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Abstract

Background and purpose: In the quest for in vivo diagnostic biomarkers to discriminate
Parkinson's disease (PD) from progressive supranuclear palsy (PSP) and multiple system
atrophy (MSA, mainly p phenotype), many advanced magnetic resonance imaging (MRI)
techniques have been studied. Morphometric indices, such as the Magnetic Resonance
Parkinsonism Index (MRPI), demonstrated high diagnostic value in the comparison be-
tween PD and PSP. The potential of quantitative susceptibility mapping (QSM) was hy-
pothesized, as increased magnetic susceptibility (Ay) was reported in the red nucleus (RN)
and medial part of the substantia nigra (SNImed) of PSP patients and in the putamen
of MSA patients. However, disease-specific susceptibility values for relevant regions of
interest are yet to be identified. The aims of the study were to evaluate the diagnostic
potential of a multimodal MRI protocol combining morphometric and QSM imaging in
patients with determined parkinsonisms and to explore its value in a population of unde-
termined cases.

Method: Patients with suspected degenerative parkinsonism underwent clinical evalu-
ation, 3 T brain MRI and clinical follow-up. The MRPI was manually calculated on T1-
weighted images. QSM maps were generated from 3D multi-echo T2*-weighted
sequences.

Results: In determined cases the morphometric evaluation confirmed optimal diagnostic
accuracy in the comparison between PD and PSP but failed to discriminate PD from MSA-
p. Significant nigral and extranigral differences were found with QSM. RN Ay showed
excellent diagnostic accuracy in the comparison between PD and PSP and good accu-
racy in the comparison of PD and MSA-p. Optimal susceptibility cut-off values of RN and
SNImed were tested in undetermined cases in addition to MRPI.

Conclusions: A combined use of morphometric imaging and QSM could improve the diag-

nostic phase of degenerative parkinsonisms.

KEYWORDS
brain MRI, morphometric indexes, parkinsonisms, quantitative susceptibility mapping

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology.

2944 wileyonlinelibrary.com/journal/ene

Eur J Neurol. 2022;29:2944-2955.


www.wileyonlinelibrary.com/journal/ene
https://orcid.org/0000-0002-5325-0746
mailto:﻿
https://orcid.org/0000-0003-1412-9406
http://creativecommons.org/licenses/by-nc/4.0/
mailto:roberto.ceravolo@unipi.it

MULTIMODAL QUANTITATIVE MRI IN PARKINSONISMS

| 2945

INTRODUCTION

Early differential diagnosis between Parkinson's disease (PD) and
other degenerative parkinsonisms can be challenging, despite the
improvement of clinical diagnostic criteria [1-3]. The clinical presen-
tation of PD may overlap with that of multiple system atrophy (MSA,
predominantly the parkinsonian phenotype MSA-p) and progres-
sive supranuclear palsy (PSP), limiting the development of disease-
modifying treatments [4].

Many advanced magnetic resonance imaging (MRI) techniques
have been tested [5, 6] to improve the contribution of imaging to
assessment of patients with parkinsonism. Morphometric MRI first
demonstrated the selective atrophy of brainstem and cerebellar
structures in PSP and MSA but not in PD patients. These measures
were then combined in morphometric indices to further increase
their diagnostic accuracy [7-10], even though there was some in-
consistency between studies [11]: the pons-to-midbrain ratio (P/M)
and the Magnetic Resonance Parkinsonism Index (MRPI) demon-
strated similar high diagnostic potential in the differential diagnosis
between PD and PSP, mainly with regard to Richardson's syndrome
(PSP-RS). Decision tree models combining different brainstem-
derived MRI planimetric measures yielded high diagnostic accuracy
for the discrimination of PSP patients from early clinically uncertain
stages [12], and morphometric indices seem capable of predicting
the evolution of undetermined parkinsonisms toward PSP [13] also
early in the disease course, when patients have a clinically unclassi-
fiable neurodegenerative parkinsonism [14].

Although an overlap atindividual level between PD, PSP and MSA
patients has been reported, both the MRPI and P/M were included
amongst level 2 neuroimaging tools to support the clinical diagno-
sis of PSP-RS and hypothesized to reach level 3, as early diagnostic
biomarkers [15]. Nevertheless, midbrain atrophy is highly variable
across PSP phenotypes and disease stages [15-18], and is more evi-
dent in patients with PSP-RS and frontal variants, followed by other
variants and PSP-parkinsonism (PSP-p) [19]. Despite a pooled 96%
sensitivity and 98% specificity of the MRPI in differentiating PSP
from PD [20], this variability explains the suboptimal diagnostic ac-
curacy obtained when morphometric indices were used to compare
PD subjects and patients affected by PSP-p and PSP variants (PSP-v)
[21]. Based on a large multicentre study, the MRPI value of 13.42
was proposed as the optimal cut-off for early differential diagnosis
between PSP and non-PSP cases with an accuracy of 88.3% [22]. In
contrast, both MRPI and midbrain to pons ratio showed suboptimal
diagnostic value in distinguishing PSP from MSA patients [12, 23].
The MRPI is a time-consuming index but was hypothesized to be less
influenced by age compared to P/M [24], even though the influence
of gender and age was not confirmed in a large cohort of healthy
controls [25].

Regional atrophy could be considered a late radiological bio-
marker and MRI techniques targeting microstructural changes in re-
gions of interest (ROIs), such as iron-sensitive sequences, have been
explored. The qualitative assessment of the substantia nigra (SN) sig-
nificantly improved the differential diagnosis between degenerative

and non-degenerative parkinsonisms [26-32], and encouraging re-
sults support the value of quantitative susceptibility mapping (QSM)
in discriminating between degenerative parkinsonisms [33-35].
Compared to PD, increased magnetic susceptibility was reported in
the midbrain of PSP patients, mainly in the red nucleus (RN), and
in the putamen of MSA patients [35]. The identification of disease-
specific susceptibility cut-off values could improve the diagnostic
potential of QSM, in addition to newly available automated tech-
niques for the segmentation of deep brain nuclei [36]. Although
QSM has been widely applied in PD patients [37-41] and in different
disease stages [40], a large variability of regional susceptibility val-
ues has been reported [42], possibly related to the heterogeneity of
the methods applied across studies. The combined use of morpho-
metric and QSM methods was recently hypothesized to add diag-
nostic value to the differential diagnosis between PD and PSP [43].

The primary aim of the present study was to use multimodal
brain MRI to evaluate the diagnostic accuracy of morphometric im-
aging and QSM in patients with a clinical diagnosis of PD, MSA or
PSP at the time of the MRI, calculating optimal disease-specific cut-
off values of the most accurate QSM variables.

The secondary aim was to explore the diagnostic value of a com-
bined imaging protocol including QSM and morphometric measures
(MRPI) in a population of clinically undetermined parkinsonisms at
the time of the MRI, clinically assessed over time until a diagnosis of
PD, MSA or PSP was made.

METHOD
Study group

From 2016 to 2019, consecutive outpatients with suspected degen-
erative parkinsonism were evaluated at the Movement Disorders
Centre of Pisa University and were followed over time.

At baseline each subject underwent a clinical evaluation by a
neurologist with experience in movement disorders and, within
2weeks, a 3 T MRI of the brain.

Current clinical diagnostic criteria for PD, MSA and PSP were ap-
plied to each subject [1-3]. For PSP patients recruited before 2017,
clinical diagnosis was revised according to the Movement Disorder
Society (MDS) criteria [2].

Patients fulfilling a clinical diagnosis of possible/probable PD,
MSA or PSP at baseline were included in the ‘determined’ cases
group and inter-group radiological differences were investigated. All
the remaining cases with clinical evidence of cardinal signs of par-
kinsonism of any severity but not fulfilling current diagnostic criteria
for PD, MSA or PSP were defined as ‘undetermined’. Diagnosis was
reviewed on annual clinical follow-up.

Patients with MSA were categorized into MSA-p and cerebel-
lar MSA (MSA-c) phenotypes. MSA-c cases were included because
they present parkinsonian signs in the early stages, according to the
neuropathological model of the disease [44]. In patients with possi-
ble/probable PSP, the clinical phenotype was defined and reviewed
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annually according to the multiple allocations extinction criteria [45].
Given the limited number of subjects classified as PSP-p or PSP-v,
the natural history of the disease and the prospective design of the
study, all PSP cases were analysed as a single group.

Patients with undetermined parkinsonism at baseline (‘undeter-
mined cases’) underwent clinical follow-up until each subject fulfilled
clinical diagnostic criteria for PD, MSA or PSP [1-3]. The diagnostic
doubt at baseline was recorded.

The following data were recorded at baseline: demographic data,
disease duration, levodopa equivalent daily dose (in subjects with
baseline ongoing treatment), motor assessment with sub-score Il of
the Unified Parkinson Disease Rating Scale (UPDRS, OFF-state) [46]
and the PSP Rating Scale [47] in PSP patients and the clinical phe-
notype in PD subjects (tremor dominant or postural instability gait
disorder) [48]. The Movement Disorder Society clinical diagnostic
criteria for ‘clinically established early PD’ were further applied [49].
The presence of typical rest tremor or red flags was investigated.
Recordings included the evaluation of response to dopaminergic
treatment (when applicable), the presence of dyskinesia and/or fluc-
tuations, asymmetry of parkinsonism, orthostatic hypotension, uri-
nary dysfunction and the presence of the PSP core clinical features
(i.e., ocular motor dysfunction, postural instability and akinesia with
levels of certainty 1-3) [3].

Exclusion criteria were concomitant neurodegenerative disor-
ders, claustrophobia/contraindications to MRI, cognitive impairment
affecting the understanding of informed consent or interfering with
imaging acquisition, and relevant white matter lesion load measured
by the age-related white-matter changes score (patients with score
>2 were excluded).

The study was conducted according to ethical standards and ap-
proved by the local ethics committee. All participants gave written

informed consent.

Imaging protocol

The MRI acquisitions were performed on an MR750 3 T scanner
(GE Healthcare, Chicago, USA); the protocol included a 3D T1-
weighted sequence (repetition time [TR] 8.2 ms, inversion time [TI]
450ms, echo time [TE] 3.2 ms, flip angle [FA] 12°, spatial resolu-
tion1x1x1mm? and a 3D multi-echo T2*weighted sequence
(TR = 66.7 ms, TEL:ATETE16 = 13:3.3:62.5 ms, FA = 15°, number
of excitations 0.70, spatial resolution 0.93x0.93x 1 mm?®, prescribed
axially). The magnitude and phase of the complex data were pro-
cessed, and an average T2*weighted 3D image and one quantita-
tive magnetic susceptibility (y) map were generated for each patient
following phase unwrapping, background phase removal and dipole
inversion, according to an established processing route [50].

The morphometric indices P/M and MRPI were manually calcu-
lated on T1-weighted images, according to published methodology
[10]. For MRPI, the formula (P/M) x (medium cerebellar peduncle
width/superior cerebellar peduncle width) was employed and a cut-
off of 13.42 was applied to all cases [22].

For the susceptibility evaluation, ROls were manually drawn on
QSM maps on the following regions: SN sub-compartments SNImed,
SNllat, SNIlventr, SNIlint, SNIldors (following an established proto-
col) [27], RN, subthalamic nucleus (STN), globus pallidus, caudate
and putamen, on both sides of each patient [35]. Relative suscep-
tibility values (Ay) for each ROI of each side were computed as the
difference between the mean y value of each ROI and the mean y
value of a reference ROI (RR) drawn in the sub-cortical white matter
of the right occipital lobe, in accordance with a previously described
procedure [35]. An average Ay value of each region, expressed in
parts per billion (ppb), was then obtained as an average of Ay of both
sides in each patient.

Statistics

The normal distribution of all continuous variables was evaluated
with Shapiro-Wilk and Kolmogorov-Smirnov tests. Two of the
continuous variables (disease duration and susceptibility values
of the SN) were not normally distributed and therefore only non-
parametric tests were used for data analysis. Continuous data are
described by median and interquartile range (IQR).

To compare clinical and radiological continuous factors with clin-
ical groups, the Kruskal-Wallis test and Mann-Whitney test were
used. Bonferroni's correction was applied to pairwise comparisons.

Toinvestigate the effect of age on radiological variables the Mann-
Whitney test was first applied, followed by multiple linear regression
modelling using disease group and age as independent variables and
susceptibility values as dependent variable; in this way the differ-
ences related to the disease were adjusted for age. Any significant
effect of gender regarding all continuous variables was investigated.

Finally, to evaluate the diagnostic accuracy of morphometric and
quantitative variables the area under the curve of the receiver op-
erating characteristic (ROC) was calculated. The diagnostic perfor-
mance of each variable to allocate patients to the diagnostic groups
was considered as follows: excellent, area under the ROC curve
(AUROC) 0.90-1.00; good, AUROC 0.80-0.89; fair, AUROC 0.70-
0.79; poor, AUROC 0.60-0.69; or fail, AUROC 0.50-0.59. The signif-
icance level was set to 0.05 and all statistical analyses were carried
out with IBM SPSS v.27.

RESULTS

Clinical evaluation

Baseline

A total of 111 patients, who underwent clinical and radiological
evaluation at baseline, were included in the study. The median age
of the entire population was 68 (IQR 60-73), disease duration was
3.0years (IQR 2.0-5.0), UPDRS Il was 25 (IQR 14-32) and levodopa
equivalent daily dose was 300 (IQR 116.2-621.2).
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In 69/111 cases (62%) the baseline clinical evaluation led to a
diagnosis of PD (31), MSA (14, five MSA-p and nine MSA-c) or PSP
(24, 16 PSP-RS, five PSP-p and three PSP-v; early supranuclear gaze
palsy [level of certainty 1] was recorded in 11 cases and early pos-
tural instability [level of certainty 1] in 17). PD patients were classi-
fied according to the clinical phenotype: 17 were postural instability
gait disorder, 10 were tremor dominant and four had a mixed pheno-
type. The diagnosis of clinically established early PD was fulfilled in
60% of PD cases; early motor complications were recorded in three
cases.

Forty-two out of 111 patients (38%) were classified as undeter-
mined cases. The differential diagnostic doubt recorded at baseline
was ‘PD or PSP?’ (n = 23) and ‘PD or MSA-p?’ (n = 19).

Clinical details of determined and undetermined cases are sum-
marized in Table 1 and Table S1.

Follow-up

Median clinical follow-up of the population was 26 months (IQR 14-
38). The baseline clinical diagnosis was confirmed as the final diag-
nosis in all the determined cases (31 PD, five MSA-p, nine MSA-c,
24 PSP). All the undetermined cases were classified within the ob-
servational period and the final clinical diagnoses were 13 PD, eight
MSA-p, 21 PSP.

Radiological evaluation
Morphometric evaluation was possible in all patients whereas

QSM images were available in 99/111 (89%) cases, 60 determined

and 39 undetermined. In the remaining subjects, either severe

motion artefacts or early interruption of the examination prevented

post-processing.

Determined cases

Morphometric evaluation
Significant differences were found in both P/M (p <0.001) and MRPI
(p<0.001) with the multiple-group comparison. The distribution
of morphometric data across diagnostic groups is represented in
Figure 1 and Table 2.

Significant differences were confirmed for both P/M and MRPI
on comparing PD/ PSP, PSP/MSA-c and PSP/MSA-p (p<0.01). A
significant difference was found for MRPI but not P/M in the com-
parison of PD and MSA-c (p = 0.040). Neither MRPI nor P/M was
able to discriminate between PD and MSA-p (p = 0.710 and 0.685,
respectively).

In the comparison of PD and PSP, the effect of age as a covariate
was significant for P/M (p = 0.007). No statistically significant differ-

ences related to gender were found.

Quantitative susceptibility mapping evaluation

The multiple-group comparison showed significant Ay differences in
the RN, STN and putamen (p <0.001), SNImed, SNllat, SNIlventr and
SNiIlint (p<0.05) (Table 3). No significant differences were found in
the SNIldors, pallidus and caudate.

The distribution of magnetic susceptibility data of the most sig-
nificant ROIs across groups is represented in Figure 2. A pairwise
comparison between PD and PSP showed significant Ay differ-
ences in RN, SNImed, SNIlat, SNIlventr, SNIlint, STN and putamen
(p<0.05), confirmed after age correction. Comparing PD and MSA-

p, significant Ay differences were found in the putamen and RN

TABLE 1 Clinical and demographic details of determined and undetermined cases (median, IQR)

Undetermined

PD (n = 31) MSA-c(n=9) MSA-p (n = 5) PSP (n = 24) p value cases (hn =42)
Gender 24M/7F 7M/2F 4M, 1F 16 M, 8F ns 26 M/16 F
Age (years) 62.0(54.0-67.0)  59.0(55.0-68.5)  64.0(60.0-70.5)  73.5(68.0-76.8)** <0.001 71.0(65.5-75.0)
Disease duration (years) 2.0(1.0-7.0) 3.0(1.5-3.5) 5.0(3.5-5.0) 3.5(3.0-5.0) ns 3.0(2.0-4.0)
UPDRS III 17 (11-25) 27 (19.5-31.5) 39 (32.5-45.5) 37 (25-42.5)** <0.001 25(16-31.5)
PSPRS na na na 46 (40-54) na na
Main clinical features
Rest tremor 16 (51%) 0 1(20%) 3(12.5%)
Asymmetric parkinsonism 26 (84%) 4 (44%) 3 (60%) 13 (54%)
Postural instability 5 (16%) 4 (44%) 3 (60%) 17 (71%)
Orthostatic hypotension 3(9%) 6 (67%) 4 (80%) 2 (8%)
Urinary symptoms 4 (13%) 5(56%) 5(100%) 4 (17%)

Abbreviations: F, female; IQR, interquartile range; M, male; MSA-c, multiple system atrophy cerebellar phenotype; MSA-p, multiple system atrophy
parkinsonian phenotype; PD, Parkinson's disease; PSP, progressive supranuclear palsy; PSPRS, Progressive Supranuclear Palsy Rating Scale; UPDRS-

111, subscore Il of the Unified Parkinson's Disease Rating Scale.
**p <0.001.
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FIGURE 1 Distribution of morphometric data across diagnostic groups in the determined population. (a) MRPI results; the horizontal
reference line corresponds to the MRPI optimal cut-off value 13.42 [22]. (b) P/M results. Pairwise comparisons between groups (after
Bonferroni's correction; **p <0.001, *p <0.05): MRPI, PD/PSP p<0.001, MSA-c/PSP p<0.001, MSA-p/PSP p = 0.005, MSA-c/PD

p = 0.040; P/M, PD/PSP p <0.001, MSA-c/PSP p<0.001, MSA-p/PSP p = 0.004. MRPI, Magnetic Resonance Parkinsonism Index; MSA-c,
multiple system atrophy cerebellar phenotype; MSA-p, multiple system atrophy parkinsonian phenotype; P/M, pons-to-midbrain ratio; PD,
Parkinson's disease; PSP, progressive supranuclear palsy [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Values of all MRPI and P/M

PD (n=31) MSA-c(n = 5) MSA-p (n = 9) PSP (n=24) pvalue measures in the different diagnostic
MRPI 9.4 (8.4-11.2) 5.9 (4.6-7.1) 9.8 (7.0-10.7) 17.6 (14.4-21.0)** <0.001 groups of the determined population
P/M  38(37-43) 32(2.6-38)  3.8(3.3-4.3) 5.8 (5.5-6.6)"" <0.001 (expressed as median, IQR)

Abbreviations: IQR, interquartile range; MRPI, Magnetic Resonance Parkinsonism Index; MSA-
¢, multiple system atrophy cerebellar phenotype; MSA-p, multiple system atrophy parkinsonian
phenotype; P/M, pons-to-midbrain ratio; PD, Parkinson's disease; PSP, progressive supranuclear

palsy.
**p <0.001.

(p<0.05). Significant Ay differences comparing MSA-c and PSP were
found in RN (p<0.01). No significant differences were found com-
paring PD/MSA-c, MSA-p/PSP or MSA-p/MSA-c.

No statistically significant differences regarding gender were

found.

Receiver operating characteristic curve analysis

The diagnostic accuracy of the main significant variables differenti-
ating PD/PSP and PD/MSA-p was evaluated (Table 4). The accuracy
of significant differences obtained comparing PD/MSA-c and PSP/
MSA-c was not evaluated because all MSA-c cases were correctly

diagnosed at baseline.

Definition of QSM diagnostic cut-off values

In the determined group, the distribution of susceptibility data in
the boxplots of the most significant ROls was visually explored
(Figure 2), aiming to obtain QSM cut-off values capable of differ-
entiating PD from both PSP and MSA-p (for this reason visual in-
spection was preferred to Youden's test), with optimal sensitivity
or specificity.

Ay of the RN showed excellent diagnostic accuracy in the com-
parison PD/PSP and good accuracy in the comparison PD/MSA-p.
A very limited overlap between PD and both MSA-p and PSP was
observed. The Ay values of 100 and 130 ppb were defined as lower
and upper cut-off values to differentiate PD from MSA-p and PSP
cases, respectively, with maximum sensitivity (PD/MSA-p 100%,
PD/PSP 100%) and specificity (PD/MSA-p 85%, PD/PSP 87%)
(Figure 2a).

Ay of the putamen provided optimal diagnostic accuracy in the
comparison PD/MSA-p. Susceptibility values >100ppb identified
MSA-p cases with positive predictive value (PPV) 97%. Ay of the
putamen enabled the disentanglement of PD and PSP with good ac-
curacy but with overlap between the two groups (Figure 2b).

Ay of the STN differentiated PD from both PSP and MSA-p with
good accuracy but the relevant overlap across groups prevented the
definition of a diagnostic cut-off (Figure 2c).

Ay of the SNImed failed to discriminate between PD and MSA-p
but showed good diagnostic accuracy in the differential diagnosis
PD/PSP, with maximum sensitivity (95%) for PSP of values >200ppb
(Figure 2d).
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TABLE 3 Ay values of all ROls in the different diagnostic groups (expressed as median, IQR)

p value (Kruskal-

PD MSA-c MSA-p PSP Wallis test)
SNImed 196.1(157.7-232.1)  210.6 (180.2-229.1) 235.7 (130.7-235.7) 247.7* (228.7-300.5) 0.003
SNllat 108.0 (89.0-134.7) 120.8 (89.2-149.3) 133.6 (80.4-133.6) 147.1* (112.1-186.9) 0.026
SNllventr 123.5(109.9-144.5)  149.6 (121.3-168.5) 184.6 (70.1-184.6) 191.7* (140.3-222.5) 0.004
SNIlint 158.3 (142.8-192.6)  170.5(143.0-182.0) 204.3 (85.5-204.3) 205.3* (161.5-257.7) 0.032
SNlldors 139.2(113.3-165.3)  130.8 (118.0-154.5) 153.8 (74.1-153.8) 168.1* (130.7-214.1) 0.013
RN 102.1 (86.6-120.1) 114.4 (98.7-117.3) 128.0(118.2-128.0) 157.6** (127.1-176.8) <0.001
STN 106.7 (88.8-128.6) 140.8 (116.3-148.2) 156.4 (126.5-156.4) 161.0** (120.9-188.4) <0.001
Pallidus 89.3(78.1-102.2) 98.2 (80.9-124.6) 66.0 (56.8-66.0) 96.4(81.1-130.7) ns
Putamen 61.3(52.6-75.5) 76.1(68.0-93.8) 114.1** (84.9-114.1) 91.0(79.0-124.7) <0.001
Caudate 45.6 (37.5-57.4) 52.2(37.8-56.4) 53.8 (47.4-53.8) 61.5(44.8-78.2) ns

Abbreviations: Ay, magnetic susceptibility; IQR, interquartile range; MSA-c, multiple system atrophy cerebellar phenotype; MSA-p, multiple system
atrophy parkinsonian phenotype; PD, Parkinson's disease; PSP, progressive supranuclear palsy; RN, red nucleus; ROI, region of interest; SNImed,

medial part of substantia nigra at level I; SNIldors, SNIlint, SNIlventr, SNIlat: dorsal, intermediate, ventral part of substantia nigra at level II; STN,

subthalamic nucleus.

Undetermined cases

Evaluation of Ax and application of QSM cut-off values in
undetermined cases

The distribution of Ay values in the RN, putamen and SNImed was
explored in undetermined cases and the optimal Ay cut-off values
were applied (Figure 3).

Ay of the RN showed significant differences between groups
(b = 0.007; PD 103.8 ppb, IQR 82.9-118.2; MSA-p 125.6 ppb, IQR
107.3-149.1; PSP 150.6 ppb, IQR 104.8-177.4). The baseline Ay of
the RN enabled PD to be differentiated from PSP (p = 0.005) and PD
from MSA-p (p = 0.05).

Ay of the putamen did not show significant differences be-
tween diagnostic groups as a significant overlap was observed: PD
83.9 ppb, IQR 63.7-96.9; MSA-p 86.5 ppb, IQR 72.5-105.0; PSP
85.6 ppb, IQR 75.4-94.2. The Ay of the putamen at baseline failed to
discriminate PD from either PSP or MSA-p.

Ay of the SNImed showed significant differences in the three-
group comparison (p = 0.030): PD 187.1 ppb, IQR 145.1-213.8;
MSA-p 187.7 ppb, IQR 158.4-221.0; PSP 239.0 ppb, IQR 202.1-
256.4. The baseline Ay of the SNImed allowed PD to be distin-
guished from PSP (p = 0.038) but failed to differentiate PD from
MSA-p and MSA-p from PSP.

Diagnostic value was hypothesized for the RN cut-offs and, to a
lesser extent, for the SNImed cut-off. Applying the RN lower cut-off
(<100 ppb), the final diagnosis was either PD (n = 5) or PSP (n = 3,
two PSP-p, one PSP-v). No undetermined patients with a final di-
agnosis of MSA-p showed values below 100ppb at baseline. Using
the Ay RN upper cut-off (>130ppb), the final diagnosis was MSA-p
(n =4) or PSP (n = 13). No undetermined cases with a final diagnosis
of PD showed RN values above 130ppb at baseline.

In undetermined cases with Ay SNImed >200ppb at baseline, the
final diagnosis was PD (n = 6/38, 16%), MSA-p (n = 3/38, 8%) or PSP
(n = 14/38, 37%).

The putamen cut-off (100 ppb) did not confirm diagnostic value
in undetermined cases, even though significant differences were
observed in the determined population, with high specificity for
MSA-p. The role of disease duration was investigated as a possible
confounding factor.

Disease duration did not differ between determined and undeter-
mined cases, but it was close to the statistical significance threshold
when including only MSA-p patients (p = 0.061). Considering both
determined and undetermined cases, Ay of the putamen was higher
than 100ppb in 13% of patients with disease duration <3years
(n=57; 25% of MSA-p, 26% of PSP) and in 26% of the remaining pa-
tients (50% of MSA-p, 27% of PSP). Conversely, in patients with dis-
ease duration <3years, 95% of PSP and 100% of MSA-p patients had
RN Ay>100ppb, whereas 5% of cases with baseline values >130ppb
had a final diagnosis of PD (Figure 4).

Diagnostic algorithm

As the MRPI value provided optimal diagnostic accuracy in differ-
ential diagnosis between PD/PSP and the QSM analysis revealed
significant differences between PD and both PSP and MSA-p, it was
attempted to improve the differential diagnosis of undetermined
cases by including QSM information.

A diagnostic algorithm was applied combining the MRPI cut-off
13.42 [22] and the RN susceptibility cut-offs of our determined pop-
ulation (see Figure 5) to our undetermined cases. QSM was available
in 39 undetermined cases: 13 PD, eight MSA-p, 18 PSP.

No undetermined case with a baseline MRPI >13.42 had a final
diagnosis of MSA-p, as possible final diagnostic options were PSP
(n = 15) or PD (n = 2). Applying the upper RN cut-off value to MRPI
>13.42 cases it was possible to completely differentiate patients, as all
subjects with RN Ay >130ppb had a final diagnosis of PSP. In the re-
maining cases (MRPI>13.42 and RN Ay < 130ppb) a subsequent evalu-
ation using Ay of SNImed enabled a diagnosis of PSP to be excluded in
subjects with baseline values <200 ppb (not shown in Figure 5).
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Undetermined cases with a baseline MRPI <13.42 had a final
diagnosis of PD (n = 11), MSA-p (n = 8) or PSP (six, all not RS: five
PSP-p, one PSP-v corticobasal syndrome). Applying the lower RN
Ay cut-off (<100 ppb), a final diagnosis of MSA-p could be excluded
(four PD, one PSP-p). When the upper RN cut-off (>130ppb) was
applied to cases with MRPI <13.42 a final diagnosis of PD could be
excluded (four MSA-p, one PSP-p). Further evaluation of SNImed
Ay in subjects with MRPI <13.42 and RN Ay >130ppb excluded a
PSP diagnosis in cases with baseline values <200 ppb (not shown in
Figure 5).

The algorithm allowed the correct diagnostic classification of
17/26 undetermined atypical cases (13 PSP, four MSA-p). To eval-
uate the diagnostic value of the algorithm in MSA-c cases, the mor-
phometric and QSM cut-offs were applied to the entire population.

As expected, all MSA-c cases had an MRPI <13.42 whereas RN Ay
was <130ppb.

DISCUSSION

In this study morphometricand QSM MRI techniques were combined
to evaluate the potential of regional atrophy and iron deposition as
in vivo diagnostic biomarkers of degenerative parkinsonisms. The
application of other advanced MRI techniques (e.g., diffusion and
neuromelanin imaging) as a support to clinical evaluation has pro-
vided encouraging results [51]. The use of diffusion tensor imaging
first supported classification of subjects diagnosed with PD, atypi-
cal parkinsonism and essential tremor, and distinguished them from
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TABLE 4 Diagnostic accuracy of the main significant variables differentiating PD/PSP and PD/MSA-p

Variable PD/PSP AUC (p value) 95% ClI Variable PD/MSA-p AUC (p value) 95% Cl

MRPI 0.976 (p <0.001) 0.939-1 MRPI ns (p = 0.923) -

P/M 0.956 (p <0.001) 0.900-1 P/M ns (p = 0.698) -

Ay RN 0.942 (p <0.001) 0.872-1 Ay RN 0.862 (p =0.016) 0.708-1

Ay putamen 0.889 (p <0.001) 0.774-1 Ay putamen 0.954 (p = 0.011) 0.863-1

Ay STN 0.844 (p <0.001) 0.713-0.974 Ay STN 0.885 (p =0.030) 0.728-1

Ay SNImed 0.854 (p <0.001) 0.740-0.968 Ay SNImed ns (p =0.628) -

Abbreviations: Ay, magnetic susceptibility; AUC, area under the curve; Cl, confidence interval; MRPI, Magnetic Resonance Parkinsonism Index; MSA-
p, multiple system atrophy parkinsonian phenotype; PD, Parkinson's disease; P/M, pons-to-midbrain ratio; PSP, progressive supranuclear palsy; RN,
red nucleus; SNImed, medial part of substantia nigra at level I; STN, subthalamic nucleus.
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control subjects [52]. Subsequent use of diffusion MRI along with
the Movement Disorders Society UPDRS part Il improved differen-
tial diagnosis of PD and atypical parkinsonisms in a large cohort of
subjects [53]. Similar results were recently obtained with other tech-
niques such as neurite orientation dispersion and density imaging
and free-water imaging [54]. Automated analysis of mean diffusivity
of the middle cerebellar peduncles and putamen was reported to
provide excellent diagnostic accuracy to discriminate patients with

MSA from PD in the early to moderate disease stages [55]. Besides
the single MRI techniques, the application of multimodal protocols
(e.g., T1-weighted/T2-weighted ratio and voxel-based morphometry
[56]) was hypothesized to further improve differential diagnosis be-
tween PD and atypical parkinsonisms [57].

Our results first highlighted the importance of the clinical eval-
uation, with high specificity but suboptimal sensitivity of PD, MSA
and PSP diagnostic criteria, as in all determined cases (62%) baseline
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Clinical evidence of parkinsonism

Does the patient fulfill diagnostic criteria for PD, MSA or PSP at baseline?

YES (n=69)

NO (n=42)

Diagnosis of probable/possible

PD, MSA or PSP
Determined Cases

YES (n=17)

Undetermined Cases

Advanced Brain MRI: MRPI >13.42?

NO (n=25)

Diagnostic options: PD or PSP
RN >130 ppb? (n=16)

YES (n=12)

Final diagnosis:
12 PSP, 0 PD

Final diagnosis:
2PSP,2PD

Diagnostic options: PD, MSA-p, PSP

RN? (n=23)

RN >130 ppb
Final diagnosis:
0 PD, 4 MSA-p, 1 PSP

RN 100-130 ppb
Final diagnosis:
7 PD, 4 MSA-p, 2 PSP

RN < 100 ppb
Final diagnosis:
4 PD, 0 MSA-p, 1 PSP

FIGURE 5 Diagnostic algorithm representing the design of the study and diagnostic classification of undetermined cases according
to morphometric and QSM cut-offs. DD, differential diagnosis; MRPI, Magnetic Resonance Parkinsonism Index; MSA-p, parkinsonian
phenotype of multiple system atrophy; PD, Parkinson's disease; PSP, progressive supranuclear palsy; QSM, quantitative susceptibility

mapping; RN, red nucleus

diagnosis was confirmed. In our population PSP or MSA-p were
found as PD mimics at baseline, whereas all MSA-c cases were cor-
rectly diagnosed.

Both the morphometric indices investigated confirmed optimal
diagnostic accuracy in the differential diagnosis between PD and
PSP but failed to discriminate PD from MSA-p. In our determined
population diagnostic accuracy of MRPI was found to be slightly su-
perior to P/M and not affected by age, even if time-consuming.

As previously reported [33-35], Ay values in a few nigral and ex-
tranigral ROIs of PD patients were significantly different from those
of PSP and MSA-p cases. Diagnostic accuracy comparing PD and
PSP ranged from good (putamen, SNImed and STN) to optimal (RN),
and the latter was similar to that of the morphometric indices.

Disease-specific diagnostic cut-offs for parkinsonian disorders
are currently under investigation, with few reports regarding the
globus pallidus and putamen [34, 43]. After prospective evaluation
of our determined cases QSM cut-offs were defined for the RN,
putamen and medial part of the SN, previously reported to have di-
agnostic potential to discriminate PD from atypical cases [33, 35].

The cut-offs were applied to undetermined cases and the mag-
netic susceptibility of RN appeared as a promising diagnostic bio-
marker. In particular, the lower RN cut-off provided 100% sensitivity
for MSA-p whereas the upper cut-off improved identification of
atypical cases (MSA-p and PSP). The SNImed cut-off provided mild
additional diagnostic value, with high sensitivity for PSP cases. In
contrast, Ay of the putamen did not confirm its potential as a diagnos-
tic biomarker, at least in the early disease stages. Our observations

supported the hypothesis of a later increase of putaminal Ay in the
disease course of MSA-p, discouraging its use as an early radiological
biomarker, even if it could be evaluated as a staging and progression
biomarker. In contrast, an early involvement of RN was hypothesized
in atypical cases.

These observations support the value of QSM in the diagnostic
workup of suspected parkinsonism. Of note, the diagnostic accuracy
of both QSM and morphometric methods could have been affected
by the high percentage of PSP-RS (67%) and by the low number of
MSA-p in the determined population. Neuroanatomical differences
across the PSP phenotypes have recently been noted, but a high tau
burden was demonstrated in the RN and midbrain structures across
all variants [18]. Lesser RN pathological involvement was reported in
PSP-p and PSP-v (speech language and pure gait freezing) and could
explain the reduced sensitivity of the QSM method in a minority of
cases, as in our study.

In our undetermined cases an algorithm was evaluated combin-
ing the MRPI cut-off 13.42, highly specific for PSP also early in the
disease course, with the RN susceptibility cut-offs validated in our
determined population (Figure 5); in a minority of uncertain cases
the SNImed susceptibility cut-off was further applied. According to
our results a combination of the two techniques could improve dif-
ferential diagnosis between PD, PSP and MSA-p, possibly since the
early phases. Indeed, differences in the distribution of RN Ay across
diagnostic groups were confirmed with the post hoc analysis in pa-
tients with disease duration up to 3years (Figure 3). Both the mor-
phometric and the quantitative values obtained in our population
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are comparable to previous studies using similar methodological ap-
proaches and including similar disease groups and healthy subjects.
The accuracy of this multimodal evaluation could be improved by
using fully automated [22] and new morphometric measures [14, 58],
designed to improve detection of all PSP phenotypes.

Our study has a few limitations. One is the lack of pathological
confirmation; however, the longitudinal design of the study should
have limited possible diagnostic inaccuracy. Another possible limita-
tion could be the absence of a control group; nevertheless, the main
aim of our study was to discriminate between patients with clinically
defined parkinsonism and both the morphometric and quantitative
susceptibility values obtained in our population reflect the results of
previous studies including similar disease groups and healthy sub-
jects. Whilst the complexity of the MRI protocol, acquisition times
and post-processing, might be considered a further limitation, the
main purpose of our multimodal protocol is currently academic, aim-
ing to improve the selection of patients for clinical trials. Automated
QSM processing routes, as for MRPI, could enable a wide use of the
tool, possibly targeting midbrain structures to limit acquisition and
processing times. The reproducibility of our measures at a broader
level could be a further limitation, considering the variability of QSM
methodology across centres [59]. The definition of the most appro-
priate RR remains a crucial point and a wide heterogeneity across
studies was reported [59]. In most cases, the cerebrospinal fluid or
white matter, as in this study, was used, whilst other authors ref-
erenced their QSM data to other brain regions or avoided the use
of a reference region [59]. To test the RR impact, our analysis was
repeated using unreferenced data and the overall results were con-
firmed. Taking these considerations into account, our observations
require to be validated in larger multicentre studies.

In conclusion, the use of a diagnostic multimodal MRI protocol
for degenerative parkinsonisms, including both morphometric and
quantitative iron-sensitive techniques, could improve differential di-
agnosis between PD and its main mimics, PSP and MSA-p.
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