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IMPORTANCE Magnetic resonance imaging (MRI) paired with appropriate disease-specific
machine learning holds promise for the clinical differentiation of Parkinson disease (PD),
multiple system atrophy (MSA) parkinsonian variant, and progressive supranuclear palsy
(PSP). A prospective study is needed to test whether the approach meets primary end points
to be considered in a diagnostic workup.

OBJECTIVE To assess the discriminative performance of Automated Imaging Differentiation
for Parkinsonism (AIDP) using 3-T diffusion MRI and support vector machine (SVM) learning.

DESIGN, SETTING, AND PARTICIPANTS This was a prospective, multicenter cohort study
conducted from July 2021 to January 2024 across 21 Parkinson Study Group sites
(US/Canada). Included were patients with PD, MSA, and PSP with established criteria and
unanimous agreement in the clinical diagnosis among 3 independent, blinded neurologists
who specialize in movement disorders. Patients were assigned to a training set
or an independent testing set.

EXPOSURE MRI.

MAIN OUTCOMES AND MEASURES Area under the receiver operating characteristic curve
(AUROC) in the testing set for primary model end points of PD vs atypical parkinsonism, MSA
vs PSP, PD vs MSA, and PD vs PSP. AIDP was also paired with antemortem MRI to test against
postmortem neuropathology in a subset of autopsy cases.

RESULTS A total of 316 patients were screened and 249 patients (mean [SD] age, 67.8 [7.7]
years; 155 male [62.2%]) met inclusion criteria. Of these patients, 99 had PD, 53 had MSA,
and 97 had PSP. A retrospective cohort of 396 patients (mean [SD] age, 65.8 [8.9] years; 234
male [59.1%]) was also included. Of these patients, 211 had PD, 98 had MSA, and 87 had PSP.
Patients were assigned to the training set (78%; 104 prospective, 396 retrospective)
or independent testing set, which included 145 (22%; 60 PD, 27 MSA, 58 PSP) prospective
patients (mean age, 67.4 [SD 7.7] years; 95 male [65.5%]). The model was robust
in differentiating PD vs atypical parkinsonism (AUROC, 0.96; 95% CI, 0.93-0.99; positive
predictive value [PPV], 0.91; negative predictive value [NPV], 0.83), MSA vs PSP (AUROC,
0.98; 95% CI, 0.96-1.00; PPV, 0.98; NPV, 0.81), PD vs MSA (AUROC, 0.98; 95% CI,
0.96-1.00; PPV, 0.97; NPV, 0.97), and PD vs PSP (AUROC, 0.98; 95% CI, 0.96-1.00;
PPV, 0.92; NPV, 0.98). AIDP predictions were confirmed neuropathologically in 46 of 49
brains (93.9%).

CONCLUSIONS AND RELEVANCE This prospective multicenter cohort study of AIDP met its
primary end points. Results suggest using AIDP in the diagnostic workup for common
parkinsonian syndromes.
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T he application of an imaging-based approach for the
diagnosis and differentiation of Parkinson disease
(PD), multiple system atrophy (MSA) parkinsonian vari-

ant, and progressive supranuclear palsy (PSP) has proven
challenging.1-3 Ideally, an applied methodology would seam-
lessly integrate into an existing diagnostic workflow.4 Ana-
lytical approaches that use the standard acquisition of brain
magnetic resonance imaging (MRI) scans, commonly ob-
tained in the diagnostic workup of degenerative brain dis-
eases, would be an attractive option. MRI can be rapidly col-
lected, does not require a radiotracer, and its analysis can
be completely automated.

The US Food and Drug Administration approved the use of
dopamine transporter imaging (DaT SPECT) in 2011 to differ-
entiate parkinsonism from essential tremor. However, the use
of a radioactive drug, high associated costs, and a multihour time
commitment all limit widespread clinical use. Additionally, this
test cannot reliably differentiate between neurodegenerative
forms of parkinsonism that involve dopaminergic deficiency,
including MSA and PSP.5,6 In contrast, recent data indicate that
the differentiation of PD, MSA, and PSP is possible when diffu-
sion-weighted MRI is paired with appropriate disease-specific
machine learning algorithms.7

Based on the positive results from a retrospective study,7 a
less than 10-minute 3-T diffusion MRI free water (FW)–based
imaging sequence—along with automated image processing and
support vector machine (SVM) learning—has the potential to im-
prove diagnostic classification of PD and atypical parkinson-
ism. The field lacks a prospective multicenter study to test if the
Automated Imaging Differentiation for Parkinsonism (AIDP)
approach meets the primary end points to be considered in a
diagnostic workup. To this end, we prospectively evaluated the
discriminative performance of AIDP across 4 primary end points,
including PD vs atypical parkinsonism, MSA vs PSP, PD vs MSA,
and PD vs PSP. The reference ground truth was the clinical
diagnosis confirmed by 3 independent, blinded neurologists
who specialize in movement disorders. Additionally, we paired
AIDP with antemortem MRI to test against postmortem con-
firmed neuropathology in a subset of cases.

Methods
This was a prospective cohort study conducted across 21
Parkinson Study Group centers in the US and Canada from July
2021 to January 2024 (eMethods in Supplement 1). Written in-
formed consent was obtained from all participants. Study pro-
cedures were conducted per the ethical standards approved
and monitored by the University of Florida institutional re-
view board. The study was overseen by a steering committee
of neurologists specializing in movement disorders (N.R.M.,
M.S.O., I.L., H.F., T.X., A.P., R.A.H.). We followed the Strength-
ening the Reporting of Observational Studies in Epidemiol-
ogy (STROBE) reporting guidelines.

Participants
Patients aged 40 to 80 years with PD, MSA parkinsonian vari-
ant, and PSP were eligible. The prospective cohort included

participants who self-identified with the following races and eth-
nicities: Asian, Black, Hispanic, non-Hispanic, White, or other/
unknown. Investigators from each site recruited eligible pa-
tients according to the UK Brain Bank criteria for PD,8 the second
consensus statement for MSA,9 and the Movement Disorders
Society criteria for PSP.10 The site neurologist specializing in
movement disorders performed a videotaped neurological and
physical workup, obtained and evaluated standard clinical MRI
scans (ie, T1- and T2-weighted MRI), administered clinical scales
(Unified PD Rating Scale [UPDRS], Unified MSA Rating Scale
[UMSARS], PSP Rating Scale [PSP-RS], etc), and reported a single
diagnosis of PD, MSA (possible/probable), or PSP (possible/
probable). Two independent offsite neurologists (T.X., M.O.)
reviewed the videotaped examination, clinical MRIs, and clini-
cal scales and provided their own blinded diagnosis. A unani-
mous agreement on the diagnosis from all 3 raters was
required for study entry. A probable level of diagnostic cer-
tainty for MSA and PSP from at least 1 rater was needed.9,10 The
AIDP analysis was performed after the clinical visit and was not
used to guide diagnostic decisions. A retrospective auxiliary
cohort was also included in this analysis, and the diagnosis for
retrospective patients was determined by a neurologist special-
izing in movement disorders using established diagnostic
criteria.8-10 However, diagnostic agreement among indepen-
dent raters was not reported. Pathological diagnosis for a sub-
set of patients who consented to brain donation was deter-
mined using established criteria by a single board-certified
neuropathologist. Race and ethnicity data on the retrospec-
tive cohort were not available.

MRI Acquisition and Processing
Diffusion MRI scans were obtained using Siemens, General
Electric, and Philips 3-T scanners using a standard protocol7

(repetition time = 6000-13 000 milliseconds; echo time = 58-
104 milliseconds; 90° flip angle; resolution = 2 mm isotropic;
80 interleaved slices; 0 mm gap; ≥30 directions; 5 b0 images;
b = 1000 seconds/mm2). Two consecutive diffusion MRI scans
were obtained to evaluate test-retest performance. Image pro-
cessing was performed using FMRIB Software Library (Uni-
versity of Oxford) and Advanced Normalization Tools (open
source). The pipeline included signal-to-noise calculation and

Key Points
Question Does 3-T magnetic resonance imaging paired with
machine learning meet primary end points for differentiating
Parkinson disease (PD), multiple system atrophy (MSA)
parkinsonian variant, and progressive supranuclear palsy (PSP)?

Findings The multicenter Automated Imaging Differentiation
of Parkinsonism cohort study of 249 patients and a retrospective
cohort of 396 patients showed excellent discrimination of PD
vs atypical parkinsonism, MSA vs PSP, PD vs MSA, and PD vs PSP.
AIDP machine learning predicted postmortem neuropathology
in 93.8% of autopsy cases.

Meaning Results of this study suggest the use of Automated
Imaging Differentiation of Parkinsonism in the diagnostic workup
for common neurodegenerative forms of parkinsonism.
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quality control, motion and eddy-current correction, re-
moval of nonbrain tissue, and standard space normalization.
Custom MATLAB scripts were used to apply a 2-compart-
ment model11 to calculate FW of the extracellular compart-
ment and FW-corrected fractional anisotropy (FAt) of the tis-
sue compartment7,12,13 (eMethods in Supplement 1). FW and
FAt were calculated using custom atlases across 132 brain re-
gions of interest that included the cortex, subcortex (basal gan-
glia, thalamic and limbic structures), brainstem, cerebellum,
and transcallosal white matter.

Machine Learning and Primary End Point Model
FW and FAt from brain regions of interest, as well as age and
sex, composed an input feature vector for the linear kernel
SVM.7 The training set included 78% of total patient data, which
included 42% of the prospective cohort and 100% of the ret-
rospective cohort. The remaining 58% of prospective data, rep-
resenting 22% of total data, was reserved for independent
testing. Prospective assignment to training and testing sets
was achieved using stratified sampling to ensure that the pro-
portion of each patient class was representative of the full
cohort. All 21 sites were represented in both the training and
testing sets. The retrospective cohort functioned to reinforce
model training and was not used for independent testing. The
training set was randomly split into 5 equally distributed vali-
dation subsets for 5-fold cross-validation. The model is trained
using data from 4 subsets, and predictions are evaluated against
the holdout subset. The process is repeated 5 times, and the
model regularization parameter is adjusted at each fold to
achieve optimal discrimination between the positive and nega-
tive diagnosis classes while balancing the trade-off between
true- and false-positive rates. Feature reduction techniques
were not used. The final model was then evaluated in the pro-
spective independent testing set. There was no data leakage
between the training and testing sets.

Statistical Analysis
The discriminative performance of AIDP was determined using
the area under the receiver operating characteristic curve
(AUROC).14 The unanimous clinical diagnosis functioned as the
reference ground truth unless postmortem neuropathology
was available. Primary model end points included PD vs atypi-
cal parkinsonism, MSA vs PSP, PD vs MSA, and PD vs PSP. The
AUROC 95% CIs were computed using the DeLong test.15 Model
sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) were also calculated. The study
was designed to have 80% power to detect a difference of 0.10
between the null (0.80) and alternative (0.90) AUROC using a
1-sided z test (α = .05). The Benjamini-Hochberg procedure for
false discovery rate was applied to correct for multiple com-
parisons across end points. All P values were 2-sided, and
P values <.05 were considered statistically significant.

We assessed the test-retest performance of the primary end
points using the repeat diffusion scan. Additionally, the pri-
mary end points were tested with and without the inclusion
of age and sex features.

We used linear regression to investigate whether diagno-
sis duration (ie, the time since parkinsonism diagnosis) and

symptom severity (UPDRS III, UMSARS, PSP-RS) related to atypi-
cal probability estimates (ie, likelihood of atypical class assign-
ment) for the primary end point model of PD vs atypical par-
kinsonism. We used diagnosis duration because a reported
parkinsonism diagnosis was established before study entry, and
patient memory of symptom onset time is subject to recall bias.

To further probe the performance of our primary end point
model, we evaluated AIDP for discriminative performance
variation when exposed to different training and testing sets
across 49 additional runs. For each verification run, unique
sets of prospective patients were assigned to the training and
independent testing sets without data leakage. The same train/
test split ratio and stratified sampling approach as the pri-
mary end point model was enforced for the verification runs.
We reported the pooled AUROC performance (mean, 95% CI)
for verification runs.

Next, we evaluated AIDP discriminative performance in
prospective patients from 6 holdout sites not used in the model
training. Stratified sampling was used to assign patients from
15 randomly selected sites to the training set and the remain-
ing patients from 6 sites to the testing set. The proportion of
PD, MSA, and PSP in the training and testing sets was repre-
sentative of the full cohort. All retrospective patients were used
in the training. We assessed AIDP variation over 49 verifica-
tion runs using unique training and testing site assignments.

Finally, we evaluated AIDP discriminative performance of
neuropathology cases for PD vs atypical parkinsonism and MSA
vs PSP. The training set included prospective and retrospec-
tive patients without neuropathological confirmation. AIDP
was evaluated on the independent test set of 49 neuropathol-
ogy cases. Data were analyzed using Python, version 3.9.13
(Python Software Foundation).

Results
Participants
A total of 316 patients were eligible, and 67 patients were ex-
cluded due to diagnostic disagreement, unanimous determi-
nation of possible MSA or PSP, or MRI contraindications
(Figure 1). The final prospective cohort included 249 patients
(mean [SD] age, 67.8 [7.7] years; 94 female [37.8%]; 155 male
[62.2%]; 14 Asian [5.6%]; 5 Black [2%]; 5 Hispanic [2%]; 244
non-Hispanic [98%]; 225 White [90.4%]; 5 other/unknown
[2%]; 99 with PD, 53 with MSA, and 97 with PSP) from 21 sites
(Table 1 and eTable 1 in Supplement 1). A retrospective auxil-
iary cohort of 396 patients (mean [SD] age, 65.8 [8.9] years;
162 female [40.9%]; 234 male [59.1%]; 211 with PD, 98 with
MSA, and 87 with PSP) was also included in the analysis (Table 1
and eMethods in Supplement 1). The training set included 78%
(n = 500) of the total patient data (250 with PD, 124 with MSA,
and with 126 PSP), which included 104 prospective patients
and all 396 retrospective patients. The remaining 145 pa-
tients (mean [SD] age, 67.4 [7.7] years; 50 female [34.5%]; 95
male [65.5%]) from the prospective cohort (60 with PD, 27 with
MSA, and 58 with PSP), representing 22% of total data, were
reserved for independent testing. The discriminative perfor-
mance of AIDP was determined using the AUROC14 (Figure 2).
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The pathological subset collected over 3 years since study
initiation included 5 PD, 5 MSA, and 39 PSP brains. Brains from
4 patients (2 MSA, 1 PSP, 1 PD) were drawn from the prospec-
tive cohort (Table 1 and eTable 2 in Supplement 1).

AIDP Classification of Primary End Points
The primary end point model achieved high AUROCs for PD vs
atypical parkinsonism, 0.96 (95% CI, 0.93-0.99; sensitivity, 0.87;
specificity, 0.88; PPV, 0.91; NPV, 0.83; P <.001), MSA vs PSP, 0.98
(95% CI, 0.96-1.00; sensitivity, 0.90; specificity, 0.96; PPV, 0.98;
NPV, 0.81; P <.001), PD vs MSA, 0.98 (95% CI, 0.96-1.00; sen-
sitivity, 0.97; specificity, 0.85; PPV, 0.97; NPV, 0.97; P <.001),
and PD vs PSP, 0.98 (95% CI, 0.96-1.00; sensitivity, 0.98; speci-
ficity, 0.91; PPV, 0.92; NPV, 0.98; P <.001) ( Table 2, Figure 3A).
Retest AUROCs using the repeat diffusion scan revealed com-
parable performance (PD vs atypical parkinsonism, 0.94; 95%
CI, 0.90-0.98; P <.001; MSA vs PSP, 0.98; 95% CI, 0.95-1.00;
P <.001; PD vs MSA, 0.94; 95% CI, 0.89-0.99; P <.001; and PD
vs PSP, 0.98; 95% CI, 0.96-1.00; P <.001) (eFigure 1 in Supple-
ment 1). Additionally, the elimination of age and sex features
did not adversely affect model performance (PD vs atypical
parkinsonism, 0.96; 95% CI, 0.93-0.99; P <.001; MSA vs PSP,
0.98; 95% CI, 0.96-1.00; P <.001; PD vs MSA, 0.98; 95% CI, 0.95-
1.00; P <.001; and PD vs PSP, 0.99; 95% CI, 0.96-1.00; P <.001)
(eFigure 2 in Supplement 1). The pooled performance of 49
additional verification runs revealed high average testing
AUROCs for PD vs atypical parkinsonism, 0.95 (95% CI, 0.95-
0.95; P <.001), MSA vs PSP, 0.98 (95% CI, 0.98-0.98; P <.001),
PD vs MSA, 0.95 (95% CI, 0.94-0.95; P <.001), and PD vs PSP,
0.96 (95% CI, 0.96-0.97; P <.001) (Table 2, Figure 3B). Thus, AIDP
was reliable for predicting primary end points when exposed
to unique training and testing sets.

Effects of Diagnosis Duration and Symptom Severity
on AIDP Classification
We assessed whether the diagnosis duration and symptom
severity for patients with MSA and PSP related to the likeli-
hood of atypical class assignment for the primary end point
model of PD vs atypical parkinsonism. Patients with MSA and

PSP in the testing set had a mean (SD) diagnosis duration of
1.8 (1.3) and 1.7 (1.6) years, respectively. The majority had a di-
agnosis duration under 3 years (MSA, 85%; PSP, 79%). The
regression between diagnosis duration and atypical probabil-
ity estimates did not reach statistical significance for MSA
(R2 = 0.05; P = .50) or PSP (R2 = 0.05; P = .43) (eFigure 3 in
Supplement 1). Atypical probability estimates for MSA were
positively associated with UPDRS III (R2 = 0.337; P = .003) and
UMSARS (R2 = 0.43; P < .001) scores, suggesting that pa-
tients with MSA and worsened symptom severity were more
likely to be classified as the true class. Atypical probability
estimates for PSP cases were not significantly moderated by
symptom severity scores for UPDRS III (R2 = 0.10; P = .06) or
PSP-RS (R2 = 0.03; P = .21).

AIDP Classification With Site Preservation
The AIDP site preservation model achieved high AUROCs in
the independent testing set of 6 holdout sites for PD vs atypi-
cal parkinsonism, 0.94 (95% CI, 0.89-0.99; P <.001), MSA vs
PSP, 0.94 (95% CI, 0.87-1.00; P <.001), PD vs MSA, 0.96 (95%
CI, 0.91-1.00; P <.001), and PD vs PSP, 0.93 (95% CI, 0.92-
1.00; P <.001) (eFigure 4 in Supplement 1). The pooled perfor-
mance of 49 additional verification runs revealed high aver-
age testing AUROCs for PD vs atypical parkinsonism, 0.90 (95%
CI, 0.89-0.91; P <.001), MSA vs PSP, 0.96 (95% CI, 0.95-0.97;
P <.001), PD vs MSA, 0.87 (95% CI, 0.86-0.89; P <.001), and
PD vs PSP, 0.94 (95% CI, 0.93-0.95; P <.001). The findings
indicate that AIDP generalized to new site data.

AIDP Classification of Neuropathology
The median time between the last clinical imaging scan and
autopsy in the pathological subset was 34 months (range, 4.8-
94.8 months). The neuropathology model achieved high test-
ing AUROCs for PD vs atypical parkinsonism, 0.99 (95% CI,
0.96-1.00; P = .001) and MSA vs PSP, 0.97 (95% CI, 0.93-1.00;
P = .001) (eFigure 5 in Supplement 1). The AIDP diagnosis was
confirmed neuropathologically in 46 of 49 brains (93.9%; 5 of
5 PD, 5 of 5 MSA, and 36 of 39 PSP), representing a 12.3%
diagnostic gain compared with the last clinical diagnosis

Figure 1. Enrollment and Allocation of Patients for Machine Learning

316 Screened at Parkinson’s
Study Group sites

67 Excluded
34 Disagreement in clinical diagnosis
12 Consensus possible diagnosis
21 Other reasons

249 Randomized
99 PD
97 PSP
53 MSA

145 Randomized to testing set
60 PD diagnosis 
58 PSP diagnosis
27 MSA diagnosis  

500 Randomized to training set
250 PD diagnosis 
126 PSP diagnosis
124 MSA diagnosis  

396 Retrospective cohort
308 University of Florida
51 Parkinson's Disease Biomarker Program
37 Parkinson's Progression Markers Initiative

Enrollment and allocation of patients
to the training and testing sets for the
primary end point model. Patients
from the prospective cohort were
assigned to training and testing sets
using stratified sampling. Patients
from the retrospective cohort were
used to reinforce the training set and
were not used in the independent
testing of the model. MSA indicates
multiple system atrophy parkinsonian
variant; PD, Parkinson disease;
PSP, progressive supranuclear palsy.

Research Original Investigation Automated Imaging Differentiation for Parkinsonism

E4 JAMA Neurology Published online March 17, 2025 (Reprinted) jamaneurology.com

Downloaded from jamanetwork.com by University of Chicago Libraries user on 03/20/2025

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2025.0112?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2025.0112
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2025.0112?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2025.0112
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2025.0112?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2025.0112
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2025.0112?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2025.0112
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2025.0112?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2025.0112
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2025.0112?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2025.0112
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2025.0112?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2025.0112
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2025.0112


(81.6%; 4 of 5 PD, 3 of 5 MSA, 33 of 39 PSP). AIDP predicted the
neuropathology in all 4 brains from the prospective cohort (2
MSA, 1 PSP, 1 PD). This included 1 case with unanimous pos-
sible PSP from the clinical diagnosis and later confirmed patho-
logical MSA and 1 case with unanimous possible MSA from the
clinical diagnosis and later confirmed pathological Lewy body
disease (eg, PD).

Discussion
This prospective multicenter cohort study of AIDP met its pri-
mary end points. The primary end point model AUROC was
0.96 for PD vs atypical parkinsonism and greater than 0.98 for
MSA vs PSP, PD vs MSA, and PD vs PSP. Overall confidence in
the results was bolstered by solid performance in the test-
retest analysis, the revised model without age and sex, and the
model verification runs. Additionally, AIDP was successfully

validated against site holdout and autopsy cases. Finally, the
successful application across 11 Siemens, 5 General Electric,
and 5 Philips 3-T scanners supports the potential for wide-
spread implementation of AIDP software, which is designed
for cloud-based integration with picture archiving and com-
munication systems (eFigure 6 in Supplement 1).

DaT SPECT, skin biopsy, and synuclein seed aggregation as-
say (SAA) have all been proposed to aid in diagnosing PD.16 DaT
SPECT as a biomarker for PD has been shown to demonstrate
high sensitivity (98%) but low specificity (67%).6 Similarly, the
cerebrospinal fluid–based SAA has demonstrated high sensi-
tivity for PD.17,18 Sensitivity was 98.6% for PD with typical
olfactory deficit and dropped to 78.3% in those without
olfactory loss and approximately 68% when LRRK2 gene vari-
ants were present.17 However, LRRK2-PD can occur in the
absence of Lewy body pathology.19 A serum-based biomarker
called immunoprecipitation real-time quaking-induced con-
version has been recently introduced, demonstrating greater

Table 1. Demographic and Clinical Characteristicsa

Characteristic

No. (%)

Prospective cohort Retrospective
cohort,
training set
(N = 396)

Total
(N = 249)

Training set
(n = 104)

Testing set
(n = 145)

Clinical diagnosis

PD 99 (39.8) 39 (37.5) 60 (41.4) 211 (53.3)

MSA 53 (21.3) 26 (25.0) 27 (18.6) 98 (24.7)

PSP 97 (39.0) 39 (37.5) 58 (40.0) 87 (22.0)

Age, mean (SD), y

All 67.8 (7.7) 68.4 (7.7) 67.4 (7.7) 65.8 (8.9)

PD 66.6 (7.9) 67.0 (8.5) 66.4 (7.6) 63.3 (8.9)

MSA 66.1 (9.4) 68.1 (9.2) 64.1 (9.3) 66.9 (8.7)

PSP 69.9 (6.0) 70.0 (5.5) 69.9 (6.4) 70.5 (6.9)

Sex

Male 155 (62.2) 60 (57.7) 95 (65.5) 234 (59.1)

Female 94 (37.8) 44 (42.3) 50 (34.5) 162 (40.9)

Time since parkinsonism diagnosis, mean (SD), y

All 3.7 (2.8) 3.7 (2.9) 3.6 (2.7) NA

PD 6.3 (1.4) 6.2 (1.3) 6.4 (1.6) NA

MSA 2.0 (2.3) 2.3 (3.0) 1.8 (1.3) NA

PSP 1.9 (1.8) 2.2 (2.1) 1.7 (1.6) NA

UPDRS part III, mean (SD)

All 32.8 (15.9) 32.5 (16.4) 33.0 (15.6) 37.6 (19.6)

PD 22.0 (10.3) 20.8 (11.9) 22.8 (9.1) 27.8 (13.1)

MSA 40.1 (15.3) 38.5 (14.8) 41.6 (16.0) 55.7 (18.7)

PSP 39.8 (14.9) 40.2 (14.7) 39.5 (15.1) 41.0 (18.1)

UMSARS total, mean (SD)

All 35.0 (18.2) 34.0 (18.3) 35.7 (18.2) NA

PD 19.1 (7.4) 17.3 (7.8) 20.4 (6.9) NA

MSA 46.9 (16.8) 42.8 (15.9) 50.9 (16.9) NA

PSP 44.7 (14.8) 45.0 (14.7) 44.5 (14.9) NA

PSP-RS total, mean (SD)

All 26.0 (17.1) 25.5 (17.2) 26.3 (17.1) NA

PD 10.5 (5.0) 9.7 (5.2) 10.9 (4.8) NA

MSA 28.5 (12.4) 26.9 (12.4) 30.1 (12.4) NA

PSP 40.4 (13.7) 40.3 (14.0) 40.5 (13.5) NA

Abbreviations: MSA, multiple system
atrophy parkinsonian variant; NA, not
available; PD, Parkinson disease;
PSP, progressive supranuclear palsy;
PSP-RS, PSP Rating Scale;
UMSARS, Unified MSA Rating Scale;
UPDRS, Unified PD Rating Scale.
a Demographic and clinical

information for the prospective and
retrospective cohorts used in the
AIDP primary end point model. The
prospective cohort is further
stratified by training and testing
sets. The retrospective cohort was
only used in the training set.
Additional clinical scales for the
prospective cohort are provided in
eTable 2 in Supplement 1.
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Figure 2. Automated Imaging Differentiation for Parkinsonism (AIDP) for Disease-Specific Classification of Parkinsonism
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A, Region of interest (ROI) analysis and feature extraction. Free-water (FW) and
FW-corrected fractional anisotropy (FAt) values were calculated from 132 total
brain ROIs. B, Support vector machine (SVM) learning. FW and FAt from brain
ROIs, age, and sex composed a feature vector for the SVM input. The feature
vector was split into a training set and independent testing set. Five-fold
cross-validation (CV) was used during training to achieve the best possible
discrimination between the positive and negative classes. The area under the
receiver operating characteristic curve (AUROC) was obtained in the testing set

for each primary end point (Parkinson disease [PD] vs atypical parkinsonism
[AP], multiple system atrophy [MSA] parkinsonian variant vs progressive
supranuclear palsy [PSP], PD vs MSA, and PD vs PSP). C, Patient predictions
with AIDP. Three exemplar participant-level FW maps are shown for PD, MSA,
and PSP testing cases. Higher FW levels are shown in blue/white colors. The
corresponding disease-specific probability estimates and final AIDP diagnostic
predictions are shown. M1 indicates primary motor cortex; SMA, supplementary
motor area.
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than 0.90 AUROC for PD vs controls and 0.64 to 0.73 AUROC
for MSA vs controls.20,21 Additionally, Gibbons and colleagues22

detected phosphorylated α-synuclein using skin biopsy in the
majority of patients with PD, MSA, dementia with Lewy bod-
ies, and pure autonomic failure. However, these assays have
not been shown to reliably differentiate between PD and MSA.
Further, none of the aforementioned assays are specific for PSP.
The AIDP primary end point model differentiated both MSA and
PSP from PD with AUROC greater than 0.98, PPV greater than
92%, and NPV greater than 96%.

Diagnosis remains critical for appropriate clinical treat-
ment, as well as for inclusion in clinical trials. The PD field has
begun considering a biological classification and staging sys-
tem, such as the recently adopted ATN (ie, amyloid, tau, neu-
rodegeneration) system for Alzheimer disease.23 The pro-
posed framework relies on evidence of pathological neuronal
α-synuclein and dopaminergic neuron degeneration as core
biological anchors, regardless of the clinical syndrome.16 FW
imaging has proven capable of providing quantitative longi-
tudinal information on disease-specific neurodegeneration
between PD, MSA, and PSP.24 It is possible that the future
application of AIDP, in combination with other neuronal
α-synuclein biomarkers, may be a useful component of the PD
classification and staging system.

Clinical-ready biomarkers are critically needed to steer cli-
nicians toward a more specific diagnosis during a patient
workup. In clinicopathological studies from the Queen Square
Brain Bank, the PPV for MSA pathology was greater than 90%
for clinically probable MSA and approximately 71% to 75%
for clinically possible MSA.25,26 Additionally, Koga and col-
leagues found that 42 of 134 patients (31.3%) with clinically
probable or possible MSA had Lewy body disease or PSP.27 Simi-
larly, a clinical PPV of 78% was reported for PSP, with Lewy
body disease and MSA as prominent pathologies among pa-
tients with a false-positive clinical diagnosis.28 In the current
study, the AIDP diagnosis was confirmed neuropathologi-
cally in 93.9% of autopsy cases, whereas clinical diagnosis was
confirmed in 81.6%. Further, an important finding was that
AIDP predicted the neuropathology in 2 cases with a unani-
mous possible—but incorrect—clinical diagnosis from 3
expert raters.

Strengths and Limitations
Strengths of the current study included a large and well-powered
sample, the use of prospectively obtained testing data, and the
requirement for diagnostic agreement among 3 experts.

There are also several limitations that deserve discus-
sion. In the current study, a robust ground-truth diagnosis was

Table 2. Automated Imaging Differentiation for Parkinsonism (AIDP) Training, Validation, and Testing Metricsa

Metric

Primary end point model Pooled verification run performance

Training Validation Testing Training Validation Testing
PD vs AP

AUROC 0.916 0.917 0.961 0.920 (0.914-0.926) 0.860 (0.851-0.869) 0.948 (0.945-0.951)

Sensitivity 0.876 0.857 0.871 0.884 (0.875-0.894) 0.814 (0.798-0.830) 0.858 (0.851-0.866)

Specificity 0.956 0.977 0.883 0.956 (0.951-0.960) 0.906 (0.895-0.917) 0.867 (0.854-0.879)

Positive predictive value 0.950 0.980 0.914 0.952 (0.947-0.957) 0.897 (0.884-0.909) 0.902 (0.894-0.910)

Negative predictive value 0.891 0.843 0.828 0.893 (0.884-0.901) 0.830 (0.816-0.843) 0.813 (0.805-0.820)

MSA vs PSP

AUROC 0.971 0.857 0.983 0.982 (0.977-0.987) 0.883 (0.872-0.895) 0.980 (0.978-0.982)

Sensitivity 0.951 0.826 0.897 0.979 (0.973-0.986) 0.866 (0.845-0.888) 0.879 (0.868-0.889)

Specificity 0.990 0.888 0.962 0.984 (0.979-0.989) 0.900 (0.881-0.920) 0.942 (0.933-0.950)

Positive predictive value 0.990 0.864 0.981 0.984 (0.979-0.989) 0.906 (0.889-0.923) 0.970 (0.966-0.975)

Negative predictive value 0.950 0.857 0.813 0.980 (0.974-0.986) 0.863 (0.842-0.884) 0.787 (0.772-0.802)

PD vs MSA

AUROC 0.984 0.945 0.983 0.976 (0.973-0.980) 0.975 (0.969-0.981) 0.947 (0.943-0.950)

Sensitivity 0.976 0.933 0.967 0.943 (0.937-0.950) 0.950 (0.939-0.961) 0.858 (0.845-0.871)

Specificity 0.977 0.889 0.852 0.936 (0.926-0.946) 0.937 (0.923-0.951) 0.842 (0.830-0.854)

Positive predictive value 0.990 0.914 0.967 0.968 (0.963-0.973) 0.967 (0.959-0.975) 0.858 (0.845-0.871)

Negative predictive value 0.945 0.913 0.967 0.892 (0.880-0.903) 0.906 (0.886-0.926) 0.858 (0.845-0.871)

PD vs PSP

AUROC 0.945 0.891 0.984 0.963 (0.956-0.970) 0.886 (0.873-0.899) 0.963 (0.960-0.966)

Sensitivity 0.960 0.902 0.983 0.978 (0.974-0.982) 0.931 (0.919-0.943) 0.948 (0.939-0.957)

Specificity 0.931 0.880 0.914 0.948 (0.938-0.958) 0.841 (0.820-0.862) 0.843 (0.831-0.855)

Positive predictive value 0.965 0.934 0.922 0.974 (0.969-0.979) 0.916 (0.904-0.928) 0.863 (0.855-0.872)

Negative predictive value 0.922 0.815 0.981 0.956 (0.948-0.964) 0.866 (0.847-0.885) 0.941 (0.932-0.951)

Abbreviations: AP, atypical parkinsonism; AUROC, area under the receiver
operating characteristic curve; MSA, multiple system atrophy parkinsonian
variant; PD, Parkinson disease; PSP, progressive supranuclear palsy.
a The training metrics represent the model’s discriminative performance on the

data it was trained on (ie, the full training set). The validation metrics are
obtained from the best-performing cross-validation fold in the training set.
The testing metrics represent the model’s discriminative performance on the
independent testing set (ie, data not used in the training).
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established by 3 independent raters. In the future, we will ana-
lyze cases with clinical ambiguity and rater disagreement and
compare AIDP with neuropathology as more cases become
available. Although the majority of postmortem brains were
from patients with PSP, we anticipate more MSA and PD brains
will become available to expand the pathological validation of
AIDP. Finally, future studies should consider prodromal cases,
cases of dementia with Lewy bodies and corticobasal syn-
drome, and cases from clinical settings outside of specialist
movement disorders centers.

Conclusions

In conclusion, in this prospective multicenter cohort study, the
successful testing and validation of AIDP suggest its integra-
tion within the diagnostic workup of 3 commonly encoun-
tered neurodegenerative parkinsonian disorders. The combi-
nation of AIDP plus SAA, skin biopsy, or both may offer a more
practical, affordable, and accessible approach for diagnosis and
disease staging.
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Figure 3. Automated Imaging Differentiation for Parkinsonism (AIDP) Primary End Point Model and Verification Run Performance
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A, Area under the receiver operating characteristic curve (AUROC) for the
primary model end points of Parkinson disease (PD) vs atypical parkinsonism
(AP), multiple system atrophy parkinsonian variant (MSA) vs progressive
supranuclear palsy (PSP), PD vs MSA, and PD vs PSP. The AUROC and 95% CI

calculated using the DeLong method are reported for each end point.
B, AUROC for 49 model verification runs for each primary end point. The
average AUROC across all runs and the 95% CI on the mean are reported.
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