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A B S T R A C T   

Introduction: Brain hypometabolism patterns have been previously associated with cognitive decline in Parkin-
son’s disease (PD). Our aim is to evaluate the impact of single-subject fluorodeoxyglucose (FDG)-PET brain 
hypometabolism on long-term cognitive and motor outcomes in PD. 
Methods: Forty-nine non-demented PD patients with baseline brain FDG-PET data underwent an extensive 
clinical follow-up for 8 years. The ability of FDG-PET to predict long-term cognitive and motor progression was 
evaluated using Cox regression and mixed ANCOVA models. 
Results: Participants were classified according to FDG-PET pattern in PD with typical (n = 26) and atypical 
cortical metabolism (n = 23). Patients with atypical brain hypometabolic patterns showed higher incidence of 
dementia (60% vs 3%; HR = 18.3), hallucinations (56% vs 7%, HR = 7.3) and faster motor decline compared to 
typical pattern group. 
Conclusion: This study argues for specific patterns of FDG-PET cortical hypometabolism in PD as a prognostic 
marker for long term cognitive and motor outcomes at single-subject level.   

1. Introduction 

Clinical presentation and progression rate are heterogeneous in 
Parkinson’s disease (PD). Several longitudinal studies showed that 
longer disease duration, advanced age and worse non-motor symptoms 
are associated with an overall poor prognosis [1,2]. Despite the ad-
vances in PD clinical subtyping, the identification of patients at higher 
risk of cognitive and motor progression is still a great challenge at the 
single-subject level [3]. Recently, we demonstrated the utility of appli-
cation of brain fluorodeoxyglucose positron emission tomography 

(FDG-PET) statistical parametric mapping (SPM)-optimized procedure 
to identify typical and atypical hypometabolic patterns in sporadic PD 
patients [4]. The typical PD hypometabolic pattern involves very small 
clusters in anterior cortical regions. The presence of atypical patterns 
involving large clusters in posterior cortical regions - the so-called 
“Dementia with Lewy bodies (DLB)-like” and “Alzheimer’s disease 
(AD)-like” FDG-PET patterns - resulted in an accuracy of 85% in pre-
dicting conversion to dementia, significantly higher compared with 
clinical and demographic baseline stratification. The results were in line 
with several previous studies at group level, indicating 

* Corresponding author. Neurology Unit Department of Clinical and Experimental Sciences, University of Brescia, P.zale Spedali Civili, 1, 25123, Brescia, Italy. 
E-mail address: andrea.pilotto@unibs.it (A. Pilotto).   

1 Alberto Imarisio and Andrea Pilotto equally contributed to the present work.  
2 Daniela Perani and Alessandro Padovani share senior authorship.  
3 Present address: Department of Molecular Medicine, University of Pavia, Pavia, Italy. 

Contents lists available at ScienceDirect 

Parkinsonism and Related Disorders 

journal homepage: www.elsevier.com/locate/parkreldis 

https://doi.org/10.1016/j.parkreldis.2023.105848 
Received 1 April 2023; Received in revised form 29 August 2023; Accepted 4 September 2023   

mailto:andrea.pilotto@unibs.it
www.sciencedirect.com/science/journal/13538020
https://www.elsevier.com/locate/parkreldis
https://doi.org/10.1016/j.parkreldis.2023.105848
https://doi.org/10.1016/j.parkreldis.2023.105848
https://doi.org/10.1016/j.parkreldis.2023.105848
http://crossmark.crossref.org/dialog/?doi=10.1016/j.parkreldis.2023.105848&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Parkinsonism and Related Disorders 115 (2023) 105848

2

parieto-temporo-occipital cortical hypometabolism as early marker of 
future cognitive dysfunction in PD [5–10]. Importantly, despite these 
FDG-PET patterns resembled those seen in other neurodegenerative 
diseases, like DLB and AD, the enrolled patients had a confirmed diag-
nosis of PD (or PD-dementia, PDD) at the last available follow-up both in 
our previous work [4] and in all the other longitudinal studies assessing 
the prognostic value of brain FDG-PET hypometabolism [5–7,9]. The 
relatively short follow-up available, however, did not allow a proper 
evaluation of the predictive value of atypical FDG-PET patterns on 
long-term PD progression, including motor, cognitive and functional 
variables - especially in those subjects who did not convert to dementia. 
In the present study, a longitudinal cohort of patients with baseline brain 
FDG-PET data and full cognitive and motor assessment was followed up 
for eight years. Aim of the study was to address the long-term prognostic 
value of brain FDG-PET on cognitive (conversion to dementia and hal-
lucinations) and motor outcomes (loss of ambulation and changes in 
MDS-UPDRS-III total score) at single-subject level in PD patients. 

2. Methods 

2.1. Participants 

Consecutive patients with a clinical diagnosis of PD [11] with disease 
duration of at least one year and sustained dopaminergic treatment 
response were consecutively recruited at Neurology Unit of Spedali 
Civili Hospital, University of Brescia, Italy from January 2006 to 
December 2010. All patients underwent (i) brain magnetic resonance 
imaging in order to exclude prominent cortical/subcortical infarcts, 
cerebral small vessel disease or atypical signs (such as midbrain, cortical 
or cerebellar atrophy) indicating atypical parkinsonism; (ii) 123I-FP-CIT 
SPECT imaging to confirm nigrostriatal dopaminergic degeneration. 
Each patient underwent a standardized neurological examination 
including the motor assessment with the Movement Disorders Society 
Unified Parkinson Disease Rating Scale part III (MDS-UPDRS-III) and 
accepted to undergo follow-up. Patients were divided in 
tremor-dominant and akinetic-rigid subtypes according to the predom-
inant clinical features [12]. Levo-dopa equivalent daily dose (LEDD) was 
also calculated at baseline and every two years according to last pro-
posed conversion factors [13]. The neuropsychological evaluation at 
baseline enabled the stratification of PD patients, in PD with mild 
cognitive impairment (PD-MCI) or PD with normal cognition (PDNC) 
according to level II MDS definition, as previously reported [14]. All the 
patients included in the study had a diagnosis of clinically established 
PD confirmed after 8-year follow-up according to the last published MDS 
clinical diagnostic criteria for PD [15]. Both the clinical evaluations and 
brain FDG-PET scans were performed during “ON” state. 

Patients presenting with dementia according to current PDD criteria 
[16] at baseline were excluded from the study. Specifically, PDD level II 
MDS diagnostic criteria were applied: i.) Scores 1.5 standard deviation 
below group norms or previous defined cut-off scores for the MMSE 
items in at least 2 of the following cognitive domains: attention (Trail 
Making Test A; Serial 7’s of the MMSE (0–5), at least two incorrect re-
sponses [16,17]), executive functions (Clock drawing, inability to insert 
the correct clock face numbers and/or the clock hands pointing to the 
correct time: <6/10 score [17,18], Trail Making B), visuospatial func-
tion (Rey Complex figure and Drawing of the MMSE pentagons (0–1) 
[16,17], memory (short story recall and recall of the Rey complex 
figure), or language abilities (semantic fluency, MMSE language cumu-
lative score for naming (0–2), repetition (0–1) and writing (0–1), at least 
two incorrect responses [17]); ii.) Self-reported cognitive decline with 
insidious onset and slow progression; iii.) Self-reported impairment of 
non-motor activities of daily living (ADL) by the Basic Activities of Daily 
Living (ADL, cut-off <1 points) and Instrumental Activities of Daily 
Living (IADL, cut-off <1 points) not depending on motor function. 

The following exclusion criteria were also applied at baseline and at 
follow-up: (1) atypical parkinsonism including corticobasal syndrome 

(CBS), progressive supranuclear palsy (PSP), multiple system atrophy 
(MSA), dementia with Lewy bodies (DLB), according to last MDS clinical 
diagnostic criteria for PD [15], diagnostic criteria for atypical parkin-
sonian syndromes [19–22] and frontotemporal dementia (FTD) [23,24]; 
(2) other neurological disorders or medical conditions potentially 
responsible for cognitive deficits; (3) prominent cortical or subcortical 
infarcts, cerebral small vessel disease, brain iron accumulation at MRI; 
(4) deep brain stimulation; (5) previous diagnosis of major depressive 
disorder, bipolar disorder, schizophrenia, history of drug or alcohol 
abuse. 

2.2. Standard protocol approvals, registrations, and patient consents 

This study was approved by local Ethic Committee and complies with 
the Helsinki Declaration (grant number NP 1471, DMA). Written 
informed consent was obtained from all participants. 

2.3. FDG-PET image acquisition and pre-processing 

All patients underwent FDG-PET scans using GE Discovery 3D PET/ 
CT 690. Image acquisition and preprocessing were performed as 
recently published [4]. Briefly, images underwent general 
pre-processing procedures, using the MATLAB (The Mathworks, Inc., 
Natick, MA) based software SPM5 (http://www.fil.ion.ucl.ac.uk 
/spm/software/SPM5/). 

Regional hypometabolism was measured in each FDG-PET image by 
means of a SPM semi-quantitative procedure. Specifically, the optimized 
procedure started with the normalization of FDG-PET images using an 
FDG-PET specific template [25]. The normalized images were then 
smoothed with an isotropic 3D Gaussian kernel (8 mm FWHM) and 
scaled to the global mean to obtain standardized uptake value ratio 
(SUVR) images [26,27]. The resulting SUVR images were tested for 
relative brain hypometabolism by means of a two-sample t-test using 
SPM. In the statistical comparison, the single image was compared with 
a large normal control FDG-PET dataset, entering age as a nuisance 
covariate [27]. The normal control dataset belongs to a San Raffaele 
Hospital dataset that was previously validated [25]. The dataset is made 
of 112 FDG-PET images acquired from 53 male and 59 female subjects 
with a mean age of 64.68 ± 9.34 years [min:28-max:83]. The resulting 
SPM t-map of hypometabolism [HC – single patient], thresholded at p <
0.05 with a minimum cluster extent of 100 voxel, was then overlaid to 
an anatomical template and evaluated by a nuclear medicine physician 
slice by slice. 

The single-subject hypometabolism patterns were classified by two 
expert raters (D.P., S.P.C.) blind to any clinical information. The raters 
had to make a forced decision on whether the hypometabolism SPM 
patterns were suggestive of a specific disease condition, including AD, 
DLB, FTD or CBS, according to the disease-specific brain metabolic 
patterns reported in the literature [27–29]. Specifically, the “PD-typical 
pattern” was defined by the presence of either no brain hypometabolism 
or heterogeneity in brain hypometabolism involving motor and pre-
motor regions, somatosensory cortex, anterior cingulate and frontal 
cortex [4,30]. DLB-like pattern was characterized by temporal-parietal 
and occipital hypometabolism, variably associated with frontal hypo-
metabolism; AD-like pattern by bilateral temporal-parietal hypo-
metabolism; CBS-like pattern by asymmetric frontal-parietal 
hypometabolism; FTD-like pattern by frontal-temporal hypometabolism 
(See Fig. 1 for examples of single-subject typical and atypical FDG-PET 
patterns). This semi-quantitative approach allows to identify 
disease-specific topographies, i.e. SPM t-maps of hypometabolism, that 
might be expressed since early clinical phase, aiding differential diag-
nosis and exclusion of progression to dementia [31]. 

Cohen κ coefficient was used to evaluate the interrater agreement. In 
case of mismatch, the classification performed by D.P. was considered, 
because of major expertise. 
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2.4. Clinical follow-up 

All patients included in the analyses underwent a clinical follow-up 
every two years up to 8 years. We thus evaluated the onset of the 
following disability milestones: i) dementia defined by PDD level II 
Movement Disorder Society diagnostic criteria [16]; ii) hallucinations; 
iii) inability to walk due to disease progression. MDS-UPDRS-III and 
levodopa equivalent daily dose (LEDD) changes were evaluated every 2 
years for at least 8 years of follow-up. 

2.5. Statistical analyses 

Comparisons of baseline clinical characteristics of PD patients with 
“typical” and “atypical” FDG-PET patterns and between converters to 
dementia at follow-up vs non non-converters were evaluated using 
Mann Whitney U test for continuous variables and Chi-Square for 
dichotomous variables. Fisher’s Exact test was used when at least one 
expected frequency in a fourfold table was less than five. Further ana-
lyses were performed for specific atypical patterns (i.e., AD-like, DLB- 
like, CBS-like, and FTD-like) contrasted with PD typical FDG-PET group 
using Kruskal-Wallis test. 

The association between FDG-PET patterns and the specific mile-
stones was evaluated using Chi-Square test and then analysed in 
multivariable analyses using Cox regression model including (i) age, 
disease duration, sex, years of education and the cognitive status at 
baseline (PD with normal cognition vs PD-MCI) for dementia and hal-
lucinations risk; (ii) age, sex, disease duration, baseline MDS-UPDRS-III 

score and ΔLEDD over follow-up (ΔLEDD = LEDD8years – LEDDbaseline) 
for inability to walk. In Chi-Square analyses, the observed frequencies 
were compared with expected frequencies by means of standardized 
residuals, considering z critical values corresponding to α = 0.05. 

The additional value of FDG-PET patterns in predicting conversion to 
PD disability milestones was also evaluated through multivariable bi-
nary logistic regression models including 8-year dementia, hallucina-
tions and inability to walk as dependent variable and the following 
predictors: (i) baseline clinical-demographic features alone (i.e. age, 
disease duration, sex, years of education and MCI status at baseline for 
dementia and hallucinations risk; age, sex, disease duration, baseline 
MDS-UPDRS-III score and ΔLEDD over follow-up for inability to walk); 
(ii) clinical-demographic variables and dichotomic brain FDG-PET 
pattern (PD typical vs PD atypical); (iii) clinical-demographic vari-
ables and the specific brain FDG-PET patterns (PD typical, DLB-like, AD- 
like). PD typical FDG-PET pattern was used as reference category. The 
fitness of the logit models was measured using Cox and Snell’s R2. 

The effect of FDG-PET pattern on MDS-UPDRS-III score progression 
during follow-up was evaluated using two-way mixed ANCOVA with a 
between factor “FDG-PET pattern” and a within factor “time”, adjusted 
for the effect of age, disease duration, sex, baseline MDS-UPDRS-III score 
and ΔLEDD at 8 years. When a significant main effect was reached, post 
hoc tests with Bonferroni correction for multiple comparisons were 
conducted to analyze group differences. Between-groups differences in 
progressive LEDD adjustment were evaluated with two-way mixed 
ANOVA with “FDG-PET pattern” as between factor and “time” as within 
factor. 

Fig. 1. Examples of typical and atypical statistical parametric mapping of brain FDG-PET patterns at baseline in single PD cases.  
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Subgroups with n < 5 (i.e. CBS-like and FTD-like patterns) were 
excluded from all longitudinal analyses comparing the specific brain 
FDG-PET patterns. Significance was set at p < 0.05 for all analyses. Data 
were analysed by using SPSS 26.0 software (IBM, Armonk, NY, USA). 

2.6. Data availability statement 

Anonymized data are available upon request to pilottoandreae@ 
gmail.com, andrea.pilotto@unibs.it. 

3. Results 

3.1. Clinical and brain FDG-PET baseline features 

Forty-nine out of original 54 patients which completed the 4-year 
follow-up [4] were evaluated at six and eight years after baseline 
brain FDG-PET; five subjects dropped out due to refusal to continue 
follow-up (n = 3) or death (n = 2) (Suppl. Fig. 1). Both deceased patients 
had atypical FDG-PET pattern (one CBS-like and one FTD-like) and were 
excluded from the present analyses. Table 1 shows the baseline and 
8-year follow-up clinical characteristics of 49 patients stratified ac-
cording to FDG-PET pattern. Twenty-six of the 49 patients were classi-
fied as PD typical pattern. The remaining 23 patients exhibited an 
atypical pattern, namely n = 12 DLB-like; n = 6 AD-like; n = 4 CBS-like; 
n = 1 FTD-like (see Fig. 1 for examples of typical and atypical FDG-PET 
patterns). Importantly, despite presenting brain hypometabolic patterns 
resembling other neurodegenerative conditions, all the patients 
included in the atypical pattern group had a confirmed idiopathic PD 
clinical diagnosis [11]. 

The neuroimaging experts (D.P., S.P.C.) had high interrater agree-
ment in the SPM single-subject classification (Cohen κ > 0.98). Baseline 
demographics were similar between typical and atypical pattern pa-
tients, except for longer disease duration in atypical pattern group 

(Table 1). 
Additional clinical data, including timepoints of conversion to PD 

disability milestones as well as 4- and 6-year follow-up clinical assess-
ments are available in Suppl. Table 1. Full baseline and 8-year cognitive 
evaluation data are reported as Suppl. Table 2. 

3.2. Single-subject brain FDG-PET patterns and milestones of disability 

After 8-year follow-up, all the 49 study participants had a confirmed 
diagnosis of clinically established PD, according to last MDS clinical 
diagnostic criteria for PD [15], and no patient presented with red flags 
suggesting a diagnosis of atypical parkinsonism. 

At follow-up, 60% of patients with a cortical atypical metabolism 
converted to dementia compared to 3% in the typical group (χ2(1) =
16.094; p < 0.001) (Table 1). PD typical FDG-PET pattern showed a 
negative predictive value for conversion to dementia equal to 96.2%. 
Atypical pattern as a whole had a positive predictive value for 8-year 
dementia of 60.9%, which strikingly increased in AD-like pattern sub-
group (83.3%). Cox regression multivariable model confirmed the 
higher risk to develop dementia for atypical compared to typical pattern 
(HR = 31.3; p = 0.005) (Fig. 2). Cox regression model for specific pat-
terns revealed a higher risk of dementia for AD-like (HR = 58.9; p =
0.002) and DLB-like (HR = 21.5; p = 0.009) subgroups compared to 
subjects with PD typical metabolism (Fig. 2). To further validate the 
value of atypical brain FDG-PET patterns in predicting dementia con-
version we adopted binary logistic regression models with “dementia at 
8 years” as dependent variable. In the model including only clinical- 
demographic variables, advanced age and disease duration increased 
the odds of dementia conversion (OR = 1.14; p = 0.039 and OR = 1.20; 
p = 0.029, respectively; R2 = 0.188) (Suppl. Table 3a). The addition of 
dichotomic FDG-PET pattern resulted in the atypical pattern being the 
only significant predictor (OR = 64.91; p = 0.004), significantly 
increasing the fitness of the model (R2 = 0.424). The inclusion of the 

Table 1 
Patients’ demographics and clinical characteristics at baseline and after 8-year follow-up according to their single-subject FDG-PET pattern. Data are presented as mean 
± standard deviation and as percentage (sample size) for numeric and categorical variables, respectively.  

Variable PD-all (n =
49) 

Typical PD (n =
26) 

DLB-like (n =
12) 

AD-like (n 
= 6) 

CBS-like (n 
= 4) 

FTD-like (n 
= 1) 

pc All-atypical (n =
23) 

pb 

Sex, M % (n) 67.3 (33) 57.7 (15) 75.0% (9) 83.3 (5) 100.0 (4) 0 (0) 0.191d 78.3 (18) 0.130d 

Age at onset, years 60.1 ± 9.8 59.0 ± 11.0 60.0 ± 9.5 61.5 ± 7.2 63.0 ± 7.8 71.0 0.754f 61.4 ± 8.4 0.402e 

Age at baseline evaluation, 
years 

65.2 + 8.5 63.1 ± 9.8 66.1 ± 6.2 68.8 ± 6.6 68.5 ± 6.5 74.0 0.360f 65.2 ± 8.5 0.071 

Disease duration, years 5.2 ± 3.3 4.2 ± 2.4 7.3 ± 4.8 7.3 ± 4.8 6.5 ± 1.3 3.0 0.131f 6.4 ± 3.8 0.040e 

MDS-UPDRS-III score 22.7 ± 7.3 21.7 ± 7.3 27.2 ± 5.6 18.8 ± 8.7 22.8 ± 6.7 17.0 0.152f 23.8 ± 7.3 0.337e 

LEDD, mg per day 390 ± 330 320 ± 323 434 ± 303 458 ± 344 666 ± 396 160 0.306f 469 ± 326 0.062e 

MMSE baseline score 28.1 ± 1.8 28.5 ± 1.6 28.5 ± 1.3 26.5 ± 2.6 27.3 ± 2.4 27.0 0.102f 27.7 ± 2.0 0.155e 

MCI at baseline, % (n) 51% (25) 46% (12) 50% (6) 67% (4) 50% (2) 100% (1) 0.770d 57% (13) 0.660d 

Education, years 7.5 ± 3.8 7.9 ± 4.1 7.7 ± 3.8 7.7 ± 4.1 5.0 ± 0.0 5.0 0.688f 7.1 ± 3.5 0.550e 

8-year follow-up 
Dementia, % (n) 30.6 (15)a 3.8 (1)a 58.3 (7) 83.3 (5)a 25.0 (1) 100.0 (1) < 

0.001d 
60.9 (14)a < 

0.001d 

Hallucinations, % (n) 30.6 (15)a 7.7 (2)a 41.7 (5) 83.3 (5)a 50.0 (2) 100.0 (1) 0.001d 56.5 (13)a 0.001d 

Inability to walk, % (n) 14.3 (7) 3.8 (1) 16.7 (2) 50.0 (3)a 0.0 (0) 100.0 (1) 0.004d 26.1 (6) 0.041d 

MDS-UPDRS-III score 27.7 ± 14.2 23.1 ± 11.8 31.4 ± 17.2 37.7 ± 13.0 34.3 ± 13.0 15.0 0.077f 32.8 ± 15.2 0.030e 

ΔMDS-UPDRS-III score 4.9 ± 14.0 1.4 ± 12.0 4.3 ± 16.4 18.8 ± 9.7 11.5 ± 14.0 − 2.0 0.112g 9.0 ± 15.1 0.043g 

LEDD, mg per day 696 ± 340 660 ± 369 665 ± 257 756 ± 316 920 ± 468 760 0.807f 737 ± 307 0.331e 

ΔLEDD, mg per day 306 ± 297 340 ± 275 230 ± 368 297 ± 354 253 ± 118 600 0.216h 267 ± 322 0.114h 

Abbreviations and symbols: LEDD, Levodopa Equivalent Daily Dose; ΔLEDD = LEDD8years – LEDDbaseline; MCI, Mild Cognitive Impairment; MDS-UPDRS-III, 
Movement Disorders Society Unified Parkinson’s Disease Rating Scale; ΔMDS-UPDRS-III = MDS-UPDRS-III8years - MDS-UPDRS-IIIbaseline; MMSE, Mini Mental State 
Examination. 

a Observed frequencies significantly different from expected frequencies. 
b Comparison between patients with typical and atypical single-subject FDG-PET pattern. 
c Comparison among the five different groups. 
d Chi-square test. 
e Mann-Whitney U test. 
f Kruskal-Wallis test. 
g Two-way mixed ANCOVA adjusted for age, sex, disease duration, baseline MDS-UPDRS-III and ΔLEDD. 
h Two-way mixed ANOVA. 
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specific FDG-PET patterns (PD typical vs DLB-like vs AD-like) furtherly 
improved the model accuracy (R2 = 0.512), with AD-like and DLB-like 
patterns being highly significant dementia predictors (OR = 246.77; p 
= 0.009 and OR = 73.18; p = 0.008, respectively) (Suppl. Table 3a). 
Converters to dementia showed similar baseline clinical-demographic 
characteristics but higher prevalence of atypical FDG-PET pattern 
compared to non-converters (93.3% vs 26.5%) (Table 2). Since PD 
converters showed a slightly increased frequency of MCI at baseline, we 
evaluated if FDG-PET atypical patterns’ predictive value for dementia 
survived after the exclusion of PD-MCI subgroup from the analyses. 

Among 24 PD patients with normal cognition (PD-NC) at baseline, 14 
presented with PD typical pattern and 10 with an atypical pattern (of 
which 6 DLB-like, 2 AD-like and 2 CBS-like). At 8-year follow-up, 6 out 
of 10 atypical pattern PD-NC converted to dementia, while all the PD-NC 
with PD typical pattern remained non-demented (χ2(1) = 11.200; p =
0.002; phi = 0.683). 

At 8 years, 56% of atypical pattern patients showed hallucinations 
against 7% in the typical pattern group (χ2(1) = 11.497; p = 0.001; phi 
= 0.529). Cox regression model exhibited a higher risk to develop hal-
lucinations for atypical pattern group (HR = 7.6; p = 0.021) and - 

Fig. 2. (A–C) Kaplan-Meier plots for single disability 
milestones between PD typical and atypical FDG-PET 
pattern groups. Hazard ratios (HR) and p-values refer 
to Cox regression models adjusted for clinical- 
demographic variables using FDG-PET typical 
pattern as reference category (only statistically sig-
nificant comparisons are shown). (D) MDS-UPDRS-III 
total score progression over 8-year follow-up between 
PD typical and atypical FDG-PET pattern groups. p- 
value refers to group*time interaction of mixed 
ANCOVA model. Abbreviations: MDS-UPDRS-III, 
Movement Disorders Society Unified Parkinson Dis-
ease Rating Scale, part III.   
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specifically - for AD-like pattern compared to typical pattern (HR = 9.6; 
p = 0.023) (Fig. 2). The binary logistic regression model evaluating only 
clinical-demographic variables revealed that longer disease duration 
predicted higher hallucinations risk (OR = 1.30; p = 0.024; R2 = 0.172). 
Again, after the inclusion of dichotomic FDG-PET pattern in the model, 
atypical pattern was the only significant predictor for 8-year halluci-
nations (OR = 12.98; p = 0.011), improving the proportion of variance 
explained by the model (R2 = 0.303). The third logit model confirmed 
AD-like as the pattern best predicting hallucinations (OR = 33.83; p =
0.015; R2 = 0.347) (Suppl. Table 3b). 

3.3. Single-subject brain FDG-PET pattern and motor function 

Six (26.1%) patients with atypical pattern became wheelchair- 
bound, compared with only 1 (3.8%) with typical pattern (χ2(1) =
3.281; p = 0.041; phi = 0.317) (Table 1). Multivariable Cox regression 
models showed a trend for increased risk of walking inability in atypical 
pattern group (HR = 15.7; p = 0.105), which was more evident in AD- 
like pattern subgroup (HR = 38.6; p = 0.051) (Fig. 2). The logit 
model including only clinical-demographic variables showed a low ac-
curacy in predicting inability to walk (R2 = 0.083). The inclusion of 
dichotomic and specific FDG-PET patterns increased the model fitness 
(R2 = 0.161 and R2 = 0.318, respectively), with atypical pattern as a 
whole and AD-like pattern showing a trend for increased loss of ambu-
lation risk (Suppl. Table 3c). 

3.3.1. MDS-UPDRS-III progression 
ANCOVA for MDS-UPDRS-III score progression along 8 years be-

tween typical and atypical pattern groups revealed a significant inter-
action FDG-PET pattern*time [F(4,164) = 3.015; p = 0.043)]. Post-hoc 
analyses revealed a significant progression of MDS-UPDRS-III score in 
atypical pattern group but not in the typical one (ΔMDS-UPDRS-III = 9.0 
± 15.1 vs 1.4 ± 12.0 points; p = 0.007, Bonferroni corrected) (Fig. 2). 

Analysing the three PET pattern subgroups, post-hoc comparisons 
revealed a significant progression of MDS-UPDRS-III score for AD-like 
group from baseline to 8 years (ΔMDS-UPDRS-III = 18.8 ± 9.7 points; 
p = 0.011, Bonferroni corrected), not surviving after the correction for 
baseline clinical-demographic variables (Fig. 2). The LEDD adjustment 
during follow-up was similar between the two main groups [F(4,188) =
2.135; p = 0.114)] and the specific patterns, thus not impacting on 
motor progression (Table 1). 

3.3.2. Co-linearity of cognitive and motor progression 
We examined the interdependency of cognitive and motor progres-

sion in our cohort by comparing the change in MDS-UPDRS-III total 
score over the 8-year follow-up between the PD patients who converted 
to dementia and the non-converters group. PD converters showed a 
significant motor progression during the follow-up, while non- 
converters remained essentially stable (ΔMDS-UPDRS-III = 15.5 ±
15.8 points vs 0.3 ± 10.2 points, respectively). Conversely, LEDD 
changes during the follow-up were similar between the two groups 
(Table 2). 

4. Discussion 

The present findings show that single-subject brain FDG-PET hypo-
metabolism represents a strong risk factor for long-term cognitive and 
motor progression in PD. AD-like hypometabolism was particularly at 
risk, followed by DLB-like pattern. In fact, FDG-PET atypical pattern was 
associated with more than 15-fold increased risk of dementia, 7-fold 
increased risk of hallucinations and a higher risk of motor progression 
in term of total MDS-UPDRS-III score at eight years from PET scanning, 
independently from the adjustments in dopaminergic treatment. These 
results expand our previous work, where we showed an increased risk 
for dementia at 4 years in PD patients with AD-like and DLB-like brain 
hypometabolic patterns [4]. Here, the same PD cohort underwent an 
additional 4-year follow-up and was longitudinally evaluated for a wider 
spectrum of clinical measures, including hallucinations, loss of ambu-
lation and motor progression assessed through MDS-UPDRS-III score 
changes over time – all of which were not reported in our previous study 
[4]. Moreover, our findings are consistent with other studies reporting 
(I) worse clinical trajectories in PD patients with temporal atrophy at 
brain MRI [32,33] and (ii) parieto-temporo-occipital hypometabolism in 
PD without [5–7,34] and with dementia [5,6,8,35]. Our results are also 
in line with the so-called “dual syndrome hypothesis”, according to 
which patients with dysfunction in posterior brain regions are associated 
with worse cognitive progression compared to those with anterior 
dysfunction [36]. 

In our cohort, the most frequent atypical cortical hypometabolism 
was the DLB-like pattern, characterized by a prominent parieto-occipital 
hypometabolism. This might indicate an early cortical spreading of 
alpha synuclein in this subset of patients resembling DLB at FDG-PET 
imaging. Importantly, no patients presented with clinical features sug-
gestive of DLB (i.e. dementia, visual hallucinations or fluctuating 
cognition) at baseline. Given that (i) mean disease duration at baseline 
was 5.2 years, (ii) mean time from baseline to dementia conversion was 
5.0 years (Suppl. Table 1) and (iii) only patients with at least one year 
from diagnosis were included in the study, we are confident that no DLB 
patients were misdiagnosed with PD. 

Of note, the effect we observed on motor and cognitive progressive 
disability was even more evident in subjects presenting the AD-like 
pattern. This hypometabolism with prominent temporal-parietal 
involvement was relatively rare (12% of the sample) and likely consis-
tent with a possible underlying AD co-pathology. Indeed, several studies 
reported a strong association between AD-related biomarkers and an 
increased risk of cognitive and even motor progression in PD [37]. This 
issue is of high interest for the research community, as PD and DLB with 
concomitant AD pathology are at higher risk of conversion to dementia 
and are potentially an interesting target for disease-modifying 

Table 2 
Baseline and 8-year follow-up demographics, clinical and FDG-PET pattern 
features between converters and non-converters to dementia at 8-year follow- 
up. Data are presented as mean ± standard deviation and as percentage (sam-
ple size) for numeric and categorical variables, respectively.   

Converters (n =
15) 

Non-converters (n 
= 34) 

p-value 

Age, years 68.6 ± 6.4 63.8 ± 9.0 0.094a 

Disease duration, years 6.5 ± 4.3 4.7 ± 2.7 0.226a 

Sex, M % (n) 66.7 (10) 67.6 (23) 1.000b 

MCI, % (n) 60.0 (9) 47.1 (16) 0.599c 

Education, years 7.3 ± 3.9 7.6 ± 3.8 0.720a 

MDS-UPDRS-III score 
(baseline) 

23.5 ± 7.8 22.3 ± 7.2 0.720a 

MDS-UPDRS-III score (8 
years) 

39.1 ± 14.3 22.7 ± 11.1 < 
0.001a 

ΔMDS-UPDRS-III score 15.5 ± 15.8 0.3 ± 10.2 0.003a 

LEDD, mg per day 
(baseline) 

506.5 ± 347.4 338.2 ± 313.8 0.072a 

LEDD, mg per day (8 
years) 

785.9 ± 323.1 656.9 ± 344.3 0.143a 

ΔLEDD, mg per day 279.5 ± 296.2 318.7 ± 301.9 0.712a 

Akinetic-rigid subtype, % 
(n) 

66.7 (10) 55.9 (19) 0.695c 

Tremor-dominant 
subtype, % (n) 

33.3 (5) 44.1 (15) 0.695c 

Atypical FDG-PET pattern, 
% (n) 

93.3 (14) 26.5 (9) < 
0.001c 

Abbreviations and symbols: LEDD, Levodopa Equivalent Daily Dose; ΔLEDD 
= LEDD8years – LEDDbaseline; MCI, Mild Cognitive Impairment; MDS-UPDRS-III, 
Movement Disorders Society Unified Parkinson’s Disease Rating Scale, part III; 
ΔMDS-UPDRS-III = MDS-UPDRS-III8years - MDS-UPDRS-IIIbaseline. 

a Mann-Whitney U test. 
b Fisher’s exact test. 
c Chi-square test. 
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treatments acting on amyloid [38]. In addition, neocortical Tau depo-
sition is a common finding in Lewy Body Diseases with cognitive 
impairment [39,40]. A recent meta-analysis showed that PD patients 
with cognitive impairment (including 96 PD-MCI and 13 PDD patients) 
had higher Tau tracer uptake in (i) the inferior temporal lobe than 
healthy controls and (ii) the entorhinal region compared with PD with 
normal cognition [41]. Interestingly, these Tau aggregates-enriched 
brain regions were partially overlapping with the hypometabolic brain 
areas found in AD-like and DLB-like FDG-PET patterns in our PD cohort. 
Although no definitive conclusion can be drawn in the absence of 
neuropathological confirmation or tau imaging, we hypothesize that the 
posterior brain hypometabolism characterizing atypical FDG-PET pat-
terns could mirror the deposition of hyperphosphorylated Tau or a 
α-synuclein-β-amyloid-Tau copathology in these PD subgroups with 
increased risk of conversion to dementia. 

A previous work evaluating different machine learning approaches 
using brain FDG-PET data to predict dementia conversion found a spe-
cific AD-like pattern in 12% of PD with normal cognition and 27% of PD- 
MCI patients [10], which is in line with the percentage of PD patients 
presenting with the AD-like pattern in our SPM-based study. In addition, 
a deep learning model trained with brain FDG-PET scans of AD patients 
included in the Alzheimer’s Disease Neuroimaging Initiative database 
was able to discriminate between PD patients with and without cogni-
tive deficits [42]. Accordingly, in our study the majority (67%) of 
AD-like pattern patients were PD-MCI at baseline and the 83% converted 
to dementia at follow-up, revealing a high prognostic value for cognitive 
decline of this PD atypical hypometabolic brain pattern. Finally, a recent 
elegant study evaluating a small cohort of early-to-moderate stage 
non-demented PD patients found a severe temporo-parietal reduction of 
[18F]FEOBV uptake, a PET tracer used to map regional cholinergic al-
terations, compared to healthy controls [43]. This study further high-
lighted the multi-system and multi-neurotransmitter network 
impairment in PD, beyond the reductionist view of PD as a dopaminergic 
depletion-driven disease, and creates a link with AD pathophysiology, 
which is characterized by profound and diffuse brain cholinergic 
impairment. We thus hypothesize that temporo-parietal hypo-
metabolism characterizing AD-like pattern in PD patients reflects, at 
least in part, the cholinergic alterations demonstrated by Horsager and 
colleagues [43]. 

Independent techniques such as spatial covariance analysis of 
resting-state metabolic images are emerging and providing highly 
reproducible, disease-specific metabolic brain patterns in PD (see 
Ref. [44] for a meta-analysis). The defined scaled subprofile mod-
el/principal component analysis (SSM/PCA) is considered independent 
because it provides a classification of specific pattern expression for each 
single case. However, this automatic approach tends to misclassify or 
not classify subjects depending on inter-individual differences, presence 
of mixed pathologies and different levels of disease severity [45]. Our 
semi-quantitative approach is defined optimized because it increases the 
statistical accuracy of the resulting SPM t-maps through a 
voxel-by-voxel statistical comparison with a large normal dataset and 
uses a dedicated template for FDG image normalization. This procedure 
allows the identification of brain hypometabolism patterns at a 
single-subject level, outperforming both the clinical characterization of 
patients and the visual qualitative assessment of FDG-PET standard 
images [27]. While fully quantitative approaches - such as the SSM/PCA 
- offer an objective value, the visual interpretation of individual T-maps 
in SPM can be equally informative. By directly inspecting the hypo-
metabolism topography, researchers can gain nuanced insights into the 
individual variability and distribution of hypometabolism patterns. A 
recent study conducting a comparative analysis of SPM single-subject 
and SSM/PCA methodologies in α-synucleinopathies has shed light on 
this matter [46]. In cases where a subject presents a low pattern score, 
especially during the initial disease stages when the hypometabolism 
pattern is not fully expressed, the SSM/PCA classification may fail. In 
this context the visual inspection of the SPM t-maps gains exceptional 

significance, because it allows to identify specific hallmarks that are 
expressed since the prodromal phase of the disease [47]. While this 
procedure is rater-dependent, it is important to note that substantial to 
near-perfect inter-rater agreement has been reported for SPM-based 
classification [27,29,48], as also confirmed in the current study. 
Future efforts should focus on assessing the translatability of the 
methodology to different centres and raters. 

In line with our previous findings [4], in this study the presence of 
MCI was slightly more prevalent between PD subgroup converting to 
dementia, but was not a significant predictor of cognitive decline at the 
individual level. PD-MCI is a heterogenous condition characterized by 
different underlying mechanisms, clinical presentations and progression 
rates, with some patients remaining stable and some even reverting to 
normal cognition during the disease course [37,49]. Here, we confirm 
brain FDG-PET voxel-wise analysis as a remarkable risk factor for fast 
cognitive decline at the single-subject level in PD, independently from 
baseline cognitive status. 

The mean disease duration in the present PD cohort was 5.2 years 
(Table 1). However, the atypical brain hypometabolic patterns found in 
our study could reflect distinct pathophysiological processes started in 
early or even prodromal disease stages, in line with evidence showing 
that PD-related neurodegeneration precedes clinical symptoms by many 
years [50]. This would also be in line with previous longitudinal findings 
in the PPMI cohort showing worse motor and cognitive progression in 
patients with higher brain atrophy and striatal dopaminergic denerva-
tion at baseline [1]. The evaluation of prognostic value of brain 
FDG-PET patterns in de novo PD cohorts is thus warranted. 

In addition to cognitive changes, we also observed a significant 
impact of cortical hypometabolism on motor function assessed during 
the long-term follow-up. Recent data from MPTP monkey model and PD 
patients revealed a correlation between nigrostriatal dopaminergic 
depletion and temporo-parietal glucose hypometabolism [51–54]. By 
means of a trimodal functional neuroimaging approach, Ruppert and 
colleagues [52] also found a direct link between putaminal dopami-
nergic deficit, striatocortical hypoconnectivity and hypometabolism in 
the inferior parietal cortex (IPC), a brain region implicated in sensori-
motor processing, PD-related cognitive impairment and also included 
between the brain areas defining AD-like FDG-PET pattern in our work 
[55]. Importantly, they showed a significant correlation between IPC 
hypometabolism and increasing UPDRS-III score, thus linking low 
cortical metabolism with worse motor symptoms. Despite nigrostriatal 
dopaminergic imaging was not performed at the same time of FDG-PET 
imaging in our sample, the indirect evidence of worse motor progression 
in patients with atypical FDG-PET pattern allows to speculate that the 
cortical hypometabolism reflects a widespread nigro-striato-cortical 
dysfunction, consistent with large prospective data on PPMI dataset 
[1,54]. Our findings are also in line with a previous report showing that 
FDG-PET hypometabolism in brain regions considered AD and DLB 
hallmarks, such as parietal gyrus, precuneus, temporal gyrus, cuneus 
and occipital gyrus, correlated with worse UPDRS-III total score [56]. 

PD converters to dementia showed a marked increase in MDS- 
UPDRS-III total score over the 8-year follow-up, whereas non-con-
verters’ motor function remained essentially stable. We thus conclude 
that dementia converters represent a subpopulation of PD patients with 
an overall poor prognosis, characterized by faster cognitive and also 
motor decline. This evidence is in line with previous longitudinal studies 
showing faster motor progression in PD patients with cognitive 
impairment [57,58]. Accordingly, the worse cognitive and motor tra-
jectories associated with atypical FDG-PET patterns in our study likely 
reflect the two sides of the same coin: on the one hand, posterior cortical 
hypometabolism accounts for the increased risk of dementia; on the 
other hand, it probably mirrors an extensive nigrostriatal dopaminergic 
denervation [52,56], which accounts for the higher rate of motor pro-
gression in this PD group. In this context, the specific brain hypo-
metabolic patterns identified in our study may represent a valuable tool 
able to predate malignant PD evolution independently from 
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clinical-demographic markers. 
Despite the hypothesis that atypical FDG-PET patterns described in 

our work represent the brain metabolic correlate of the recently pro-
posed [1,59] “diffuse malignant” PD subtype is highly intriguing – also 
considering that the extensive brain posterior hypometabolism of 
AD-like and DLB-like patterns partially mirrors the temporo-parietal 
brain atrophy presented by the diffuse malignant PD cluster [1,33] – 
clinical subtyping was not included in the original study design and we 
cannot thus draw any definitive conclusion about this possible rela-
tionship. Further longitudinal studies addressing this relevant point are 
warranted. 

We recognize some limitations. First, participants were well into the 
disease course, thus limiting the inference of the results to de novo PD 
patients, a population suitable to receive putative neuroprotective in-
terventions. However, recent studies assessing brain FDG-PET patterns 
in patients with MCI preceding parkinsonism and in idiopathic REM 
sleep behavior disorder found an association between hypometabolism 
in posterior brain regions and higher risk of phenoconversion to overt 
neurodegeneration [60–62], suggesting FDG-PET as a valuable tool for 
risk prediction even from prodromal PD stages. Second, the assessment 
of different prognostic markers (e.g. genetic and biochemical parame-
ters, cerebrospinal fluid or brain amyloid β status, other structural or 
functional neuroimaging evaluations) were not included in the original 
study design. Third, disease duration was slightly longer in atypical 
pattern group, potentially affecting brain FDG-PET outcomes. Fourth, a 
significant proportion (26%) of non-converters to dementia had an 
atypical FDG-PET pattern, thus reducing the specificity and positive 
predictive value of brain glucose hypometabolism. Fifth, despite at 
follow-up all patients had a confirmed diagnosis of clinically established 
PD in line with MDS clinical diagnostic criteria [15], which overall ac-
curacy exceeds 90% accordingly to a recent clinical-pathologic study 
[63], in absence of neuropathological confirmation we cannot totally 
exclude that a minority of patients actually had another neurodegen-
erative disease or at least a co-pathology. Finally, sample size was 
relatively small to consider our results as definitive. Larger, multicentric 
studies integrating FDG-PET cortical metabolism in a multidimensional 
approach will ideally enable precision diagnostics and prognostics for 
PD patients. Strength points of the study are the deep clinical pheno-
typing performed at baseline and during the long-term follow-up, the 
SPM standardized procedure, which allowed image analyses at 
single-subject level, and the conservative multivariable statistical 
approach applied in longitudinal analyses. 

In summary, we demonstrated that atypical cortical FDG-PET pat-
terns at baseline constitute a strong risk factor for long-term cognitive 
and motor impairment in PD at single-subject level. If confirmed in in-
dependent longitudinal cohorts of prodromal and early-stage PD, our 
findings will contribute to enable risk stratification in future clinical 
trials. 
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