)
Longitudinal PSP

validation cohort (N = 105)
Longitudinal HC
cohort (N = 109)

P-value among
all groups

Sex (M/F) 68/53 59/56 63/46 0.219a

Age at baseline (years) 69.8 (5.8) 67.8 (6.9) 72.2 (6.4) <0.001b,f,g,h

Age at follow-up (years) 70.9 (5.8) 68.8 (6.4) 73.3 (6.4) <0.001b,f,g,h

Inter-scan interval (years) 1.07 (0.05) 1.10 (0.23) 1.09 (0.12) 0.340b

Data
PSP discovery annualized change

rate, %
PSP validation annualized change

rate, %
HC annualized change

rate, % P-value

PSPRS total +26.5% (24.7) +26.7% (26.6) – 0.535c

MR volumetry

Brainstem �2.65% (1.57) �2.72% (1.89) �0.30% (1.51) <0.001d,f,g

Midbrain �2.51% (1.57) �2.60% (1.82) �0.23% (1.44) <0.001d,f,g

Pons �2.52% (1.72) �2.53% (1.99) �0.18% (1.38) <0.001d,f,g

Medulla �3.40% (2.40) �3.67% (2.80) �0.86% (2.84) <0.001d,f,g

Lateral ventricles +8.70% (5.64) +8.37% (6.39) +3.46% (3.62) <0.001d,f,g

Inferior lateral ventricles +11.91% (14.09) +10.87% (13.68) +4.81% (8.94) <0.001d,f,g

Third ventricle +6.56% (5.13) +5.93% (5.14) +2.57% (3.86) <0.001d,f,g

Fourth ventricle +4.35% (3.54) +4.10% (4.52) +0.55% (3.59) <0.001d,f,g

SCP �3.27% (2.65) �2.79% (2.38) +0.12% (2.77) <0.001d,f,g

Striatum �3.36% (5.91) �3.55% (5.15) +0.19% (2.98) <0.001d,f,g

Caudate nucleus �4.55% (7.30) �4.30% (6.36) �0.04% (2.07) <0.001d,f,g

Putamen �2.67% (6.44) �3.00% (5.39) +0.40% (4.07) <0.001d,f,g

Red nucleus �2.97% (1.84) �2.59% (1.92) �0.44% (1.27) <0.001d,f,g

Midbrain + frontal lobe – third
ventriclee

�10.67% (6.62) �10.38% (7.75) �3.19% (5.03) <0.001d,f,g

MR-PSP staging system

MRI-ss �2.78% (2.12) �2.72% (2.31) / 0.871d

Neuronal-ss �2.13% (1.81) �2.47% (1.95) / 0.383c

Astroglial-ss �3.80% (5.76) �3.03% (4.59) / 0.695c

Oligodendroglial-ss �1.87% (1.45%) �1.45% (1.26%) / 0.013c

MR planimetry

Third ventricle width +6.4% (5.9) +7.4% (7.4) +2.69% (8.16) 0.002d

Midbrain area �7.9% (7.8) �7.3% (9.3) �1.2% (5.5) <0.001d,f,g

M/P area ratio �6.0% (8.4) �5.5% (10.2) �0.6% (7.0) <0.001d,f,g

MRPI +5.7% (15.9) +8.0% (17.4) +3.7% (11.3) 0.405d

MRPI 2.0 +10.9% (18.2) +15.0% (21.9) +5.9% (14.1) 0.069d

Notes: The annualized percentage change rates of MR measures are shown as mean (standard deviation). For the staging systems, the mean annualized percentage change rates of the regions
included into the ‘next stage’ were considered (ie, for a patient in stage I at baseline, the annualized volumetric change in the structures corresponding to the stage II was considered; etc.).
Patients who did not fit the considered staging system at baseline were not included in this analysis. Significant P-values after Bonferroni correction are highlighted in bold type. Patients
with values of 0 in clinical scores at baseline or follow-up were not considered in this analysis to avoid ‘infinite’ values. A selection of the best clinical, volumetric, and planimetric measures
is shown in this table. The full list of all volumetric and planimetric measures is included in the Supplementary Materials.
Abbreviations: Astroglial-ss, neuropathologically-derived staging system in astroglial cells; CSF, cerebrospinal fluid; GM, grey matter; HC, healthy control subjects; ICP, inferior
cerebellar peduncle; MCP, middle cerebellar peduncle; M/P, midbrain/pons; MRI, magnetic resonance imaging; MRI-ss, MRI-derived staging system; MRPI, Magnetic Reso-
nance Parkinsonism Index; Neuronal-ss, neuropathologically-derived staging system in neurons; NS, not significant; Oligodendroglial-ss, neuropathologically-derived staging sys-
tem in oligodendroglial cells; PSP, progressive supranuclear palsy; PSPRS, PSP rating scale; SCP, superior cerebellar peduncle; WM, white matter.
aFisher’s exact test.
bANOVA followed by post-hoc test.
cTwo-sample t-test or Wilcoxon rank-sum test, with Bonferroni correction (P < 0.05/12; P < 0.00417).
dANCOVA with age and sex as covariates, with Bonferroni correction (P < 0.05/64; P < 0.00078), followed by post-hoc test.
eThe annualized percentage change rate after dividing it by the number of the regions (n = 3) was: �3.56% (2.21) in the discovery PSP cohort, �3.46% (2.58) in the validation
PSP cohort, and �1.06% (1.67) in the HC cohort.
fPSP-RS in the discovery cohort vs. HC, P < 0.05 in the post-hoc analysis.
gPSP-RS in the validation cohort vs. HC, P < 0.05 in the post-hoc analysis.
hPSP-RS in the discovery cohort vs. PSP-RS in the validation cohort, P < 0.05 in the post-hoc analysis.
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(percentage of PSP patients in stage >0), while other sys-
tems had more patients in stage 0 (Fig. 3, Table S9), in
both cohorts. Further data are available in the Supple-
mentary Materials and Tables S10–S12. Overall, the
Neuronal-ss was the most reliable SS in our cohorts.

Longitudinal Staging Systems’ Assessment
We first investigated whether PSP-RS patients chan-

ged stage over time (Method 1), but >75% patients
remained on the same stage between baseline and
follow-up, for all SS (Fig. 4, Table S13). By stratifying
patients by stage at baseline and measuring the volume
change rates of the regions in the next stage (Method

2, see Supplementary Materials) we obtained lower
effect size and sample size estimation for all SS than
those obtained by using the brainstem or midbrain vol-
ume in all patients (Table S8). All results were consis-
tent across the two cohorts.

Discussion

In this study including two independent large cohorts
of PSP-RS patients, the automated atlas-based vol-
umetry of brainstem regions showed the highest effect
size and required the lowest sample size (n < 100) to
evaluate atrophy progression over a one-year time

FIG. 2. Mean standardized effect size value with 95% confidence intervals of the best regions/scores, in the discovery (A) and validation (B) progressive
supranuclear palsy (PSP) cohorts. The standardized effect size for each magnetic resonance (MR) measure was calculated as the mean annualized per-
centage change rate divided by its standard deviation in PSP patients. The brainstem volume, the midbrain volume, the combined volumetric index
(midbrain + frontal lobe � third ventricle volume changes), and the red nucleus volume showed the highest effect size values in both cohorts. Planimet-
ric measures and staging systems are not shown in the figure since their effect size values were lower than those of the measures shown here. The
performances of different regions/scores were compared using Wilcoxon rank-sum test. ***P < 0.001.
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period in PSP-RS, outperforming other volumetric/
planimetric measures and the PSP staging systems
described to date.
About 20 interventional trials have been conducted

in PSP over the last two decades, six are ongoing and
others are planned for future years.38 Half of these tri-
als included among their endpoints structural MRI,

making it the most used objective progression bio-
marker in PSP (clinicaltrials.gov). These data highlight
a very urgent need for robust evidence guiding the
selection of MR measurements as endpoints in upcom-
ing trials.8 Existing studies investigated longitudinal
brain atrophy in PSP measuring the progressive volume
change of crucially involved regions.13-20 The recent

FIG. 3. For each of the considered staging systems, the left half of the figure shows a pie chart with the percentage of progressive supranuclear palsy (PSP)
patients fitting the sequential regional involvement described by the staging system at baseline (in green). The right part of the figure shows the distribution
across stages 0–6 of PSP patients fitting the staging system. The Neuronal-ss and the Oligodendroglial-ss showed the highest percentage of PSP patients
fitting the staging system, and the Neuronal-ss had the highest sensitivity (percentage of patients assigned to stages above zero). Data shown in the figure
are from the discovery PSP cohort; detailed data for both cohorts can be found in the Supplementary Materials. (A) MRI-ss = MRI-derived staging system;
(B) Neuronal-ss = neuropathologically-derived staging system in neurons; (C) Astroglial-ss = neuropathologically-derived staging system in astroglial cells;
(D) Oligodendroglial-ss = neuropathologically-derived staging system in oligodendroglial cells. [Color figure can be viewed at wileyonlinelibrary.com]
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description of distinct stages in the neurodegenerative
PSP process,26-28 however, allows for a potential para-
digm shift in how to measure brain atrophy progres-
sion. Indeed, the understanding of the temporal
sequence of brain regions’ involvement allows assess-
ment of atrophy spread, rather than simply measuring
progressive volume loss in a target region. In this study,
we compared these two different methods of measuring
atrophy progression, by calculating longitudinal volume
change in the same regions in all patients on one hand
(approach-1) and by assessing the atrophy spread to
‘new’ regions starting from the baseline atrophy pattern
(stage) on the other hand (approach-2).
By looking at the same regions in all patients, we per-

formed a head-to-head comparison of many planimetric
and volumetric measures. Automated planimetric mea-
sures (MRPI, MRPI 2.0)21,34 showed greater potential
than volumetry in detecting atrophy at baseline, and
the MRPI 2.0 showed a remarkable mean annualized
percentage increase (10–15%), higher than other mea-
sures, but a large standard deviation was observed, due
to high interindividual variability. Conversely, volumet-
ric measures had lower percentage change over time
(2–5% in most regions), but showed a very consistent
change across subjects, with minimal standard

deviations. These discrepancies, which may well be
explained by the different nature of these imaging mea-
sures (planimetry focusing exclusively on specific parts
of the brain structures, and volumetry considering the
entire structures), may make these two MR techniques
potentially useful in different scenarios. Indeed, plani-
metric measures may be more sensitive tools to study
individual trajectories of atrophy progression in PSP
patients, and further studies are needed to clarify their
biological relevance; conversely, MR volumetry, which
had lower variability across subjects, may be more sen-
sitive (fewer patients are required) to detect deviations
from the expected atrophy progression rates, which is
crucial in clinical trials. Among volumetric measures,
the top three in terms of effect size and sample size esti-
mation were the brainstem volume, the midbrain vol-
ume, and a combined index obtained by summing
midbrain, frontal lobe, and third ventricle volume
changes.17 These robust volumetric measures were also
more powerful than clinical scores as progression
markers (in terms of effect size and sample size estima-
tions), in line with previous reports,17,20 supporting
their use as endpoints in clinical trials.
The second approach, consisting of an individualized

assessment of atrophy spread to new regions depending

FIG. 4. Stage change over time between baseline and follow-up examination in progressive supranuclear palsy (PSP) patients, for each staging system.
(A) MRI-ss = MRI-derived staging system; (B) Neuronal-ss = neuropathologically-derived staging system in neurons; (C) Astroglial-
ss = neuropathologically-derived staging system in astroglial cells; (D) Oligodendroglial-ss = neuropathologically-derived staging system in oligoden-
droglial cells. On the x-axis of each graph, negative values reflect a stage decrease while positive values reflect a stage increase over time; 0 means no
stage change over a one-year time period. Patients with non-null stage both at baseline and follow-up examinations were included in this analysis
(MRI-ss, PSP = 59; Neuronal-ss, PSP = 87; Astroglial-ss, PSP = 60; Oligodendroglial-ss, PSP = 86). Data shown in the figure are from the discovery
PSP cohort; detailed data for both cohorts can be found in the Supplementary Materials. [Color figure can be viewed at wileyonlinelibrary.com]
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on the baseline atrophy pattern, was performed
through the application of previously described staging
systems26,28 to MR volumetric data. These included:
three SS derived from neuropathologic data describing
the sequential involvement of brain regions in terms of
tau pathology in the three main cell populations (neu-
rons, astroglia, oligodendroglia),26 and a probabilistic
data-driven SS reflecting the sequence of brain atrophy
based on MRI volumes.28

The current study represents the first attempt to apply
neuropathologic SS to volumetric MRI data in vivo,
and to validate the MRI-derived SS described by Scot-
ton et al28 in independent cohorts. For this reason,
prior to longitudinal analysis, we conducted a prelimi-
nary analysis to evaluate whether our patients fitted the
described spatial–temporal sequences of the various
SS. More than 70% of patients showed a brain atrophy
pattern fitting the sequence described by the neuronal
and oligodendroglial neuropathologic SS,26 while lower
percentages of patients showed an atrophy pattern con-
sistent with the sequence of tau pathology regional
involvement in astroglia26 or with the previously
described MRI-derived SS.28 This result provides
insights into the association between MR volumes and
tau pathological burden,39 suggesting that brain atro-
phy selectively matches tau pathology in neurons and
oligodendroglia. Indeed, Tau accumulation starts in the
neurons of the globus pallidus and brainstem regions,26

and in the oligodendroglia of the globus pallidus,26

which were among the most atrophic regions in our
PSP patients, in both cohorts. On the contrary,
astroglial tau accumulation starts in the striatum,
spreading to the globus pallidus and midbrain only in
the latest stages,26 not matching the spatial–temporal
sequence of atrophy. The relatively low percentage of
patients fitting the previously described MRI-derived
staging system28 may be explained by the different
methodology, since the other researchers employed
event-based modeling28 while we used w-scores from
HC to establish the presence of atrophy and apply the
described SS. The rationale of our approach is a higher
feasibility in clinical trial settings, where complex math-
ematical algorithms for staging might not be available.
Subsequently, we investigated the usefulness of imag-

ing SS in tracking PSP-related atrophy progression. We
first assessed the progression through different stages
over time, and then measured volume changes in the
regions which were the next to be involved according to
the SS spatial–temporal sequence. Both methods investi-
gated atrophy spread to new regions; the former was sim-
pler and straightforward, while the latter was complex
but allowed effect size and sample size estimations. Unfor-
tunately, the direct evaluation of stage increase over time
was not a suitable method, since >75% of patients
remained on the same stage between baseline and
52-week follow-up. The second method detected

longitudinal volumetric changes, but showed smaller
effect size and required larger sample sizes in trials than
measuring the midbrain or brainstem volume in all
patients.
This study has great novelty in the application of neu-

ropathologically derived SS26 to MRI data, also
assessing their usefulness in tracking disease progres-
sion, and has several strengths. First, this is the largest
longitudinal study comparing structural MRI progres-
sion biomarkers in PSP-RS, validating the results in two
large, international cohorts. Second, all MRI measures
were obtained using automated pre-established operator-
independent methods, avoiding subjective evaluations.
Third, the study population included patients fulfilling
the inclusion/exclusion criteria employed in previous
clinical trials to provide a reliable evidence-based guide
for selecting imaging endpoints in trial settings. Finally,
the longitudinal change of the proposed measures was
significantly larger in PSP-RS than in HC, demonstrating
that the observed changes were due to the neurodegener-
ative process rather than just aging.
There are some limitations to the study. First, we

selectively investigated progressive brain atrophy in
PSP, and other disease control groups were missing;
thus, it was not possible to establish whether the
observed atrophy rates were specific for PSP or shared
across other neurodegenerative diseases. Second, PSP
variants were not included due to the very limited sam-
ple size, thus restricting our conclusions to PSP-RS.
This study design, however, allowed the achievement of
robust evidence in PSP-RS (the phenotype most com-
monly enrolled in trials),38,40 reducing the potential het-
erogeneity due to different clinical and imaging
trajectories in PSP variants.38,41-43 Third, we investi-
gated atrophy progression at the group level, but sev-
eral factors such as age at onset, duration, clinical
severity, or atrophy at baseline may influence individual
clinical and imaging progression.44-46 Future studies to
develop powerful models for predicting individual tra-
jectories in PSP patients are needed. Fourth, this was a
multicohort study and imaging data were acquired with
different MRI protocols, potentially introducing some
bias; the two PSP cohorts, however, showed very simi-
lar atrophy pattern and progression rates despite the
MRI protocol discrepancies, suggesting no major
impact on the reliability of our findings. A final limita-
tion was the lack of post-mortem diagnostic confirma-
tion; however, the mismatch between clinical and
pathological diagnoses is usually low in patients with a
PSP-RS phenotype.1,47

In conclusion, this large, longitudinal study per-
formed a comprehensive head-to-head comparison of
several structural MRI measures and identified the
automated volumetry of brainstem regions as the most
suitable progression biomarker for trials in PSP-RS.
These findings provide robust evidence to inform the
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selection of imaging endpoints in PSP-RS, supporting
the design and execution of upcoming disease-
modifying clinical trials.
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APPENDIX

Group Information: The members of the study
groups are listed below.

The AL-108-231 Study Group:
Australia: David Williams.
Canada: Anne Louise Lafontaine, Connie Marras,

Mandar Jog, Michael Panisset, Anthony Lang, Lesley
Parker, Alistair J. Stewart.
France: Jean-Christophe Corvol, Jean-Philippe

Azulay, Philippe Couratier.
Germany: Brit Mollenhauer, Stefan Lorenzl, Albert

Ludolph, Reiner Benecke, Günter Höglinger, Axel Lipp,
Heinz Reichmann, Dirk Woitalla.
United Kingdom: Dennis Chan, Adam Zermansky,

David Burn, Andrew Lees.

Movement Disorders, Vol. 39, No. 8, 2024 1339

M R I M E A S U R E S T O T R A C K P S P A T R O P H Y P R O G R E S S I O N

 15318257, 2024, 8, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29866 by D
eutsches Z

entrum
 Für N

eurodeg, W
iley O

nline L
ibrary on [04/09/2024]. 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



United States: Adam Boxer, Bruce L. Miller, Iryna
V. Lobach, (Memory and Aging Center, Department of
Neurology, University of California, San Francisco,
CA, USA), Erik Roberson, Lawrence Honig, Edward
Zamrini, Rajesh Pahwa, Yvette Bor-delon, Erika
Driver-Dunkley, Stephanie Lessig, Mark Lew, Kyle
Womack, Brad Boeve, Joseph Ferrara, Argyle Hillis,
Daniel Kaufer, Rajeev Kumar, Tao Xie, Steven Gunzler,
Theresa Zesiewicz, Praveen Dayalu, Lawrence Golbe,
Murray Grossman, Joseph Jancovic, Scott McGinnis,
Anthony Santiago, Paul Tuite, Stuart Isaacson, Julie
Leegwater-Kim, Irene Litvan, Murray Grossman,
David S. Knopman, Bruce L. Miller, Lon
S. Schneider, Rachelle S. Doody, Lawrence I. Golbe,
Erik D. Roberson, Mary Koestler, Clifford R. Jack,
Jr., Viviana Van Deerlin, Christopher Randolph,
Iryna V. Lobach, Illana Gozes, Steve Whitaker, Joe
Hirman, Michael Gold, Bruce H. Morimoto.

Tau Restoration on PSP (TAUROS) MRI Investigators:
J.C. G�omez, MD, B. Tijero, MD; R. Villoria, MD

(H. de Cruces. Barakaldo, Site Investigator); J. García
de Yebenes, MD, J.L. Lopez Send�on, MD (H. Ram�on y
Cajal. Madrid, Site Investigators); E. Tolosa, MD,
M.T. Buongiorno, MD, N. Bargall�o, MD (H. Clinic.
Barcelona, Site Investigators); J.A. Burguera, MD,
I. Martinez, MD (H. La Fe. Valencia, Site Investiga-
tors); J. Ruiz-Martínez, MD, J. Villanua, MD
(H. Donostia. San Sebasti�an, Site Investigator);
F. Vivancos, MD, I. Ybot, MD (H. La Paz. Madrid,
Site Investigators); M. Aguilar, MD, J.L. Dolz, MD
(H. Mutua Terrassa. Terrassa, Site Investigator);
M. Boada, MD, A. Lafuente, MD, M.A. Tejero, MD
(Fundaci�on ACE: Barcelona, Site Investigators);
J.J. L�opez-Lozano, MD, M. Mata, MD (H. Puerta de
Hierro. Madrid, Site Investigators); A. Kupsch, MD,
A. Lipp, MD (Virchow-Klinikum. Berlin, Site Investiga-
tors); M. Höllerhage, MD, W.H. Oertel, MD,
G. Respondek, MD, M. Stamelou, MD, S. Knake, MD
(Universitätsklinikum. Marburg, Site Investigators);
D. Berg, MD, W. Maetzler, MD, K.K. Srulijes, MD,
A. Gröger, MD (Universitätsklinikum. Tübingen, Site
Investigators); A. Ludolph, MD, J. Kassubek, MD
(Universitätsklinikum. Ulm, Site Investigators);
M. Steiger, MD, K. Tyler, MD (Walton Center. Liver-
pool, Site Investigators); D.J. Burn, MD, L. Morris,
MD (Clinical Ageing Research Unit. Newcastle upon
Tyne, Site Investigator); A. Lees, MD, H. Ling, MD,
L. Strycharczuk, MD (Reta Lila Weston Institute.
London, Site Investigators).

PASSPORT Study Group
Ikuko Aiba (National Hospital Organization

Higashinagoya National Hospital, Nagoya, Aichi,
Japan), Angelo Antonini (San Camillo Hospital IRCCS,
Venice Lido, Italy), Diana Apetauerova (Lahey Hospital

and Medical Center, Burlington, MA, USA), Jean-
Philippe Azulay (Assistance Publique Hapitaux De
Marseille, Marseille, France), Ernest Balaguer Martinez
(Hospital General de Catalunya, Barcelona, Spain), Jee
Bang (The Johns Hopkins University, Baltimore, MD,
USA), Paolo Barone (University of Salerno, Salerno,
Italy), Matthew Barrett (University of Virginia Health
System, Charlottesville, VA, USA), Danny Bega
(Northwestern University, Chicago, IL, USA), Daniela
Berg (UKSH – Campus Kiel, Kiel, Germany), Koldo
Berganzo Corrales (Hospital De Cruces, Barakaldo,
Spain), Yvette Bordelon (University of California, Los
Angeles, CA, USA), Adam L Boxer (Memory and Aging
Center, Department of Neurology, University of Cali-
fornia, San Francisco, CA, USA), Moritz Brandt
(Universitatsklinikum Carl Gustav Carus Dresden,
Dresden, Germany), Norbert Brueggemann (University
Hospital Schleswig-Holstein, Luebeck, Germany),
Giovanni Castelnovo (Centre Hospitalier Universitaire
de Nimes – Hopital Universitaire Caremeau, Nimes,
France), Roberto Ceravolo (University Hospital of Pisa,
Pisa, Italy), Rosalind Chuang (Swedish Health Services,
Seattle, WA, USA), Sun Ju Chung (Asan Medical Cen-
ter, Seoul, Republic of Korea), Alistair Church
(Aneurin Bevan University Health Board- Clinical
Research and Innovation Centre – St Woolos Hospital,
Newport, UK), Jean-Christophe Corvol (Sorbonne
Université, Assistance Publique Hôpitaux de Paris,
INSERM, CNRS, Institut du Cerveau – Paris Brain
Institute – ICM, Hôpital Pitié-Salpêtrière, Paris,
France), Paola Cudia (Biogen, Cambridge, MA, USA),
Marian Dale (Medical University of South Carolina,
Charleston, SC, USA), Luc Defebvre (Centre
Hospitalier Regional Universitaire) de Lille – Hopital
Roger Salengro, Lille, France), Sophie Drapier (CHU de
Rennes – Hopital de Pontchaillou, Rennes, France),
Erika D Driver-Dunckley (Mayo Clinic Arizona –

Scottsdale, Scottsdale, AZ, USA), Georg Ebersbach
(Movement Disorders Clinic, Beelitz-Heilstatten,
Germany), Karla M Eggert (Philipps Universitat Mar-
burg, Marburg, Germany), Aaron Ellenbogen (QUEST
Research Institute, Farmington Hills, MI, USA),
Alexandre Eusebio (Assistance Publique Hapitaux De
Marseille, Marseille, France), Andrew H Evans (The
Royal Melbourne Hospital (RMH)-Flemington
Neurology – North Melbourne, North Melbourne,
Australia), Natalia Fedorova (Russian Medical Acad-
emy of Postgraduate Education, Moscow, Russia), Eliz-
abeth Finger (Parkwood Institute, London, Ontario,
Canada), Alexandra Foubert-Samier (CHU De Bor-
deaux Parkinson Expert Centre, IMNC Hopital
Pellegrin, Bordeaux, France), Boyd Ghosh (University
Hospital Southampton NHS Foundation Trust, South-
ampton UK), Lawrence Golbe (Rutgers Robert Wood
Johnson Medical School, New Brunswick, NJ, USA),
Francisco Grandas Perez (Hospital General

1340 Movement Disorders, Vol. 39, No. 8, 2024

Q U A T T R O N E E T A L

 15318257, 2024, 8, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29866 by D
eutsches Z

entrum
 Für N

eurodeg, W
iley O

nline L
ibrary on [04/09/2024]. 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



Universitario Gregorio Maranon, Madrid, Spain), Mur-
ray Grossman (Hospital of the University of Pennsylva-
nia, Philadelphia, PA, USA), Deborah Hall (Rush
University Medical Centre Chicago, IL USA), Kyoko
Hamada (Shinsapporo Neurosurgical Hospital, Sap-
poro, Japan), Kazuko Hasegawa (National Hospital
Organization Sagamihara National Hospital, Sagami-
hara, Japan), Guenter Hoeglinger (University Hospital,
LMU Munich, Munich, Germany), Lawrence Honig
(Columbia University College of Physicians and
Surgeons – Gertrude H. Sergievsky Center, New York,
NY, USA), David Houghton (Ochsner Medical Center,
New Orleans, LA, USA), Xuemei Huang (Penn State
University-Milton S. Hershey Medical Center, Hershey,
PA USA), Stuart Isaacson (Parkinson’s Disease And
Movement Disorder Center Of Boca Raton, Boca
Raton, FL, USA), Seong- Beom Koh (Korea University
Guro Hospital, Seoul, Republic of Korea), Jaime
Kulisevsky Bojarski (Hospital de la Santa Creu i Sant
Pau, Barcelona, Spain), Anthony E. Lang (Edmond
J. Safra Program in Parkinson’s Disease and the Rossy
PSP Centre, Toronto Western Hospital and the Univer-
sity of Toronto, Toronto, Ontario, Canada), Peter
Nigel Leigh (Brighton and Sussex Medical School
Trafford Centre for Biomedical Research, Brighton,
UK), Irene Litvan (University of California, Parkinson
and Other Movement Disorders Center, San Diego,
CA, USA), Juan Jose Lopez Lozano (Clinica Ruber
Internacional, Madrid, Spain), Jose Luis Lopez-Sendon
Moreno (Hospital Universitario Ramon y Cajal,
Madrid, Spain), Albert Christian Ludolph (Universitats-
und Rehabilitationskliniken Ulm, Ulm, Germany), Ma
Rosario Luquin Piudo (Clinica Universidad De
Navarra, Pamplona, Spain), Irene Martinez Torres
(Hospital la FE, Valencia, Spain), Nikolaus McFarland
(University of Florida Center For Movement Disorders
and Neurorestoration, Gainesville, FL, USA), Wassilios
Meissner (CHU De Bordeaux Parkinson Expert Centre,
IMNC Hopital Pellegrin, Bordeaux, France), Tiago
Mestre (The Ottawa Hospital – Civic Campus, University
Of Ottawa, Ottawa, Canada), Pablo Mir Rivera
(Hospital Universitario Virgen del Rocio, Sevilla, Spain),
Eric Molho (Albany Medical College, Albany, NY, USA),
Britt Mollenhauer (Paracelsus-Elena-Klinik Kassel, Kassel,
Germany), Huw R Morris (National Hospital for Neurol-
ogy and Neurosurgery, London, UK), Miho Murata
(Musashi Hospital, Kodaira-Shi, Japan), Tomokazu Obi
(National Hospital Organization – Shizuoka Institute of
Epilepsy and Neurological Disorders, Shizuoka, Japan),
Fabienne Ory Magne (Hopital Purpan – Batiment Pierre
Paul Riquet, Toulouse, France), Padraig O’Suilleabhain
(University of Texas Southwestern Medical
Center – Clinical Center For Movement Disorders, Dallas,
TX, USA), Rajesh Pahwa (The University of Kansas Med-
ical Center – Parkinson’s Disease and Movement Disorder
Center, Kansas City, KS, USA), Alexander Pantelyat (The

Johns Hopkins University, Baltimore, MD, USA), Nicola
Pavese (The Newcastle upon Tyne Hospitals NHS Foun-
dation Trust – Campus for Ageing and Vitality, Newcas-
tle upon Tyne, UK), Dmitry Pokhabov (Federal State
Budgetary Institution, Federal Siberian Scientific Clinical
Center of Federal Medical-Biological Agency, Krasno-
yarsk, Russia), Johannes Prudlo (Universitaet
Rostock – Universitaetsmedizin Rostock, Rostock,
Germany), Federico Rodriguez-Porcel (Medical University
of South Carolina, Charleston, SC, USA), James Rowe
(Cambridge University, Cambridge, UK), Joseph Savitt
(University of Maryland School of Medicine, Baltimore,
MD, USA), Alfons Schnitzler (Center for Movement Dis-
orders and Neuromodulation-University Hospital
Dusseldorf, Dusseldorf, Germany), Joerg B Schulz
(Uniklinik RWTH Aachen Medizinische Klinik III,
Aachen, Germany), Klaus Seppi (Medizinische
Universitaet Innsbruck, Innsbruck, Austria), Binit Shah
(University of Virginia Health System, Charlottesville,
VA, USA), Holly Shill (St. Joseph’s Hospital and Medical
Center/Barrow Neurology Clinics, Phoenix, AZ, USA),
David Shprecher (Banner Sun Health Research Institute,
Sun City, AZ, USA), Maria Stamelou (Hygeia Hospital,
Marousi, Greece), Malcolm Steiger (The Walton
Center – NHS Foundation Trust, Liverpool, UK), Yuji
Takahashi (Musashi Hospital, Kodaira-Shi, Japan),
Hiroshi Takigawa (Tottori University Hospital, Yonago,
Japan), Carmela Tartaglia (Toronto Western Hospital,
University Health Network Movement Disorders Centre,
Toronto, Canada), Lars Toenges (St. Josef – Hospital
Bochum, Kardiologische Studienambulanz, Bochum,
Germany), Daniel Truong (The Parkinson’s and Move-
ment Disorder Institute, Fountain Valley, CA, USA),
Winona Tse (Mount Sinai Movement Disorders Center,
New York, NY, USA), Paul Tuite (University of Minne-
sota Medical Center – Fairview – Neurology Clinic, Min-
neapolis, MN, USA), Dieter Volc (Prosenex
Ambulatoriumsbetriebs GmbH – Studienzentrum, Vienna,
Austria), Anne-Marie A Wills (Massachusetts General
Hospital Cancer Center, Boston, MA, USA), Dirk
Woitalla (St. Josef- Krankenhaus, Essen-Kupferdreh,
Essen, Germany), Tao Xie (The University of Chicago
Medicine – Center for Parkinson’s Disease and Movement
Disorders, Chicago, IL, USA), Tatsuhiko Yuasa
(Kamagaya General Hospital, Kamagaya-City, Japan),
Sarah Elizabeth Zauber (Indiana University Health
Physicians – Neurology – Indianapolis, Indianapolis, IN,
USA), Theresa Zesiewicz (University of South
Florida – Morsani College of Medicine, Tampa, FL, USA).

The DescribePSP study group:
Oliver Peters (Charité – Universitätsmedizin Berlin,

corporate member of Freie Universität Berlin and
Humboldt-Universität zu Berlin-Institute of Psychiatry
and Psychotherapy), Ersin Ersözlü (Charité – Uni-
versitätsmedizin Berlin, corporate member of Freie

Movement Disorders, Vol. 39, No. 8, 2024 1341

M R I M E A S U R E S T O T R A C K P S P A T R O P H Y P R O G R E S S I O N

 15318257, 2024, 8, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29866 by D
eutsches Z

entrum
 Für N

eurodeg, W
iley O

nline L
ibrary on [04/09/2024]. 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



Universität Berlin and Humboldt-Universität zu Berlin-
Institute of Psychiatry and Psychotherapy), Josef Priller
(Department of Psychiatry and Psychotherapy, Charité,
Charitéplatz 1, 10,117 Berlin, Germany), Eike Jakob
Spruth (Department of Psychiatry and Psychotherapy,
Charité, Charitéplatz 1, 10,117 Berlin, Germany),
Thomas Klockgether (Department of Neurology, Uni-
versity of Bonn, Bonn, Germany), Ina R. Vogt (German
Center for Neurodegenerative Diseases (DZNE), Bonn,
Germany), Annika Spottke (Department of Neurology,
University of Bonn, Bonn, Germany), Okka Kimmich
(Department of Neurology, University of Bonn, Bonn,
Germany), Elisabeth Dinter (Department of Neurology,
University Hospital Carl Gustav Carus, Technische
Universität Dresden, Dresden, Germany), Moritz
Brandt (Department of Neurology, University Hospital
Carl Gustav Carus, Technische Universität Dresden,
Dresden, Germany), Agnes Flöel (Department of Neu-
rology, University Medicine Greifswald, 17,475
Greifswald, Germany), Bitte Benennen (Department of
Neurology, University Medicine Greifswald, 17,475
Greifswald, Germany), Katharina Buerger (Institute for
Stroke and Dementia Research, University Hospital,
LMU Munich, Munich, Germany), Daniel Janowitz
(Institute for Stroke and Dementia Research, University
Hospital, LMU Munich, Munich, Germany), Sabrina
Katzdobler (Department of Neurology, University Hos-
pital of Munich, Ludwig-Maximilians-Universität
(LMU) Munich, Munich, Germany), Alexander Jäck
(Department of Neurology, University Hospital of
Munich, Ludwig-Maximilians-Universität (LMU)
Munich, Munich, Germany), Emrah Düzel (Institute of
Cognitive Neurology and Dementia Research,
Otto-von-Guericke University, Magdeburg, Germany),
Wenzel Glanz (Clinic for Neurology, Medical Faculty,

University Hospital Magdeburg, 39,120 Magdeburg,
Germany) Stefan Teipel (Department of Psychosomatic
Medicine, Rostock University Medical Center, Rostock,
Germany), Ingo Kilimann (Department of Psychoso-
matic Medicine, Rostock University Medical Center,
Rostock, Germany), Johannes Prudlo (Department of
Neurology, University Medical Centre, Rostock,
Germany), Matthis Synofzik (Department of Neurode-
generative Diseases, Hertie Institute for Clinical Brain
Research and Center of Neurology, University of
Tübingen, Tübingen, Germany), Lukas Beichert
(Department of Neurodegenerative Diseases, Hertie
Institute for Clinical Brain Research and Center of Neu-
rology, University of Tübingen, Tübingen, Germany),
Daniel C. Hoffmann (German Center for Neurode-
generative Diseases (DZNE), Bonn, Germany), Falk
Lüsebrink (Institute of Cognitive Neurology and
Dementia Research, Otto-von-Guericke University,
Magdeburg, Germany), Thomas Klockgether
(Department of Neurology, University of Bonn,
Bonn, Germany) and Günther U. Höglinger
(Department of Neurology, University Hospital,
LMU Munich, Munich, Germany).

Alzheimer’s Disease Neuroimaging Initiative (ADNI):
A complete list of ADNI investigators can be found

at: http://adni.loni.usc.edu/wp-content/uploads/how_to_
apply/ADNI_Acknowledgement_List.pdf.

Supporting Data

Additional Supporting Information may be found in
the online version of this article at the publisher’s
web-site.
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