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ABSTRACT

BACKGROUND AND PURPOSE: The superior cerebellar peduncle is damaged in progressive supranuclear palsy. However, alterations
differ between progressive supranuclear palsy with Richardson syndrome and progressive supranuclear palsy-parkinsonism. In this study,
we propose an automated tool for superior cerebellar peduncle integrity assessment and test its performance in patients with progressive
supranuclear palsy with Richardson syndrome, progressive supranuclear palsy-parkinsonism, Parkinson disease, and healthy controls.

MATERIALS AND METHODS: Structural and diffusion MRI was performed in 21 patients with progressive supranuclear palsy with Richardson
syndrome, 9 with progressive supranuclear palsy-parkinsonism, 20 with Parkinson disease, and 30 healthy subjects. In a fully automated pipeline,
the left and right superior cerebellar peduncles were first identified on MR imaging by using a tractography-based atlas of white matter tracts;
subsequently, volume, mean diffusivity, and fractional anisotropy were extracted from superior cerebellar peduncles. These measures were
compared across groups, and their discriminative power in differentiating patients was evaluated in a linear discriminant analysis.

RESULTS: Compared with those with Parkinson disease and controls, patients with progressive supranuclear palsy with Richardson
syndrome showed alterations of all superior cerebellar peduncle metrics (decreased volume and fractional anisotropy, increased mean
diffusivity). Patients with progressive supranuclear palsy-parkinsonism had smaller volumes than those with Parkinson disease and controls
and lower fractional anisotropy than those with Parkinson disease. Patients with progressive supranuclear palsy with Richardson syndrome
had significantly altered fractional anisotropy and mean diffusivity in the left superior cerebellar peduncle compared with those with
progressive supranuclear palsy-parkinsonism. Discriminant analysis with the sole use of significant variables separated progressive supranu-
clear palsy-parkinsonism from progressive supranuclear palsy with Richardson syndrome with 70% accuracy and progressive supranuclear
palsy-parkinsonism from Parkinson disease with 74% accuracy.

CONCLUSIONS: We demonstrate the feasibility of an automated approach for extracting multimodal MR imaging metrics from the
superior cerebellar peduncle in healthy subjects and patients with parkinsonian. We provide evidence that structural and diffusion
measures of the superior cerebellar peduncle might be valuable for computer-aided diagnosis of progressive supranuclear palsy subtypes
and for differentiating patients with progressive supranuclear palsy-parkinsonism from with those with Parkinson disease.

ABBREVIATIONS: FA = fractional anisotropy; MD = mean diffusivity; PD = Parkinson disease; PSP = progressive supranuclear palsy; PSP-P = progressive
supranuclear palsy-parkinsonism; PSP-RS = progressive supranuclear palsy with Richardson syndrome; SCP = superior cerebellar peduncle

rogressive supranuclear palsy (PSP) is a neurodegenerative
disorder characterized by a symmetric akinetic-rigid syn-
drome with vertical supranuclear palsy and falls.' It is character-
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ized by deposition of tau, with pathologic findings and degener-
ation affecting the white matter, particularly brain stem tracts,
with less involvement of the cortex.”” Advanced neuroimaging
studies using MR imaging®” and diffusion tensor imaging®” have
confirmed the presence of a more severe involvement of white
matter rather than cortical gray matter in PSP pathology. In par-
ticular, imaging alterations have been found in the superior cere-
bellar peduncles (SCPs), part of the dentatorubrothalamic tract
that connects the dentate nucleus of the cerebellum to the ventro-
lateral thalamus, which in turn projects to the premotor cortex.
Abnormal DTI measures of SCP were reported in patients with
progressive supranuclear palsy with Richardson syndrome
(PSP-RS).*
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Other studies have found DTTI alterations in the corpus callo-
sum, internal capsules, and long-range white matter tracts.””">
Recently, DTI metrics were used to distinguish the 2 variants of
PSP,'*'* the so-called progressive supranuclear palsy-parkinson-
ism (PSP-P), which is characterized by an asymmetric onset, rest-
ing tremor, poor response to levodopa, and PSP-RS, in which
early falls and vertical supranuclear gaze palsy occur earlier than
they do in the former variant. These studies agreed that MR imag-
ing— and DTI-based metrics are able to reliably evaluate brain
changes due to PSP in vivo, thus providing further insight into dis-
ease physiopathology. Because an error rate of 10%—-30% has been
reported in a clinical study with pathologic analysis, " clinical criteria
are not sufficient to make a correct diagnosis, especially at earlier
stages of illness. The use of these quantitative measures in clinical
practice would help improve the accuracy of the diagnostic process,
especially in the attempt to have early differentiation of parkinsonian
syndromes or the 2 disease phenotypes. However, the extraction of
these metrics is not straightforward in everyday clinical practice be-
cause of the advanced techniques that need to be implemented;
hence, an easy method to quickly obtain relevant quantities would be
very useful in the diagnostic work-up.

The authors aimed to use a simple, atlas-based tool for the
automatic assessment of SCP volume and microstructural integ-
rity; this approach is very useful to correctly diagnose patients
with parkinsonian syndromes.

MATERIALS AND METHODS

Patients

This study was approved by the local ethics committee of our
institution (Institute of Neurology, University Magna Graecia of
Catanzaro, Italy), and all subjects provided written informed con-
sent before enrollment. Thirty subjects who met the clinical re-
search criteria for probable or possible PSP'” and 20 with a diag-
nosis of Parkinson disease (PD)'® (mean age, 66.2 * 3.0 years)
were included in this study. The PSP group was divided into 9
patients with PSP-P (mean age, 70.1 * 4.8 years) and 21 with
PSP-RS (mean age, 71.9 = 5.9 years). All patients were examined
at the Institute of Neurology, University Magna Graecia, Catan-
zaro, Italy, between June 2013 and June 2014, by a movement
disorders specialist and PSP expert (G.N.). All subjects underwent
detailed clinical evaluations. The patient’s disability was assessed
by using the Unified Parkinson’s Disease Rating Scale-Motor Ex-
amination,'” and disease severity, by using the Hohen and Yahr
scale.”® Onset of falls and supranuclear gaze palsy within 2 years
was associated with a diagnosis of PSP-RS, while patients were
diagnosed as having PSP-P if they presented with oculomotor
slowness or backward falls at 2 years from disease onset, asymme-
try of limb signs, and moderate/good improvement in bradykine-
sia and rigidity after levodopa administration. All patients with
PSP-RS had probable PSP; 7 patients with PSP-P had probable
PSP, and 2 patients with PSP-P had possible PSP. When MR im-
aging was performed, all patients with PSP-P were classified as
PSP-P, even though the onset of the disease in some patients could
be confused with an idiopathic PD. To examine cognitive func-
tions, we administered the Mini-Mental State Examination.?
Thirty healthy subjects were also recruited. All controls per-
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formed within normal limits on standardized neurologic and
neuropsychological testing.

MR Imaging Acquisition and Processing

All participants underwent the same MR imaging protocol. Patients
were examined by using a 3T Discovery MR750 scanner (GE Health-
care, Milwaukee, Wisconsin). The MR imaging protocol included
whole-brain, 3D, T1-weighted (BRAVO; GE Healthcare, Milwaukee,
Wisconsin), spoiled gradient recalled-echo imaging (TE/TR = 3.7/
9.2 ms, flip angle = 12° voxel size = 1 X 1 X 1 mm?), diffusion
tensor imaging (b=1000 s/mm?, diffusion-weighting along 27 non-
collinear gradient directions, matrix size = 128 X 128, 80 axial sec-
tions, number of b=0 images = 4, NEX = 2, voxel size =2 X 2 X 2
mm?), and fast fluid-attenuated inversion recovery axial images (TR/
TE = 9500/100 ms, matrix size = 512 X 512, FOV = 24 cm, thirty-
six 4-mm sections, gap = 0 mm).

FLAIR images were visually checked to assess vascular lesions
in each patient. The extent and possible etiology of white matter
hyperintensities were not different across patients, independent
of the group. Moreover, none of the participants showed infraten-
torial lesions that could affect volumetric and diffusion measures
in the SCP.

A graphic description of our fully automated processing work-
flow is shown in Fig 1. Image processing was performed by using
FSL (http://www.fmrib.ox.ac.uk/fsl).>* Brain tissue volume, nor-
malized for subject head size, was estimated with the STENAX tool
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA).>*** SIENAX starts
by extracting brain and skull images from the single whole-head
input data.”> The brain image is then affine-registered to Mon-
treal Neurological Institute-152 space (by using the skull image to
determine the registration scaling); this processing step is primar-
ily to obtain the volumetric scaling factor, to normalize subse-
quently extracted measures for head size. Moreover, SIENAX
provides the partial volume estimates for the different tissues in
the brain. In particular, in this study, we exploited the white mat-
ter partial volume estimates to exclude CSF voxels from the anal-
ysis, as will be further explained in the next section.

Head motion and image distortions induced by eddy currents
in the DTI data were corrected by applying a 3D full-affine (mu-
tual-information cost function) alignment of each image to the
mean no-diffusion-weighting (B0) image. After distortion cor-
rection, DTT data were averaged and concatenated into 28 (1
mean B0 + 27 B1000) volumes. A diffusion tensor model was fit at
each voxel, generating fractional anisotropy (FA) and mean dif-
fusivity (MD) maps. The FA maps were then registered to whole-
brain-extracted T1-weighted images by using a full-affine (corre-
lation-ratio cost function) alignment with nearest neighbor
resampling. The calculated transformation matrix was then ap-
plied to the MD maps with identical resampling options.*®

ROI Extraction

To localize ROIs for the left and right SCPs on the T1 images and
coregistered DTT maps of each subject, we used the tractography-
based atlas of human brain connections (http://www.natbrainlab.
com/), obtained from tractography data of 40 healthy adults
mapped onto a common reference space (Montreal Neurological

).27

Institute).”” This atlas provides probability maps of each recon-



Preprocessing:
Brain extraction of T1
Tensor fitting of diffusion-weighted data

Registration of diffusion maps to T1 space

Tractography-
based
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PSP-RS patient
(71yo, F)
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The intersection between SCP ROl and WM PVE correctly identifies
the structure from which MRI metrics will be extracted

FIG 1. Image-processing workflow. The coregistration of different sequences allows the extraction of multimodal parameters from an ROI.

structed bundle: each voxel value ranges from 0 to 1 and repre-
sents the proportion of subjects in which that same voxel was part
of the bundle. Thus, we thresholded the bilateral SCP probability
maps at 0.3 so that each included voxel was represented in at least
30% of the subjects from whom the atlas was obtained. This
threshold was chosen on the basis of the overlap of the ROI with
the anatomic regions in the template.

Subsequently, ROIs were warped in each subject’s T1 space in
the following manner: First, the Montreal Neurological Institute-
152 template was nonlinearly registered to each subject’s T1 im-
age by using the FMRIB Nonlinear Registration Tool (FNIRT;
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT); afterward, the re-
sulting warp field was applied to the SCP binary masks. Before
extracting MR imaging metrics from selected ROIs, we performed
a processing step to account for confounding effects due to CSF
contamination. In particular, each subject’s WM partial volume
estimate was thresholded at 0.75, to retain only those voxels that
belonged to WM with a probability of at least 75%. The resulting
mask was then used, in combination with the SCP ROls, to auto-
matically extract right and left SCP volumes, average FAs, and
average MDs for each subject.

A 2-step quality check was performed to ensure validity of the
image-processing pipeline: First, the contrast-to-noise ratio of the
included scans had to be excellent; second, to exclude CSF con-
tamination, an expert visually inspected the outcome of nonlinear
registration between ROIs and T1-weighted images.

Statistical Analyses

The difference in sex distribution between patients and control
subjects and among groups of patients with different movement
disorders was evaluated with the x* test. The Shapiro-Wilk test
was used to assess normal distribution of continuous variables.
Differences in normal clinical variables among the study groups
were assessed by using 2-tailed, 2-sample ¢ tests, while the Mann-
Whitney U test was used for non-normally distributed variables.
The threshold for statistical significance was set at .05 after Bon-
ferroni correction for multiple comparisons. Differences in the
multimodal imaging variables across groups were evaluated by
analysis of variance, with age, sex, and disease duration as covari-
ates. The Tukey honest significant difference test was used to
identify pair-wise differences between groups, corrected for mul-
tiple comparisons. Pearson correlation analysis was used to eval-
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Table 1: Demographic, clinical, and neuroimaging features in patients with PSP-P, PSP-RS, PD, and healthy controls

PSP-P (n=9) PSP-RS (n = 21) PD (n =20) HC (n = 30)
Age (mean) (yr) 701+ 458 719 £ 59 66.2 %30 672+72
Sex, % male 100% 57% 50% 47%
Disease duration (mean) (yr) 63*+37 31114 75+37 -
MMSE (mean) 221+ 3.6 19.0 £54 232 *+33 -
UPDRS-III (mean) 228 177 393%77 271£091 -
HY (mean) 29*+07 34£08 22*05 -
SCP right
Volume (No. of voxels) (mean) 5652 £ 1172 5282 £ 753 6907 £ 1306 6569 * 944
FA (mean) 0.44 = 0.05 0.40 = 0.05 0.48 £ 0.04 0.45 = 0.02
MD (X102 mm?/s) (mean) 0.873 = 0.06 0.949 = 0.170 0.851 = 0.089 0.833 = 0.031
SCP left
Volume (No. of voxels) (mean) 5315 = 1121 4812 £ 701 6369 * 1205 5961+ 894
FA (mean) 0.44 = 0.04 0.39 = 0.05 0.47 = 0.04 0.45 = 0.02
MD (X10 > mm?/s (mean) 0.895 + 0.061 0.974 + 0.074 0.874 = 0.066 0.857 + 0.023

Note:—HC indicates healthy controls; MMSE, Mini-Mental State Examination; UPDRS-III, Unified Parkinson’s Disease Rating Scale-Motor Examination; HY, Hohen and Yahr

score.

uate the relationship between MR imaging parameters and clini-
cal variables. All statistical analyses were performed with R
software (http://www.R-project.org).

Linear Discriminant Analysis

After performing comparisons of the MR imaging variables across
different groups, we studied the discriminant power of these mea-
sures. In particular, we applied linear discriminant analysis on our
dataset, to identify the following: which variables perform better
in separating the groups and what is the predictive power of these
measures (ie, how is a new subject classified on the basis of these
measures?). We can define a total covariance matrix C, as the
combination of 2 components:

1) The between-subjects covariance matrix (B), which repre-
sents the covariance of the different variable means.

2) The within-subjects covariance matrix (W), which repre-
sents the covariance of the distances between individual values
and group means.

This relationship is expressed by the following equation:
C =B + W, which is a generalization of 1-way analysis of variance
in the case of a dataset with multiple variables. In this context, a
discriminant analysis searches for a combination of variables that
maximize either the B X C™', in which case the approach is de-
scriptive and the constraint is that the total variance (C) of the
linear combination of variables equals 1, or the B X W™ "term, in
which case the approach is predictive and the within variance (W)
of the correlation equals 1.

In this study, we first performed the analysis in descriptive
mode on a dataset comprising all MR imaging metrics, measured
on all the study participants, divided according to the diagnosis.
Subsequently, we tested the predictive approach by building 2
different models that included only the variables that were signif-
icant in group-wise comparisons. In particular, we were inter-
ested in identifying which variables could better differentiate the 2
PSP phenotypes (first model) or PSP-P and PD (second model).
In both cases, leave-one-out cross-validation was used. Leave-
one-out cross-validation works as follows: At each iteration, the
linear discriminant model is trained on all subjects except 1,
which is used to test the predictive power of the model. The accu-
racy is computed across all iterations and is used to evaluate the
model.
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RESULTS

Patients

Table 1 shows the demographic and clinical characteristics of the
patients. At the examination, age was higher in the patients with
PSP-RS compared with healthy controls (P = .02) and patients
with PD (P = .01). Those with PSP-RS also had significantly
shorter disease duration compared with those with PD (P =
.0001) and PSP-P (P = .02). Differences in Hohen and Yahr stages
were found in those with PD (P = .0004) and PSP-RS (P = .001)
compared with patients with PSP-P. Subjects with PSP-RS had
significantly higher Unified Parkinson’s Disease Rating Scale—
Motor Examination scores compared with those with PSP-P (P =
.002) and PD (P = .0004).

There was no significant correlation between clinical and im-
aging variables. The only significant correlation surviving correc-
tion for multiple comparisons was the one found in patients with
PD between the Hohen and Yahr score and age (r = 0.78, P <.05).

ROI Analysis

Table 1 also summarizes values of volume, FA, and MD of the
right and left SCPs in the different groups. Figure 2 shows the
boxplots for the MR imaging metrics that were considered in
the analysis. P values for the different comparisons can be found
in Table 2.

Both PSP subtypes showed significant damage to the SCP. In
particular, patients with PSP-RS showed alterations of all metrics
(decreased volume, decreased FA, and increased MD) bilaterally
compared with patients with PD and control subjects. Patients
with PSP-P had a bilateral SCP volume decrease compared with
controls and decreased SCP volume and FA bilaterally compared
with those with PD.

In the comparison between PSP subtypes, we found significant
differences in the left SCP. In particular, patients with PSP-RS had
significantly decreased FA values (P = .007) and significantly in-
creased MD values (P = .003) in this structure.

Finally, we found an increase in FA in patients with PD com-
pared with controls, in the right SCP.

Linear Discriminant Analysis
On-line Fig 1 shows a graphic representation of the descriptive
discriminant analysis. In particular, each subject is projected on a
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FIG 2. Box-and-whisker plots of volumes, FA, and MD of the right and left SCPs in patients and controls.

plane defined by the linear discriminant components. Each group
is represented by an ellipse. The ellipse center indicates the means
(between-variances), while the ellipse area is proportional to
within-variances.

In the first predictive discriminant analysis model, we in-
cluded FA and MD values from the left SCP because they were
significantly different between the 2 PSP phenotypes. The accu-
racy of the model reached 70%, with MD as the best predictor
(coefficients of the linear discriminant for MD = 9.67 and for
FA = —7.87). In the second model, instead, volume and FA from
bilateral SCPs were used to discriminate patients with PD from
those with PSP-P. This model reached an accuracy of 74%, with
FA values performing better than volume in separating the 2

groups (coefficients of the linear discriminant analyses: —29.6
and 18.7 for FA of right and left SCPs, respectively; —0.002 and
0.001 for right and left SCP volumes, respectively).

DISCUSSION

In the present study, we introduced a fully automated pipeline for
the assessment of SCP integrity in patients with PSP, PD, and
healthy subjects. The proposed method takes advantage of an at-
las-based ROI approach that allowed the automated individua-
tion of the SCP, thus avoiding time-consuming and highly user-
dependent manual measurements. We also tested the ability of
this tool to distinguish the 2 PSP subtypes. By assessing volume
and diffusion metrics of the SCP, we found significant differences
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Table 2: P values from the statistical tests among different groups after correction for multiple comparisons (Tukey test)?

PD vs HC PSP-P vs HC PSP-RS vs HC PSP-P vs PD PSP-RS vs PD PSP-P vs PSP-RS
Age 1 1 02° 0.1 o 1
Sex 1 .0001° 1 .008° 1 o
Disease duration - - - 1 .0001° 02°
MMSE - - - 1 o 1
UPDRS-II - - - 1 .0022° .002°
HY - - - .0004° 94 .001°
SCP right
Volume 66 .008° .00005° .001° 000004 © 95
FA 01° 66 .0005° .004° 145 X 1078 16
MD 89 38 .0003° 77 o 3
SCP left
Volume 44 03° .00008° .002° .000002° 81
FA 15 58 .0000005° 03P 933 X 10 ' .007°
MD 70 16 930 X 10700 67 .000001° .003°

Note:— HC indicates healthy controls; MMSE, Mini-Mental State Examination; UPDRS-III, Unified Parkinson’s Disease Rating Scale-Motor Examination; HY, Hohen and Yahr

score.

2 Sex differences were assessed with x? tests. Age differences were assessed with ANOVA. Disease duration differences were assessed using ANCOVA, with age and sex as
covariates. Other clinical and imaging differences were assessed with ANCOVA, with age, sex, and disease duration, as covariates. Correction for multiple comparisons was

performed with the Tukey honest significant difference test.
® Significant.

between PSP-P and PSP-RS in MD and FA of the left SCP, with
the latter phenotype more severely damaged. As expected, both
PSP phenotypes showed extensive alterations of multimodal MR
imaging metrics compared with patients with PD and controls.
Discriminant analysis of the significantly different metrics al-
lowed separation of the 2 PSP subtypes with an accuracy of 70%
and could also distinguish PSP-P from PD with an accuracy of
74%.

By using a quick and fully automated pipeline, we were able to
analyze a predefined ROI (ie, SCP) on different MR imaging se-
quences, thus collecting information in different scales (ie, mac-
roscopic volume and microstructural integrity). SCP identifica-
tion and evaluation were performed by an atlas-based approach.
The use of an atlas has multiple benefits. First, it facilitates the
identification of brain structures on MR imaging in healthy sub-
jects and patients.”” Second, it avoids a manual ROI definition,
which is a time-consuming and strongly user-dependent proce-
dure; this feature raised the level of reproducibility of this study.
Despite heavy SCP damage present in PSP, which could hamper
the identification of the structure, the quality check of images
performed in this study confirmed that the grade of superimpo-
sition between the SCP masks and the T1 images was appropriate.

The choice of the ROI for analyses was because atrophy of the
SCP is a well-known postmortem finding in patients with PSP.”
This bundle is composed of efferent cerebellar fibers, mainly orig-
inating from the dentate nucleus, which decussate and project via
the red nucleus to the contralateral ventrolateral nucleus of the
thalamus. SCP fibers that project to the reticular and vestibular
nuclei of the brain stem may be involved in the pathophysiology
of postural instability in PSP. Moreover, damage of SCP fibers
that contributes to the control of smooth pursuit movements may
contribute to gaze palsy in this disorder.*® In previous studies, we
investigated MR imaging alterations in SCP and infratentorial
structures of patients with PD, PSP, and multiple system atrophy
with predominant parkinsonian signs,””~' but we had not yet
considered the 2 PSP phenotypes separately.

Two recent studies have found differences between PSP-RS
and PSP-P by using volumetry of brain stem structures'* or DTI
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metrics.'” In the former, the authors concluded that SCP was
relatively spared in patients with PSP-P, but not in those with
PSP-RS; in the latter, instead, the authors demonstrated the utility
of combining DTI metrics to the well-known Magnetic Reso-
nance Parkinsonism Index.”" Our findings are in line with results
from both studies, because patients with PSP-RS were found
more severely damaged in most comparisons and DTI metrics
helped uncover differences between subtypes that could not be
found by volume alone.

In this study, patients with PSP-RS showed bilateral altera-
tions of all SCP metrics compared with controls and patients with
PD, whereas compared with patients with PSP-P, they showed
altered diffusion metrics in the left SCP only. This finding suggests
that the right SCP might be equally damaged between the 2 phe-
notypes, while the left SCP seems to be relatively spared in PSP-P.
The presence of unilateral significant differences in SCP between
PSP-P and PSP-RS is not surprising and is in line with the asym-
metric clinical presentation of PSP-P.?* The presence of left-sided
damage in PSP-RS is also in line with results from a recent study
investigating white matter loss in PSP.>”

The integrity of the SCP, which characterized patients with PD
in this study, supported the robustness of our automated method,
confirming the notion that this structure is not involved in PD.
Increased MD and decreased FA values in the SCP in PSP com-
pared with PD have also been reported previously.”**> Patients
with PD showed increased FA in the SCP compared not only with
patients with PSP but also with healthy controls. Despite patho-
logic alterations being usually associated with decreases of this
metric, increases of FA have also been reported and are thought to
characterize a selective degeneration of white matter bundles in
regions of crossing fibers.”® Thus, in the present study, the higher
FA found in patients with PD could be the result of different
pathologic processes that do not hamper the microstructural in-
tegrity of the entire SCP as we found in PSP-RS but rather cause
the loss of connections with an orientation different from the
principal diffusion direction of the SCP.

Results of the discriminant analysis between PSP phenotypes
seem to encourage the adoption of this automated approach in



clinical practice, though at the present time, this is not yet feasible.
In fact, validation is still needed on larger cohorts and, at the same
time, in assessing the reliability of the method in individual sub-
jects, possibly with confirmed postmortem diagnosis. Despite
these well-known limitations, however, the accuracy of 70% ob-
tainable with the sole use of diffusion metrics extracted from the
left SCP suggests that our tool could be valuable in the clinical
diagnostic process, possibly integrated with other measures that
currently aid the diagnosis (eg, the Magnetic Resonance Parkin-
sonian Index).

Overall, our findings demonstrate the following: 1) Automatic
extraction of multimodal MR imaging metrics from the SCP is
feasible not only in healthy controls but also in patients with PD
and PSP; 2) damage to the SCP is present in the 2 forms of PSP
with a different degree of severity: more severe in PSP-RS than in
PSP-P, despite the significantly longer disease duration in the lat-
ter form; 3) SCP metrics in patients with PD were comparable
with those extracted from healthy subjects; 4) the in vivo micro-
structural changes observed in SCP with DTI are in line with
abnormalities detected in previous postmortem studies; 5) the
degenerative process seems to begin on one side of the SCP and
then progresses in the contralateral structure; and 6) damage to
the SCP as detected by volume and FA might improve differenti-
ation of PSP-P and PD in an early stage of the disease.

There are some limitations to our study: First, the population
was relatively small. Second, we did not have postmortem confir-
mation to reach the criterion standard diagnosis and cannot fully
exclude misdiagnosis. Third, the tool still needs validation on
larger cohorts of patients and on MR imaging scans acquired with
different parameters.

CONCLUSIONS

With a fully automated analysis pipeline, we were able to rapidly
extract MR imaging markers that helped identify different pat-
terns of SCP damage, not only between PSP-P and PSP-RS but
also between PSP-P and PD. This approach was implemented
with minimal user intervention, which guarantees reproducibility
of the results and avoids the time-consuming procedures required
for manual segmentation of ROIs. The proposed pipeline could
be useful if integrated into the current diagnostic process, to im-
prove early diagnosis of PD and different parkinsonian syn-
dromes, especially in the most ambiguous cases.
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