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ABSTRACT: Background: To date, studies on positron
emission tomography (PET) with 18F-fluorodeoxyglucose
(FDG) in progressive supranuclear palsy (PSP) usually
included PSP cohorts overrepresenting patients with
Richardson’s syndrome (PSP-RS).
Objectives: To evaluate FDG-PET in a patient sample
representing the broad phenotypic PSP spectrum typi-
cally encountered in routine clinical practice.
Methods: This retrospective, multicenter study included
41 PSP patients, 21 (51%) with RS and 20 (49%) with
non-RS variants of PSP (vPSP), and 46 age-matched
healthy controls. Two state-of-the art methods for the
interpretation of FDG-PET were compared: visual analy-
sis supported by voxel-based statistical testing (five
readers) and automatic covariance pattern analysis using
a predefined PSP-related pattern.
Results: Sensitivity and specificity of the majority visual
read for the detection of PSP in the whole cohort were
74% and 72%, respectively. The percentage of false-
negative cases was 10% in the PSP-RS subsample and
43% in the vPSP subsample. Automatic covariance pat-

tern analysis provided sensitivity and specificity of 93%
and 83% in the whole cohort. The percentage of false-
negative cases was 0% in the PSP-RS subsample and
15% in the vPSP subsample.
Conclusions: Visual interpretation of FDG-PET
supported by voxel-based testing provides good accu-
racy for the detection of PSP-RS, but only fair sensitiv-
ity for vPSP. Automatic covariance pattern analysis
outperforms visual interpretation in the detection of
PSP-RS, provides clinically useful sensitivity for vPSP,
and reduces the rate of false-positive findings. Thus,
pattern expression analysis is clinically useful to com-
plement visual reading and voxel-based testing of
FDG-PET in suspected PSP. © 2023 The Authors.
Movement Disorders published by Wiley Periodicals
LLC on behalf of International Parkinson and Move-
ment Disorder Society.

Key Words: progressive supranuclear palsy; positron
emission tomography; 18F-fluorodeoxyglucose; between-
reader agreement; covariance pattern analysis

Progressive supranuclear palsy (PSP) is a primary
four-repeat tauopathy defined neuropathologically.1,2

Initial criteria for the ante-mortem diagnosis of PSP
including the criteria of the National Institute of Neuro-
logical Disorders and Stroke Society (NINDS)3 focus
on “classical” PSP with Richardson’s syndrome
(RS) and, therefore, provide high specificity but only
limited sensitivity, particularly at early disease stages.4

This is related to the fact that PSP can present with var-
ious clinical phenotypes other than RS,5 and that the
phenotypic spectrum typically encountered in clinical
routine is rather broad.6

In order to facilitate an accurate clinical diagnosis of
PSP for research and clinical purposes, the PSP study
group of the International Parkinson and Movement
Disorder Society (MDS) proposed revised diagnostic
criteria explicitly taking into account a range of differ-
ent (non-RS) variant PSP (vPSP) phenotypes including
“cortical” vPSP predominance types7 such as PSP with

predominant corticobasal syndrome (PSP-CBS) and PSP
with predominant frontal presentation (PSP-F) as well
as “subcortical” vPSP predominance types such as PSP
with predominant parkinsonism (PSP-P) and PSP with
progressive gait freezing (PSP-PGF).5 Nevertheless,
additional diagnostic tests are still needed to support
the diagnosis of PSP in uncertain cases in clinical rou-
tine, particularly in vPSP, as well as in clinical trial
settings.8-10

Additional tests to support the PSP diagnosis include
positron emission tomography (PET) of the brain with
18F-fluorodeoxyglucose (FDG) to detect (or exclude)
PSP-related metabolic abnormalities,10-13 which have
been incorporated as “supportive imaging findings” in
the MDS PSP criteria.5 Given that FDG-uptake in the
brain is mainly driven by signaling-related synaptic
activity,14 brain FDG-PET is sensitive to both neuronal
degeneration (at advanced disease stages) and neuronal
dysfunction (at early stages).
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The characteristic FDG-PET finding in PSP is reduced
FDG-uptake in the bilateral frontal cortex (first
described about 35 years ago)15-21 including anterior
and mid cingulate gyri, supplementary motor area,
ventro- and dorsolateral premotor areas, prefrontal
areas, anterior insular cortex, as well as in the striatum
(most pronounced in caudate nucleus), thalamus, and
midbrain (“pimple sign”22).11,12,23-25 These metabolic
alterations were confirmed in autopsy-proven PSP.26-28

The majority of previous studies on FDG-PET in PSP
enrolled patients according to the NINDS criteria,
including recent studies published after the release of
the revised MDS criteria.29-32 Furthermore, most
of these studies selected predominantly patients with
“probable” PSP to increase the accuracy of the gold
standard in the absence of post-mortem verification. As
a consequence, the majority of previous studies most
likely included skewed PSP cohorts (overrepresenting
PSP-RS compared to other predominance types) not
reflecting the heterogeneity of PSP observed in clinical
practice.6,26,33 This questions the transferability of
previously reported performance estimates for brain
FDG-PET in the detection of PSP to clinical practice
with a broad phenotypic PSP spectrum, given that
reduction of FDG-uptake in vPSP predominance types
might be less severe and restricted to parts of the typical
PSP-RS pattern (“incomplete patterns”).26,34-38 Further-
more, many previous studies reported findings from
single-site/single-scanner data that may not generalize
to more general clinical settings.
The aim of this multicenter study was to evaluate

brain FDG-PET for the detection of PSP in a patient
sample representative of the broad phenotypic spectrum
typically encountered in routine clinical practice. Two
state-of-the art methods for the interpretation of FDG-
PET were compared: (i) visual analysis by experienced
readers supported by voxel-based statistical testing and
(ii) automatic covariance pattern analysis. The follow-
ing hypotheses were tested: (H1) visual analysis of
FDG-PET is less sensitive for the detection of PSP in
vPSP compared to PSP-RS and (H2) covariance pattern
analysis outperforms visual analysis, particularly in
vPSP predominance types.

Methods
Subjects

The study was designed as a phase 2 study (“ability
to discriminate patients from controls”) according to a
five-phase framework for biomarker validation39 and,
therefore, included well-characterized patients with
established PSP diagnosis and healthy controls.
Forty-one patients fulfilling the MDS PSP diagnostic

criteria were included retrospectively at the University
Hospitals of Augsburg (n = 1), Hamburg (n = 9),

Hannover (n = 17), Leipzig (n = 5), and Munich
(n = 9). None of the patients had clinically relevant
comorbidity on brain MRI such as large vessel disease,
severe small vessel disease (Fazekas grade 340), or mass
lesions. Median and interquartile range of the delay
between the date of the clinical diagnosis and FDG-PET
were 0 days and �6 days to 6 days, respectively (range
�210 to 441 days).
In addition, brain FDG-PET images of 46 healthy

control (HC) subjects from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) were included. All HC
subjects had been cognitively stable for ≥36 months
after FDG-PET. The ADNI was launched in 2003 as a
public–private partnership, led by Principal Investigator
Michael W. Weiner, MD. For up-to-date information
see www.adni-info.org.
Demographical and clinical characteristics are sum-

marized in Table 1.

Image preprocessing
In the PSP patients, brain FDG-PET was performed

with six different PET systems (five PET/CT, one
PET/MRI) after intravenous injection of 202 � 37 MBq
FDG (range 128–317 MBq) according to the standard
operating procedure at each site. The PET images were
harmonized with respect to spatial resolution based on
measurements of a Hoffman 3D brain phantom44 as
described in the Supplementary Material and Supple-
mentary Figure S1 in Appendix S1.
PET images with harmonized spatial resolution were

stereotactically normalized (including warping) to the
anatomical reference space of the Montreal Neurologi-
cal Institute using the Statistical Parametric Mapping
(SPM) software package45 with default parameter set-
tings. For intensity scaling, each stereotactically normal-
ized image was divided voxel-by-voxel by the
individual mean intensity in brain parenchyma.46

Single-subject voxel-based statistical testing of
brain FDG-PET

Brain FDG-PET images of 30 independent ADNI HC
subjects were used as normal database (NDB) for voxel-
based statistical testing (74.1 � 3.8 year, 50.0% females).
In preparation for voxel-based testing, all stereotacti-

cally normalized and scaled images were smoothed to a
spatial resolution of 12 mm full width at half maximum
(FWHM).27,34

Single-subject analysis was performed separately for each
PSP patient and each HC subject by voxel-based statistical
testing of the individual FDG-PET image against the NDB
using the two-sample t-test model implemented in SPM.
Age was taken into account as nuisance covariate.47,48 Sin-
gle subjects were tested for both hypometabolism and
hypermetabolism using a sensitive significance threshold of
P ≤ 0.01 uncorrected for multiple testing.47,49
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Visual interpretation of FDG-PET
Visual interpretation of the FDG-PET images was

based on a standardized display provided to the readers
as a two-page pdf-document, a separate pdf-document
for each subject (Fig. 1, Supplementary Figure S2 in
Appendix S1).
The randomly pseudonymized pdf-documents were

independently assessed by five readers from four sites
(G.B., H.B., I.A., M.B., R.B.) experienced in reading
brain FDG-PET with voxel-based testing in patients
with suspicion of a neurodegenerative parkinsonian
syndrome.
The readers were asked to first score the regional

FDG-uptake in the following 12 PSP-related brain
regions using a 3-score method (0 = “normal”,
1=“mildly or moderately reduced”, 2 = “strongly
reduced”):26,36 medial frontal cortex (including the
anterior cingulate cortex), dorsolateral frontal cortex,
anterior insular cortex, caudate nucleus, thalamus, and
midbrain, separately in left/right hemisphere. The
readers then provided a dichotomic summary assess-
ment as either “PSP patient” or “healthy control”.
To support the visual interpretation, a figure showing

normal FDG-uptake and normal variability of FDG-
uptake in the brain was provided to the readers
(Supplementary Fig. S3 in Appendix S1). For the typical
brain FDG-PET patterns of different PSP predominance
types, the readers were referred to Martí-Andrés et al.36

No further instructions were given to the readers. The
readers were blinded for all clinical data except sex
and age.
The readers repeated the reading session with an

independent randomization of the pdf-documents to
assess intra-reader variability. Mean time interval
between the two reading sessions was 23 � 7 weeks
(range 14–34 weeks).

Automatic covariance pattern expression
analysis

The expression of the “North American” PSP-related
pattern (PSPRP)50 in individual FDG-PET images was
obtained using the voxel-based topographic profile rating
method51-54 implemented in the Scan Analysis and
Visualization Processor software package (version
ScAnVP7.0w).53-55 This software package is freely avail-
able from the Functional Brain Imaging Laboratory –

Center for Neurosciences, Feinstein Institute for Medical
Research, Northwell Health (feinsteinneuroscience.org/
imaging-software/download-software).

Statistical analyses
Cross tables and the percentage of discrepant cases

were used to characterize intra- and between-reader
variability as well as the accuracy of the visualT
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interpretation, separately for each reader or each pair
of readers or the majority read.
Pearson’s correlation analysis in the independent

NDB was used to test PSPRP expression for an impact
of healthy aging. Adjustment for age of PSPRP expres-
sion was performed by computing residuals with
respect to the linear regression of PSPRP expression
versus age in the NDB. The age-adjusted residuals of
PSPRP expression were transformed to z-scores with
respect to mean and standard deviation in the NDB.
Receiver operating characteristic (ROC) analysis was

used to characterize the performance of the age-
adjusted PSPRP z-score regarding the detection of PSP.
The cut-off for dichotomization was derived from the
ROC curve according to Youden’s criterion.56

Statistical analyses were performed with IBM SPSS
(version 27). An effect was considered significant if
two-sided P ≤ 0.05.

Results

Twenty-one of the 41 PSP patients (51%) were diag-
nosed with PSP-RS (Table 1). Among the 20 patients
(49%) with vPSP, 11 patients presented with “cortical”
vPSP (10 PSP-CBS, 1 PSP-F) and the remaining 9 with
“subcortical” vPSP (8 PSP-P, 1 PSP-PGF). A summary
of the affected clinical domains is given in Supplemen-
tary Table S1 in Appendix S1.
Figure 2 shows the percentage of intra- and between-

reader discrepant cases in the visual interpretation in
the whole cohort (n = 87), separately for each reader
and for each pair of readers. The mean percentage of
intra-reader discrepant cases across the five readers was
12.6 � 5.8% (range 7–20%). The mean percentage of
between-reader discrepant cases across the 10 pairs
of readers and the two reading sessions was
21.4 � 6.0% (11–34%).
The percentage of intra- and between-reader discrep-

ant cases according to subgroup is also shown in
Figure 2.
Mean overall accuracy, sensitivity, specificity, and

balanced accuracy of the visual interpretation for the
detection of PSP in the whole sample were 70.3% �
6.2%, 71.3% � 9.6%, 69.3% � 8.4%, and 70.3% �
6.3%, respectively (mean � standard deviation [SD] of
the five readers and the two reading sessions). Overall
accuracy, sensitivity, specificity, and balanced accuracy
of the majority visual read were 72.8% � 4.3%,
74.0% � 9.2%, 71.7% � 0.0%, and 72.9% � 4.6%,
respectively (mean � SD of the two reading sessions,
Fig. 3). Sensitivity and specificity for each individual
reader are shown in Supplementary Figure S4.
The percentage of cases misclassified by the majority

read according to subgroup is shown in Figure 4.

The PSPRP expression scores increased with age in
the NDB (R = 0.374, P = 0.042; Supplementary
Fig. S5 in Appendix S1) and, therefore, were trans-
formed to age-adjusted z-scores.
In the PSP patients, the age-adjusted PSPRP expres-

sion z-score was positively correlated with the PSP rat-
ing scale (Spearman correlation coefficient = 0.380,
P = 0.014). It was not significantly correlated with the
Montreal Cognitive Assessment scale (P = 0.281),
the Geriatric Depression Scale (P = 0.393), and disease
duration (P = 0.188).
The subgroups (PSP-RS, cortical vPSP, subcortical

vPSP, HC) explained 45.5% of the between-subject var-
iability of the age-adjusted PSPRP expression z-score
(ANOVA-P < 0.0005). Compared to the HC group
(z-score = 0.17 � 1.39), the age-adjusted PSPRP
expression z-score was significantly increased in all PSP
subgroups (PSP-RS: z-score = 3.75 � 1.72, Scheffé
post-hoc test P < 0.0005; cortical vPSP: 2.51 � 2.54,
P = 0.002; subcortical vPSP: z-score = 2.55 � 2.17,
P = 0.004; Fig. 4). Pair-wise differences between PSP
subgroups were not significant (P ≥ 0.300).
The area under the ROC curve of the age-adjusted

PSPRP expression z-score for detection of PSP indepen-
dent of the predominance type was 0.894 (standard
error 0.035). It was 0.952 (0.023) when restricted to
PSP-RS, 0.834 (0.055) for all vPSP, 0.812 (0.075) for
cortical vPSP, and 0.860 (0.060) for subcortical vPSP.
The cut-off 0.89 on the age-adjusted PSPRP

expression z-score achieved overall accuracy, sensitivity,
specificity, and balanced accuracy of 87.4%, 92.7%,
82.6%, and 87.6%, respectively. When the ROC analysis
was restricted to PSP-RS, the Youden criterion resulted in
a slightly larger cut-off (1.19) on the z-score.

Discussion

Between-reader variability of the visual interpretation
of brain FDG-PET was rather large, although all
readers were experienced in FDG-PET reading in
suspected PSP. Intra-reader variability was smaller than
between-reader variability, but still sizeable. Thus, a
considerable fraction of the between-reader variability
can be explained by intra-reader variability, indicating
that visual reading of brain FDG-PET for the detection
of PSP is difficult, even when supported by voxel-based
testing. This is in line with previous studies that
reported lower accuracy of non-expert readers than
expert readers regarding the detection of PSP in
FDG-PET,47 and lower accuracy and confidence of
expert readers for the detection of PSP compared to the
detection of Parkinson’s disease or multiple system
atrophy.47 Intra-reader and between-reader stability
were considerably better in PSP-RS compared to vPSP.
Among the patients with vPSP, intra-reader variability
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FIG. 1. Standardized display for visual reading of 18F-fluorodeoxyglucose-positron emission tomography (FDG-PET). The upper and lower parts were
provided as page 1 and page 2 of a two-page pdf-document, a separate pdf-document for each subject. On each page, the left side shows the sub-
ject’s stereotactically normalized FDG-uptake image. On page 1, the right side shows the patient’s T1w-MRI after mapping to the anatomical reference
space using the PET-based transformation. The right side of page 2 shows the parametric maps of hypometabolism (“winter” color table) and
hypermetabolism (“hot” color table) from voxel-based statistical testing overlaid to the subject’s FDG-PET. The example images shown here are from a
72-year-old woman with diagnosis of probable progressive supranuclear palsy with Richardson’s syndrome (PSP-RS). Example images from a healthy
control (HC) subject are shown in Supplementary Figure S2 in Appendix S1. vPSP, (non-RS) variant PSP. [Color figure can be viewed at
wileyonlinelibrary.com]
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was larger for cortical vPSP than for subcortical vPSP.
Potential explanations include a higher level of atten-
tion of the readers during the first reading session that
resulted in increased sensitivity for the detection of cor-
tical vPSP but not subcortical vPSP (Supplementary
Figs. S6 and S7 in Appendix S1). This suggests that the
sensitivity of visual reading might be higher for cortical
vPSP than for subcortical vPSP if the reading is per-
formed particularly carefully.
In the whole cohort, visual interpretation of FDG-

PET showed balanced sensitivity and specificity only
slightly above 70%, lower than reported previously.49

This is most likely explained by the larger proportion
of vPSP in the current study. In fact, the proportion of
false-negative cases was about four times larger for
vPSP (≈40%) than for PSP-RS (≈10%), in line with the

first hypothesis of this study. Reduced sensitivity of
the visual interpretation of FDG-PET for the detec-
tion of vPSP probably is related to the fact that the
metabolic alterations are often spatially less extended
and milder in vPSP than in PSP-RS (“incomplete pat-
terns”).26,34-38 This might also explain reduced speci-
ficity, since it increases the risk to misinterpret mild
unspecific reduction of FDG-uptake in one of the
PSP-characteristic brain regions as indication of
vPSP. Retrospective inspection of the PET images of
HC subjects misclassified as PSP identified frontal
widening of the longitudinal fissure as a major source
of false-positive PET interpretation (Supplementary
Fig. S8 in Appendix S1).
Only very few studies on FDG-PET in parkinsonian

syndromes based the interpretation on visual inspection

FIG. 2. Top: Percentage of intra- and between-reader discrepant cases in the visual interpretation of brain 18F-fluorodeoxyglucose-positron emission
tomography (FDG-PET) in the whole sample (n = 87), separately for each of the five readers (R1, …, R5) and for each of the 10 pairs of two readers.
For between-reader agreement, mean value and standard deviation (SD) were computed across the two reading sessions. Bottom: Percentage of
intra- and between-reader discrepant cases in the visual interpretation according to subgroup. For intra-reader agreement, mean value and SD were
computed across the five readers. For between-reader agreement, mean value and SD were computed across the 10 pairs of readers and the two
reading sessions. PSP-RS, progressive supranuclear palsy with Richardson’s syndrome; vPSP, (non-RS) variant PSP; HC, healthy control.

Movement Disorders, Vol. 38, No. 10, 2023 1907

F D G - P E T I N V A R I A N T P S P P H E N O T Y P E S

 15318257, 2023, 10, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29581, W
iley O

nline L
ibrary on [11/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



of the FDG-uptake images alone.29 Here, visual FDG-
PET reading was supported by voxel-based statistical
testing as in most previous studies.38,48,49,57-69 Voxel-
based testing increases reader confidence47 and accu-
racy of FDG-PET in parkinsonian syndromes,47,49,60

particularly in less experienced readers.47 Procedure
guidelines recommend supporting visual FDG-PET
analysis with observer-independent approaches such as
voxel-based statistical testing “especially for less-skilled
readers and, more generally, with the aim to reduce
inter-reader variability”.70,71 Thus, the visual PET read-
ing in this study was in line with current guidelines,
and it represents clinical practice at most sites.

However, statistical maps have to be interpreted by
the user. Thus, voxel-based testing does not fully elimi-
nate intra- and between-reader variability in brain
FDG-PET.50 Furthermore, voxel-based testing has only
limited sensitivity to capture functional interactions
among brain regions. It applies the same univariate test
and the same significance threshold at each image
voxel. Potentially relevant information is missed when
it does not reach the predefined significance threshold.
Furthermore, intensity scaling of FDG-uptake images
for voxel-based testing results in reduced sensitivity for
the detection of regional hypometabolism if the refer-
ence region for intensity scaling is affected by disease-

FIG. 3. Accuracy of the majority visual read of the five readers and of the age-adjusted progressive supranuclear palsy-related pattern (PSPRP) expres-
sion z-score for the detection of PSP in the whole sample (left), and percentage of misclassified cases by the majority visual read and by the age-
adjusted PSPRP expression z-score according to PSP predominance type (right). Mean values and standard deviations (SD) for the majority visual read
were computed across the two reading sessions. For the age-adjusted PSPRP expression z-score, the cut-off derived from the receiver operating char-
acteristic (ROC) curve in the whole sample was used. PSP-RS, progressive supranuclear palsy with Richardson’s syndrome; vPSP, (non-RS) variant
PSP; HC, healthy control.

FIG. 4. Age-adjusted progressive supranuclear palsy-related pattern (PSPRP) expression z-score in the different subgroups (left) and versus classifica-
tion based on the cut-off derived from receiver operating characteristic (ROC) analysis in the whole sample. HC, healthy control; PSP-RS, progressive
supranuclear palsy with Richardson’s syndrome; vPSP, (non-RS) variant PSP; TN, true-negative; FN, false-negative; FP, false-positive; TP, true-
positive.
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related hypometabolism.72,73 Tracer kinetic modeling
to estimate the regional metabolic rate of glucose
(in milligram glucose per gram tissue per minute) elimi-
nates the need for intensity scaling.15-18,20,35,74 How-
ever, kinetic modeling requires measurement of the time
course of FDG in arterial plasma (“input function”) by
drawing arterial blood samples.75 This is not feasible
for all patients in clinical practice, even though the
input function might be obtained by sampling
“arterialized” venous blood.76
Limitations of voxel-based testing are overcome by

covariance pattern analysis using scaled subprofile
model principal component analysis (SSM-PCA) to
identify disease-related patterns.51,53,77,78 Disease-related
covariance patterns more likely cover the full spatial
extent of metabolic changes throughout the whole brain
than statistical maps from univariate voxel-based testing.
Once the disease-related pattern has been identified in a
training set, its expression can be computed for new
FDG-PET images. The computation is fully automatic
and, therefore, user-independent. Covariance pattern anal-
ysis does not require intensity scaling and, therefore, is
not affected by limitations of a reference region.
Automatic quantification of the expression of disease-

related patterns was validated for the (differential) diag-
nosis of neurodegenerative parkinsonian syndromes in
numerous studies.30-32,36,37,50,58,79-87 It provides high
accuracy for the detection of PSP also at early clinical
stages.80

Covariance pattern analysis is robust with respect to
image variability associated with different scanner
hardware and/or software.55 In particular, the PSPRP is
highly consistent across populations and PET scanners
(Supplementary Fig. S9 in Appendix S1).32,36,37,58,79,88

This is an important prerequisite for widespread clinical
use. In particular, it allows sharing of disease-related
patterns between sites. The current study used the
“North American” PSPRP derived about 15 years ago50

and validated in independent cohorts from North
America,80,89 Europe,30 South Korea,37 and India.82

A novel finding of this study was the significant
decline of PSPRP expression with healthy aging,
suggesting that age adjustment is required to optimize
the diagnostic performance of PSPRP expression analy-
sis. The area under the ROC curve for detection of PSP
was significantly (P = 0.008) smaller without than with
age adjustment (data not shown).
In the whole cohort, PSPRP expression analysis

clearly outperformed visual interpretation with respect
to both sensitivity and specificity. The improvement
was not restricted to PSP-RS. On the contrary, sensitiv-
ity improvement was even more pronounced in vPSP,
supporting the second hypothesis of the study. This
suggests that PSPRP expression analysis provides clini-
cally useful discriminative power also in non-RS PSP, in

line with a previous study that included 36% vPSP
patients.36

The North American PSPRP was derived from
10 patients with PSP according to the NINDS criteria
that probably overrepresented PSP-RS.50 The current
study made no attempts to adapt the North American
PSPRP to the current PSP sample in order to avoid
overly optimistic performance estimates due to over-
fitting. The FDG-PET images of the PSP patients were
obtained retrospectively from multiple sites without
specific eligibility criteria. In particular, no cases were
excluded due to limited PET image quality. Thus, the
current performance estimates should be representative
of covariance pattern analysis with the North American
PSPRP in clinical practice at most sites.
Age-adjusted PSPRP expression was slightly higher in

false-negative compared to true-negative cases and
slightly lower in false-positive compared to true-positive
cases (Fig. 4). This suggests that the PSPRP expression
score might contribute to the characterization of the
confidence of the automatic interpretation beyond
binary classification.
In a study on covariance pattern analysis, PSPRP

expression discriminated PSP-RS and PSP-P patients
from healthy controls.36 PSP-PGF also showed elevated
PSPRP expression, but the effect did not reach statisti-
cal significance.36 The authors concluded that “…
despite the existence of probable neuropathological and
functional differences between PSP variants, they may
also share a common pattern that can serve as a PSP
biomarker…”. Another FDG-PET study found no
significant difference in PSPRP expression between
PSP-RS and PSP-P.37 The authors concluded that “a
common generic disease network is expressed by
patients with the disorder, irrespective of clinical pre-
sentation”.37 In another study, 5 patients with
corticobasal syndrome and neuropathological PSP diagno-
sis presented the typical PSP pattern in FDG-PET.27 Thus,
FDG-PET does not simply mirror symptoms, but reveals
metabolic alterations that are associated with the pathol-
ogy.27,90 This is the basis for FDG-PET to support the
etiological diagnosis of neurodegenerative parkinsonian
syndromes.
Differences in PSPRP expression between PSP pre-

dominance types suggest that the sensitivity of auto-
matic covariance analysis for the detection of non-RS
predominance types might be improved by adding
type-specific patterns (Supplementary Fig. S9 in
Appendix S1).
Disease-characteristic FDG-PET indices derived by

deep machine learning showed promising perfor-
mance regarding (differential) diagnosis of neurode-
generative parkinsonian syndromes.91,92 Further
validation is required to recommended these indices
for clinical use.
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The following limitations of this study should be
noted. First, the number of PSP patients was rather
small. This is explained by the fact that inclusion was
restricted to PET examinations from PET systems that
were still available for a Hoffman 3D phantom mea-
surement for retrospective harmonization of spatial
resolution.
Second, the clinical PSP diagnosis was obtained close

in time to PET. Verification of the diagnosis was not
available, neither by neuropathology nor by follow-up.
Thus, limitations of the clinical diagnosis at early dis-
ease stages8 and with respect to the allocation of PSP
patients to a specific predominance type93 should be
taken into account.
Third, the clinical diagnosis was made after FDG-

PET in 24 of the 41 PSP patients (58.5%) and was not
blinded for the FDG-PET finding. This might have cau-
sed a selection bias in favor of FDG-PET. This mainly
affects the sensitivity of FDG-PET for the detection of
PSP-RS, since the clinical diagnosis was made after
FDG-PET in 17 of the 21 PSP-RS patients (81%). The
proportion of cases in which the clinical diagnosis was
made after PET was considerably smaller among the
vPSP patients (7 of 20, 35%), so that the sensitivity esti-
mates for the detection of vPSP should be less affected.
Furthermore, the potential selection bias probably did
not favor PSPRP expression analysis over visual image
interpretation, since none of the participating sites per-
formed PSPRP expression analysis at the time of FDG-
PET. The cut-off on the age-adjusted PSPRP expression
z-score to compute sensitivity and specificity was
derived in the same sample to which it was applied,
which might have caused a bias. Potential limitations
associated with the cut-off do not affect the area under
the ROC curve.
Fourth, the study was restricted to the detection of

PSP. The differentiation of PSP from other neurodegen-
erative parkinsonian syndromes was not assessed.
Finally, no attempts were made to differentiate

between PSP predominance types based on FDG-PET.
The rationale was that the syndromic characterization
is part of the clinical assessment. FDG-PET is used to
support the etiological diagnosis of the underlying
pathology independent of the clinical phenotype.
In conclusion, visual interpretation of brain FDG-

PET supported by voxel-based testing provides good
accuracy for the detection of PSP-RS, but only fair sen-
sitivity for the detection of vPSP predominance types.
Automatic covariance pattern expression analysis out-
performs visual interpretation with respect to the detec-
tion of PSP-RS, provides clinically useful sensitivity also
for the detection of vPSP, and reduces the rate of false-
positive findings. We recommend the use of pattern
expression analysis to complement visual reading and
voxel-based testing of brain FDG-PET in
suspected PSP.
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