


Objectives: To compare different visual reading strate-

gies and automatic classification of T1-weighted MRI for

detection of PSP in a typical clinical cohort including

PSP-RS and (non-RS) variant PSP (vPSP) patients.

Methods: Forty-one patients (21 RS, 20 vPSP) and

46 healthy controls were included. Three readers using

three strategies performed MRI analysis: exclusively

visual reading using descriptive signs (hummingbird,

morning-glory, Mickey-Mouse), visual reading supported by

manual planimetry measures, and visual reading supported

by automatic volumetry. Fully automatic classification was

performed using a pre-trained support vector machine

(SVM) on the results of atlas-based volumetry.

Results: All tested methods achieved higher specificity

than sensitivity. Limited sensitivity was driven to large

extent by false negative vPSP cases. Support by auto-

matic volumetry resulted in the highest accuracy

(75.1% � 3.5%) among the visual strategies, but

performed not better than the midbrain area (75.9%), the

best single planimetric measure. Automatic classification

by SVM clearly outperformed all other methods (accu-

racy, 87.4%), representing the only method to provide

clinically useful sensitivity also in vPSP (70.0%).

Conclusions: Fully automatic classification of volumetric

MRI measures using machine learning methods outper-

forms visual MRI analysis without and with planimetry or

volumetry support, particularly regarding diagnosis of

vPSP, suggesting the use in settings with a broad phe-

notypic PSP spectrum. © 2023 The Authors. Movement

Disorders published by Wiley Periodicals LLC on behalf

of International Parkinson and Movement Disorder

Society.

Key Words: progressive supranuclear palsy; magnetic

resonance imaging; hummingbird sign; volumetry;

machine learning

Introduction

Progressive supranuclear palsy (PSP) is a four-repeat
tauopathy characterized by atrophy of the subthalamic
nucleus and brainstem tegmentum and depigmentation
of the substantia nigra.1-3 PSP patients present with
postural instability, oculomotor dysfunction, supra-
nuclear gaze palsy, and cognitive/executive symptoms
to strongly varying extent, depending on the regional
distribution of tau pathology and neurodegeneration.4,5

Therefore, PSP presents with various clinical
phenotypes, the most frequent of which is the “classi-
cal” PSP-Richardson’s syndrome (PSP-RS). However,
the phenotypic spectrum typically encountered in clini-
cal practice is a broad continuum overlapping with
other neurodegenerative disorders, rendering early and
accurate diagnosis of PSP challenging.3-5

The clinical diagnosis and phenotypical characteriza-
tion of PSP is mainly based on core clinical and sup-
portive features that have been incorporated into the
Movement Disorder Society (MDS) diagnostic criteria.4

Magnetic resonance imaging (MRI)-based supportive
features include regional brain atrophy predominantly
in the midbrain.4

Several descriptive MRI features indicating midbrain
atrophy have been proposed and are frequently
reported in clinical routine including the hummingbird
sign, the Mickey-Mouse sign, and the morning-glory
sign.6-8 Various planimetric measures and combinations
of planimetric measures have been validated in PSP, not
exclusively focusing on the brain stem, but including
adjacent structures such as the cerebellar peduncles.9-14

More recently, fully automated MRI analysis combin-
ing atlas-based volumetry with support vector machine
(SVM) classification has been proposed for the (differ-
ential) diagnosis of neurodegenerative parkinsonian

syndromes including PSP.15 The added value of this
investigator-independent approach beyond descriptive
and planimetric measures has not been tested so far.
Furthermore, the majority of previous studies on
descriptive, planimetric or SVM-based MRI in PSP
included cohorts over representing PSP-RS.1,2,4 Data on
their use in (non-RS) variant PSP (vPSP) subtypes is
limited.15

This retrospective study investigated the diagnostic
performance of visual descriptive, manual planimetric,
and automatic SVM classification of T1-weighted MRI
for detection of PSP in a multicentric cohort rep-
resenting the broad phenotypic PSP spectrum in clinical
practice.

Methods

Patients and Healthy Controls

The study was designed as phase 2 study (“ability to
discriminate patients from controls”) according to the
five-phase framework for biomarker validtion16 and,
therefore, included well-characterized patients with
established PSP diagnosis and healthy controls.
Patients were enrolled at the university hospitals of

Augsburg (A), Hamburg (HH), Hannover (H), Leipzig
(L), and Munich (M) using the following inclusion
criteria: (1) clinical PSP diagnosis according to the
MDS criteria by a movement disorder specialist; and
(2) brain MRI (including T1-weighted and fluid attenu-
ated inversion recovery/T2-weighted sequences) digi-
tally available for retrospective processing. Exclusion
criteria were: (1) insufficient magnetic resonance
(MR) image quality for visual, manual planimetric or
automatic volumetric analysis; and (2) clinically rele-
vant comorbidity visible on brain MRI such as severe
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ischemic small vessel disease (grade 3 according
to Fazekas’ scale17), large vessel disease, or brain
tumor. Sixty-three patients fulfilling the inclusion
criteria were identified. From these, 18 patients
(28.6%) were excluded because the T1-weighted
sequence was not adequate for volumetric analysis.
Four patients (6.3%) were excluded because of severe
ischemic small vessel disease. The remaining 41 patients
(n = 1/A, 9/HH, 17/H, 5/L, 9/M) were included. The
categories of diagnostic certainty were probable/possi-
ble/suggestive-of PSP in 35 (85.4%)/1 (2.4%)/5
(12.2%) of these patients.4 Information on PSP pheno-
type and clinical presentation is given in Table 1.
Patients with vPSP were subcategorized as “cortical”
vPSP (predominant corticobasal syndrome or frontal
presentation) or “subcortical” vPSP (predominant par-
kinsonism or progressive gait freezing).18

Waiver of informed consent for the retrospective
analysis of the anonymized patient data was obtained
from the relevant ethics review boards. All procedures
were in accordance with the ethical standards of these
ethics review boards and with the 1964 Helsinki decla-
ration and its later amendments.
Forty-six sex- and age-matched healthy subjects from

the Alzheimer’s Disease Neuroimaging Initiative
(ADNI-1) were included as healthy controls (HC). The
first of the two back-to-back 3D T1-weighted scans
from the baseline MRI session was used (without any
preprocessing by the ADNI imaging corelab). All HC
subjects had been cognitively stable for ≥36 months
after MRI.

MR Acquisition

MRI had been performed at 3/1.5 Tesla in 12/34
(26.1%/73.9%) of the HC subjects with 34 different
scanners from three different manufacturers
(41.3%/10.9%/47.8% of the subjects with Siemens
Healthineers, Erlangen, Germany/Philips Healthcare,
Best, Netherland/GE [GE Healthcare, Chicago, Illinois,
USA] scanner).19 Among the PSP patients, MRIs had
been performed at 3/1.5 Tesla in 28/13 patients
(68.3%/31.7%) with 15 different scanners from three
different manufacturers (92.5%/5.0%/2.5% of the
patients with Siemens Healthineers, Erlangen, Ger-
many/Philips Healthcare, Best, Netherlands/Toshiba
[Toshiba Medical Systems, Otawara, Japan] scanner).

Manual MRI Planimetry

Manual planimetry of T1-weighted MRI was per-
formed by the same experienced rater in all subjects as
described previously.10,14 The following planimetric mea-
sures were obtained: anterior–posterior midbrain diame-
ter, midbrain area (MA), MA to pons area ratio
(MAtoPA), middle cerebellar peduncle diameter to supe-
rior cerebellar peduncle diameter ratio (MCPtoSCP), third

ventricle width to frontal horn width ratio (V3toFH),
V3toFH/MAtoPA, MR Parkinson Index (MRPI)
= MCPtoSCP/MAtoPA, and MRPI 2.0 = MRPI �

V3toFH.

Automatic Atlas-Based MRI Volumetry

Automatic atlas-based MRI volumetry was per-
formed as described previously.15 In brief, the
T1-weighted MR images were segmented into grey mat-
ter, white matter, and cerebrospinal fluid maps, which
then were stereotactically normalized into the anatomi-
cal reference space of the Montreal Neurological Insti-
tute. Modulation was applied to preserve the total
amount of each tissue class. Forty-four different com-
partments, brain structures, and planes based on masks
predefined in the reference space were evaluated.15 Vol-
umetric measures were scaled to the total intracranial
volume (ICV) and then corrected for age based on lin-
ear regression of normative values from an independent
sample of 73 HC (age, 63.3 � 7.6 years, range, 48–
79 years, 49.3% females) described previously.15 Next,
ICV- and age-corrected measures were transformed to
z-scores based on mean and standard deviation in an
independent normal database of 30 ADNI-1 HC sub-
jects (74.1 � 3.8 years, 50.0% females, no overlap with
the HC subjects in the test dataset).
For each subject, a bar plot was prepared to represent

the ICV- and age-corrected z-scores in a standardized
fashion (Fig. S1).

Visual MRI Analysis

The T1-weighted MR images were converted from
DICOM to NIFTI format and then back to DICOM for-
mat to remove all information from the DICOM headers
that might identify a subject as PSP patient or HC. The
resulting DICOM images were pseudonymized in ran-
domized order. Only the pseudonymized DICOM images
were provided for visual interpretation to three indepen-
dent readers (M.P.W., S.S., and N.M.) experienced in
MRI reading for the diagnosis of movement disorders. All
readers used the Visage platform (Visage Imaging, Berlin,
Germany) to assess the images. The readers were blinded
for clinical data except sex and age.
Three strategies were tested for visual MRI analysis.

In the first strategy (“MRI visual only”) the readers
were asked to first check the images for the presence
(yes/no) of the hummingbird sign,7 the Mickey-Mouse
sign,8 and the morning-glory sign,6 and then to provide
a dichotomic summary assessment as either “PSP
patient” or “HC’’. There was no specific instruction
given whether or not the presence of one or more
descriptive features should lead to the classification as
“PSP patient’’. In the second strategy (“MRI visual +
manual planimetry”), the readers were asked for the
same binary assessment based on visual assessment of
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T1-weighted MRI supported by the planimetric mea-
sures. For cutoffs on the planimetric measures for the
differentiation of PSP from HC, readers were referred
to previous studies.10,11,14 There was no specific
instruction given whether pathological values of one or
more planimetric measures should lead to the classifica-
tion as “PSP patient’’. In the third strategy (“MRI visual
+ automatic volumetry”), the readers were asked for
the same binary summary assessment based on visual
inspection of T1-weighted MRI supported by the bar
plot of the ICV- and age-corrected z-scores from auto-
matic volumetry (Supplementary Fig. S1). There was no
specific instruction whether specific z-scores or patterns
of z-scores should lead to the classification as “PSP
patient’’.
To assess intra-reader variability, each strategy was

used twice by each reader. The mean time between the
two reading sessions for a given strategy was
14 � 4 weeks (range, 9–20 weeks). Randomization of
the images was different for each session.

Automatic SVM Classification of the

T1-Weighted MRI Dataset

For automatic classification of T1-weighted MRI as
“PSP patient” or “healthy control’’, an SVM was used
that had been trained previously using a fully

independent dataset.15 The input to the SVM consists
of the 44 different features from automatic vol-
umetry, all corrected for ICV and age and scaled to a
range of 0 to 1. The output of the SVM consists in an
SVM-PSP score that ranges between 0 (most likely
“healthy control”) and 1 (most likely “PSP patient”).
The 2016 pre-trained SVM was used without
changes.

Statistical Analyses

Cross tables, sensitivity, specificity, accuracy, bal-
anced accuracy, the percentage of discrepant cases, and
Cohen’s κ were used to characterize accuracy and/or
intra- and inter-reader variability of the visual MRI
analysis, separately for each reading strategy, each
reader (or each pair of readers), and for the
majority read.
Pearson’s correlation analysis was used to test man-

ual planimetric measures and the SVM-PSP score for
impact of healthy aging and, if meaningful, ICV. This
was done in the independent normal database of
30 ADNI1 HC. Correction for age (and ICV) of a given
parameter in the test set was performed by computing
residuals with respect to the linear regression of this
parameter in the independent normal database.

TABLE 1 Demographical and clinical characteristics

All PSP

patients

(n = 41)

PSP-RS

(n = 21)

vPSP

(n = 20)

Cortical

vPSP (n = 11)

Subcortical

vPSP (n = 9)

Healthy

controls (n = 46)

Age at MRI, years 69.6 � 7.8

(53.1–81.1)

69.6 � 7.4

(53.1–81.1)

69.7 � 8.5

(53.2–80.8)

68.3 � 8.1

(53.2–79.9)

71.4 � 9.1

(57.3–80.8)

72.2 � 4.7

(59.8–79.9)

Sex (% females) 48.8 47.6 50.0 63.6 33.3 39.1

Disease duration at MRI

[y]

3.1 � 2.6

(0.3–12.2)

3.2 � 3.1

(0.4–12.2)

2.9 � 2.0

(0.3–6.8)

2.4 � 1.4

(0.9–5.0)

3.6 � 2.5

(0.3–6.8)

–

PSP rating scale scoresa 29.8 � 14.1

(9–86)

35.1 � 15.9

(15–86)d
24.3 � 9.5

(9–47)d
26.3 � 11.4

(9–47)

21.9 � 6.4

(14–31)

–

MoCA scoresb 21.4 � 4.4

(10–29,

n = 32)

20.9 � 4.2

(11–29, n = 17)

21.9 � 4.7

(10–28, n = 15)

19.0 � 5.1

(10–24,

n = 6)e

23.9 � 3.3

(19–28)e
–

GDS scoresc 5.7 � 2.6

(1–12, n = 28)

5.1 � 2.5

(1–10, n = 14)

6.2 � 2.7

(3–12, n = 14)

7.1 � 3.1

(3–12, n = 7)

5.3 � 2.0

(3–9,

n = 7)

–

Note: The metric parameters were compared (1) between all PSP patients and healthy controls; (2) between PSP-RS and vPSP; and (3) between cortical vPSP and subcortical

vPSP using the homo- or heteroscedastic unpaired t test depending on the result of Levene’s test of homogeneity of variance. The distribution of sex was compared between

groups using the χ
2 test. A group difference was considered significant if two-sided P < 0.05. No correction for multiple testing was performed. If a parameter was not available

in all subjects, the number of subjects for that parameter is given in parentheses.
aAccording to PSP rating scale.30

bAccording to MoCA.31

cAccording to GDS.32

dPSP-RS versus vPSP <0.05. The p-value for the difference between PSP-RS and vPSP with respect to the PSP rating scale score was 0.013.
eCortical syndrome versus subcortical syndrome P < 0.05.

Abbreviations: PSP, progressive supranuclear palsy; PSP-RS, PSP with Richardson’s syndrome; vPSP, (non-RS) variant PSP; MRI, magnetic resonance imaging; y, year; MoCA,

Montreal Cognitive Assessment; GDS, Geriatric Depression Scale. The p-value for the difference between cortical vPSP and subcortical vPSP with respect to the MoCA score

was 0.042.
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Receiver operating characteristic (ROC) analysis was
used to characterize the use of planimetric measures
and the SVM-PSP score for the detection of PSP.
DeLong’s test was used to compare the area under the
(correlated) ROC curves between different measures.20

Cutoffs for dichotomization were obtained from ROC
curves using Youden’s criterion.21

Statistical analyses were performed in the whole sam-
ple and in the following subgroups: PSP-RS, vPSP, cor-
tical vPSP, and subcortical vPSP. IBM SPSS (version 27)
was used. Statistical significance was assumed if two-
sided P ≤ 0.05.

Results

Diagnostic Performance of Visual MRI Analysis

Performance of the visual analysis in the whole sample
is given in Figure 1 (exact values in Supplementary
Table S1) and Supplementary Figures S2 and S3. Among
the descriptive features, the hummingbird sign had the
highest accuracy (70.5% � 3.4%, mean � standard devi-
ation across readers and reading sessions). Among the
visual strategies, “MRI visual + automatic volumetry”
showed the best accuracy (75.1% � 3.5%).

Specificity was considerably higher than sensitivity
for all descriptive features and all strategies. The highest
specificity was provided by the morning-glory sign
(93.1% � 4.8%).
The percentage of misclassified cases was consider-

ably higher in vPSP for all descriptive features and all
visual reading strategies (Fig. 2).
Supplementary Figure S4 compares cognitive perfor-

mance in different domains between true positive and
false negative cases.

Manual Planimetric Measures and Automatic

Classification

The results of the ROC analyses of the manual plani-
metric measures and the automatic SVM-PSP score for
the discrimination of PSP from HC are given in
Table 2. Among the manual planimetric measures, the
midbrain area provided the largest area under the ROC
curve in the whole sample. The difference was signifi-
cant compared to all other planimetric measures except
midbrain diameter (P = 0.057) and midbrain area to
pons area ratio (P = 0.147). A cutoff on the midbrain
area determined from the ROC curve by the Youden’s
criterion (107 mm2) achieved overall accuracy,

FIG. 1. Mean accuracy of the binary visual interpretation in the whole sample (n = 87) with respect to the visual detection of progressive supranuclear

palsy (PSP) based on the hummingbird sign, the Mickey-Mouse sign, the morning-glory sign, and according to the three tested visual magnetic reso-

nance imaging (MRI) reading strategies. Mean value and standard deviation were computed across the three readers and across the two reading ses-

sions. Sensitivity and specificity of the binary visual interpretation in the whole sample for each individual reader are given in Supplementary Figure S2.

The accuracy of the majority read of the three readers is given in Supplementary Figure S3. The accuracy estimates for the dichotomized manual mid-

brain area and for the fully automatic support vector machine (SVM) classification using cutoffs derived from the corresponding receiver operating char-

acteristic curves for detection of PSP in the whole sample are also given.
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FIG. 2. Percentage of misclassified cases by the majority read of the three readers in the different subgroups. Mean value and standard deviation were

computed across the two reading sessions. The percentage of cases misclassified by the dichotomized manual midbrain area and by the automatic

support vector machine classification using cutoffs derived from the corresponding receiver operating characteristic curves for detection of progressive

supranuclear palsy (PSP) in the whole sample are given for comparison. The false positive rate, that is, the proportion of healthy controls (HC) subjects

misclassified as PSP by visual magnetic resonance imaging (MRI) analysis, separately for each descriptive sign and reading strategy and separately for

each of the three readers and each of the two reading sessions, is shown in Supplementary Figure S9.

TABLE 2 Diagnostic performance of the manual planimetric measures and the automatic SVM classification in the differentiation of the PSP patients (all

or different subgroups) from the 46 normal controls in the test set

All PSP

patients (n = 41)

PSP-

RS (n = 21)

vPSP

(n = 20)

Cortical

vPSP (n = 11)

Subcortical

vPSP (n = 9)

Morphometric

analysis

MD 0.730 (0.057) 0.887 (0.046) 0.565 (0.084) 0.561 (0.111) 0.569 (0.119)

MA 0.808 (0.047) 0.924 (0.034) 0.686 (0.073) 0.667 (0.097) 0.709 (0.097)

MAtoPA 0.758 (0.053) 0.891 (0.045) 0.618 (0.078) 0.567 (0.102) 0.681 (0.102)

MCPtoSCP 0.486 (0.063) 0.523 (0.082) 0.448 (0.080) 0.462 (0.097) 0.430 (0.117)

V3toFH 0.683 (0.058) 0.732 (0.069) 0.633 (0.075) 0.628 (0.090) 0.638 (0.110)

V3toFH/

MAtoPA

0.732 (0.053) 0.827 (0.055) 0.633 (0.075) 0.626 (0.096) 0.640 (0.101)

MRPI 0.679 (0.059) 0.818 (0.067) 0.533 (0.080) 0.545 (0.110) 0.517 (0.098)

MRPI 2.0 0.701 (0.056) 0.813 (0.061) 0.584 (0.075) 0.587 (0.098) 0.580 (0.090)

Automatic

volumetry

SVM-PSP score 0.910 (0.032) 0.950 (0.030) 0.868 (0.052) 0.832 (0.082) 0.913 (0.047)

Note: The table gives the area under the ROC curve, the standard error of the area is given in parentheses.

Abbreviations: SVM, support vector machine; PSP, progressive supranuclear palsy; PSP-RS, PSP with Richardson’s syndrome; MD, anterior–posterior midbrain diameter;

MA, midbrain area; MAtoPA, MA to pons area ratio; MCPtoSCP, middle cerebellar peduncle diameter to superior cerebellar peduncle diameter ratio; V3toFH, third

ventricle width to frontal horn width ratio; MRPI, Magnetic Resonance Parkinson Index = MCPtoSCP/MAtoPA, MRPI 2.0 = MRPI � V3toFH); ROC, receiver

operating characteristic.
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sensitivity, specificity, and balanced accuracy of 75.9%,
68.3%, 82.6%, and 75.5%, respectively (Fig. 1, Sup-
plementary Table S1).
Linear regression of the manual midbrain area in the

normal database with ICV2/3 (to match units) and age
as predictors revealed a trend toward a significant effect
of normal ageing (standardized regression coefficient
ß = �0.359, P = 0.054). The manual midbrain area
was not associated with ICV2/3 (ß = 0.114, P = 0.528).
When the manual midbrain area was corrected for age
and ICV2/3 by computing residuals with respect to the
regression line in the normal database, the area under
the ROC curve in the whole sample increased from
0.808 (standard error, 0.047) to 0.836 (0.043) without
statistical significance (P = 0.320).
The SVM-PSP score was not correlated with age in

the independent normal database (Pearson correlation
coefficient R = �0.277, P = 0.138). It achieved a sig-
nificantly larger area under the ROC curve in the whole
sample than the midbrain area (0.910 vs. 0.808,
P = 0.019). With the cutoff determined from the ROC
curve in the whole sample by Youden’s criterion
(0.563), the SVM-PSP score provided overall accuracy,
sensitivity, specificity, and balanced accuracy of 87.4%,
78.0%, 95.7%, and 86.9%, respectively (Fig. 1, Sup-
plementary Table S1). Using the “natural” cutoff 0.5 on
the SVM-PSP score for dichotomization resulted in a

small loss of specificity (from 95.7% – 91.3%), sensitiv-
ity remained unchanged.
Regarding subgroups, the area under the ROC curve

was larger for the SVM-PSP score than for the midbrain
area in all subgroups, most pronounced in the vPSP
groups (Table 2). Accordingly, the proportion of mis-
classified (false negative) cases was similar for the
SVM-PSP score compared to the midbrain area in
the PSP-RS group (14%), but it was clearly lower for
the SVM-PSP score in the vPSP group (30% vs. 50%)
(Fig. 2). This was also reflected by the median SVM-
PSP score being clearly above the cutoff (of 0.563) not
only in PSP-RS, but also in vPSP, whereas the median
of the midbrain area was clearly below the cutoff
(of 107 mm2) only in PSP-RS and very close to this cut-
off in vPSP (Supplementary Fig. S5).

Inter- and Intra-Rater Variability

Results regarding inter- and intra-rater agreement are
presented in Figure 3, Supplementary Figures S6–S8,
Supplementary Table S2.

Discussion

Descriptive and manual planimetric MRI features are
useful to support the diagnosis of PSP-RS.13 This study

FIG. 3. Mean percentage of intra- and inter-reader discrepant cases in the visual reads in the whole sample (n = 87) with respect to the detection of

the hummingbird sign, the Mickey-Mouse sign, and the morning-glory sign, and with respect to the detection of progressive supranuclear palsy

according to the three tested magnetic resonance imaging (MRI) reading strategies. For intra-reader agreement, mean value and standard deviation

were computed across the three readers. For inter-reader agreement, mean value and standard deviation were computed across the three pairs of

readers. Inter-reader agreement was assessed separately for the two reading sessions (to identify possible learning effects). Intra- and inter-reader dis-

crepant cases for each individual reader and for each single pair of readers are shown in Supplementary Figure S6. Cohen’s κ values of intra- and

inter-reader agreement are shown in Supplementary Figure S7.
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examined descriptive features and planimetric measures
in a cohort representing the broad phenotypic PSP spec-
trum in clinical practice. The cohort included ≈50%
vPSP patients allowing direct comparison of MRI per-
formance between PSP-RS and vPSP. In addition,
descriptive features and planimetric measures were
compared with fully automatic MRI classification by an
SVM previously trained in an independent dataset.15

Regarding descriptive features, the sensitivity for the
detection of PSP-RS was similar for the hummingbird
sign and the Mickey-Mouse sign (≈75%), in line with
previous studies.22 It was considerably lower for the
morning-glory sign (≈45%). Visual summary assess-
ment of the MRI with and without support by manual
planimetry or automatic volumetry did not improve the
sensitivity for the detection of PSP-RS compared to
the hummingbird sign or the Mickey-Mouse sign alone.
Higher sensitivity for the detection of PSP-RS

(≈85%) was achieved by the midbrain area, the best
manual planimetric measure. The SVM-PSP score pro-
vided about the same (85%) sensitivity for the detection
of PSP-RS, in good to excellent agreement with previ-
ous studies using the same15 or a different23 SVM.
Sensitivity for the detection of vPSP was ≤50% for all

visual methods indicating only very limited use of visual
MRI analysis in vPSP, particularly in cortical vPSP (sen-
sitivity ≤40%). This is in line with a multicenter study
on tau-positron emission tomography (PET) with 18F-
PI-2620 and structural MRI for image-based detection
of PSP in a sample with ≈40% vPSP that reported 63%
accuracy for MRI and 76% accuracy for 18F-PI-
2620-PET.24

The manual midbrain area did not provide clear
improvement in the detection of vPSP compared to the
visual methods. In contrast, the automatic SVM-PSP
score achieved ≈70% sensitivity for the detection of
both cortical and subcortical vPSP, clearly superior to
all other methods.
Regarding specificity, the proportion of misclassified

(false positive) HC was lowest for the morning-glory sign
(in line with its low sensitivity), the automatic SVM-PSP
score, and for visual MRI analysis supported by auto-
matic volumetry (Fig. 2, Supplementary Fig. S9). There-
fore, support by the bar plots of the ICV- and age-
corrected z-scores of automatic volumetric methods
improved the specificity of the visual analysis (without
change of sensitivity). This might be explained by the fact
that the bar plot included many subcortical and cortical
brain structures in addition to the midbrain. This might
have made visual analysis (and SVM-based classification)
more robust with respect to (minor) midbrain alterations.
For all other methods (with strict focus on the midbrain),
including the manual midbrain area, the proportion of
false positive HC was ≈20%.
Taken together, automatic classification of

T1-weighted MRI using SVM on automatic volumetric

measures not only was the only method that provided
clinically useful sensitivity (≈70%) for the detection of
vPSP, but also performed equally or better than all
other methods with respect to the detection of PSP-RS
(≈85% sensitivity) at very high specificity (≈95%). This
might be because of the multivariate SVM approach
essentially taking into account the whole brain. The
findings support the combination of automatic MRI
volumetry and SVM classification to complement visual
reading and planimetry/volumetry in the etiological
diagnosis of clinical uncertain suspicion of PSP.
The good SVM-based detection of vPSP is remark-

able, as the SVM was trained for PSP-RS.15,25 The
SVM was not optimized for the current dataset to avoid
overly optimistic performance estimates because of
overfitting. Therefore, the observed performance esti-
mates should be representative for SVM use in clinical
practice. The performance might be further improved
by more heterogeneous training samples or combina-
tion of different SVM (eg, one for each PSP subtype).
All methods showed considerably larger specificity

than sensitivity. This was most pronounced for the
morning-glory sign that provided ≈35% sensitivity for
the detection of PSP (all types), but was falsely detected
in only 2% of the HC subjects, in line with previous
studies.26 Therefore, the morning-glory sign is a partic-
ularly strong indicator of PSP.
Among the manual planimetric measures, the mid-

brain area provided the best discriminative power, in
line with a previous multicenter study without harmo-
nization of MRI sequences.10 Post-mortem studies
demonstrated ante-mortem MRI-based volumetric
midbrain measures to be useful surrogates of tau
pathology in subcortical and brainstem regions in pri-
mary four-repeat tauopathies including PSP.27 The
rather low sensitivity of midbrain area alterations to
detect PSP in the current study is most likely because
midbrain atrophy is not consistently detected in
vPSP.28 The composite MR Parkinson indices, MRPI
and MRPI 2.0, performed clearly worse than the mid-
brain area for both, vPSP and PSP-RS. The area under
the ROC curve for vPSP was close to chance level for
both indices suggesting that additional physiological
inter-subjects variability and additional measurement
errors caused by adding regions outweighs the poten-
tial benefit from PSP-effects in the additional regions.
Operator dependence of manual planimetry might
have caused loss of performance, more pronounced
for the composite MRPI and MRPI 2.0 than for the
individual measures such as the midbrain area. To test
this hypothesis, we retrospectively performed fully
automatic planimetry using the algorithms of Qua-
ttrone and colleagues29 (Supplementary Figs. S10–
S13). Automatic measurement did not have a relevant
impact on the performance of MRI planimetry. In par-
ticular, the midbrain area outperformed MRPI and
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MRPI 2.0 in the current dataset also when using the
automatic algorithms.
Inter-reader variability of the visual methods was

≈15% to 25% in the current study, larger than
reported previously.24,26 This was despite the fact that
all readers were experienced in MRI reading in move-
ment disorders. The reason for this difference is
unclear. In particular, it most likely cannot be fully
explained by the large fraction of vPSP in the current
study, because inter-reader variability was not system-
atically larger in vPSP than in PSP-RS. Intra-reader vari-
ability was lower than inter-reader variability, but still
sizeable (≈10%–15%). Therefore, a relevant fraction of
the rather large inter-reader variability can be explained
by intra-reader variability indicating that visual reading
of T1-weighted MRI for the diagnosis of PSP is diffi-
cult. Among the descriptive MRI features, the detection
(or exclusion) of the hummingbird sign showed the best
intra- and inter-reader stability, particularly in PSP-RS.
Interestingly, support by manual planimetry or auto-
matic volumetry did not improve intra- and inter-reader
stability. This might be explained by the fact that no
specific instructions regarding the use of the additional
information were given. Therefore, for use in clinical
routine, specific instructions should be provided.
Inter-scanner variability of the MR image characteris-

tics (eg, grey-to-white matter contrast) might also have
contributed to inter-reader variability. It probably also
impacted on manual planimetry and automatic vol-
umetry. This might be considered a strength of the
study, because the lack of strict standardization of MR
image acquisition reflects clinical routine in the tertiary
setting, as many patients referred to a movement disor-
der specialist have already received the MRI scan in dif-
ferent institutions. Inter-scanner variability (including
differences between PSP patients and HC subjects with
respect to the distribution of scanner manufacturers)
most likely did not affect the comparison of the differ-
ent MRI analysis methods. In particular, the fully auto-
matic SVM analysis used the same volumetric data as
provided to the readers in the “visual + automatic vol-
umetry” strategy.
There was no eligibility criteria with respect to PSP

subtype in this study. Therefore, we assume that the
composition of the cohort with respect to PSP-RS and
vPSP reflects the tertiary referral setting.
Limitations of this study include the use of the clinical

diagnosis without histopathological confirmation as
gold standard and the rather small number of PSP
patients. Almost a third of the eligible patients had to
be excluded because the T1-weighted MRI was not ade-
quate for automatic volumetric analyses. Future guide-
lines on the diagnosis of parkinsonian syndromes
should recommend that structural MRI is performed
with sufficient quality to allow reliable automatic vol-
umetry. Another limitation relates to the retrospective

and observational character of this study. It cannot be
excluded that, at least in some patients, the MRI infor-
mation was considered in establishing the clinical diag-
nosis. This would artificially increase the diagnostic
accuracy of the MRI analyses.
In conclusion, fully automatic classification of volu-

metric measures using conventional machine learning
methods such as SVMs clearly outperforms (manual
and automatic) planimetry as well as visual analysis of
T1-weighted MRI (with and without support by
planimetry or volumetry) for the detection of PSP in
clinical settings with a broad phenotypic spectrum and
no harmonization of MR acquisition sequences. We,
therefore, recommend the use of such techniques to
complement visual and planimetric analyses. This
requires that T1-weighted MRI is acquired with ade-
quate contrast between tissue classes and with adequate
(more or less isotropic) spatial resolution to allow reli-
able automatic volumetry.
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