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ARTICLE INFO ABSTRACT

Keywords: Clinical manifestations and evolution are very heterogeneous among individuals with Parkinson’s disease (PD).
Parkinson’s disease The aims of this study were to investigate the pattern of progressive brain atrophy in PD according to disease
Atrophy stage and to elucidate to what extent cortical thinning and subcortical atrophy are related to clinical motor and

Clinical progression

non-motor evolution. 154 patients at different PD stages were assessed over time using motor, non-motor and
Clinical clusters

structural MRI evaluations for a maximum of 4 years. Cluster analysis defined clinical subtypes. Cortical thinning
and subcortical atrophy were assessed at baseline in patients relative to 60 healthy controls. Longitudinal trends
of brain atrophy progression were compared between PD clusters. The contribution of brain atrophy in pre-
dicting motor, non-motor, cognitive and mood deterioration was explored. Two main PD clusters were defined:
mild (N = 87) and moderate-to-severe (N = 67). Two mild subtypes were further identified: mild motor-pre-
dominant (N = 43) and mild-diffuse (N = 44), with the latter group being older and having more severe non-
motor and cognitive symptoms. The initial pattern of brain atrophy was more severe in patients with moderate-
to-severe PD. Over time, mild-diffuse PD patients had the greatest brain atrophy accumulation in the cortex and
the left hippocampus, while less distributed atrophy progression was observed in moderate-to-severe and mild
motor-predominant patients. Baseline and 1-year cortical thinning was associated with long-term progression of
motor, cognitive, non-motor and mood symptoms. Cortical and subcortical atrophy is accelerated early after the
onset of PD and becomes prominent in later stages of disease according to the development of cognitive, non-
motor and mood dysfunctions. Structural MRI may be useful for monitoring and predicting disease progression
in PD.

1. Introduction

Clinical manifestations are very heterogeneous among individuals
with Parkinson’s disease (PD) (Greenland et al., 2019). Clinical sub-
types have been identified according to the presence of different motor
signs and symptoms, cognitive decline, non-motor symptoms and be-
havioural disturbances (Greenland et al., 2019). Rate of disease pro-
gression is also variable: although 50% have reached key milestones of
either postural instability or dementia within 4 years from diagnosis,
almost a quarter have a good prognosis at 10 years (Greenland et al.,
2019). The link between protein accumulation in the brain, the con-
sequent brain damage and the variable clinical disease progression is

currently under investigation in order to identify biomarkers (Filippi
et al., 2020, 2018).

MRI can accurately measure changes in cerebral structures pro-
viding biomarkers for monitoring PD progression. Over the years, nu-
merous cross-sectional MRI studies demonstrated more profound grey
matter (GM) damage in fronto-temporal, parietal, occipital and limbic
areas and in basal ganglia in patients with moderate to severe PD
(Agosta et al., 2013a; Lewis et al., 2016; Melzer et al., 2012; Sterling
et al., 2016), although some degree of structural GM alterations has
been observed also in the early phase of the disease (Agosta et al.,
2013b; Fereshtehnejad et al., 2017; Lewis et al., 2016; Pereira et al.,
2014). A recent review analyzed and resumed longitudinal structural
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Fig. 1. Flowchart illustrating the inclusion/exclusion of Parkinson’s disease (PD) subjects in the study and numbers of cases at each follow-up visit.
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MRI findings in PD patients (Sarasso et al., 2020). Most consistent
findings showed progressive cortical atrophy accumulation in basal
ganglia, temporal/hippocampal, frontal and parietal areas in de novo
PD cases and patients in the early/middle phase of the disease, with the
achievement of a plateau in the later stage of the disease (Lewis et al.,
2016; Melzer et al., 2015; Mollenhauer et al., 2016; Sampedro et al.,
2019; Sarasso et al., 2020; Sterling et al., 2016; Tessa et al., 2014).
Stratifying patients according to disease severity, findings are more
controversial, although showing a progressive atrophy of basal ganglia
over 1lyear of follow-up and a widespread cortical thinning over
3-6years in mild to moderate PD patients (Campabadal et al., 2017;
Ibarretxe-Bilbao et al., 2012; Niirnberger et al., 2017; Sarasso et al.,
2020). Different studies stratified patients according to cognitive im-
pairment (Camicioli et al., 2011; Caspell-Garcia et al., 2017; Compta
et al., 2013; Foo et al., 2017; Garcia-Diaz et al., 2018; Gee et al., 2017;
Hanganu et al., 2014; Mak et al.,, 2017, 2015; Ramirez-Ruiz et al.,
2005) but only few studies used prediction models showing that
atrophy of the hippocampus, fronto-temporal areas, caudate, thalamus
and accumbens might foresee mild cognitive impairment or dementia
conversion in PD patients (Foo et al., 2017; Sarasso et al., 2020; Zhou
et al., 2020). The association between brain structural changes and the
evolution of other non-motor manifestations has been less explored
(Baba et al., 2012; Hanganu et al., 2014; Ibarretxe-Bilbao et al., 2010;
Wee et al., 2016). The main weaknesses of the majority of previous
studies are the small samples, the short observation periods, the in-
clusion of only two timepoints, and the classification of patients that
was performed according to a single variable. Such stratifying methods
might not be appropriate considering the complexity of the disease. For
instance, patients with more aggressive symptoms can have short dis-
ease duration and patients with long disease duration can present
milder form of PD; patients with heterogeneous motor, non-motor and
cognitive characteristics can present the same Hoehn and Yahr (HY)
scoring; and the label “cognitive impairment” often covers a wide
spectrum of cognitive features. An updated view upon the current
knowledge suggests the necessity to stratify PD patients according to a
combination of variables meaningful of patients’ characteristics and not
according to one single feature or gross evaluation scale (Sarasso et al.,
2020). To the best of our knowledge, only one longitudinal clinical
study by Fereshtehnejad and colleagues used a composite model that
merged numerous clinical variables including motor and non-motor
domains (Fereshtehnejad et al., 2017). However, despite many at-
tempts, there is no consensus about the best clustering model for PD
patients (Mestre et al., 2018; Qian and Huang, 2019).

The present study reports a longitudinal observation of patients
with PD at different disease stages assessed by comprehensive motor
and non-motor serial evaluations and annual structural MRI scans over
4 years. Contrary to the majority of previous studies, our large PD co-
hort was followed-up by serial visits for a relatively long time period. A
new cluster analysis was employed to define disease subgroups at the
study entry based on demographic characteristics, disease duration,
motor severity, pharmacological treatment, cognitive and non-motor
features, in order to group patients with the most similar character-
istics. This method was already adopted in our previous functional MRI
study on the same sample (Filippi et al., 2020). Moreover, composite
outcomes were used for each specific domain (motor, non-motor and
cognitive). The aims of our study were to investigate the pattern of
progressive brain atrophy in PD according to disease stage and subtype
and to elucidate to what extent cortical thinning and subcortical
atrophy are related to and can predict clinical motor and non-motor
evolution.

2. Methods
2.1. Participants

Approval was received from the local ethical standards committees
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on human experimentation and written informed consent was obtained
from all subjects prior to study participation.

154 PD patients were prospectively recruited at the Clinic of
Neurology, School of Medicine, University of Belgrade, Belgrade, Serbia
within the framework of an ongoing longitudinal project. Patients re-
ceived a comprehensive evaluation in ON medication state including
clinical, cognitive and MRI assessments at study entry and every year
for a maximum of 4years (Fig. 1). All PD patients were assessed at
study entry, 1-year and 2-year follow-ups. Patients with Hoehn and
Yahr (HY) < 2 were evaluated also after 3years. After the two first
follow-up visits, patients with HY = 2 performed a 4-year visit as they
were not able to be regularly (each year) scanned with MRI due to the
severity of the symptoms or to logistic issues to move to the clinic.
Patients were excluded if they had: HY > 4 and dementia (Emre et al.,
2007) because they are usually less cooperative and may have some
difficulties to stay still into the MRI scanner and to participate to all the
study visits; moderate/severe head tremor at rest; cerebrovascular
disorders (including vascular parkinsonism) or intracranial masses on
routine MRI; history of traumatic brain injury; any other major neu-
rological and medical condition; and incomplete MRI or images with
artefacts. Our sample included ten patients with Glucocerebrosidase
(GBA) mutation that were equally distributed among PD subgroups.
Sixty age- and sex-matched healthy controls, without any neurological,
psychiatric, or other disorders, were also recruited among friends and
relatives of patients and by word of mouth for baseline comparison with
PD patients. Healthy controls performed clinical, cognitive and MRI
assessments only at baseline.

2.2. Clinical evaluation

At study entry and each follow-up visit, an experienced neurologist
blinded to MRI results performed clinical assessments. Patients were
examined in ON state (i.e., period when the dopaminergic medication is
working and symptoms are well controlled). Demographic, general
clinical and family data (sex, education, age, handedness, age at onset,
side of onset, PD duration, and family history) were obtained using a
semi-structured interview. Levodopa equivalent daily dose (LEDD)
(Tomlinson et al., 2010) was calculated. Disease severity was defined
using the HY stage score (Hoehn and Yahr, 1967) and the Unified
Parkinson’s Disease Rating Scale (UPDRS) (Movement Disorder Society
Task Force on Rating Scales for Parkinson's, 2003). UPDRS was used to
evaluate non-motor symptoms (UPDRS I), motor symptoms (UPDRS II),
motor signs (UPDRS III) and motor complications (UPDRS IV). UPDRS
III rigidity, axial and bradykinesia subscores were also calculated. The
severity of Freezing of Gait (FoG) was assessed using the FoG ques-
tionnaire (FoG-Q) (Giladi et al., 2000). The presence of hallucinations
was reported according to the UPDRS I subscore, and of dyskinesia and
fluctuations according to the UPDRS IV subscores. The presence of
other non-motor symptoms (i.e., gastrointestinal, urinary, olfactory,
orthostatic and sexual dysfunctions) was assessed according to the Non-
Motor Symptoms questionnaire (NMS-Q) (Chaudhuri et al., 2006).
Sleep disorders were investigated using the REM Sleep Behaviour Dis-
order Screening Questionnaire (RBDSQ) (Stiasny-Kolster et al., 2007).
All these variables were obtained at each time point except for NMS-Q
and RBDSQ scores, which were acquired at study entry and the last
visit.

2.3. Neuropsychological and behavioural evaluations

At study entry and each follow-up visit, patients performed neu-
ropsychological and behavioural evaluations within 48 h from MRI. The
same test battery was applied in healthy controls at study entry.
Evaluations were performed by expert neuropsychologists, blinded to
the clinical data and MRI results as previously described (Stojkovic
et al., 2018). The assessment evaluated global cognition with the Ad-
denbrooke’s Cognitive Examination-revised (ACE-R); memory with the
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Rey Auditory Verbal Learning Test (RAVLT), and the pattern (PRM) and
spatial (SRM) recognition memory tests from the Cambridge Neu-
ropsychological Test Automated Battery (CANTAB); executive functions
with the digit span backward, Intra/Extra Dimensional Set Shift test
(IED) from the CANTAB, and the Stroop color-word test; attention and
working memory with the digit ordering test and the letter cancellation
test; language with the Boston Naming Test (BNT) and the language
subtest of ACE-R; fluency with semantic and phonemic fluencies; vi-
suospatial abilities with the Hooper Visual Organization test and the
visuospatial subtest of ACE-R. Mood was evaluated with the Hamilton
Depression Rating Scale score (HDRS), Hamilton Anxiety Rating scale
score (HAMA) and Apathy Evaluation Scale. The presence of impulsive-
compulsive behaviour (ICB) was reported according to Questionnaire
for Impulsive—-Compulsive Disorders in Parkinson’s Disease (QUIP)
(Weintraub et al., 2009).

All the neuropsychological and behavioural variables were acquired
at each time point except for the QUIP score, which was obtained at
study entry and the last visit.

2.4. Cluster/subtype definition

Cluster analysis based on k-medoids method for data partitioning
was applied on patients using the Gower distance calculated for base-
line data on demographic/general clinical information (age, sex, edu-
cation, age at onset, disease duration, family history), motor symptoms
and signs (HY, UPDRS II-III total, UPDRS III axial and bradykinesia,
presence of dyskinesia and fluctuations, FoG- Questionnaire), LEDD
(Tomlinson et al., 2010), cognitive and mood data (ACE-revised, HDRS,
HAMA, Apathy Evaluation Scale), and the presence of other non-motor
manifestations (hallucinations, RBD, orthostatic hypotension, olfactory,
gastrointestinal, urinary, sexual dysfunctions). Missing data were im-
puted using the Random Forest algorithm. They were very few, ranging
from 0 to 1.3% for all the 29 variables.

2.5. Global composite outcomes

For analysis of clinical progression, we created four global compo-
site outcomes (GCOs) as numeric indicators of prognosis
(Fereshtehnejad et al., 2017), accounting for the most important clin-
ical domains: motor signs/symptoms, non-motor symptoms, cognitive
deficits, and mood. The four clinical domains included the following
scores: 1) UPDRS-II and UPDRS-III (motor domain); 2) UPDRS I and the
presence of non-motor symptoms based on the NMS-Q (non-motor
domain); 3) a single test for each cognitive function according to the
greatest mean rate of change for cognition — the selected cognitive tests
were ACE-total (global cognition), semantic fluency (language), Intra/
Extra Dimensional Set Shift (executive functions), letter cancellation
test (attention) and Hooper (visuospatial function); and 4) HAMA,
HDRS and Apathy Evaluation Scale (mood). For each GCO, the z-scores
of each component were averaged. For calculating change (follow-
up-baseline), we used the mean/standard deviation from baseline as
reference (Fereshtehnejad et al., 2017). Assuming that k components
(i.e. z1, 2o, 23, ..., Z) are needed to calculate any of the GCOs, the
following formula was used:

GCO = Mean Z1,FU_— Z1,Bas i Z2,FU ~ Z2,Bas e Zk,FU — Zk,Bas
SD(ZI,BIIS) SD(ZZ,BGS) SD(Zk.Bas)
Higher GCO scores indicate worse function for motor, non-motor

and mood domains, while lower GCO indicates worse cognitive per-
formance.

2.6. MRI acquisition

Baseline and follow-up brain MRI scans were acquired on the same
1.5 Tesla Philips Medical System Achieva machine. The following MR
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sequences were obtained: dual-echo (DE) turbo spin-echo (repetition
time [TR] = 3125ms, echo time [TEs] = 20/100ms, echo train
length = 6, 44  axial  slices, thickness = 3.0 mm, matrix
size = 256 x 247, field of view [FOV] = 240 x 232 mmz; voxel size,
0.94 x 0.94 x 3mm>, in-plane sensitivity encoding [SENSE] parallel
reduction factor, 1.5); and high resolution 3D sagittal T1-weighted
Turbo Field Echo (TFE) (frequency direction = anterior-posterior,
TR = 7.1 ms, TE = 3.3 ms, inversion time = 1000 ms, flip angle = 8°,
matrix size = 256 X 256 x 180 [inferior-superior, anterior-posterior],
FOV = 256 X 256 mm?, section thickness = 1 mm; voxel
size =1 x 1 x 1mm?® out-of-plane SENSE parallel reduction
factor = 1.5, sagittal orientation).

2.7. MRI analysis

MRI analysis was performed at the Neuroimaging Research Unit,
IRCCS San Raffaele Scientific Institute, Milan, Italy, by experienced
observers, blinded to subjects’ identity. The presence of vascular ab-
normalities, including WM hyperintensities and lacunes, was checked
on DE images.

2.7.1. Cortical thickness measurement

Cortical reconstruction and estimation of cortical thickness were
performed on the 3D T1l-weighted TFE images using the FreeSurfer
image analysis suite, version 5.3 (http://surfer.nmr.mgh.harvard.edu/)
(Fischl and Dale, 2000). On all 3D TFE images, the contrast between
GM and white matter (WM) was enhanced by nulling out all image
values below the mean intensity of the cerebrospinal fluid (CSF), and by
performing a rescaling of all image intensities above threshold to the
new null value. After registration to Talairach space and intensity
normalization, the process involved an automatic skull stripping, which
removes extra-cerebral structures, cerebellum and brainstem, by using
a hybrid method combining watershed algorithms and deformable
surface models. Images were carefully checked for skull stripping er-
rors. Then, images were segmented into GM, WM, and CSF, cerebral
hemispheres were separated, and subcortical structures divided from
cortical components. The WM/GM boundary was tessellated and the
surface was deformed following intensity gradients to optimally place
WM/GM and GM/CSF borders, thus obtaining the WM and pial surfaces
(Dale et al., 1999). Afterwards, surface inflation and registration to a
spherical atlas were performed (Dale et al., 1999) and the cerebral
cortex parcellated into 34 regions of interest (ROIs) per hemisphere,
based on gyral and sulcal structures (Desikan et al., 2006). Finally,
cortical thickness was estimated as the average shortest distance be-
tween the WM boundary and the pial surface. Surface maps were
generated following registration of all subjects’ cortical reconstructions
to a common average surface and then smoothed using a surface-based
Gaussian kernel of 10mm full width half-maximum. To evaluate
longitudinal cortical changes in PD patients, the four serial 3D TFE
images of each subject were processed with the Freesurfer longitudinal
stream (Reuter et al., 2010). Specifically, an unbiased within-subject
template space and image was created from the four scans using a ro-
bust, inverse consistent registration. Several processing steps (including
skull stripping, Talairach transforms, atlas registration, as well as
spherical surface maps and parcellations) were then initialized on the
four scans, with common information from the within-subject template.
This allowed to create surface maps of the four timepoints with a sig-
nificantly increased reliability and statistical power compared to those
produced by the cross-sectional Freesurfer pipeline (Reuter et al.,
2010). Individual surface maps were registered to a common average
surface and then smoothed using a Gaussian kernel of 10 mm full width
half-maximum.

2.7.2. Deep GM volumes
FMRIB’s Integrated Registration and Segmentation Tool (FIRST) in
FSL (http://www.fmrib.ox.ac.uk/fsl/first/index.html) was applied to


http://surfer.nmr.mgh.harvard.edu/
http://www.fmrib.ox.ac.uk/fsl/first/index.html

NeuroImage: Clinical 28 (2020) 102374

M. Filippi, et al.

"aSDISIP S,UOSUDD] = (d ‘S]0qU0d A3y = DH :SUOLIDIAR.IQQY "S)NSI Juedyrudis A[[edTisnels a1edIpur pjoq ul sanjeA "ampasoxd

dn-da3s S1equooy-Tuturefuag Sursn Go( [2A3] 38 (JA:) 218y £19A00sI(J as[eq a3 Surjonuod suostredwod a[dnnuI 10§ paisnipe a1om sonfea-d ‘(S3[qerIeA [edIUrd [elousd pue dryderiSowsp SNONUIIUO0d 10J) YAONV Aem-2U0
3ursn passasse a1om duIaseq Je sdnoId usamiaq sadUIIQ ‘A[PANadsaI ‘Sa[qeLIeA [ed110391ed PUE SNONUIIUOD 10j (9,) Aousnbaiy a8ejusdiad pue ainjosqe 1o (98uer) UOTIBIASP pIEpUEIS F UBIW St pajiodar are sanfep

0ec €1 0o aDt [nog
/(6'92) 81 /(6°0%) 81 /(6'T¥) 8T /(" 1¥) 9€ /391/38rd]

01’0 00T - - - - /(T°0L) Ly /(8'99) ST /(1'89) G /(S'LS) 0S - Jasuo jo apIs
(06) 9 #02) 6 (602) 6 (200 81 [saX/0N]

£0°0 00T - - - - /(0°16) 19 /(S°6L) G€ /(1'64) v /(€°6L) 69 - K031y Aqrureq
(6°€2-6°0) (0'5-0°0) (€01-1°0) (€'01-0°0) [s1e24]

100°0 > 100°0 > - - - - 8v ¥ 88 (A 1'C + 9C 8T ¥ 6’1 - uoneimp ad
(0'9-0'Tt) (0'vL-0°€h) (0°€£-088) (0'¥2-0'8€) [s1e24]

100°0 > 100°0 > - - - 6L * V'¥S 0€9 * 61'19 88 * ¥'eS 18 + €89 - 33su0 je a8y
SDI1 o o o 0o [mog
/(19) ¥ €1 (AN /(€2 /(8) ¥ /391/381d]

€€0 00'T G8°0 950 950 €€0 /(€°26) 09 (L°L6) €Y 9°L6) I /(L'L6) ¥8 /(26) 9% SsaupapueH
(0'91-0'%) (0°02-0'8) 0°L1-0°L) (0°02-0°2) (091-0'8) [s1e24]

100°0 > 9C'0 100°0 > 860 9z°0 Ly'0 ¥YC F ¥'1l 9C ¥ 9¢€1 v'C ¥ 8CL ST FTEL 9T F S¢€l uoneonpy
[uswom
(€°L8) ST (6ST) £ (172w 1€ (Ley) 8¢ L'19) 1€ /U]

150 100°0 > €€0 100°0 > 00 150 /(L29) TY /(T'¥8) LE /6'22) et /(€99) 6  /(€8F) 6T Xas
(0°€8-6't1) WLvL-8T°Th) (L8'SL-Lg°6€) (6°SL1'6E) (LLL-T'9Y) [s1e24]

610 L0°0 Sy'o €9°0 (0] Ly'0 9L * €¢€9 99 ¥ 79 88 ¥ 085 08 * €09 68 * 819 THIN 38 93y

ad ad asnyrp OH OH
PIIA SA dd 21943 -P[IA SA dd yueurwopaid  DH SA (d 919438 SA (d ISNPIP sa @d yueurwopaxd DH sa ad ad 219438 ad yueurwopaxd
-03-aje19poy :d -10j0w piIN :d  -0)-91eI9poN :d -PIIN :d -1ojow piin :d ppI :d -0)-9]RIOPOIN  (d SNPIP-PIIN -10j0W PIIAL ad PN DH sa[qeLiep

‘sjuanied (d 919A9s-03-91eIapoW pue (d ISNYIP-Pliwl ‘qd Jueurwiopard-1ojow piur ‘qd piiwr ‘(OH) s[onuod Afesay ul Anus Apnis je sdnsialoereyd dryderdownq
[ CLAR



NeuroImage: Clinical 28 (2020) 102374

M. Filippi, et al.

3ursn passasse a1om auaseq Je sdnoid qd usamiaq sadUIYJIJ ‘A[oATId9dsaI ‘SajqeLIeA [e211033)ed pue SNONUNUO 10 (%) Aduanbaiy a8ejuadiad pue anjosqe 10 (98uel) UOTILIASD PIEpUR]S

*9]DIS SUNDY 2sDASI( S, UOSUDD PaYIuN = SYAd[] 24ADUUonsand) SUlda.dS 4aposyq noivyag doa)s WY = OSATY 2SDasIp S,UoSsunnd = dd
‘anpuuonsond) swolduwAs 1010/-UON = D-SIIN ‘Sjo4u0d Ayapay = DH ‘asmuuonsanb nps fo Su1zaa.f = D-DOJ SUOIDIALGQY "SINSAI JuedYTUSIS A[[eITISIIE]S 91BdIpUl P[oq U sanfeA 2mpadoid dn-dals S1equooy-Tururefuag
3ursn GO'Q [949] 38 (YA) ey A19A02s1( 3s[eq 2} Surfjonuod suostreduwod sidnnur 10y pajsnfpe a1om SaN[BA-J "SUI[aseq 18 UeSUI S[qRLIBA PIJRINSS 1) PUE (S[RLIBA SNONUIIUO0D SB SWI} PIPN[IUT Y2IYM [9pOUl [RuIpniISuo|
® U1 punoj adojs uo1ssai1da1 a9y} Jo sueawr Aq pajeurn}sa) dn-mof[oJ Jo pud I JB UBSUW S[qRLIBA 3] U2dMIIq DUIRYIP 23eIjusdiad o) se (AJuo SS[qeLIBA SNONUTIUOD 10J) PauUTeIqo SeM (05) SASURYD JO d)el UBIW PIzI[enuuy
*(S9[qerrea [ed11039)eD [[e 10J) 159} JUSI] ‘(S9[qeLIeA IOJOW-UOU pUE JOJOW [EIUI[D SNONUIUO0D I0J) UOISISSIPISAO 10J PIIUNOIIE YDIYM UOISSIZDI UOSSIOd ‘(SS[qeIIBA [BIIUI[D [eIdUS SNONUNUO0D 10J) VAONV ABM-dU0

F ueaw se payrodar are sanfep

[saXx/0N]1
- - - - - 100°0 > (8'L¥) 2€ /(TTS) S€  (6'€1) 1 /(0'98) £  swordwfs onpisoyli0 D-SWN
[sax/0N]
- - - - - 100°0 > (1°04) LV /(8'62) 0 (S't€) 0€ /(S°S9) LS uondunfsAp [pnxas O-SWN
[s2x/0N1
- - - - - 6S€°0  (8'62) 0T /(T'04) Lk  (0°€2) 0T /(0°LL) L9  uonounfsAp L10190f10 D-SWN
[sox/0N]
- - - - - 100°0 > (1°68) LS /(6'¥T) OT  (#'6¥) €F /(9°09) ¥ swordwifs Liour) O-SWN
[sox/0ON] sworduifs
- - - - - 100°0 > (998) 85 /(b€ 6 (€99 6F /(L'EY) 8E [punsau0.0sDH O-SWN
[s9Xx/ON] s1soyafsd
- - - - - 100°0 > (8'2€) 2T /(T°L9) Sh (6'9) 9 /(1°€6) 18  pup suonpulNDH [ SYAdN
(0'91-0°0)
910 100°0 > 100°0 > %8°S6 %€"L8 1000 >  (0CI-00) ST F 0°€ SL'€ ¥ 0°S [elol I s¥adn
- - - - - 100°0 > -1 67¢C F € (I1-0) 9C * ST osagqyd
$9]qDLIDA 10J0UW-UOU IDIIUND
100°0 > 80°0 100°0 > %€"0T %T1v0E 1000 >  (0'81-00) ¥'¥ F 9SG (0S-00) T'T ¥ 80 0-504
[saX
- - - - - 100°0 > (£'59) v¥ /(€¥€) €¢ (€2) 2 /(LL6) S8  /ONI uonpmanig Al SYAdN
[sax
- - - - - 100°0 > (£°6S) oF /(€°0b) LT (€2) ¢ /(LL6) S8 /ON] pIsourysAa AI SYadn
100°0 > 20°0 100°0 > %L T %8'60€1 100°0 > (0600 I ¥ 9C (0'€-0°0) ¥'0 * 10 [eloL Al S¥AdN
100°0 > 2000 100°0 > %8°1C %166 10000 > (0v1-0€) LT * 96 (0'€I-00)0C F O°€ Anp131y 111 SYadn
(02€-0'9)
100°0 > 100°0 > 100°0 > %€E"TT %2 0b 1 100°0 > 9S ¥ §¢C (0£20€)TY F 8L pIsounyApoag 111 SYAdN
20°0 100°0 > 100°0 > %L¥9 %STL 1000> (00T-0D 6T ¥ TS (0600 I'T + 81 DIXV [II SYAdn
(0'94-0°€T)
100°0 > 100°0 > 100°0 > %0°8T %S0T 100°0 > TIL ¥ T'ey  (0CS-0'S) 'L ¥ ¥'LI Telol 11 s¥adn
(0°€2-07)
100°0 > 100°0 > 100°0 > %2 0L %6°LST 100°0 > v’y ¥ €9€T (061-0°0) S'€ F 8'S TeroL, 11 SYddn
(0°€01-0°LT) (0'99-0°4)
100°0 > 100°0 > 100°0 > %S Tt %S 9T 100°0 > 6'ST ¥ 29 80T F ¢'8T [er01 s¥adn
100°0 > 100°0 > 100°0 > %b'C %L 100°0 > O%-01)90 F ST (ST0DED F T'T Iyex 3 uysoy
nﬂﬁ..-.buh Jojouwt NUU.:...:U
(0°0€61-0°0) (0°0821-0°0) [Bu]
100°0 > 100°0 > 100°0 > %6°CS %91 100°0 > 8'LEC F T'ES8 €'1ve ¥ €05C asop judreambs edopoast
dd 219A9s dd 219A3s (d 919A3S-01-31RIDPOIN ad PN ur ad
-0)-9]BI9POIAl SA dd PIIIN -0)-9JBIOPOIN  dd PIIA puan} Ul (pudy) Jeaul] 3'7) adueyd (puaay 1eaul] ‘3'1) adueyd PJIA S4 (d 2I9A9S ad
pusx TenuatayIp 1oy d pusx reaur 1oy d Teaury 1oy d JO 9jel UedW pIZI[enuUUy  JO 9kl UedW pazijenuuy -03-9)eIRpol :d 9I9A35-0)-91RI9POIA ad PI'IN so[qertep

'syuaned (d 919A95-03-2)RI9POUI PUe (Id P[IW UI SUIT} I9A0 S93URYD PUE SONSLIDIIBIRYD [eIUI[D

¢ ?1qelL



M. Filippi, et al.

TFE images of each subject at each visit and used to automatically
segment GM regions, i.e., caudate, pallidum, putamen, thalamus and
nucleus accumbens, amygdala and hippocampus, bilaterally. Mean GM
volumes were calculated and multiplied by the normalization factor
derived from SIENAx to correct for subject head size (http://www.
fmrib.ox.ac.uk/fsl/sienax/index.html).

2.8. Statistical analysis

2.8.1. Demographic, clinical and cognitive data

Demographic and clinical general data were compared between
groups using ANOVA models or Fisher exact test. For clinical motor,
non-motor and cognitive variables, Poisson regressions, which ac-
counted for overdispersion, were performed. Changes in continuous
variables over time were assessed by the annualized mean rate of
change (%), calculated from the regression slope of a generalized linear
model for longitudinal data (using Poisson as link function) for clinical
continuous variables, using time as continuous variable. Test for linear
trend (associated with the annualized mean rate) was estimated in PD
groups and group-by-time interaction was assessed to evaluate long-
itudinal between-group differences. P values were adjusted for multiple
comparisons controlling the False Discovery Rate (FDR) at level 0.05
using Benjamini-Hochberg step-up procedure. Two-sided p value <
0.05 was considered for statistical significance. Analyses were per-
formed using SAS (Release 9.4, SAS Institute, Cary, NC, USA).

2.8.2. Baseline MRI findings

A cross-sectional vertex-by-vertex analysis was performed to assess
differences of cortical thickness between groups at baseline, using a
general linear model in FreeSurfer adjusting for age. Maps showing
baseline comparisons were obtained by thresholding the t-statistic at
p < 0.05, FDR-corrected for multiple comparisons. The mean cortical
thickness of 34 ROIs per hemisphere (Desikan et al., 2006) and the
mean GM volumes were compared between groups using ANOVA
models, FDR-corrected for multiple comparisons at level of 0.05 ad-
justing for age (SAS).

2.8.3. Longitudinal MRI findings

Longitudinal changes of cortical thickness occurring within PD pa-
tient groups (mild PD; moderate-to-severe PD; mild-diffuse PD; mild
motor-predominant PD) and between groups over the four timepoints
(group X time interaction: mild PD vs moderate-to-severe PD; mild-
diffuse PD vs mild motor-predominant PD) were assessed using Linear
Mixed Effects Models in Freesurfer (Bernal-Rusiel et al., 2013) adjusting
for age, LEDD change over time, and time interval between baseline and
follow-up scans. Maps showing the rate of cortical thinning over time
were obtained by thresholding the t-statistic at p < 0.05, FDR-cor-
rected for multiple comparisons.

Changes over time in the mean cortical thickness of the 34 ROIs and
the mean GM volumes were assessed by the annualized mean rate of
change (%), calculated from the regression slope of ANOVA model for
longitudinal data, using time as continuous variable. Test for linear
trend (associated with the annualized mean rate) was estimated in PD
groups and group-by-time interaction was assessed to evaluate long-
itudinal between-group differences (mild PD vs moderate-to-severe PD;
mild-diffuse PD vs mild motor-predominant PD). Such models were
adjusted for age and LEDD (treated as time-varying covariate). P values
were adjusted for multiple comparisons controlling the FDR at level
0.05 using Benjamini-Hochberg step-up procedure. Two-sided p
value < 0.05 was considered for statistical significance (SAS).

2.8.4. MRI prediction models of clinical evolution

In each PD group, linear regression models assessed the associations
of baseline MRI metrics (which were found to be significantly different
between groups) and baseline MRI metrics + 1-year change with the
four GCOs. Stepwise model selection procedure was applied to
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candidate baseline MRI metrics and 1-year changes chosen a priori on
the basis of MRI variables that were significantly different between
patients and controls at baseline and that showed significant annualized
mean rate of change in each group (significance level for entry and
staying into the model: p = 0.10). Each GCO was considered as the
dependent variable into each model, which also included age, baseline
LEDD, and individual follow-up duration (independent variables). R>
goodness of fit statistic was estimated for each model at issue, for each
PD subtype separately. Two-sided p value < 0.05 was considered for
statistical significance. Analyses were performed using SAS.

3. Results
3.1. Baseline clinical findings

Two PD clusters were identified at baseline: 87 patients were clas-
sified as mild PD and 67 as moderate-to-severe PD, with the latter group
having lower education, earlier PD onset, longer PD duration, more
severe motor signs and symptoms, more severe and frequent non-motor
manifestations, more severe cognitive dysfunctions and higher LEDD
(demographic variables are presented in Table 1; general clinical
variables in Table 2; and cognitive variables in Supplemental table 1).
Within the mild PD cluster, two clinical subtypes were further identi-
fied: mild motor-predominant (N = 43) and mild-diffuse (N = 44),
with the latter group being slightly older, more frequently male, and
having later PD onset, shorter PD duration, more frequent non-motor
manifestations (i.e., REM sleep behaviour disorders and urinary dys-
function) and greater global cognitive dysfunction and memory deficits
(demographic variables are presented in Table 1; general clinical
variables in Table 3; and cognitive variables in Supplemental table 2).

3.2. Longitudinal clinical findings

Clinical and cognitive changes in PD subtypes are reported in Tables
2 and 3, Supplemental Tables 1 and 2. Over time, mild PD compared to
moderate-to-severe PD patients showed greater worsening of motor
variables, while moderate-to-severe patients showed greater worsening
of cognitive abilities. Both mild and moderate-to-severe PD groups
showed a significant worsening of UPDRS I, depression and apathy
scores, without differences between groups over time. Only the mod-
erate-to-severe group showed anxiety worsening over the follow-up.
Both mild and moderate-to-severe PD groups showed an increased
frequency of fluctuations (mild FDR-corrected p < 0.001; moderate-to-
severe FDR-corrected p = 0.01) and dyskinesia (mild FDR-corrected
p = 0.02; moderate-to-severe FDR-corrected p = 0.01) over time, with
mild PD showing also an increased frequency of REM sleep behavior
disorders (FDR-corrected p = 0.001), orthostatic symptoms (FDR-cor-
rected p = 0.03) and hallucinations (FDR-corrected p = 0.04).

Within the mild PD group, both mild-diffuse and motor-pre-
dominant PD clusters worsened in all motor variables and UPDRS I,
without any significant difference between groups in time (Table 3).
Mild motor-predominant cases had an increased frequency of ortho-
static symptoms (FDR-corrected p = 0.04), dyskinesia (FDR-corrected
p = 0.03), fluctuations (FDR-corrected p = 0.002) and REM sleep be-
havior disorders (FDR-corrected p = 0.02), while mild-diffuse PD cases
showed increased frequency of fluctuations (FDR-corrected p = 0.005).
Mild-diffuse PD patients showed significant worsening of executive
functions, attention and visuospatial abilities, with no difference be-
tween groups over time. Both mild-diffuse and mild motor-predominant
PD groups showed worsening of depression and apathy, with no dif-
ference between groups over time.

3.3. Baseline MRI findings

3.3.1. Cortical thickness
A widespread pattern of bilateral cortical thinning involving frontal,
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Table 3
Clinical characteristics and changes over time in mild motor-predominant PD and mild-diffuse PD patients.
Variables Mild motor- Mild-diffuse PD p: Mild motor-  Annualized mean Annualized p for linear p for p for differential
predominant PD predominant rate of change mean rate of trend Mild linear trend Mild
PD vs Mild- (i.e. linear trend) change (i.e. motor- trend motor-
diffuse PD in Mild motor- linear trend) in predominant Mild- predominant PD
predominant PD  Mild-diffuse PD PD diffuse PD vs Mild-diffuse
PD
Levodopa equivalent  299.5 = 251.4 202.3 + 223.6  0.07 127.2% 207.4% < 0.001 < 0.001 0.16
dose [mg] (0.0-1280.0) (0.0-970.0)
Clinical motor variables
Hoehn & Yahr 1.1 + 0.2 1.1 = 0.3 0.97 109.8% 90.8% < 0.001 < 0.001 0.37
(1.0-2.0) (1.0-2.5)
UPDRS Total 27.4 = 10.0 29.0 = 11.6 0.49 115.9% 117.3% < 0.001 < 0.001 0.96
(7.0-58.0) (9.0-66.0)
UPDRS II 55 + 3.1 6.1 £ 3.9 0.46 163.3% 153.8% < 0.001 < 0.001 0.84
Total (0.0-11.0) (0.0-19.0)
UPDRS III 174 £ 7.7 17.32 = 7.69 0.94 97.2% 112.3% < 0.001 < 0.001 0.62
Total (5.0-50.0) (7.0-52.0)
UPDRS III Axial 19 = 1.1 1.7 = 1.1 0.36 115.1% 135.0% < 0.001 < 0.001 0.72
(0.0-4.0) (0.0-5.0)
UPDRS III 8.2 + 4.3 7.4 + 4.1 0.33 130.7% 150.5% < 0.001 < 0.001 0.95
Bradykinesia (3.0-27.0) (3.0-24.0)
UPDRS III Rigidity 3.2 + 29 29 = 1.8 0.45 114.2% 84.4% < 0.001 < 0.001 0.52
(0.0-13.0) (0.0-9.0)
UPDRS IV 0.1 £ 0.5 0.05 = 0.3 0.23 1282.9% 1519.0% < 0.001 0.002 0.86
Total (0.0-3.0) (0.0-2.0)
UPDRS IV 41 (95.3)/ 44 (100.0)/ 0.24 - - - - -
Dyskinesia [No/ 2 (4.6) 0 (0.0)
Yes]
UPDRS IV 42 (97.7)/ 43 (97.7)/ 1.00 - - - - -
Fluctuation [No/ 1(2.3) 1(2.3)
Yes]
FoG-Q 09 + 1.3 0.6 £ 0.9 0.21 289.5% 330.6% < 0.001 < 0.001 0.80
(0.0-5.0) (0.0-4.0)
Clinical non-motor variables
RBDSQ 2.0 = 2.0 3.0 = 3.0 0.04 - - - - -
(0.0-8.0) (1.0-11.0)
UPDRS I Total 4.4 = 3.1 5.6 £ 4.2 0.15 99.8% 76.1% < 0.001 0.001 0.62
(0.0-11.0) (0.0-16.0)
UPDRS I 40 (93.0)/ 41 (93.2)/ 1.00 - - - - -
Hallucinations and 3 (7.0) 3(6.8)
psychosis [No/
Yes]
NMS-Q 20 (46.5)/ 18 (40.9)/ 0.69 - - - - -
Gastrointestinal 23 (53.5) 26 (59.1)
symptoms [No/
Yes]
NMS-Q Urinary 31 (72.1)/ 13 (29.5)/ < 0.001 - - - - -
symptoms [No/ 12 (27.9) 31 (70.4)
Yes]
NMS-Q Olfactory 34 (79.1)/ 33 (75)/ 0.80 - - - - -
dysfunction [No/ 9 (20.9) 11 (25)
Yes]
NMS-Q Sexual 30 (69.8)/ 27 (61.4)/ 0.50 - - - - -
dysfunction [No/ 13 (30.2) 17 (38.6)
Yes]
NMS-Q Orthostatic 37 (88.1)/ 37 (84.1)/ 0.76 - - - - -
symptoms [No/ 5(11.9) 7 (15.9)
Yes]

Values are reported as mean = standard deviation (range) or absolute and percentage frequency (%) for continuous and categorical variables, respectively.
Differences between PD groups at baseline were assessed using one-way ANOVA (for continuous general clinical variables), Poisson regression which accounted for
overdispersion (for continuous clinical motor and non-motor variables), Fisher test (for all categorical variables). Annualized mean rate of changes (%) was obtained
(for continuous variables only) as the percentage difference between the variable mean at the end of follow-up (estimated by means of the regression slope found in a
longitudinal model which included time as continuous variable) and the estimated variable mean at baseline. P-values were adjusted for multiple comparisons
controlling the False Discovery Rate (FDR) at level 0.05 using Benjamini-Hochberg step-up procedure. Values in bold indicate statistically significant results.
Abbreviations: FoG-Q = freezing of gait questionnaire; HC = healthy controls; NMS-Q = Non-Motor Symptoms Questionnaire; PD = Parkinson’s disease; RBDSQ = REM
Sleep Behaviour Disorder Screening Questionnaire; UPDRS = Unified Parkinson’s Disease Rating Scale.

parietal, temporal and occipital lobes was found in moderate-to-severe patients (Fig. 3A). When compared to mild-diffuse PD, moderate-to-
patients relative to healthy controls and mild PD patients (Fig. 2A). No severe patients showed few spots of cortical thinning in parietal and
significant cortical thickness differences were found in mild PD relative occipital lobes bilaterally, right temporo-parietal junction and rostral
to healthy controls (Fig. 2B). A diffuse pattern of cortical thinning was middle frontal gyrus (Fig. 3B). No significant cortical thickness differ-
observed in moderate-to-severe relative to mild motor-predominant PD ences were found when mild motor-predominant and mild-diffuse PD
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vs Mild PD
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The p values are corrected for multiple comparisons using false discovery rate (FDR),
adjusting for age (baseline), and for age, levodopa equwalent daily dose change over time,
and time interval between baseline and follow-up scans, (longi

Fig. 2. (On the left) Cortical thinning patterns at baseline in A) moderate-to-severe PD patients compared to healthy controls and mild PD, and in B) mild PD patients
compared to healthy controls. (On the right) Cortical thinning over year 1, year 2 and whole follow-up in A) moderate-to-severe PD patients and in (B) mild PD
patients. The p values are corrected for multiple comparisons using false discovery rate (FDR), adjusting for age (baseline) and for age, levodopa equivalent daily dose

change over time, and time interval between baseline and follow-up scans (longitudinal), p < 0.05. Color bar represents t-values. L =

patients were compared with healthy controls and each other (Fig. 4A
and B). Results were significant at FDR-corrected p < 0.05.

3.3.2. GM volumes

Results are shown in Table 4. At baseline, moderate-to-severe PD
patients showed a reduced volume of bilateral caudate nuclei and right
hippocampus relative to healthy controls and mild PD patients. Mild-
diffuse PD patients showed a reduced volume of the right hippocampus
relative to mild motor-predominant PD subjects. Results were sig-
nificant at FDR-corrected p < 0.05.

3.4. Longitudinal MRI changes

3.4.1. Cortical thickness over one and two years of follow-up

Over one year of follow-up, only mild motor-predominant PD pa-
tients showed cortical atrophy (Fig. 4A); no longitudinal atrophy
changes were observed in the other PD groups (Fig. 2A, 2B and 4B). In
the comparison between groups over one year of follow-up, only mild
motor-predominant relative to mild-diffuse PD patients showed greater
atrophy accumulation in the left temporal lobe (group x time interac-
tion; Fig. 4A). Results were significant at FDR-corrected p < 0.05.

Over two years of follow-up, mild PD patients showed widespread
progressive cortical thinning in the left hemisphere (mainly in the
temporal and parietal lobes) (Fig. 2B), while moderate-to-severe PD did
not show cortical atrophy (Fig. 2A). Cortical thickness changes over two
years of follow-up were not significantly different between mild and

left; R = right.

moderate-to-severe PD patients (group X time interaction).

When mild PD groups were analyzed separately, mild motor-pre-
dominant PD cases showed cortical thinning in few regions of the left
hemisphere (Fig. 4A), while mild-diffuse patients did not show any
cortical atrophy over two years of follow-up (Fig. 4B). However, the
direct comparison between mild motor-predominant and mild-diffuse
PD groups did not show any significant difference in cortical thickness
changes over two years (group X time interaction). Results were sig-
nificant at FDR-corrected p < 0.05.

3.4.2. Cortical thickness over the whole follow-up

Over the whole follow-up, both mild and moderate-to-severe PD
clusters showed progressive cortical thinning. A widespread whole
brain cortical thinning was evident in mild PD patients (Fig. 2B), while
less distributed atrophy progression was observed in moderate-to-se-
vere PD patients (mainly in the left temporal lobe, orbitofrontal regions
and occipital lobe; Fig. 2A). The direct comparison between mild and
moderate-to-severe PD patients did not show any significant difference
in cortical thickness changes over the whole follow-up (group X time
interaction). Within the mild PD group, mild motor-predominant PD
patients showed cortical thinning accumulation in few regions of the
temporal, occipital and medial frontal lobes (Fig. 4A), while mild-dif-
fuse PD cases showed the most widespread cortical thinning (Fig. 4B).
Cortical thickness changes were not significantly different between
mild motor-predominant and mild-diffuse PD patients over the whole
follow-up (group X time interaction). Results were significant at FDR-
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Comparison between PD groups at baseline

A

Moderate-to-severe PD
Vs
Mild motor-predominant PD

B

Moderate-to-severe PD
Vs
Mild-diffuse PD

The p values are corrected for multiple comparisons using false discovery rate (FDR), adjusting for age at baseline, p < 0.05.

Fig. 3. Cortical thinning at baseline between moderate-to-severe PD patients and (A) mild motor-predominant PD patients, and (B) mild-diffuse PD patients. The p
values are corrected for multiple comparisons using false discovery rate (FDR) adjusting for age, p < 0.05. Color bar represents t-values. L = left; R = right.

corrected p < 0.05.

3.4.3. GM volumes over one and two years of follow-up

Mild and moderate-to-severe PD patients did not show any sig-
nificant change in GM volumes over one and two years. When mild
cases were clustered into two groups, mild-motor predominant PD pa-
tients showed a significant atrophy of the left pallidum over one year
(FDR-corrected p = 0.04, annualized mean rate of change = -2.2%).
GM volumes changes were not significantly different between none of
the PD groups over one and two years of follow-up (group X time in-
teraction).

3.4.4. GM volumes over the whole follow-up

Mild and moderate-to-severe PD patients did not show any sig-
nificant change in GM volumes over time. When mild cases were
clustered into two groups, mild-diffuse PD patients showed a significant
atrophy of the left hippocampus (FDR-corrected p = 0.01). GM volumes
changes were not significantly different between none of the PD groups
over the whole follow-up (group X time interaction). Results are shown
in Table 4.

3.5. The effect of structural brain changes on clinical PD progression

Table 5 summarizes the ability of cortical thickness alterations at
baseline and at baseline + 1-year change to predict clinical evolution
over time in PD groups. The longitudinal changes over the whole
follow-up of the 34 ROI mean cortical thickness values in PD groups
were used to select variables for prediction models and are shown in
Supplemental Table 3.

10

4. Discussion

Investigating biomarkers to predict progression of PD is of high
priority. Longitudinal MRI studies have the potential to provide a
characterization of disease progression related to clinical manifesta-
tions and might guide our understanding of the underlying neurode-
generative processes. Using serial structural MRI data from a large
sample of PD patients, we showed that cortical and subcortical GM have
different patterns and rates of atrophy according to disease stage and
clinical subtype. Specifically, this study showed that cortical thickness
analysis has a high sensitivity to progressive brain structural damage
accumulation in PD, especially in the mild phase of the disease. A key
finding was that baseline and 1-year cortical thinning was associated
with long-term progression of motor, cognitive, non-motor and mood
symptoms.

A severe brain atrophy was demonstrated in the basal ganglia,
sensorimotor areas, frontal and posterior brain regions, particularly in
bilateral occipital, temporal and parietal lobes, in moderate-to-severe
PD patients at baseline. This pattern suggests a widespread GM mod-
ification in PD patients with high severity of motor and non-motor
symptoms, in agreement with previous MRI results (Agosta et al.,
2013b; Lewis et al., 2016; Melzer et al., 2012; Sterling et al., 2016) and
pathological studies (Braak et al., 2006). Importantly, longitudinal
analysis showed that no cortical thinning is present over one and two
years of follow-up in moderate-to-severe patients, but brain atrophy
increases over longer periods (three to four years) in these subjects,
involving mainly in temporo-occipital and ventral frontal regions. Even
if we did not have longitudinal MRI data from healthy controls, our
findings are in line with previous studies comparing PD subjects with
healthy controls over time (Lewis et al.,, 2016; Mak et al., 2015;
Hanganu et al., 2013; Melzer et al., 2012; Ibarretxe-Bilbao et al., 2012).
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vs Healthy controls

Mild motor-
predominant PD

vs Healthy controls
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The p values are corrected for multiple comparisons using false discovery rate (FDR), adjusting for age (baseline), and for age, levodopa equivalent daily dose change over time,

and time interval between baseline and follow-up scans (longitudinal), p < 0.05.

Fig. 4. (On the left) Cortical thinning patterns at baseline in A) mild motor-predominant PD patients compared to healthy controls and in B) mild-diffuse PD patients
compared to healthy controls. (On the right) Cortical thinning over year 1, year 2, and whole follow-up in A) mild motor-predominant PD patients and in (B) mild-
diffuse PD patients and group X time interaction between them (A). The p values are corrected for multiple comparisons using false discovery rate (FDR), adjusting
for age (baseline) and for age, levodopa equivalent daily dose change over time, and time interval between baseline and follow-up scans (longitudinal), p < 0.05.

Color bar represents t-values. L = left; R = right.

The specific damage of associative frontal, parietal, temporal and oc-
cipital regions in moderate-to-severe PD patients has been related with
a spectrum of cognitive deficits (Camicioli et al., 2011; Garcia-Diaz
et al., 2018; Gorges et al., 2020; Hanganu et al., 2013; Lewis et al.,
2016; Mak et al., 2015). A recent longitudinal study that compared PD
patients and controls over five years of follow-up showed widespread
cortical (fronto-temporal and parieto-occipital) thinning in PD patients
with normal cognition, more pronounced damage in patients with
cognitive impairment, and a correlation between cortical thinning in
the caudal anterior cingulate and lower cognitive performance in pa-
tients that convert to cognitive impairment or dementia (Gorges et al.,
2020). Non-motor PD manifestations such as depression (Hanganu
et al, 2017), hyposmia (Baba et al.,, 2012), and hallucinations
(Ibarretxe-Bilbao et al., 2010) were previously associated with a pro-
gressive loss of brain volume.

11

The most interesting findings were observed in the mild PD clusters.
Screening patients for motor, cognitive and other non-motor features at
baseline, our study identified a mild-diffuse PD cluster characterized by
an initial aggressive disease and greater brain atrophy and cognitive
dysfunction accumulation over time. These patients were initially older,
more frequently male and had later PD onset, shorter PD duration, more
frequent non-motor manifestations and more severe global cognitive
dysfunction and memory deficits relative to mild motor-predominant
cases. Over time, both mild subtypes showed motor and non-motor
clinical evolution. However, mild-diffuse patients were more likely to
have significant worsening of executive functions, attention and vi-
suospatial abilities. Old age at onset and non-motor status are well-
known critical determinants of PD prognosis (Fereshtehnejad et al.,
2017; van Rooden et al., 2010). Accordingly, MRI data pointed toward
a relatively early diffuse neurodegenerative process in this group.
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Table 4 (continued)

p for differential
trend Mild PD vs

Moderate-to-
severe PD

p for linear

trend

p for linear

Annualized mean Annualized

p: Moderate-to-
severe PD vs
Mild PD

p: Mild PD vs p:

HC

Moderate-to-
severe PD

Mild PD

Side HC

Variables

mean rate of trend Mild PD

change (i.e.

rate of change

Moderate-

Moderate-

(i.e. linear trend)

in Mild PD

to-severe
PD vs HC

to-severe

PD

linear trend) in

Moderate-to-
severe PD

0.74 0.74 0.96 —3.0% —0.9% 0.19 0.71 0.47

6136.2 = 706.4
(3648.3-7556.0)

6272.5 *+ 640.8
(4873.4-7544.8)

L 6246.6 = 622.1

Putamen

(5028.7-8271.8)

0.97

0.78 0.82

0.5%

0.6%

0.94

6026.2 = 552.4 0.94 0.94

6182.1 *+ 643.5
(4816.9-7740.3)

10142.6 * 856.2

6079.5 + 546.4

R

(4207.48-7023.98)

9707.2 * 601.7

(5138.9-7342.9)
9889.3 + 738.3

0.91

0.52

0.50

-1.1%

-1.1%

0.12

0.28

0.28

L

Thalamus

(7918.6-10997.0)

9347.1 = 679.3
(7333.9-10341.2)

(8141.0-11597.2) (7524.0-11620.4)

9511.1 *+ 657.6

0.58

0.71

0.28

-1.8% —0.6%

0.06

0.28

0.22

9801.0 = 812.8

R

(8067.6-11014.0) (7278.1-11175.8)

Values are reported as mean = standard deviation (range) or number (%). Volumes are in mm?®. Differences between PD patients and healthy controls and between PD groups at baseline were assessed using one-way

ANOVA (statistical contrasts). Annualized mean rate of changes (%) was obtained as the percentage difference between the variable mean at the end of follow-up (estimated by means of the regression slope found in a

longitudinal model which included time as continuous variable) and the estimated variable mean at baseline. P-values were adjusted for multiple comparisons controlling the False Discovery Rate (FDR) at level 0.05 using
Benjamini-Hochberg step-up procedure. Analyses were adjusted for age (baseline) and for age and LEDD change over time (longitudinal). Values in bold indicate statistically significant results. Abbreviations:

healthy controls; L = left; PD = Parkinson’s disease; R = right.

HC =
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Indeed, although no atrophy was observed at baseline in both mild
clusters compared with controls, mild-diffuse PD patients were only
slightly different from moderate-to-severe PD cases suggesting that the
same amount of brain atrophy occurred in a shorter time span. In ad-
dition, longitudinal study showed that mild-diffuse patients, as mod-
erate-to-severe PD cases, did not accumulate atrophy over one and two
years, but had the most progressive GM atrophy pattern involving the
cortex and the left hippocampus over a longer observation period. The
most probable explanation is that the moderate-to-severe and mild-
diffuse groups of patients had already accumulated atrophy at an earlier
phase of the disease, thus achieving a sort of plateau. This hypothesis is
supported by previous studies comparing de novo PD subjects with
healthy controls over time, showing that PD subjects accumulated
widespread GM atrophy of the cortex and hippocampus relative to
healthy subjects in the early phase of the disease (Sampedro et al.,
2019; Mollenhauer et al., 2016; Tessa et al., 2014). On the contrary,
mild motor-predominant patients seem to show a more constant but less
wide accumulation of atrophy each year. Our results on mild-diffuse
patients are in line with a recent study subtyping de novo PD patients
based on a comprehensive list of clinical manifestations and biomarkers
which showed more brain atrophy in patients classified as “diffuse
malignant” subtype (Fereshtehnejad et al., 2017).

Of note, previous MRI studies in mild PD cases have reported var-
ious brain structural results, ranging from the absence of cortical and
subcortical alterations (Ibarretxe-Bilbao et al., 2012; Mak et al., 2015;
Melzer et al., 2012; Weintraub et al., 2011) to widespread GM ab-
normalities in basal ganglia and fronto-temporal, parietal, and occipital
areas relative to healthy controls (Lewis et al., 2016; Pereira et al.,
2014). This heterogeneity is likely due to the variability of both the
clinical samples (especially the presence/absence of cognitive impair-
ment and other non-motor symptoms) and the MRI techniques. To-
gether with previous evidence (Fereshtehnejad et al., 2017), our find-
ings show that defining different subtypes of PD - early in the disease
course - provides a unique opportunity to better understand the pat-
terns of brain structural damage and to allow longitudinal assessment of
disease progression.

Predicting patient trajectories is a challenge for clinicians. In this
study, we demonstrated that cortical thinning at study entry and 1-year
progression of atrophy predict subsequent long-term evolution of
motor, cognitive, non-motor and mood dysfunctions in PD.
Importantly, a greater involvement of the left inferior parietal lobe was
a predictor of both motor and non-motor clinical evolution in all PD
patients. The inferior parietal region has been involved in early me-
chanism of compensation in PD (Tahmasian et al., 2017). Its early and
severe damage may presage a more rapid clinical progression in PD.
Greater inferior parietal, orbitofrontal, precentral and anterior cingu-
late damage predicted the development of non-motor manifestations
such as gastrointestinal, urinary, olfactory, orthostatic and sexual dys-
functions, indicating that the early presence of a diffuse neurodegen-
erative pattern identifies PD cases at high risk for non-motor sympto-
matology. Severe olfactory dysfunction was previously associated with
atrophy of focal brain structures, including frontal and cingulate cor-
tices (Baba et al., 2012). Our findings highlight the well-known central
role of frontal and medial occipito-temporal structural damage in de-
termining cognitive impairment in PD patients (Compta et al., 2013;
Garcia-Diaz et al., 2018; Gee et al., 2017; Gorges et al., 2020; Hanganu
et al., 2014; Melzer et al., 2015; Ramirez-Ruiz et al., 2005; Sampedro
et al., 2019). These results are in line with theories regarding the
etiology of cognitive impairment in PD, which include striatal dys-
function that results in secondary effects on the frontal lobe, primary
frontal lobe dysfunction, and more widespread cortical dysfunction
secondary to global neurotransmitter system deficits. Finally, mood
alterations in the early phase of the disease, including anxiety, de-
pression and apathy, were predicted by the cortical thinning of the
middle frontal and postcentral regions, confirming the role of fronto-
parietal regions in mood control as suggested by previous cross-
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sectional (Wee et al., 2016) and longitudinal (Hanganu et al., 2017)
studies.

Finally, a consideration should be also reserved to the left hemi-
spheric lateralization seen in our results. It is already well known in the
literature that the left hemisphere is more susceptible to damage in PD
(Claassen et al., 2016) and in general in neurodegenerative diseases
such as Alzheimer’s disease, behavioral fronto-temporal dementia and
non-fluent or semantic primary progressive aphasia (Janke et al., 2001;
Rohrer et al., 2012; Tomlinson et al., 2010; Whitwell et al., 2013). To
date, the etiology of this phenomenon is still unclear, but several rea-
sons have been discussed including a greater vulnerability of the
dominant hemisphere and disease specific issues. Indeed, the left
hemisphere is recognized to be highly specialized for motor planning
and organization of complex movements/ experienced actions, motor
learning and language processing (Serrien et al., 2006; Serrien and
Sovijarvi-Spapé, 2015), besides being more frequently the dominant
hemisphere. Finally, left cortical atrophy could reflect the underlying
nigrostriatal failure considering that the nigrostriatal system in PD
seems to be firstly involved in its left side (Postuma and Dagher, 2006;
van der Hoorn et al., 2012).

This study is not without limitations. First, we do not have long-
itudinal MRI data in healthy controls and this is a serious concern.
Thus, even if our analyses are corrected for age, we cannot ignore that
part of the structural changes we observed in patients was related to
aging effects. However, our findings demonstrated different patterns of
atrophy accumulation in PD subtypes with a similar age that are in line
with previous studies including longitudinal comparison of PD patients
with healthy controls. Second, the interpretation of differences over
time among groups should be considered carefully because it is focused
mainly on within group changes while most group x time interactions
were not significant. Third, we used a 1.5T MRI scanner, which is
characterized by a lower spatial resolution compared with higher field
strength scanners. Fourth, several studies have attempted to divide PD
patients into clusters (Greenland et al., 2019). Our data-driven sub-
typing needs to be validated in independent cohorts before it can be
translated in real-life practical application. Integration of neuroimaging
data in the cluster solution may also improve prognostic stratification of
patients (Uribe et al., 2016). Fifth, the attrition rate was relatively high
in moderate-to-severe PD patients, which is however in line with pre-
vious studies (Uribe et al., 2019; Sarasso et al., 2020).

In conclusion, our data suggest trajectories of brain structural
changes according to PD subtypes and prognosis. Cortical and sub-
cortical atrophy is accelerated early after the disease onset and becomes
prominent in later stages of disease suggesting that structural MRI may
be useful for monitoring and predicting disease progression.
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