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Table S1. Study cohort details. 

 

Abbreviations: PSP-RS = progressive supranuclear palsy - Richardson’s Syndrome; MSA = Multiple system atrophy; CBS = Cortico-

basal syndrome; PD = Parkinson’s disease. 4RTNI = 4R-Tau Neuroimaging Initiative; PPMI = Parkinson's Progression Markers 

Initiative; ADNI = Alzheimer's Disease Neuroimaging Initiative; OASIS = Open Access Series of Imaging Studies. Overall, the 

international external test cohort included 459 PSP-RS, 61 PSP variants, 57 MSA, 98 CBS, 409 PD and 525 control participants. 

  

Data 

PSP-RS 

Group 

(n=563) 

PSP variant 

Group 

(n=104) 

MSA 

Group 

(n=93) 

CBS 

Group 

(n=98) 

PD 

Group 

(n=643) 

Control 

Participant 

Group 

(N=610) 

Italian Training Cohort (n=459)       

University of Catanzaro, Italy (n=459) 93 43 30 / 208 85 

       

International external Test Cohort (n=1609)       

Gosuranemab Trial (n=157) 153 4 / / / / 

Davunetide (AL-108-231) Trial (n=144) 144 / / / / / 

Tideglusib Trial (n=9) 4 5 / / / / 

DescribePSP German cohort (n=32) 27 5 / / / / 

4RTNI (n=110) 62 9 / 39 / / 

PROSPECT-UK cohort (n=70) 23 14 17 16 / / 

University of Athens, Greece (n=277) 46 24 40 43 43 81 

PPMI (n=493) / / / / 366 127 

ADNI (n=202) / / / / / 202 

OASIS (n=115) / / / / / 115 

       

Pathologically proven cohort (n=43)       

4RTNI (n=4) 4 / / / / / 

PPMI (n=22) / / 1 / 21 / 

University of Turku, Finland (n=17) 7 / 5 / 5 / 



 

Supplemental materials undergo peer review but are not copyedited, and may include typographical errors. 

 

Table S2. Classification performances of midbrain measures in distinguishing participants with PSP from those 
with non-PSP parkinsonism. Linear measurements of midbrain (A or B) were increased in participants with 
PSP and/or decreased in those with non-PSP parkinsonism by 10% or 20% to evaluate the effect of possible 
measurement errors on classification performances. 

1a) PSP vs non-PSP                 A or B measures increased in the PSP group 

ERROR 10% A values increased by 10% B values not modified DMPI 

AUC 0.90  0.92 

ACC 0.84 - 0.87 

SENS 0.82  0.85 

SPEC 0.85  0.88 

 A values not modified B values increased by 10% DMPI 

AUC  0.88 0.93 

ACC - 0.81 0.88 

SENS  0.80 0.87 

SPEC  0.81 0.90 

    

ERROR 20% A increased by 20% B values not modified DMPI 

AUC 0.80  0.89 

ACC 0.74 - 0.83 

SENS 0.73  0.81 

SPEC 0.74  0.85 

 A values not modified B increased by 20% DMPI 

AUC  0.82 0.91 

ACC - 0.75 0.86 

SENS  0.75 0.83 

SPEC  0.76 0.88 

1b) PSP vs non-PSP               A or B measures decreased in the non-PSP group 

ERROR 10% A values decreased by 10% B values not modified DMPI 

AUC 0.89  0.92 

ACC 0.82 - 0.87 

SENS 0.81  0.85 

SPEC 0.84  0.88 

 A values not modified B values decreased by 10% DMPI 

AUC  0.87 0.93 

ACC - 0.80 0.88 

SENS  0.80 0.87 

SPEC  0.80 0.90 
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ERROR 20% A values decreased by 20% B values not modified DMPI 

AUC 0.74  0.87 

ACC 0.68 - 0.82 

SENS 0.68  0.80 

SPEC 0.67  0.84 

 A values not modified B values decreased by 20% DMPI 

AUC  0.79 0.91 

ACC - 0.72 0.86 

SENS  0.72 0.84 

SPEC  0.72 0.88 

1c) PSP vs non-PSP   A or B measures increased in PSP and decreased in non-PSP groups 

ERROR 10% A values modified by 10% in 
both PSP and non-PSP B values not modified DMPI 

AUC 0.77  0.88 

ACC 0.71 - 0.83 

SENS 0.70  0.81 

SPEC 0.71  0.85 

    

 A values not modified B values modified by 10% in 
both PSP and non-PSP DMPI 

AUC  0.80 0.91 

ACC - 0.74 0.86 

SENS  0.73 0.84 

SPEC  0.75 0.88 

    

ERROR 20% A values modified by 20% in 
both PSP and non-PSP B values not modified DMPI 

AUC 0.73  0.75 

ACC 0.68 - 0.68 

SENS 0.66  0.69 

SPEC 0.70  0.68 

    

 A values not modified B values modified by 20% in 
both PSP and non-PSP DMPI 

AUC  0.64 0.85 

ACC - 0.60 0.79 

SENS  0.62 0.77 

SPEC  0.57 0.81 
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Abbreviations: PSP = progressive supranuclear palsy; DMPI = dual-line midbrain PSP index; AUC = area under the curve; ACC = 
accuracy; SENS = sensitivity; SPEC = specificity. 
Data obtained in the whole cohort (Italian + international cohort). The PSP group included 656 participants (552 PSP-Richardson’s 
syndrome and 104 PSP variants); the non-PSP group included 802 participants (617 PD, 87 MSA, 74 CBS and 24 CBS-AD). The 
scenarios of small mistakes in the midbrain measures (A and/or B) negatively affecting the classification accuracy were explored in 
the table. In detail, we hypothesized three scenarios where measurement mistakes could have a deleterious effect on classification 
accuracy: (i) larger measures in participants with PSP, (ii) smaller measures in participants with non-PSP parkinsonism, and (iii) a 
combination of both these errors. Thus, actual A or B values were increased in PSP and/or decreased in non-PSP participants by 10% 
or 20% magnitude. These changes were performed alternatively either for A or B measure, and the DMPI was calculated after 
measurement adjustment, as specified in each table row. In all cases, the classification performances were assessed by logistic 
regression analysis including the midbrain measure, age and sex. Performance was evaluated using a stratified 5-fold cross-validation, 
repeated five times. Accuracy, sensitivity and specificity values were calculated by using a discriminating probability threshold of 50% 
(probability ≥ 50% suggestive of PSP and probability < 50% suggestive of non-PSP). As the result of averaging two measures, the 
DMPI was less sensitive to possible measurement mistakes, showing the highest AUC values in all the explored scenarios.  
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Table S3. Demographic, clinical and imaging data of the subcohort used for marker comparison. 

 Whole Cohort  Subcohort  

Data 

PSP 

Group 

(N=667) 

Non-PSP 

Group 

(N=834) 

p-value 

PSP 

Group 

(N=161) 

Non-PSP 

Group 

(N=203) 

p-value 

Sex, (Males/Females) 358 / 309 494 / 340 P=.03a 82 / 79 124 / 79 P=.06a 

Age at examination, ysb 69.1 ± 7.0 65.6 ± 8.1 P<.001c 68.3 ± 6.7 65.1 ± 8.3 P<.001c 

Disease onset, ysb 66.9 ± 6.9 62.3 ± 8.3 P<.001c 65.2 ± 6.6 62.0 ± 8.7 P<.001c 

Disease duration, ysb 3.0 ± 2.6 3.3 ± 2.1 P=.20c 3.2 ± 2.7 3.1 ± 2.8 P=.48c 

MDS-UPDRS-III scoreb 38.6 ± 15.9 25.2 ± 12.7 P<.001c 34.0 ± 13.5 24.4 ± 12.4 P<.001c 

PSPRS scoreb 36.7 ± 12.6 - - 36.2 ± 12.3 - - 

Disease subtype 
563 PSP-RS 

104 vPSP 

643 PD 

93 MSA 

74 CBS 

24 CBS-AD 

- 
135 PSP-RS 

26 vPSP 

155 PD 

23 MSA 

19 CBS 

6 CBS-AD 

- 

       

Imaging data       

DMPI, mmb 6.48 ± 1.23 9.43 ± 1.16 P<.001d 6.46 ± 1.10 9.41 ± 1.12 P<.001d 

Midbrain line, mmb - - - 13.5 ± 1.2 16.2 ± 1.3 P<.001d 

Midbrain area, mm2b - - - 75.2 ± 20.5 125.7 ± 26.3 P<.001d 

M/P area ratiob - - - 0.16 ± 0.04 0.25 ± 0.08 P<.001d 

MRPIb - - - 20.4 ± 7.1 11.3 ± 3.0 P<.001d 

MRPI 2.0b - - - 4.72 ± 2.31 1.87 ± 0.88 P<.001d 

 
Abbreviations: PD = Parkinson’s disease; MSA= Multiple System Atrophy; PSP-RS = Progressive supranuclear palsy-Richardson’s 
syndrome; vPSP = Progressive supranuclear palsy variants; MDS-UPDRS-III = Movement Disorder Society - Unified Parkinson’s 
Disease Rating Scale- part III (Motor Examination); H-Y = Hoehn and Yahr scale; PSPRS= Progressive Supranuclear Palsy Rating 
Scale. 
The sub-cohort was generated by randomly selecting around 25% of individuals from each participant group within the main cohort, 
maintaining the original balance between Italian and international cohorts. In the sub-cohort, age at onset and disease duration were 
available for 110 PSP, and 200 non-PSP participants. MDS-UPDRS-III was available for 62 PSP and 173 non-PSP participants; PSPRS 
score was available for 117 PSP participants. H-Y score was available for 81 PSP-RS, 42 vPSP, 573 PD and 19 MSA participants.  

a) Fisher’s exact test 
b) Data are expressed as mean ± standard deviation.  
c) t-tests, or Kruskal-Wallis test,  
d) ANCOVA with age and sex as covariates. 
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Table S4. ROC classification performances of the DMPI in distinguishing participants with PSP from those 
with non-PSP parkinsonism. 

Performance Metrics Italian cohort International cohort Whole cohort 

Cut-off 8.12 (8.00, 8.20) 7.97 (7.62, 8.12) 8.02 (7.97, 8.17) 

AUC 0.97 (0.96, 0.99) 0.94 (0.93, 0.96) 0.95 (0.94, 0.96) 

Accuracy 361/374, 96.52 (92.78, 97.33) 967/1084, 89.21 (87.36, 90.87) 1321/1458, 90.60 (88.96, 91.98) 

Sensitivity 131/136, 96.32 (92.65, 99.26) 461/520, 88.65 (84.04, 91.54) 593/656, 90.39 (87.80, 93.00) 

Specificity 225/238, 94.54 (91.60, 97.48) 506/564, 89.72 (86.52, 93.98) 728/802, 90.77 (88.03, 92.77) 

PPV 131/144, 90.97 (86.67, 95.59) 461/519, 88.82 (86.03, 92.87) 593/667, 88.90 (86.06, 91.12) 

NPV 225/230, 97.82 (95.73, 99.56) 506/565, 89.56 (86.32, 91.93) 728/791, 92.03 (90.10, 93.21) 

 

Abbreviations: PSP = Progressive supranuclear palsy; DMPI = dual-line midbrain PSP index; AUC = Area under the ROC Curve, 
PPV = Positive predictive value; NPV = Negative predictive value. 

The performances of DMPI (without considering age and sex) were calculated using Receiver Operating Characteristic (ROC) 
analysis. Optimal cut-offs, defined as the values with the highest sum of sensitivity and specificity (Youden’s method), and 95% 
confidence intervals, were calculated using R pROC software package with bootstrapping (n=2,000 iterations). The table shows 
numerator/denominator, performance metric and 95% confidence intervals. The Italian cohort included 136 PSP and 238 non-PSP, 
while the international cohort included 520 PSP and 564 non-PSP participants. 
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Table S5. Linear associations between midbrain measures and age or sex. 

Data 
PSP 

Group 

PD 

Group 

Control participant 

Group 

A measure – age -0.14 (P<.001) -0.45 (P<.001) -0.48 (P<.001) 

A measure – sex -0.03 (P=.38) -0.06 (P<.09) -0.04 (P<.27) 

B measure – age -0.14 (P<.001) -0.44 (P<.001) -0.44 (P<.001) 

B measure – sex -0.13 (P<.001) -0.13 (P<.001) -0.16 (P<.001) 

DMPI – age -0.15 (P<.001) -0.48 (P<.001) -0.50 (P<.001) 

DMPI – sex -0.09 (P=.02) -0.10 (P=.003) -0.12 (P<.001) 

 

Abbreviations: PSP = Progressive supranuclear palsy; PD = Parkinson’s disease; DMPI = Dual-line midbrain PSP index (calculated 
by averaging A and B measures). The table shows associations between midbrain measures and demographic variables in the whole 
cohort (Italian + international cohort, n=2068). Data are beta values (p values) of linear models with the following structure 
(midbrain measure ~ age + sex), in each group. 
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Table S6. Effect of age and sex on individual probability score of having PSP rather than non-PSP 
parkinsonism. 

 
Abbreviations: PSP = Progressive supranuclear palsy; DMPI = dual-line midbrain PSP index; yo = years old. The probability of 
having PSP rather than non-PSP parkinsonism was calculated using the logistic regression model trained on the whole cohort (Italian 
+ international), also available at https://neuroimagingunicz.github.io/mri_calc/ 
The table shows how age and sex can influence the probability scores, based on different combination of demographic variables. As 
examples, 5 DMPI values were considered, and two scenarios were hypothesized: the case where the DMPI measure was observed in 
an old man and the case where it was observed in a young woman. As observed, demographic variables have smaller effect on 
probability scores in presence of very high or low DMPI values, while they have relevant effect (see probability gap) in presence of 
intermediate DMPI values, potentially leading to changes of probability quartile or even to changes in the diagnosis prediction (PSP 
or non-PSP, always considering a discriminating threshold of 50%). Age (40 to 100 yo) and sex (male or female) may lead to change 
in the diagnosis prediction (PSP or non-PSP) for DMPI values between 7.5 and 8.5. In our cohort of 656 PSP and 802 non-PSP 
participants, DMPI values within this range were observed in 202/1458 (13.8%) of cases, demonstrating the importance of 
considering age and sex for estimating the probability of having PSP.  
  

Participant DMPI Sex and age Probability of 
PSP Prediction Probability 

quartile Probability gap 

Participant 1 6.50 
Female 45 yo 97.1% PSP 4th 

7.6% 
Male, 80 yo 89.5% PSP 4th 

Participant 2 7.25 
Female 45 yo 89.7% PSP 4th 

20.7% 
Male, 80 yo 69.0% PSP 3rd 

Participant 3 8.00 
Female 45 yo 69.4% PSP 3rd 

32.6% 
Male, 80 yo 36.8% Non-PSP 2nd 

Participant 4 8.75 
Female 45 yo 37.3% Non-PSP 2nd 

24.1% 
Male, 80 yo 13.2% Non-PSP 1st 

Participant 5 9.50 
Female 45 yo 13.5% Non-PSP 1st 

9.7% 
Male, 80 yo 3.8% Non-PSP 1st 

https://neuroimagingunicz.github.io/mri_calc/
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Table S7. Classification performances of the logistic regression models based on DMPI, age and sex in 
distinguishing participants with PSP from those with non-PSP parkinsonism in the early stages of the 
diseases. 

 
Abbreviations: PSP = Progressive supranuclear palsy; AUC = area under the curve; DMPI = dual-line midbrain PSP index. The DMPI 
performance was calculated using LR analysis including age and sex in a subset of the whole cohort (Italian + international) including 
participants at the early stage of the diseases (within 1, 2 or 3 years from the disease onset). The sample size increases as far as we 
move from left to right panels, since a broader time interval from disease onset was considered. Classification performances were 
calculated using a logistic regression model including the DMPI value as predictor, and confounding factors (age and sex). Performance 
was evaluated using a stratified 5-fold cross-validation, repeated five times. Accuracy, sensitivity and specificity were calculated by 
using a discriminating probability threshold of 50% (probability ≥ 50% suggestive of PSP and probability < 50% suggestive of non-
PSP). 
  

Performance Metrics 
PSP (n=107) vs non-PSP 

(n=153) within 1 year from 
disease onset 

PSP (n=209) vs non-PSP 
(n=353) within 2 years from 

disease onset 

PSP (n=299) vs non-PSP 
(n=496) within 3 years from 

disease onset 

Probability threshold 0.50 0.50 0.50 

AUC 0.96 (95% CI: 0.95, 0.98) 0.97 (95% CI: 0.95, 0.99) 0.96 (95% CI: 0.95, 0.97) 

Accuracy 235/260, 90.38 (85.61, 95.16) 510/562, 90.75 (85.74, 95.77) 726/795, 91.32 (89.30, 93.34) 

Sensitivity 96/107, 89.72 (83.07, 96.23) 191/209, 91.39 (84.63, 98.20) 271/299, 90.63 (85.78, 95.46) 

Specificity 139/153, 90.85 (83.30, 98.29) 319/353, 90.37 (82.50, 98.25) 455/496, 91.73 (89.04, 94.43) 
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Table S8. Classification performances of the DMPI in pairwise comparisons across the various participant 
groups 

 

 

Abbreviations: PSP-RS = progressive supranuclear palsy - Richardson’s Syndrome; MSA = Multiple system atrophy; CBS = Cortico-
basal syndrome; CBS-AD = CBS with cerebrospinal fluid Alzheimer’s profile; PD = Parkinson’s disease; DMPI = dual-line midbrain 
PSP index; AUC = area under the curve; ACC = accuracy; SENS = sensitivity; SPEC = specificity. The classification performances 

DMPI Performances 

 
PSP-RS (#552) 

vs  Controls 
(#610) 

PSP-RS (#552) 
vs PD (#617) 

PSP-RS (#87) 
vs MSA (#87) 

PSP-RS (#104) 
vs PSPV (#104) 

PSP-RS (#74) 
vs CBS (#74) 

PSP-RS (#24) 
vs CBS-AD 

(#24) 

AUC 0.97 (0.01) 0.97 (0.01) 0.91 (0.04) 0.60 (0.07) 0.77 (0.12) 0.84 (0.13) 

ACC 0.93 (0.01) 0.93 (0.01) 0.87 (0.06) 0.61 (0.07) 0.74 (0.07) 0.82 (0.14) 

SENS 0.91 (0.01) 0.92 (0.03) 0.83 (0.08) 0.58 (0.10) 0.72 (0.12) 0.77 (0.19) 

SPEC 0.95 (0.02) 0.94 (0.01) 0.91 (0.09) 0.64 (0.08) 0.76 (0.08) 0.87 (0.19) 

 

 vPSP (#104) vs  
Controls (#104) 

vPSP (#104) vs 
PD (#104) 

vPSP (#87) vs 
MSA (#87) 

vPSP (#74) vs 
CBS (#74) 

vPSP (#24) vs 
CBS-AD (#24) 

AUC 0.89 (0.04) 0.89 (0.03) 0.92 (0.04) 0.74 (0.08) 0.75 (0.15) 

ACC 0.82 (0.04) 0.82 (0.05) 0.86 (0.05) 0.69 (0.07) 0.73 (0.15) 

SENS 0.82 (0.05) 0.84 (0.05) 0.83 (0.08) 0.68 (0.13) 0.74 (0.22) 

SPEC 0.82 (0.08) 0.81 (0.08) 0.89 (0.09) 0.70 (0.04) 0.71 (0.19) 

 

 PD (#617) vs  
Controls (#610) 

PD (#87) vs MSA 
(#87) 

PD (#74) vs CBS  
(#74) 

PD (#24) vs CBS-AD 
(#24) 

AUC 0.64 (0.05) 0.58 (0.08) 0.75 (0.07) 0.65 (0.14) 

ACC 0.60 (0.04) 0.56 (0.06) 0.70 (0.08) 0.64 (0.12) 

SENS 0.62 (0.05) 0.59 (0.11) 0.70 (0.11) 0.64 (0.19) 

SPEC 0.58 (0.05) 0.54 (0.10) 0.70 (0.11) 0.64 (0.17) 

 

 MSA (#87) vs  Controls (#87) MSA (#74) vs CBS (#74) MSA (#24) vs CBS-AD (#24) 

AUC 0.67 (0.09) 0.74 (0.08) 0.60 (0.11) 

ACC 0.64 (0.08) 0.69 (0.09) 0.58 (0.08) 

SENS 0.68 (0.11) 0.61 (0.13) 0.46 (0.18) 

SPEC 0.60 (0.13) 0.77 (0.09) 0.70 (0.14) 

 

 CBS (#74) vs Controls (#74) 

AUC 0.77 (0.08) 

ACC 0.73 (0.07) 

SENS 0.75 (0.08) 

SPEC 0.70 (0.13) 
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were assessed by logistic regression analysis including the DMPI, age and sex. Performance was evaluated using a stratified 5-fold 
cross-validation, repeated five times. Accuracy, sensitivity and specificity were calculated by using a discriminating probability 
threshold of 50% (probability ≥ 50% suggestive of PSP and probability < 50% suggestive of non-PSP). To address class imbalance in 
the comparisons where one group had a sample size significantly larger than the other one, we performed a cluster-based under-
sampling procedure to match the size of the larger group with that of the smaller group, preserving the diversity and distribution of the 
original data. The under-sampling procedure was repeated ten times and the average classification performances in each comparison 
are shown in the table. 
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Figure S1. 

 

Figure S1. The figure shows boxplots of midbrain measures A (left panel) and B (right panel) across different groups (control 

participants, PD, MSA, CBS, CBS-AD, PSP-RS, vPSP) in the whole cohort (Italian + international cohort, n=2068). Each box 

represents the interquartile range, with the median shown as a horizontal line. The whiskers extend to the minimum and maximum 

values, after excluding outliers. For both midbrain measures, ANCOVA with age and sex as covariates, followed by post-hoc 

comparisons adjusted using Bonferroni correction (for 21 tests) showed significant p-value in PSP-RS vs control participants, PD, 

MSA, CBS, CBS-AD and vPSP, P<.001; vPSP vs control participants, PD, MSA, CBS and CBS-AD, P<.001; CBS vs control 

participants, PD and MSA, P<.001. No differences were observed among PD, MSA and control participant groups for both measures. 

Abbreviations: PD = Parkinson’s disease; MSA= Multiple System Atrophy; CBS = Cortico-basal syndrome; CBS-AD: CBS with 

Alzheimer’s profile in cerebrospinal fluid; PSP-RS = Progressive supranuclear palsy-Richardson’s syndrome; vPSP = Progressive 

supranuclear palsy variants. 
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Figure S2. 

 

Figure S2. Violin plots of DMPI values across different groups (PD, MSA, PSP) in the pathologically confirmed diagnosis 

cohort (11 PSP, 26 PD, 6 MSA, n=43). Each violin represents the estimated density of the values for each group, highlighting 

the median (central line in the box plot) and the variability of the data. The overlaid box plots illustrate the IQR and whiskers, 

while black dots show individual data. ANCOVA was performed with age and sex as covariates, followed by post-hoc 

comparisons adjusted using Bonferroni correction (for 3 tests), showed significant p-values in the PSP vs PD group (P<.001) 

and PSP vs MSA group (P=.04) comparisons. There was no evidence of a difference in DMPI between the PD and MSA 

groups. *P<.05, **P<.01, ***P<.001. When the logistic regression model based on the DMPI value, age and sex trained in 

the entire study cohort of 656 participants with PSP and 802 participants with non-PSP parkinsonisms (Italian + international 

cohorts) was applied to this independent cohort of participants with pathologically proven diagnoses, the model AUC was 

0.94 (95% CI: 0.86, 1.00) for distinguishing participants with PSP from participants with non-PSP parkinsonisms. With a 

probability threshold of 50%, the model showed 10/11, 90.91% sensitivity, 27/32, 84.38% specificity and 37/43, 86.05% 

accuracy. Abbreviations: DMPI = dual-line midbrain PSP index; PD = Parkinson’s disease; MSA = multiple system atrophy, 

PSP = progressive supranuclear palsy; ANCOVA = analysis of covariance; AUC = area under the receiver operating 

characteristic curve; PD-pat = pathologically confirmed Parkinson’s disease; MSA-pat = pathologically confirmed multiple 

system atrophy; PSP-pat = pathologically confirmed progressive supranuclear palsy. 
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Figure S3. 

 

Figure S3. The figure shows a significant association between DMPI values and PSP rating scale values in participants with PSP. The 

PSP group included all participants with PSP from the Italian and international cohorts with available PSP rating scale score (n=513). 

The β value and p value shown in the figure were derived from linear regression model including age and sex as covariates. 

Abbreviations: PSP = progressive supranuclear palsy; DMPI = dual-line midbrain PSP index. 
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Figure S4. 

 

Figure S4. The figure shows violin plots of DMPI values across different PSP variants in the whole cohort (n=104). The panel on the 

left (A) shows data of “cortical” and “subcortical” variant groups, where the former included PSP-CBS, PSP-F and PSP-SL, and the 

latter included PSP-P and PSP-PGF. The panel on the right (B) shows data of all PSP subtypes in our cohort. Each violin represents the 

estimated density of the values for each group, highlighting the median (central line in the box plot) and the variability of the data. The 

overlaid box plots illustrate the interquartile range and whiskers, while black dots show individual data. In the panel A, ANCOVA 

(covariates: age, sex) showed P=.03. In the panel B, ANCOVA (covariates: age, sex) followed by post-hoc comparisons adjusted using 

Bonferroni correction (for 10 tests) showed lower values in PSP-F than in PSP-CBS (P=.008), PSP-P (P=.002) and PSP-PGF (P=.03). 

*P<.05, **P<.01, ***P<.001. Abbreviations: DMPI = dual-line midbrain PSP index; PSP = Progressive supranuclear palsy; PSP-CBS 

= PSP with predominant cortico-basal syndrome; PSP-F = PSP with predominant frontal presentation; PSP-SL = PSP with predominant 

speech/language disorder; PSP-P = PSP with predominant parkinsonism; PSP-PGF = PSP with progressive gait freezing. 
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Figure S5. 

 

Figure S5.  Logistic Regression model to distinguish participants with PSP from those with non-PSP parkinsonism in the whole cohort 

of 656 PSP and 802 non-PSP participants (Italian + international cohorts). The upper panel (A) shows the sigmoid with the probability 

of having PSP rather than non-PSP parkinsonian syndromes based on the linear predictor, and the corresponding mathematical function 

to calculate this probability in clinical practice using DMPI, age and sex of the subject. The bottom panel (B) shows the classification 

performance of the LR model in cross-validation in the whole cohort. In details, the model showed AUC: 0.95 (95%CI: 0.93, 0.97), 

and the other metrics were accuracy: 1315/1458, 90.19 (95%CI: 88.38, 92.00), sensitivity: 586/656, 89.33 (95%CI: 84.43, 94.22), 

specificity: 729/802, 90.90 (95%CI: 89.10, 98.06), calculated by using a discriminating probability threshold of 50% (probability ≥ 

50% suggestive of PSP and probability < 50% suggestive of non-PSP). Abbreviations: PSP = Progressive supranuclear palsy, DMPI = 

Dual-line midbrain PSP index; AUC = area under the curve. 
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Figure S6. 

 

Figure S6.  Logistic Regression model to distinguish participants with PSP from control participants in the whole cohort of 656 PSP 

and 610 control participants (Italian + international cohorts). The upper panel (A) shows the sigmoid with the probability of having 

PSP rather than being a control participant based on the linear predictor, and the corresponding mathematical function to calculate this 

probability in clinical practice using DMPI, age and sex of the subject. The bottom panel (B) shows the classification performance of 

the LR model in cross-validation in the whole cohort. In details, the model showed AUC: 0.96 (95%CI: 0.95, 0.97), and the other 

metrics were accuracy: 1158/1266, 91.47 (95%CI: 89.22, 93.71), sensitivity: 586/656, 89.33 (95%CI: 88.66, 90.00), specificity: 

572/610, 93.77 (95%CI: 89.48, 98.06), calculated by using a discriminating probability threshold of 50% (probability ≥ 50% suggestive 

of PSP and probability < 50% suggestive of control participant). Abbreviations: PSP = Progressive supranuclear palsy, DMPI = Dual-

line midbrain PSP index; AUC = area under the curve. 
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Appendix S1 

In the current study, we analysed MRI data from multiple subject cohorts. MRI scans were acquired under 

various broader research protocols at the different institutions, within the context of the baseline visit 

procedures in clinical trials, or within specific data acquisition protocols for international data collection 

initiatives (i.e. ADNI, PPMI, 4RTNI), as described below. The MRI measurements investigated in this work 

were prospectively performed on the MR DICOM images between September 2024 and March 2025 for the 

specific aim of the current study. 

 

Participant cohorts 

University of Catanzaro (Italy) 

Participants (n=374) were consecutively recruited between January 2012 and June 2024 at the Movement 

Disorder Center of the University of Catanzaro, Italy. The cohort enrolled at this site included 136 participants 

with progressive supranuclear palsy (PSP), including 93 PSP-Richardson’s syndrome (PSP-RS) and 43 PSP 

variants (35 PSP-parkinsonism [PSP-P], 3 PSP with predominant gait freezing [PSP-PGF], 3 PSP-corticobasal 

syndrome [PSP-CBS], 2 PSP-speech language [PSP-SL]), 30 MSA (17 MSA-cerebellar type [MSA-C], 13 

MSA-parkinsonian type [MSA-P]), 208 Parkinson’s disease (PD) and 85 control participants. The clinical 

diagnoses were performed by movement disorder specialists using international clinical diagnostic criteria (1-

4). Participants with PSP enrolled before 2017 were diagnosed according to the National Institute of 

Neurological Disorders and Stroke and Society for PSP (NINDS- SPSP) criteria (5) and were retrospectively 

reclassified according to recent Movement Disorder Society (MDS) diagnostic criteria for possible or probable 

PSP (1). Control participants (n=85) were individuals aged above 50 years, independent in daily life activities, 

without clinical evidence of neurodegenerative or psychiatric disorders. All participants underwent a 

neurological examination including the MDS – sponsored revision of the Unified Parkinson’s Disease Rating 

Scale part III (MDS-UPDRS-III) (6) in off-state and the Hoehn and Yahr (H-Y) rating scale, and the PSP rating 

scale (7) in participants with PSP. All study participants underwent a brain 3T MRI examination with either a 

3T MR750 General Electric scanner (Discovery MR-750, GE, Milwaukee, WI, USA) with an 8-channel head 

coil (n = 407) or a hybrid 3T PET-MR scanner (Biograph mMR, Siemens Healthcare, Erlangen, Germany) 
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using a 16-channel PET-transparent head/neck coil (n = 52; 8 PSP, 30 PD, 5 MSA, 9 control participants), 

including 3D T1-weighted images. For the MR-750 GE scanner the protocol included a 3D T1-weighted 

volumetric spoiled gradient echo (BRAVO, sagittal planes; repetition time/echo time 9.2/3.7 milliseconds; 

voxel size: 1.0 mm; slice thickness: 1.0 mm, frequency and phase encoding matrix 256 x 256; flip angle 12°; 

field of view 256 mm). For the SIEMENS scanner, the protocol included a 3D T1-weighted magnetization-

prepared rapid acquisition gradient-echo sequence (MPRAGE, sagittal planes, phase encoding matrix 256 × 

248, voxel size 1.0 mm, slice thickness: 1.0 mm. repetition time/echo time 2300/2.34 milliseconds, flip angle 

8°, field of view 256 mm). 

 

Gosuranemab Trial (NCT03068468) 

In the NCT03068468 trial, participants with PSP were recruited at 90 centres across 13 countries (Australia, 

Austria, Canada, Germany, Spain, France, the United Kingdom, Greece, Italy, Japan, South Korea, Russia and 

the United States), between April 2017 and September 2019 (8). Participants were assigned to receive either 

gosuranemab (formerly BMS-986168 / IPN007 / BIIB092) or placebo for 52 weeks. Relevant inclusion criteria 

were: (i) age between 41-86 years and body weight 43–120 kg; (ii) history of postural instability or falls during 

the first 3 years from disease onset, vertical supranuclear gaze palsy or slow velocity of vertical saccades, and 

an akinetic-rigid syndrome; (iii) have PSP symptoms for less than 5 years; (iv) be able to ambulate 

independently or with limited assistance; (v) have a mini-mental state examination (MMSE) score of at least 

20; (vi) live outside a nursing home or dementia care facility; (vii) no other notable neurological or psychiatric 

disorders including Alzheimer’s disease, dementia with Lewy bodies, prion disease, Parkinson’s disease, 

hydrocephalus or clinically relevant cerebrovascular disease. Available clinical information extracted from the 

study database included age, sex, age at onset, disease duration and PSP rating scale (7). MRI data were 

collected on 1.5T or 3T scanners with magnetization prepared 3D T1-weighted sequences 1.0 x 1.0 x 1.2 mm 

isotropic voxels acquired following the Alzheimer’s Disease Neuroimaging Initiative 

(https://adni.loni.usc.edu) recommendations for volumetric analysis. The placebo arm of the trial included 158 

participants with PSP with available MRI. One participant was excluded due to poor quality MR images, and 
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157 participants were included in the study. Among these, 153 had clinical scores consistent with the PSP-RS, 

while 4 participants had no falls or postural instability and were reclassified as PSP-P. 

 

Davunetide (AL-108-231) Trial (NCT01110720) 

In the NCT01110720 trial, participants with PSP were recruited at 48 centres across 6 countries (Australia, 

Canada, France, Germany, the United Kingdom, and the United States), between September 2010 and 

November 2012 (9). Participants were randomly assigned in a 1:1 ratio to davunetide or placebo for 52 weeks. 

Relevant inclusion criteria were: (i) age at disease onset between 41-85 years; (ii) at least a 12-month history 

of postural instability or falls during the first 3 years from disease onset, supranuclear ophthalmoplegia or 

reduced downward saccade velocity, and prominent axial rigidity; (iii) have PSP symptoms for either less than 

5 years, or more than 5 years with a PSPRS score or no more than 40; (iv) be able to ambulate independently 

(or walk 5 steps with minimal assistance); (v) have a MMSE score of at least 15; (vi) live outside a nursing 

home or dementia care facility. Available clinical information extracted from the study database included age, 

sex and PSP rating scale (7). MRI data were collected on 1.5 or 3T scanners with magnetization prepared 3D 

T1-weighted sequences 1.0 x 1.0 x 1.0 mm isotropic voxels acquired following the Alzheimer’s Disease 

Neuroimaging Initiative (https://adni.loni.usc.edu) recommendations for volumetric analysis. The placebo arm 

of the trial included 144 participants with PSP-RS, and all of them were included in this study. 

 

Tideglusib Trial (NCT01049399) 

In the NCT01049399 trial, participants with PSP were recruited at 24 centres across 4 countries (Germany, 

Spain, the United Kingdom and the United States), between December 2009 and November 2011 (10). 

Participants were randomly assigned to tideglusib 600 mg, tideglusib 800 mg or placebo with a 2:2:1 ratio for 

52 weeks. Relevant inclusion criteria were: (i) age at disease onset between 40 and 85 years; (ii) fulfilling 

possible or probable NINDS- SPSP criteria; (iii) Mild-to-moderate stage of disease severity according to score 

of 1 to 4 in Golbe Staging System; (iv) Brain MRI examination within 24 months before baseline visit 

excluding other potential causes of parkinsonism, especially cerebrovascular lesions and space occupying 
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lesions. Available clinical information extracted from the study database included age, sex, age at onset, disease 

duration and PSP rating scale (7). MRI data were collected on 1.5 or 3T scanners with magnetization prepared 

3D T1-weighted sequences 1.0 x 1.0 x 1.0 mm isotropic voxels acquired following the Alzheimer’s Disease 

Neuroimaging Initiative (https://adni.loni.usc.edu) recommendations for volumetric analysis. The placebo arm 

of the trial included 32 participants with PSP, of whom 9 had available brain MRI (4 PSP-RS and 5 PSP-P). 

All of them were included in this study. 

 

DescribePSP Network cohort 

DescribePSP (DZNE Clinical Register Study of Neurodegenerative Disorders - PSP) is a large German 

multicentre research network set up in 2015 organized by the German Centre for Neurodegenerative Diseases 

(DZNE), prospectively collecting comprehensive clinical data, imaging data and biomaterials of participants 

with PSP (11). Participants with a clinical diagnosis of PSP according to the MDS diagnostic criteria (1) were 

consecutively enrolled in the observational DescribePSP study at 11 tertiary care centres with expertise in 

movement disorders, in Berlin, Bonn, Dresden, Gottingen, Greifswald, Hanover, Cologne, Magdeburg, 

Munich, Rostock, and Tubingen. Available clinical information included age, sex, age at onset, disease duration 

and PSP rating scale (7). MRI data were collected on 3T scanners acquired following the Alzheimer’s Disease 

Neuroimaging Initiative (https://adni.loni.usc.edu) recommendations for volumetric analysis. As per data 

collection in August 2022, the cohort included 37 participants with PSP with available MRI, who were enrolled 

between August 2016 and October 2021. Among these, 5 participants only fulfilled criteria for “suggestive of 

PSP” condition and were excluded (in the “diagnostic concerns” category in Figure 1. All the remaining 32 

participants were included in this study. 

 

PROSPECT-UK cohort 

The PROSPECT study natural history cohort is an observational longitudinal study enrolling participants at 7 

UK sites (University College London [UCL], Oxford, Cambridge, Newcastle, Brighton, Newport, and 

Manchester), starting in 2015 (12). Participants entering the study were diagnosed as PSP following the 
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NINDS-SPSP criteria (5) and reclassified at the end of baseline recruitment according to current MDS PSP 

criteria (1). All reclassified PSP cases fulfilled at least “possible” diagnostic criteria and were stratified into 

PSP-RS, PSP-subcortical, and PSP-cortical groups. The PSP-subcortical group included cases with PSP-P, 

PSP- with progressive gait freezing (PSP-PGF), and PSP-oculomotor (PSP-OM); the PSP-cortical group 

included PSP with predominant cortico-basal presentation (PSP-CBS) and PSP with predominant frontal 

presentation (PSP-F). Participants with CBS were diagnosed following the Armstrong criteria (4). Participants 

with MSA were diagnosed following the revised Gilman criteria and stratified into MSA-C and MSA-P 

subgroups (3). Participants with progressive movement or cognitive disorders, thought to have atypical 

parkinsonian syndromes but not meeting any of the above diagnostic criteria, were classified as indeterminate 

(IDT) cases. Available clinical data included age, sex, age at onset, disease duration and appropriate clinical 

scores (PSP rating scale, MDS-UPDRS-III scale, Unified Multiple System Atrophy Rating Scale [UMSARS] 

(13)) were extracted from the study dataset. PROSPECT participants underwent brain MRI with volumetric 

T1-weighted images on 3T scanners (Siemens, Prisma, or TRIO) at UCL, Cambridge or Oxford center. Scan 

protocols were designed based on the international Genetic Frontotemporal Dementia Initiative protocols 

(MPRAGE, repetition time: 2 s, echo time: 2.93 ms, Flip angle 8°, 1.1mm isotropic). A subset of participants 

with CBS underwent cerebrospinal fluid (CSF) analysis, and AD biomarkers including CSF total tau (T-tau) 

and β-amyloid 1-42 (Aβ1-42) levels (INNOTEST ELISA – Fujirebio Europe N.V., Gent, Belgium) were 

investigated at the UK Dementia Research Institute Fluid Biomarker Laboratory, University College London, 

London, UK. Participants with CBS showing a T-tau / Aβ1-42 ratio > 1 were defined as having CBS with 

likely underlying AD pathologic features (CBS-AD), and those with this ratio < 1 were defined as CBD-4RT 

because they are likely to have underlying 4R tauopathy (12). Data of all participants with available brain MRI 

were queried to PROSPECT investigators and obtained in February 2024. The whole dataset included 89 

participants with available brain MRI, who were enrolled between July 2015 and May 2019. Among these, 

four participants were excluded because of missing basic demographic and clinical information, 9 participants 

were excluded because of a IDT diagnosis, 3 participants were excluded for diagnostic concerns based on 

conflicting information and 3 participants were excluded because of poor quality MRI with motion artifacts. 

Thus, 70 participants were included in this study, stratified as follows: 23 PSP-RS, 14 PSP variants (8 cortical 
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and 6 subcortical), 17 MSA (6 MSA-C, 8 MSA-P and 3 MSA-indeterminate) and 16 CBS participants (4 CBS-

AD, 4 CBS-4RT and 8 CBS-indeterminate). 

 

University of Athens cohort 

Participants (n=196) were consecutively recruited at the University of Athens, Greece between January 2014 

and December 2023. The clinical diagnoses were performed by movement disorder specialists using 

international clinical diagnostic criteria (1-4). The cohort enrolled at this site included 46 participants with 

PSP-RS, 24 PSP variants (11 PSP-CBS, 7 PSP-F, 4 PSP-SL, 1 PSP-P, 1 PSP-PGF), 40 MSA (24 MSA-C, 16 

MSA-P), 43 CBS and 81 control participants. All PSP cases fulfilled possible or probable diagnostic criteria 

for PSP (1). Control participants (n=81) were individuals aged ≥ 50 years, with no history of neurological, 

psychiatric, or other major disease and no signs of parkinsonism or cognitive dysfunction. All participants 

underwent a neurological examination including the Unified Parkinson’s Disease Rating Scale part III 

(UPDRS-III) (14). The UPDRS-III scores extracted from the study dataset were converted into the MDS-

UPDRS-III scores as previously suggested (15) to merge data with those from other cohorts. Moreover, the 

PSP rating scale (7) was employed to evaluate participants with PSP and the UMSARS (13) to evaluate those 

with MSA diagnosis. All participants underwent a brain MRI examination either at our institution with a Philips 

Medical Systems Achieva 3.0 T scanner (233 subjects) or at other sites with 1.5T or 3T scanners (26 subjects 

with 1.5T and 18 subjects with 3T). A subset of participants with CBS underwent CSF analysis, and AD 

biomarkers including CSF total tau (T-tau), Phospho-Tau 181 (pTau181), beta-Amyloid 1–40 (Aβ40) and 1-

42 (Aβ42) levels were measured by double sandwich, enzyme-linked immunosorbent assay (ELISA) in 

duplicate with commercially available kits ELISA kits from EUROIMMUN, based on the manufacturer’s 

instructions, using the EUROIMMUN Analyzer I (EUROIMMUN, Medizinische Labordiagnostika AG, 

Lübeck, Germany), as previously described (16). CBS participants with abnormal Aβ42, Aβ42/Aβ40, and 

phospho-Tau levels were considered to have concomitant underlying AD pathology (CBS-AD). The following 

local cut-off values of the Neurochemistry and Biomarkers Unit were employed (Aβ42 < 480 pg/mL; total Tau 

> 400 pg/mL, phospho-Tau > 60 pg/mL Aβ42/Aβ40 ratio < 0.094), as previously reported (16-17). 
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University of Turku cohort 

This cohort included a retrospective set of 20 individuals with pathologically proven PSP (n=8), MSA (n=5) 

or PD (n=7), who underwent clinical assessment and brain MRI between June 2006 and November 2019. 

Available data extracted from medical charts included age, sex, age at onset and disease duration at MRI. Three 

participants were excluded due to severe motion artifacts on MR images, thus the final cohort included 7 PSP, 

5 MSA and 5 PD participants. 

 

4R-Tau Neuroimaging Initiative (4RTNI) cohort 

The 4R-Tau Neuroimaging Initiative, 4RTNI (details at https://4rtni-ftldni.ini.usc.edu/ and 

https://ida.loni.usc.edu/home/projectPage.jsp?project=4RTNI) is an observational American study enrolling 

participants with Progressive Supranuclear Palsy or Cortico-basal Syndrome (CBS) aged between 45 and 90 

years old. It was funded through the National Institute of Aging and The Tau Research Consortium. The 

primary goal of 4RTNI was to identify neuroimaging and biomarker indicators for disease progression in the 

4-repeat tauopathy neurodegenerative diseases, progressive supranuclear palsy (PSP) and cortico-basal 

degeneration (CBD). Participants with PSP were diagnosed according to the possible or probable National 

Institute of Neurological Disorders and Stroke and Society for PSP (NINDS- SPSP) criteria (5) and were 

classified as PSP-RS. Available clinical data extracted from the study dataset included age, sex, age at onset, 

disease duration and PSP rating scale (7). Participants underwent brain MRI with 3T scanners (GE Signa HDxt, 

GE Discovery MR750 or SIEMENS TrioTim) with the protocol including T1-weigthed 3D images (sagittal 

planes, slice thickness 1.0 for SIEMENS and 1.2 for GE scanners). A subgroup of participants underwent post-

mortem pathological diagnostic confirmation. The data is the result of collaborative efforts at two sites in North 

America: San Francisco, California, USA and Baltimore, Maryland, USA. 

(https://clinicaltrials.gov/study/NCT01804452).  

All available data of 4RTNI participants at baseline were selected, resulting in 127 subjects. After excluding 

subjects with “other” diagnosis, 120 participants (72 PSP and 48 CBS) were identified. Among these subjects, 

4 participants with PSP had no available MRI and 2 participants with PSP had poor quality MRI, not allowing 

to perform reliable measurements. Among the participants with CBS, 9 subjects had high (≥5/16) PSP rating 

https://clinicaltrials.gov/study/NCT01804452
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scale ocular scores, reflecting at least mild ocular motor dysfunction, thus were re-classified as PSP-CBS, in 

agreement with the most recent diagnostic criteria for PSP, which operationalized the diagnosis of several PSP 

variants (1). Thus, a total of 75 participants with PSP (66 PSP-RS and 9 PSP variants) and 39 participants with 

CBS enrolled between March 2011 and September 2014 were included in this study. No information on 

Alzheimer’s disease biomarkers in CBS participants were available for this cohort. 

 

Parkinson’s Progression Markers Initiative (PPMI) cohort 

The PPMI is an ongoing, observational, international study aimed at identifying blood, cerebrospinal fluid, 

genetic, and imaging biomarkers for PD progression (18). PD and control participants at baseline visit aged ≥ 

50 years with available 3T brain MRI and 3D T1-weighed images acquired on sagittal plane with voxel size 

and slice thickness of 1.0 mm were selected from the PPMI dataset. Available clinical information extracted 

from the PPMI dataset included age, sex, age at disease onset, disease duration, MDS-UPDRS-III score 

performed in OFF- state and H-Y score. Detailed information on the PPMI MRI protocol is available at 

http://www.ppmi-info.org. Data were downloaded from the PPMI database in July 2024, resulting in 375 

participants with PD and 127 control subjects fulfilling inclusion criteria, enrolled between July 2012 and May 

2024. Nine participants with PD were excluded due to diagnostic concerns (diagnosis varied across visits), 

thus the PPMI cohort included 366 PD and 127 control participants. In addition, all participants with available 

neuropathological post-mortem diagnostic confirmation and brain MRI were selected, resulting in 24 subjects. 

Two participants were excluded due to alternative diagnoses (one had cerebrovascular disease with no Lewy 

body pathology, and another had no brain diseases). Thus, 22 participants were included (21 with a 

pathologically proven PD and one with a neuropathological diagnosis of MSA). 

 

Alzheimer's Disease Neuroimaging Initiative (ADNI) cohort 

The ADNI was launched in 2003 as a public-private partnership, led by Principal Investigator Michael W. 

Weiner, MD (19). The primary goal of ADNI has been to test whether serial magnetic resonance imaging 

(MRI), positron emission tomography (PET), other biological markers, and clinical and neuropsychological 
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assessment can be combined to measure the progression of mild cognitive impairment (MCI) and early 

Alzheimer’s disease (AD). Control participants at baseline visit aged ≥ 50 years with available 3T brain MRI 

and 3D T1-weighed images acquired on sagittal plane with voxel size and slice thickness of 1.0 mm were 

selected from the ADNI dataset. Detailed information on the ADNI MRI protocol is available at 

https://adni.loni.usc.edu. Data were downloaded from the ADNI database in July 2024, resulting in 202 control 

participants fulfilling inclusion criteria, who were enrolled between August 2006 and September 2024. 

 

Open Access Series of Imaging Studies - 3 (OASIS-3) cohort 

OASIS-3 is a retrospective compilation of data for 1378 participants that were collected across several ongoing 

projects through the WUSTL Knight ADRC over the course of 30 years, including brain MRI and PET data 

(20). Participants include 755 cognitively normal adults and 622 individuals at various stages of cognitive 

decline ranging in age from 42-95yrs. A total of 115 control participants aged ≥ 50 years with available 3T 

brain MRI and 3D T1-weighed images were randomly selected from the OASIS-3 dataset and included in the 

study. These subjects were enrolled in OASIS-3 between October 2017 and February 2022. 

 

Statistical analysis 

Data normality was assessed using the Shapiro-Wilk test. Demographic and clinical information (age, sex, 

disease severity) were compared using Fisher’s test, analysis of variance (ANOVA), Kruskal-Wallis test, t-test 

or Wilcoxon rank sum test, as appropriate. Imaging data (A, B and DMPI values) were compared across groups 

using ANCOVA with age and sex as covariates. In all primary (PSP vs non-PSP and PSP vs control participants) 

and secondary comparisons (pairwise comparison among all study subgroups), p values were corrected for the 

number of tests in the analysis (Bonferroni correction). Associations between imaging and clinical data were 

investigated using multivariate linear regression models including age and sex. All tests were two-tailed, with 

the significance threshold set at α = 0.05. P values were corrected according to Bonferroni. The percentage 

difference for A and B midbrain measures in participants with PSP was calculated as follows: 

%diffx = (xPSP - µxControls)/ µxControls 
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Where x was the measure of interest, xPSP was the x value of each individual PSP participant and µxControls 

was the mean of x in the control participant group. The coefficient of variation for imaging measures was 

calculated as the ratio between its standard deviation and its mean in the PSP group, as follows: 

Coeff.varx = σxPSP / µxPSP 

Where x was the measure of interest, σxPSP was the standard deviation of x in the PSP group and µxPSP was 

the mean of x in the PSP group. 

To evaluate the reliability of the proposed manual midbrain measurement, intra-rater and inter-rater reliability 

was assessed. Intraclass correlation coefficients (ICCs) were calculated both for inter-rater and intra-rater 

reliability (one rater performed the measurements twice with a time interval of around two weeks) using 2-

way random-effects ICCs for absolute agreement based on single measurements, in a subset of 150 MR images 

(50 PSP, 50 PD, 50 control participants). 

The performance of DMPI values (without considering age and sex) in distinguishing participants with PSP 

from those with non-PSP parkinsonism and control subjects were investigated using standard Receiver 

Operating Characteristic (ROC) analysis, as commonly performed in biomarker studies. Optimal cut-offs, 

defined as the values with the highest sum of sensitivity and specificity (Youden’s method), and 95% 

confidence intervals, were calculated using R pROC software package with bootstrapping (n=2,000 iterations). 

This method was also used to investigate the performance of DMPI and other MRI planimetric or linear 

measures in distinguishing participants with PSP from those with non-PSP parkinsonism in a subset of the 

study cohort (see paragraph below). Reliability and performance metrics were evaluated as follows: ≥0.90 

Excellent, 0.75–0.89 Good, 0.60–0.74 Moderate, <0.60 Poor). Statistical analyses were performed using R 

statistical software (R for Unix/Linux, version 4.0.4, the R Foundation for Statistical Computing, 2021). 

 

Comparison between the DMPI and other planimetric or linear measures in distinguishing participants with 

PSP from those with non-PSP parkinsonism. 

We compared the DMPI with other previously described measures, including a midbrain line, midbrain area, 

midbrain-to-pons (M/P) area ratio, Magnetic Resonance Parkinsonism Index (MRPI) and MRPI 2.0. All these 
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measures were performed in a sub-cohort of 161 PSP and 203 non-PSP participants, which was created by 

randomly selecting around 25% of individuals from each participant group within the main cohort, maintaining 

the original balance between Italian and international datasets. The midbrain line was performed manually by 

the same neuroradiology technician who performed the DMPI measures in all study participants (I.C.). It was 

measured on midsagittal T1-weighted MR images as the maximum anteroposterior midbrain diameter, 

including the quadrigeminal plate, according to the original description (21). The planimetric measures 

(midbrain area, M/P area ratio, MRPI, MRPI 2.0) were performed automatically using a previously described 

in-house algorithm (22-25). The algorithm was previously developed using R2017a MATLAB software, and 

it is based on several consecutive operator-independent procedural steps (22-25). In brief, T1-weighted 

structural MRI images are normalized into Montreal Neurological Institute (MNI) template using FSL software 

(FMRIB Software Library). Intensity normalization is performed with FreeSurfer software package. The 

algorithm identifies automatically the mid-sagittal plane using anatomical landmarks as the slice with the 

maximal expansion of the Sylvius aqueduct, and the midbrain and pons are automatically segmented on the 

mid-sagittal image to obtain midbrain area and pons area (22-23). Parasagittal images exposing the left and 

right middle cerebellar peduncles are generated and the MCP width is automatically measured on consecutive 

sagittal slices, and averaged. A volumetric slab of 40 mm (0.5-mm section thickness) tangent to the floor of 

the fourth ventricle is generated to expose the SCPs, and the left-to-right width of both SCP is automatically 

measured on two consecutive images, and averaged (22-24). Finally, reformatted volumetric slab (including 

35 slices each with 1 mm thickness) parallel to the subcallosal line is automatically generated to expose several 

axial views of the third ventricle and the frontal horns of the lateral ventricles. The algorithm identifies the 

slice with the largest third ventricle expansion and calculates the third ventricle width as the mean of six 

automated linear measures. The frontal horns’ width is measured as the largest left-to-right distance between 

the lateral borders of frontal horns on 15 consecutive axial slices, and the largest measure is selected (25). 

MRPI and MRPI 2.0 indexes are calculated as follows: 

MRPI = (pons area / midbrain area) * (MCP width / SCP width) (24) 

MRPI 2.0 = MRPI * (third ventricle width / frontal horns’ width) (25) 
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The performance and 95% CIs of each marker was investigated in differentiating participants with PSP from 

those with non-PSP parkinsonism using ROC analysis with bootstrapping (n=2,000 iterations), using the pROC 

package in R software. Confidence intervals were calculated using DeLong method. The classification 

performances between the DMPI and each other planimetric or linear marker were compared using the De 

Long test, in the participant group where both the DMPI and the other considered marker was available (paired 

test). Optimal cut-offs were identified as the values with the highest sum of sensitivity and specificity (Youden 

method). Beyond ROC performances, we employed a two-cutoffs approach and compared the percentage of 

participants with measures in a possible “grey zone” for each marker (defined as the range between the cut-off 

corresponding to 95% sensitivity and that corresponding to 95% specificity), as common practice in recent 

biomarker studies (26-27). A smaller percentage of cases in the grey zone means a lower number of uncertain 

results, and thus a more powerful marker. 

 

Logistic regression models 

The main outcome measure was the classification performance of the DMPI in distinguishing participants with 

PSP from those with non-PSP parkinsonism and control participants. To this aim, we employed a multivariate 

logistic regression (LR) classifier including the DMPI value as predictor, and confounding factors (age and 

sex). Age and sex were included since these variables showed significant associations with imaging midbrain 

measures. Separate models for the PSP vs non-PSP and for the PSP vs control participant comparisons, the 

former to provide accuracy of the model in a clinical scenario (where control participants are typically absent), 

and the second as “reference” comparison in distinguishing the disease of interest from healthy subjects. The 

LR models were trained using standard default parameters to calculate the intercept and the predictors’ 

coefficients to maximize classification accuracy, and the models’ performances were then evaluated using area 

under the ROC curve (AUC), accuracy, sensitivity, specificity and positive and negative predictive value 

metrics in cross-validation or in independent test sets. Confidence intervals for AUC in cross-validation were 

calculated as follows:  

95% CI = m - 1.96 × s/sqrt(N), m + 1.96 × s/sqrt(N) 
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where N is the number of cross-validation iterations, and m and s are the mean and the standard deviation of 

AUC values, respectively. A common practice to calculate the performance of classifiers is to identify the 

optimal cut-off (i.e. by Youden index); the "optimal cut-off", often variable across cohorts, however, might be 

not easily interpretable in this context. The LR model assign to each participant an individual probability score 

of having PSP rather than the other condition (non-PSP or control participants); thus, we employed a more 

intuitive approach by using a fixed discriminating probability threshold (cut-off) of 50% in all study analyses 

to calculate sensitivity, specificity and accuracy metrics (where a score ≥50% means that the subject is more 

likely to have PSP, and a score below this threshold is suggestive of non-PSP or control participant). First, we 

performed a stratified 5-fold cross-validation (repeated five times) to investigate the performance in the 

training set (Italian cohort, n=459; 136 PSP, 238 non-PSP 85 control participants). Hyperparameter 

optimization was performed in cross-validation procedure using RandomizedSearchCV, involving the 

following parameters: exploring regularization strength (C) [0.001, 0.01, 0.1, 1, 10, 100], penalty type [l1 or 

l2], and solver [liblinear or saga]. Class weight was set to "balanced," and the maximum number of iterations 

was fixed at 100,000 to guarantee convergence. Subsequently, we validated the performance of the best model 

in the independent external test set (international cohort, n=1609; 520 PSP, 564 non-PSP, 525 control 

participants). 

Then, to build a reliable classifier to be used in routine practice, we leveraged our whole participant cohort 

(Italian + international cohort: 656 PSP, 802 non-PSP, 610 control participants); the classification performance 

of the LR models for “PSP vs non-PSP” and “PSP vs control participants” comparisons in this large 

international cohort were assessed through cross-validation procedure, as described above. In addition, this 

model was tested in a small independent external test set of participants (n=43) with pathologically proven 

diagnoses of PSP, PD or MSA. The LR model based on DMPI, age and sex assigned to each participant the 

probability score of having PSP rather than a non-PSP parkinsonian syndrome (or control participants). The 

individual probability score could be easily calculated using the regression-derived mathematical functions for 

the PSP vs non-PSP or the PSP vs control participant LR classifiers, which are provided in the results. 

Moreover, to further simplify the use of this tool in routine imaging examination, we developed a calculator 

based on the PSP vs non-PSP model available free of charge on github, at 

https://neuroimagingunicz.github.io/mri_calc/ website. 

https://neuroimagingunicz.github.io/mri_calc/
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The classification performance of LR models based on DMPI, age and sex in distinguishing PSP from non-

PSP parkinsonism were then investigated in a sub-cohort of participants at the early stage of the diseases 

(within 1, 2 or 3 years from the disease onset), in cross-validation. Finally, comprehensive analyses were 

performed to calculate DMPI classification performances (in LR models) in distinguishing pairwise across all 

participant subgroups. To address class imbalance due to some groups having a sample size significantly larger 

than others, we employed a cluster-based under-sampling strategy to create balanced datasets while preserving 

the diversity and distribution of the original data. This approach involved clustering the larger class into 

representative subsets and subsequently sampling a fixed number of subjects from each cluster. This approach 

ensured that the model performance was not biased toward the overrepresented class, resulting in more reliable 

results. The under-sampling strategy was repeated ten times and the average classification performances in 

each comparison were calculated through cross-validation procedure. All logistic regression model analyses 

were conducted in Python 3.9 using the scikit-learn library (version 1.0.1). 

 

 

Appendix S2: Supplementary Results 

Dual-line Midbrain PSP Index (DMPI) 

We traced two different linear midbrain measurement (Figure 1): the line A to assess midbrain body atrophy, 

and the line B to assess the atrophy of the anterior midbrain part extending into the mesencephalic beak. This 

new measure ([A+B]/2) was termed Dual-line Midbrain PSP Index (DMPI) and showed a coefficient of 

variation in PSP only slightly higher than A (0.19 vs 0.16). No associations were found between DMPI values 

and MRI field strength (1.5T/3T). Conversely, midbrain measurements were significantly associated with age 

and sex, thus we employed logistic regression (LR) models including age and sex to investigate classification 

performances in distinguishing between participant groups. 

 

Midbrain linear measurement errors and classification performances 
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In the current study, we proposed a marker calculated averaging two lines (DMPI). Midbrain linear 

measurements are performed manually and typically just a few millimetres in length, thus small measurement 

errors in the magnitude of around 1 mm may affect individual subject classification accuracy; in this context, 

we hypothesized that a marker based on averaging two measures might be less sensitive a small measurement 

mistakes than one focusing on a single linear width. The decision of using the average of A and B lines rather 

than any other formula was not the result of several tries, rather was decided before the analyses. To test our 

hypothesis, we assessed the impact of possible measurement error on midbrain measures, by artificially 

modifying A and B measures by 10% or 20% in both PSP-RS and PD groups, to account for the presence of 

possible deleterious mistakes. Then we investigated how these mistakes affected the classification accuracy of 

each measure (A, B and their average [DMPI]) in differentiating participant with PSP from those with non-

PSP parkinsonism in the whole cohort of 656 PSP and 802 non-PSP participants. In detail, we hypothesized 

three scenarios where measurement mistakes could have a deleterious effect on classification accuracy: (i) 

larger measures in participants with PSP, (ii) smaller measures in participants with non-PSP parkinsonism, and 

(iii) a combination of both these errors. Thus, actual A or B values were increased in PSP and/or decreased in 

non-PSP by 10% or 20% magnitude. These changes were performed alternatively either for A or B measure, 

and the DMPI was calculated after measurement adjustment. In all cases, the classification performances were 

assessed by logistic regression analysis including the midbrain measure, age and sex. The DMPI showed the 

best performance in all scenarios, demonstrating the advantage of using a dual-line measurement, whose 

classification accuracy was less affected by possible measurement mistakes (Table S2). 
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