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ABSTRACT: Background: International clinical criteria
are the reference for the diagnosis of degenerative par-
kinsonism in clinical research, but they may lack sensitiv-
ity and specificity in the early stages.

Objectives: To determine whether magnetic resonance
imaging (MRI) analysis, through visual reading or machine-
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learning approaches, improves diagnostic accuracy com-
pared with clinical diagnosis at an early stage in patients
referred for suspected degenerative parkinsonism.

Materials: Patients with initial diagnostic uncertainty
between Parkinson’s disease (PD), progressive supra-
nuclear palsy (PSP), and multisystem atrophy (MSA), with
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brain MRI performed at the initial visit (V1) and available
2-year follow-up (V2), were included. We evaluated the
accuracy of the diagnosis established based on: (1) the
international clinical diagnostic criteria for PD, PSP, and
MSA at V1 (“Clin1”); (2) MRI visual reading blinded to the
clinical diagnosis (“MRI”); (3) both MRI visual reading and
clinical criteria at V1 (“MRIl and Clin1”), and (4) a
machine-learning algorithm (“Algorithm”). The gold stan-
dard diagnosis was established by expert consensus
after a 2-year follow-up.

Results: We recruited 113 patients (53 with PD, 31 with
PSP, and 29 with MSA). Considering the whole popula-
tion, compared with clinical criteria at the initial visit
(“Clin1”: balanced accuracy, 66.2%), MRI visual reading

-

showed a diagnostic gain of 14.3% (“MRI”: 80.5%;
P = 0.01), increasing to 19.2% when combined with the
clinical diagnosis at the initial visit (“MRI and Clin1”:
85.4%; P < 0.0001). The algorithm achieved a diagnostic
gain of 9.9% (“Algorithm”: 76.1%; P = 0.08).
Conclusion: Our study shows the use of MRI analysis,
whether by visual reading or machine-learning methods,
for early differentiation of parkinsonism. © 2024 The
Authors. Movement Disorders published by Wiley Period-
icals LLC on behalf of International Parkinson and Move-
ment Disorder Society.

Key Words: diagnosis; multisystem atrophy; MRI;
Parkinson’s disease; progressive supranuclear palsy

Differential diagnosis of degenerative parkinsonism
using international clinical criteria remains challenging
at the early stages, with modest diagnostic accuracy at
the initial consultation for multisystem atrophy (MSA)
(62%-79%)"* and progressive supranuclear palsy
(PSP) (14%-83%).>* Despite criteria revisions, the time
to diagnosis remains long,” resulting in missed opportu-
nities for potential candidates in neuroprotection trials.

Magnetic resonance imaging (MRI) biomarkers have
been widely studied for their ability to discriminate par-
kinsonism. Qualitative signs such as the hummingbird
sign and the morning glory sign, indicative of midbrain
atrophy, were shown to have high specificity, but low
sensitivity in differentiating patients with PSP with
Richardson’s syndrome (PSP-RS).® Subsequent develop-
ment of morphometric measurements such as the mid-
brain to pons area ratio and the magnetic resonance
parkinsonism index (MRPI) resulted in a significant
diagnostic performance improvement.”® These mor-
phometric measurements were also shown to accurately
differentiate patients with the cerebellar subtype of
MSA (MSACc) along with cerebellar atrophy and the hot
cross bun sign.® Putaminal atrophy, diffusivity, and
iron load increase were more accurate for the discrimi-
nation of the parkinsonian subtype (MSAp).”'° These
results led to the incorporation of imaging into the new
diagnostic criteria for MSA."!

However, a major gap in current literature is the
limited focus on patients with diagnostic uncertainty or
in the early stages of the disease. Prospective studies
involving early-stage patients with longitudinal follow-
ups are challenging to carry out, but essential for under-
standing the role of MRI in the initial stages of parkin-
sonism before meeting diagnostic criteria. Studies
suggested the MRPDs ability to predict PSP progression
in clinically unclassifiable parkinsonism'* and before the
onset of vertical gaze palsy in PSP-parkinsonism
(PSP-P).” Additionally, early putamen and infratentorial
structural atrophy in MSA patients, before meeting

diagnostic criteria, hint at MRD’s potential for early dif-
ferentiation.'> However, the precise contribution of MRI
to the early diagnosis of parkinsonism, before diagnostic
criteria are met, remains to be quantified.

Promising results were obtained by combining fully
automated quantitative MRI biomarkers with machine
learning approaches to discriminate parkinsonian syn-
dromes."**! Although most studies targeted patients with
confirmed diagnosis, one study achieved 97% accuracy
using a supervised machine learning algorithm trained
with volumetry versus 62.9% using clinical criteria at ini-
tial visit in patients with initial clinical uncertainty.'®
Another study showed accurate classification of partici-
pants with moderate to early-stage parkinsonism, exam-
ined on different MRI systems as part of their routine
clinical assessment, with accuracies ranging between 0.77
and 0.90, suggesting the potential clinical use of machine
learning approaches combined with MRIL** However,
the diagnostic gain of these approaches at the individual
level and in uncertain cases, needs further investigation.

In the present work, our objective was to determine
whether MRI analyzed by visual reading or using
machine-learning approaches improved diagnostic
accuracy of parkinsonism compared with clinical diag-
nosis at the initial clinical consultation as compared to
the reference diagnosis established by expert consensus
after a 2-year follow-up.

Material and Methods

Population

Data were collected from consecutive patients
referred to the movement disorders clinic in the Depart-
ment of Neurology of the Pitié-Salpétriere Hospital,
Paris, between 2014 and 2019, for diagnostic uncer-
tainty between PD, PSP, and MSA. As a clinical routine
procedure, patients underwent a clinical examination
by a movement disorders specialist, standardized brain
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TABLE 1 Definition of the different types of diagnoses

Type of

diagnosis Definition

Gold standard Established retrospectively by an expert
consensus based on all clinical and
paraclinical information collected during

the two visits, excluding brain MRI.

Clinl Clinical diagnosis based on clinical criteria at
V1.

Clin2 Clinical diagnosis based on clinical criteria at
V2.

MRI Neuroradiologist’s diagnosis blinded to the

final diagnosis and to the diagnosis
according to clinical criteria at V1.

MRI and Neuroradiologist’s diagnosis blinded to the
Clinl final diagnosis and in the light of the
diagnosis according to clinical criteria at
V1.
Algorithm Diagnostic prediction given by the

algorithm.

Abbreviations: MRI, magnetic resonance imaging; V1, initial visit; V2, 2-year
follow-up visit.

MRI, and other investigations depending on the patient
clinical profile at the initial visit (V1). Approximately
2 years after the initial visit (V2), patients were
re-evaluated as part of their follow-up. The gold stan-
dard was the final diagnosis established retrospectively
by a consensus of two experts with >15 years of experi-
ence in movement disorders (B.D., D.G.) based on all
clinical and paraclinical information collected during
follow-up, excluding brain MRI (Table 1). Patients were
excluded when a final diagnosis could not be pro-
vided (Fig. 1).

Patients meeting the following criteria were included:
suspicion of parkinsonism; availability of a clinical
follow-up; final clinical diagnosis of Parkinson’s disease
(PD),”® PSP,* or MSA;'! availability of a brain MRI
scan concurrent with the initial visit. Exclusion criteria
were a lack of dopaminergic denervation on 1-123-FP-
CIT single photon emission computed tomography
(Datscan) or'® Fluorodopa positron emission tomogra-
phy (PET) when available; significant movement arti-
facts on MRI images; and infarcts in the basal ganglia
and/or brainstem or other structural abnormality on
MRI images. Patients with a diagnosis of Lewy body
dementia or corticobasal syndrome were also excluded
because brain MRI does not show any suggestive pat-
tern or lacks sensitivity in these disorders.

The local institutional review board approved the
retrospective use of the clinical and imaging data for
the present study (Parkatypique: CPP Ile-de-France
VI08012015).

PARKINSONISM

USING MRI |
DIAGNOSTIC U

Clinical Data

Neurological examinations were performed by expert
neurologists and included the Hoehn and Yahr score, the
Unified Parkinson Disease Rating Scale part IIl (UPDRS III)
score, the Mini-Mental State Examination (MMSE), the
Frontal Assessment Battery (FAB), and blood pressure tests
(orthostatic hypotension). Additional tests were performed
when considered necessary by the neurologist such as eye
movement recordings by direct current electro-oculography,
neuropsychological evaluation and/or urodynamic testing,
and Datscan. We retrospectively established diagnoses and
stratified patients into three levels of diagnostic certainty
(probable, possible, and undetermined) at V1 and V2
according to published clinical criteria (Supplementary
Table 1, and Supplementary Fig. 1).

N PATIENTS
WITH NCERTAINTY

MRI Acquisition

MRI scans were acquired at the same time as the ini-
tial clinical visit. Patients were scanned under clinical
conditions as part of their routine diagnostic workup
using four different MRI scanners: 3T Siemens
SKYRA (Siemens Healthineers, Erlangen, DE, 3T
General Electric (GE) SIGNA (GE Healthcare, Chi-
cago, IL), 1.5 T GE OPTIMA, and 3 T GE PET/MRL
The distribution of the different disease groups and
certainty categories across the different scanners was
not significantly different (Supplementary Table 2). The
protocol included the following sequences: three-
dimensional (3D) gradient-recalled echo T1-weighted
sequence, 3D T2 fluid attenuated inversion recovery
(FLAIR), proton density-weighted, susceptibility-weighted
or T2* images, diffusion-weighted (b = 1000) or diffu-
sion tensor imaging (b = 1000, 15, or 32 directions) with
apparent diffusion coefficient or mean diffusivity maps.

Image Analysis
Radiological Analysis

MRI images were retrospectively analyzed using a stan-
dardized reading grid (Supplementary Table 3) by two
expert neuroradiologists, blinded to the final diagnosis and
to the clinical diagnosis at V1 (“MRI”), then in the light of
the clinical diagnosis at V1 (“MRI and Clin1”) (Supple-
mentary Table 1). Discrepant cases were reviewed until a
consensus was found between the two neuroradiologists.

Automated Classification

We used a supervised machine-learning model (logis-
tic regression) developed in our previous study.*” The
model was trained on a pre-existing research cohort
consisting of 179 participants with probable diagnosis
of PD (n=63), PSP (n=21), MSA (n=23), and
healthy controls (n = 72) scanned using a 3 T Siemens
Trio system (Siemens Healthineers, Erlangen, Germany)
with a 32-channel head coil (Supplementary Table 4).
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Patients referred between 2014 and 2019 for suspicion of

parkinsonism with MRI examination available at V1
e
n=312 I ;
Excluded n=38 including
* Vascular n=16
*  Genetic n=8
* latrogenic n=1
*| + Demyelinating n=1
*  Traumatic n=1
*  Chronism alcoolism n=1
*  Normal pressure hydrocephalus=1
*  Other n=8
v
Degenerative parkinsonism n=274 |

>

n=129 including 39 deaths and 80 lost to follow-up

V2 I Follow-up n=145 |

v

Absence of final diagnosis n=18
| Lewy body dementia n=>5
Corticobasal degeneration n=>5
Insufficient clinical data n=4

| Patients included n the study n=113

‘ PD (n=53) PSP (n=31) MSA (n=29)

‘ V1 ” Probable n=42

Possible n=30  Undetermined n=41 |

‘ V2 ” Probable n=71

Possible n=16  Undetermined n=26 |

FIG. 1. Distribution of clinical diagnoses. Abbreviations: MSA, multiple system atrophy; PD, Parkinson’s disease; PSP, progressive supranuclear palsy;
V1, initial visit; V2, 2-year follow-up visit. [Color figure can be viewed at wileyonlinelibrary.com]

T1-weighted images were automatically segmented
using FreeSurfer 6.0 (https://freesurfer.net/). Volumes of
12 regions of interest known for being involved in the
pathophysiology of parkinsonian syndromes were used
as input features for the algorithm. These regions
included the brainstem, cerebellar white matter, basal
ganglia, thalamus, precentral and insula cortices, and the
third and fourth ventricles.”” To remove interindividual
variability, all volumes were corrected by the total intra-
cranial volume for each participant. The means of the
volumes were used for bilateral regions. The model was
then tested on the novel independent population of the
current study in each category of diagnostic certainty
level (probable, possible, and undetermined). For each
subject, a diagnostic prediction defined as the most fre-
quently predicted class using the multiclass classification
(PD vs. PSP vs. MSA), was obtained and compared to
the gold standard.

Summary of the Different Types of Diagnosis
Overall, we used different types of diagnosis (Table 1):

1. Clinical diagnosis based on international clinical
criteria at V1 (“Clin1”).

2. Clinical diagnosis at V2 computed exactly the
same way as at V1 (“Clin2”).

3. MRI diagnosis based only on MRI examination at
V1 and blinded to the clinical diagnosis (“MRI”).

4. Combined MRI and clinical-based diagnosis at V1
(“MRI and Clin1”).

5. Gold standard (final diagnosis established retro-
spectively by two experts).

Statistical Analyses

Statistical analyses were conducted using R version
4.2.2 (R Development Core Team, 2022). Quantitative
variables were compared using linear regression models
with “disease group” and “certainty level category” as
factors. The significance of the main or interaction
effects was assessed by type II analysis of variance F
tests using the function “ANOVA” in the car R package
and Tukey post hoc comparisons were performed on
statistically significant effects with the emmeans R
package. Categorical variables were compared with a
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Fisher’s exact test for each factor (“disease group” and
“certainty category”), and the interaction between the
two was assessed with a Cochran-Mantel-Haenszel
test. Post hoc analyses using pairwise Fisher’s exact
tests with false discovery rate correction for multiple
comparisons were performed based on a significant
effect of a factor (comparisons of levels) or a significant
interaction revealed by the Cochran-Mantel-Haenszel
test (comparisons of levels on strata of the interacting
factor). The level of statistical significance was set
at P < 0.0S.

Interrater reliability between the two neuroradiolo-
gists was evaluated using Cohen’s x test.

For each type of diagnosis, accuracy was calculated
as the proportion of well-classified subjects out of the
total number of subjects with respect to the final refer-
ence diagnosis, in each diagnostic certainty category
and each disease group. To avoid overestimation of
performance because of imbalanced group size, bal-
anced accuracies (BAC) were calculated as the average
of the individual-level accuracies across disease groups
and certainty categories.

Permutation tests were used to test the magnitude of
the differences in BAC achieved by the different diagno-
ses. Based on 10,000 permutations that randomly
exchanged the labels of good and bad classifications
between the diagnoses within each disease group, the
superiority of one diagnosis over another was, there-
fore, established with the estimated P-value reporting
the proportion of permutations that led to a difference
in BAC as large or larger than that observed.

Results

Population

The study population included 113 patients with a
final diagnosis of PD (n = 53), PSP (n = 31 including
21 with Richardson’s syndrome [PSP-RS], five with pre-
dominant parkinsonism [PSP-P], two with progressive
gait freezing [PSP-PGF], two with a mixed form PSP-P/
PGF, and one with a frontal presentation [PSP-F]) and
MSA (n=29; 17 with a parkinsonian form [MSAp],
seven with cerebellar form [MSAc|, and five mixed
form). At V1, 42 patients met the criteria for probable
diagnosis of one of the three types of parkinsonian syn-
drome (37.2%) and 30 for possible diagnosis (26.5%),
whereas the diagnosis remained undetermined for
41 patients (36.3%) (Fig. 1 and Supplementary Fig. 1).
Among these 41 patients with an undetermined diagno-
sis, nine (including five with PD and four with PSP)
received a possible or probable diagnosis based on inter-
national clinical criteria at V1, but that did not align
with the gold standard. Although this category is of
interest, we decided to merge these “misdiagnosed”
patients with the “undetermined” group to ensure the

PARKINSONISM

USING MRI IN PATIENTS

WITH DIAGNOSTIC UNCERTAINTY

statistical analyses’ reliability. Indeed, the very low sam-
ple size in this “misdiagnosed” category and the absence
of representation of this category in the MSA would
have biased the computation of balanced accuracies.

Demographic and Clinical Characteristics

There were no significant differences in age, sex, dis-
ease duration, or follow-up time between disease
groups and between certainty categories. At V1,
disease duration was 3.1 &+ 2.4 years on average in the
whole population. Hoehn and Yahr scores were signifi-
cantly lower in patients with PD compared with those
with PSP and MSA (P < 0.001). UPDRS III, MMSE, or
FAB scores at V1 did not differ (Table 2). Clinical and
imaging characteristics are summarized in Supplemen-
tary Tables 5-7.

Diagnostic Accuracies
Clinical Criteria at V1 and V2

Considering all patients meeting the clinical criteria for
probable or possible diagnosis, the overall BAC of clini-
cal criteria was 66.2% at V1 (“Clin1”; corresponding to
72 well-diagnosed patients of 113, regardless of disease
or certainty group sizes) and significantly increased to
83.5% (87/113) at V2 (“Clin2”; P = 0.002). When ana-
lyzing by disease group, BAC was equal to 79.3%
(23/29) in the MSA group, 64.5% (20/31) in the PSP
group, and 54.7% (29/53) in the PD group at V1. At
V2, it increased to 94.4% (28/29; P = 0.002), 83.1%
(25/31; P = 0.10), and 73.0% (34/53; P = 0.02), respec-
tively (Table 3, Fig. 2).

MRI Analysis

Interrater reliability between the two neuroradiolo-
gists was good for both MRI readings, blinded (“MRI”;
k = 0.76) and in light of the clinical diagnosis (“MRI
and Clin1”; ¥« = 0.78).

Compared with the clinical criteria at V1, the overall
BAC of the MRI analysis alone was 14.3% points
higher (“MRI”: 80.5% vs. “Clin1”: 66.2%; P = 0.01)
and 19.2% points higher when combined with the clini-
cal diagnosis at V1 (“MRI and Clin1”: 85.4%;
P <0.0001).

When analyzing by level of diagnostic certainty, the
BAC of “MRI” was 89.4% (39/42) in patients with
probable form, 82.1% (24/33) in those with possible
form, and 69.8% (27/43) in those whose diagnosis was
undetermined. Combining MRI analysis with the clini-
cal diagnosis at V1 (“MRI and Clin1”) increased the
BAC to 93.6% (40/42) in patients with probable form,
86.9% (27/33) in those with possible form, and 75.6%
(31/43) in those with undetermined form, although the
difference was not statistically significant. When analyz-
ing by disease group, there was a trend toward a better
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4[ EARLY DIFFERENTIATION OF PARKINSONISM USING MRI IN PATIENT
WITH DIAGNOSTIC UNCERTAINT

TABLE 3  Diagnostic accuracies

All diseases (BAC) PD PSP MSA
Groups All Probable Possible Undetermined  Accuracy BAC Accuracy BAC Accuracy BAC
Clinl 66.2% NA NA NA 54.7% (29/53) 54.7% 64.5% (20/31) 64.5% 79.3% (23/29) 79.3%
Clin2 83.5%  98.2% 95.2% 57.1% 64.2% (34/53) 73.0% 80.6% (25/31) 83.1% 96.6% (28/29) 94.4%
MRI 80.5%  89.4% 82.1% 69.8% 67.9% (36/53) 69.6% 87.1% (27/31) 87.9% 86.2% (25/29) 83.9%
MRIand 854%  93.6% 86.9% 75.6% 79.2% (42/53) 81.3% 90.3% (28/31) 90.9% 86.2% (25/29) 83.9%
Clinl

Algorithm 76.1%  81.2% 88.2% 58.8% 89.6% (43/48) 91.9% 62.5% (15/24) 72.3% 65.5% (19/29) 63.9%

Note: Accuracies (number of patients with a correct diagnosis between brackets) and balanced accuracies are reported for the whole population (“All”), by level of diagnostic cer-
tainty at V1 and by disease group for each type of diagnosis: clinical criteria at V1 (“Clin1”), clinical criteria at V2 (“Clin2”), MRI alone (“MRI”), MRI combined with clinical
criteria at V1 (“MRI and Clin1”), and algorithm (“Algorithm”). Patients with MSAp, MSAc, and mixed phenotype were analyzed together in a group called “MSA”.
Abbreviations: BAC, balanced accuracy; PD, Parkinson’s disease; PSP, progressive supranuclear palsy; MSA, multiple system atrophy; MRI, magnetic resonance imaging; V1, ini-
tial visit; V2, follow-up visit; NA, not applicable.
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FIG. 2. Diagnostic accuracies. Percentages of the balanced accuracies (y-axis) in the whole population (“All”) and in each disease group (PD, PSP, MSA)
are given globally (diamonds) and by level of diagnostic certainty at V1 (probable, possible, undetermined; bullet points; x-axis) for each modality (clinical
criteria at V1: light blue; clinical criteria at V2: purple; MRI: yellow; MRI combined with clinical criteria at V1 (MRI and Clin1): red; algorithm: gray). Balanced
accuracies of clinical criteria at V1 are only reported globally and not by level of diagnostic certainty because clinical criteria were precisely used to define
the different levels of diagnostic certainty at V1. Abbreviations: MRI, magnetic resonance imaging; MSA, multiple system atrophy; PD, Parkinson’s dis-
ease; PSP, progressive supranuclear palsy; V1, initial visit; V2, 2-year follow-up visit. [Color figure can be viewed at wileyonlinelibrary.com]
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classification of patients with PSP (BAC = 87.9%) and
MSA (83.9%) than those with PD (69.6%) using MRI
alone (“MRI”, P = 0.07 and 0.08, respectively). No sig-
nificant between-group difference was seen using “MRI
and Clin1” (BAC: PSP, 90.9%; MSA, 83.9%; PD,
81.3%) (Table 3, Fig. 2).

Algorithm

Automated classification was available for 101 sub-
jects out of 113 including 48 PD, 24 PSP, and 29 MSA
(MRI artifacts for 11 subjects—five PD and six PSP;
brain segmentation failure for one PSP). The overall
BAC using the algorithm increased by 9.9% points
compared to clinical criteria at V1 (“Algorithm”:
76.1% vs. “Clin1: 66.2%), although the difference did
not reach significance (P = 0.08). It was high in the
possible (88.2%, 24/28) and probable (81.2%, 27/35)
categories, and low in the undetermined category
(58.8%, 26/38). The algorithm classified PD patients
(BAC =91.9%) better than those with MSA
(BAC = 63.9%, P =0.006); no difference was seen
with the PSP group (BAC = 72.3%) (Table 3, Fig. 2).

Discordances between MRI and Final
Diagnosis

Supplementary Table 8 provides the characteristics of
the discordant patients.

In the PD group, 11 of 53 patients (20.7%) were dis-
cordant. Ten patients (including one with probable,
three with possible, and six with undetermined diagno-
sis at V1) were classified as PSP on MRI because of
midbrain atrophy. These patients with a “PSP-like”
MRI pattern were significantly older than those with
“typical PD” (ie, PD patients in whom MRI was consis-
tent with the final diagnosis) (73.2 vs. 62.7 years,
P = 0.005). The “typical PD” group had a higher pro-
portion of males (32 males [M]/10 females
[F]) compared with the “PSP-like” group (7 M/3F,
P = 0.03). Disease duration did not differ. There was
no difference for patients with “typical PSP (ie, PSP
patients in whom MRI was consistent with the final
diagnosis) for age, gender, or disease duration. At V1,
the “PSP-like” patients had significantly more postural
instability within 3 years (P1) (30%) than those with
“typical PD” (4.8%, P = 0.04) and less than those with
“typical PSP” (75%, P =0.03). They had more rest
tremor than patients with “typical PSP” (70 vs. 29%,
P =0.045). At V2, they also had progressive freezing
of gait within 3 years (A1, 20%) unlike patients with
“typical PD” (P = 0.02).

The remaining discordant patient with a final clinical
diagnosis of PD was classified as MSAp on MRI because
of suggestive abnormalities. He had dysautonomia, levo-
dopa (L-dopa)-sensitive parkinsonism, Babinski sign, and
no cerebellar syndrome.

In the PSP group, three of 31 patients (9.7%) were
discordant. They were all clinically undetermined at
V1, and two of them progressed to a probable diagno-
sis at V2:

® One patient with a clinical phenotype of PSP-P was
classified as MSAp on MRI. He had oculomotor
disturbances (apraxia of eye—opening or frequent
macro square wave jerk-O3), postural instability
(repeated unprovoked falls within 3 years-P1; ten-
dency to fall on pull-test within 3 years-P2), and
akinesia (parkinsonism with tremor and/or asym-
metric and/or 1-dopa-responsive-A3), but also
dysautonomia, cerebellar syndrome, and r-dopa-
sensitive parkinsonism.

® One patient with a clinical phenotype of PSP-PGF
was classified as PD on MRI in the absence of mid-
brain atrophy. He had O3, P1, A1 (progressive freez-
ing of gait within 3 years), and A2 signs as well as
apathy, dysexecutive symptoms, and bradyphrenia.

® One patient with a clinical phenotype of PSP-RS had
asymmetric parietal cortical atrophy, but no midbrain
atrophy. He had O3, P1, A3 signs, dysautonomia, but
no dystonia, apraxia, or sensory cortical deficit.

In the MSA group, four of 26 patients (two MSAp and
two MSAc, 15.4%) were discordant. They were all classi-
fied as PD on MRI. At V1, three had an undetermined
diagnosis and one had a probable diagnosis and all prog-
ressed to probable diagnosis at V2. These patients with a
“PD-like” MRI pattern had dysautonomia, 1-dopa-
sensitive parkinsonism (75% vs. 66.7% in the “typical
MSA” group and 92.9% in the “typical PD” group) and
cerebellar syndrome in the two MSAc cases.

Discussion

This study compared the diagnostic accuracies of clini-
cal criteria at initial and 2-year follow-up visits to MRI
analysis by visual reading or by using a machine-learning
algorithm. Patients were referred for an uncertain diagno-
sis of degenerative parkinsonism at a relatively early stage
of the disease. Considering retrospective diagnosis by
expert consensus as the gold standard, clinical criteria
showed limited accuracy at the initial visit (66.2%),
which improved after a 2-year follow-up (83.5%). In
comparison to clinical criteria at V1, the initial MRI anal-
ysis by expert visual reading provided a diagnostic gain
of 14.3% points (80.5% vs. 66.2%). This gain increased
to 19.2% points when MRI was combined with the clini-
cal diagnosis at V1 (85.4%). This combined approach
reached an accuracy close to that achieved with clinical
criteria at follow-up. The machine-learning-based classifi-
cation yielded a diagnostic gain of 9.9% points (76.1%),
although the accuracy was lower in patients with an
undetermined diagnosis at V1.
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Clinical Criteria

The relatively low accuracy of clinical criteria at V1,
especially for the diagnosis of PD, could be partly
explained by the specific patient population recruited.
Our center serves as a tertiary facility, where neurolo-
gists refer patients in case of uncertainty regarding the
diagnosis of parkinsonism. Patients with PD can pre-
sent with unusual features (red flags) during the initial
stages of the disease. As shown in our study
(Supplementary Tables 5 and 6), 39.6% of PD patients
exhibited autonomic dysfunction at V1, 19% showed
oculomotor signs such as slowed vertical saccades,
apraxia of eyelid opening, or frequent macro square
wave jerks, and 7.5% had a poor 1-dopa response. As
patients were referred at an early stage of their disease,
the diagnosis was all the more difficult compared with
more advanced patients. Our study emphasizes that
overlapping clinical features in atypical parkinsonism at
early stages can challenge an accurate diagnosis using
international clinical criteria. Similarly, using neuro-
pathological examination, a previous study demon-
strated that the accuracy of clinical criteria was only
26% for a diagnosis of PD in untreated or not clearly
responsive  patients, 53% accuracy for early
medication-responsive PD (<5 years of duration), and
>85% diagnostic accuracy for medication-responsive
PD of longer course.”* Several clinico-histological series
have also reported discrepancies regarding the diagnosis
of MSA. Up to 38% of patients with a postmortem
diagnosis of Lewy body dementia, PSP, and PD clini-
cally masqueraded as MSA,” and, conversely, 19% of
patients with a postmortem diagnosis of MSA clinically
mimicked PD and PSP.*

Further, the accuracy of clinical criteria improved dur-
ing follow-up, rising from 66.2% to 83.5%. However, it
is worth noting that it did not attain 100% accuracy
when compared with the gold standard, which was
established by considering the opinions of two movement
disorders experts, based on all clinical and paraclinical
information (except MRI). Indeed, it has been demon-
strated that expert opinions yield higher accuracy com-
pared with the application of formal clinical criteria.**-*”

MRI Analysis

Our study showed that MRI can enhance the accu-
racy of parkinsonism diagnosis at the initial visit,
upgrading it from “possible” to “probable” or from
“undetermined” to “possible”, allowing for diagnosis
2 years earlier than clinical follow-up. MRI holds the
potential to significantly shorten the diagnosis process,
ultimately aiding in the timely enrollment of eligible
patients into neuroprotection trials. It also mitigates the
risk of misdiagnosis that could compromise the validity
of trial outcomes. However, some discordances were
observed between the MRI-based diagnosis and the
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TIEN
DIAGNOSTIC UNCERTAIN

WITH IA
gold standard in 16% of patients. Here are the insights
from our results (1) when the MRI pattern is consistent
with MSA, it is nearly pathognomonic, and we believe
that the diagnosis of MSA should be retained, regard-
less of the clinical diagnosis. (2) If there is a clinical pro-
file indicating MSA, but no suggestive abnormalities on
the initial MRI, an MRI should be repeated 2 years
later. Results from the literature regarding the sensitiv-
ity of MRI for the diagnosis of MSA were discordant.
MRI signs associated with MSA were reported to be
visible relatively early, especially at 3T, and using the
correct sequences along with proper interpretation.'?
Moreover, in a study including 13 patients with a post-
mortem diagnosis of MSA, who were at 5 years from
disease onset at scan, radiological signs such as the hot
cross bun sign or the middle cerebellar peduncles
hyperintensity had low sensitivity (33%-67%), but
excellent specificity (100%). This suggests that patients
with MSA can present with a normal MRI even at a
moderate to advanced stage. However, patients in this
study were scanned at a low field strength (0.5-1.5 T),
whereas it is well-known that MRI abnormalities sugges-
tive of MSA are better detected at high field strength and
can be overlooked at lower field strength.'®> Moreover,
of 13 MSA patients, only two had a cerebellar pheno-
type, which may contribute to the low sensitivity of the
cerebellar features observed in this study. Additionally,
the study did not report on the accuracy of putaminal
signs as seen in MSAp. (3) In our study, the most diffi-
cult distinction was between PD and PSP when the MRI
criteria were not met or when MRI signs of PSP were
present without consistent clinical signs. Previous studies
showed that midbrain atrophy is a predictive sign of
later conversion to PSP.”'? Indeed, the diagnosis of
patients with slowly progressive PSP may be particularly
challenging.”® It may be hypothesized that MRI criteria
are met before clinical hallmarks of the disease (ie,
supranuclear gaze palsy) appear in this subset of
patients, preventing reaching a probable or even possible
diagnosis of PSP according to clinical criteria.”'* There-
fore, these patients may remain with a clinical diagnosis
of PD for years. The understanding of the temporal rela-
tionship between clinical and MRI progression needs
further investigation. Moreover, the specificity of mor-
phometric biomarkers decreases in the elderly popula-
tion, as midbrain atrophy occurs during normal aging.
Therefore, the reliability of literature-based thresholds
beyond the age of 80 years remains unclear.”” Con-
versely, PSP variants generally have little midbrain atro-
phy compared to PSP-RS, explaining the lack of
midbrain atrophy in one patient with PSP-PGF.>**! To
our knowledge, such radio-clinical discordances have
never been reported in the literature. They may raise
questions about the accuracy of clinical diagnoses, even
when they are made by experts. In the absence of patho-
logical confirmation, these unsolved challenges
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emphasized the urgent need for disease-specific bio-
markers such as PET using Tau and alpha-synuclein
radiotracers, or fluid biomarkers of alpha-synuclein or
Tau pathology.’** In the meantime, a longer follow-up
could help refine the diagnosis and determine whether
patients with discordant diagnoses eventually change
their diagnostic trajectory.

Algorithm

Several factors may have contributed to lower the
performance of the algorithm, especially in
the undetermined category. First, the training and test-
ing cohorts had different characteristics in terms of dis-
ease progression duration, diagnostic certainty, and
clinical profiles. The training cohort consisted of partic-
ipants meeting probable disease criteria and scanned in
a research setting. In contrast, the test cohort (from the
current study) included patients with high diagnostic
uncertainty enrolled as part of their routine care. Sec-
ond, the test cohort underwent MRI scans on different
scanners under clinical conditions, potentially introduc-
ing inter-scanner variability that can impact the gray/
white matter contrast of MRI images and, therefore,
the automatic segmentation. These factors could limit
the generalizability of the machine-learning model.
Additionally, the algorithm demonstrated better predic-
tion for subjects with PD compared to those with PSP
and MSA, possibly because of an overrepresentation of
PD cases in the training cohort. Nevertheless, our study
emphasizes the potential of such algorithms even in
real-life conditions, encompassing different MRI scan-
ners and a non-selected patient sample.

To our knowledge, only one previous study has com-
pared the performance of automated classification with
clinical consensus criteria.'® The study targeted a highly
selected population of parkinsonian patients at an early
to moderate stage of the disease, relatively younger
(<74 years) and without significant vascular leukopathy.
A decision tree trained with volumetry achieved a 97%
accuracy versus 62.9% and 100% using clinical criteria
at the initial visit and follow-up, respectively.'® Our pop-
ulation differed from the previous study as we included
patients without strict exclusion criteria on age or vascu-
lar leukopathy, which may have introduced confounding
factors. However, patients with stroke and/or lacunar
infarct in the basal ganglia or brainstem accounting for
vascular parkinsonism were systematically excluded.
This highlights the challenge of applying research-
developed tools from a highly controlled population to a
diverse population seen in a clinical setting. There are
potential avenues for improving the automated classifica-
tion performance. Training the algorithm with a combi-
nation of MRI biomarkers and clinical variables could
enhance its discriminatory ability. Additionally, incorpo-
rating other quantitative MRI biomarkers such as

diffusivity, free water, or R2* relaxometry could help
improve the performance of the machine-learning classi-
fier. Last, ensuring balanced class representation during
training could help reduce misclassification.

Our study has several limitations, including the lack
of pathological diagnosis as discussed above. However,
cases were systematically excluded when the available
clinical data was deemed insufficient. Furthermore,
although 2 years of follow-up is not a particularly long
time, we believed that it was sufficient in most patients
to create a “consensus” diagnosis. Indeed, at the time of
inclusion, patients were, on average, ~3 years from the
onset of their disease, resulting in a total disease dura-
tion of 5 years after 2 years of follow-up. Moreover,
atypical parkinsonian syndromes tend to progress rap-
idly. As a result, we hypothesized that clinical pheno-
types could become more distinct within this two-year
timeframe (therefore, 5 years after disease onset), all-
owing for a more reliable diagnosis. Patients for whom
the expert consensus could not provide a definitive
diagnosis after follow-up were excluded from the study.
Further, the follow-up visit was performed by a differ-
ent clinician than at the baseline consultation. How-
ever, a standardized approach listing all motor and
non-motor symptoms comprehensively was used, ensur-
ing the reliability of the assessments.

Conclusion

Our study underscores the value of expert visual
MRI analysis in the early differentiation of parkinson-
ism when compared to international clinical criteria at
the initial visit. Combining MRI with clinical criteria
can help establish an earlier and more accurate diagno-
sis, as evidenced by the integration of imaging in the
new diagnostic criteria for “clinically established”
MSA.'"" The machine-learning-based classification also
enabled the discrimination of parkinsonism at the indi-
vidual level, which could be beneficial in non-expert
centers. Its performance could be further enhanced by
incorporating imaging biomarkers sensitive to new con-
trasts, along with relevant clinical variables of interest. @
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