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Large-scale activation likelihood estimation 
meta-analysis of parkinsonian disorders

Elizabeth G. Ellis,1 Juho Joutsa,2,3,4 Jordan Morrison-Ham,1 Ellen F. P. Younger,1 

Jacqueline B. Saward,1 Karen Caeyenberghs1 and Daniel T. Corp1,2

Parkinsonism is a feature of several neurodegenerative disorders, including Parkinson’s disease, progressive supranuclear palsy, cor
ticobasal syndrome and multiple system atrophy. Neuroimaging studies have yielded insights into parkinsonian disorders; however, 
due to variability in results, the brain regions consistently implicated in these disorders remain to be characterized. The aim of this 
meta-analysis was to identify consistent brain abnormalities in individual parkinsonian disorders (Parkinson’s disease, progressive 
supranuclear palsy, corticobasal syndrome and multiple system atrophy) and to investigate any shared abnormalities across disorders. 
A total of 44 591 studies were systematically screened following searches of two databases. A series of whole-brain activation likeli
hood estimation meta-analyses were performed on 132 neuroimaging studies (69 Parkinson’s disease; 23 progressive supranuclear 
palsy; 17 corticobasal syndrome; and 23 multiple system atrophy) utilizing anatomical MRI, perfusion or metabolism PET and sin
gle-photon emission computed tomography. Meta-analyses were performed in each parkinsonian disorder within each imaging mo
dality, as well as across all included disorders. Results in progressive supranuclear palsy and multiple system atrophy aligned with 
current imaging markers for diagnosis, encompassing the midbrain, and brainstem and putamen, respectively. PET imaging studies 
of patients with Parkinson’s disease most consistently reported abnormality of the middle temporal gyrus. No significant clusters 
were identified in corticobasal syndrome. When examining abnormalities shared across all four disorders, the caudate was consistent
ly reported in MRI studies, whilst the thalamus, inferior frontal gyrus and middle temporal gyri were commonly implicated by PET. 
To our knowledge, this is the largest meta-analysis of neuroimaging studies in parkinsonian disorders and the first to characterize 
brain regions implicated across parkinsonian disorders.
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Abbreviations: ALE = activation likelihood estimation; APDs = atypical parkinsonian disorders; CBS = corticobasal syndrome; 
FWE = family-wise error rate; HC = healthy controls; MA = modelled activation; MSA = multiple system atrophy; 
PSP = progressive supranuclear palsy; SPECT = single-photon emission computed tomography

Graphical Abstract

Introduction
Parkinsonism is a debilitating neurological syndrome 
characterized by bradykinesia, tremor, rigidity and pos
tural instability.1 The syndrome is most often caused by 
Parkinson’s disease—the second most prevalent neurode
generative disease worldwide, with incidence rates pre
dicted to double in the next 20 years.2,3 Parkinsonism can 
also be caused by several atypical parkinsonian disorders 
(APDs), including progressive supranuclear palsy (PSP), 
corticobasal syndrome (CBS) and multiple system atrophy 
(MSA).2 APDs are relatively rare and underdiagnosed, as 
the typical clinical characteristics can appear late in the 
course of the disease.4,5 Characterization of the commonly 
affected brain regions in these disorders is crucial to im
proving our understanding of their mechanisms.4,6,7

Traditionally, parkinsonism has been associated with dys
function of the nigrostriatal tract.7,8 Consequently, treatments 
to alleviate parkinsonian symptoms act on components of this 
circuit, including dopaminergic medications and deep brain 

stimulation.9,10 Yet whilst these treatments have established 
efficacy in Parkinson’s disease, APDs patients show little to 
no response.10,11 There are some characteristic imaging find
ings, including the ‘hot cross bun’ sign of MSA, the ‘humming
bird’ sign of PSP and asymmetric cortical atrophy in CBS,12–14

but sensitivity of these findings especially in the early phases of 
the diseases is relatively weak and the characterization of af
fected brain regions in each condition remains incomplete. 
Clinical heterogeneity and methodological variability (e.g. im
aging modalities and study settings) may contribute to hetero
geneous neuroimaging findings.6 For example, brain 
alterations in Parkinson’s disease have been reported in all 
four lobes of the brain and often vary from study to study.7

Given that parkinsonism is a shared symptom complex, iden
tifying converging brain abnormalities across parkinsonian 
disorders may clarify the common neural substrates.15

Meta-analytic methods have demonstrated the ability to 
collate heterogeneous imaging findings to converge upon a 
small number of key brain regions in neurological disor
ders.16,17 There is increasing evidence that symptoms share 
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common neurobiological substrates15,18; however, this hy
pothesis has not yet been tested across parkinsonian disor
ders, with previous parkinsonian meta-analyses focusing 
on the individual disorders (e.g. Albrecht et al., Shao et al. 
and Yu et al.19–21). In addition, previous meta-analyses often 
only include studies of one neuroimaging modality (e.g. 
Albrecht et al., Shao et al. and Yu et al.19–21). Overall differ
ences in search strategies, methods and variation in the 
sampled studies may limit the interpretability of findings be
tween and across disorders.

Therefore, the aim of the present study was to analyse 
structural and molecular neuroimaging findings to charac
terize the brain regions affected in neurodegenerative parkin
sonian disorders. We first performed meta-analyses to 
identify these regions within individual parkinsonian disor
ders across multiple imaging modalities and then performed 
a combined analysis across disorders to investigate possible 
shared neural substrates across parkinsonian disorders 
(Parkinson’s disease + PSP + CBS + MSA).

Materials and methods
Systematic search
Embase and MEDLINE Complete databases were searched 
for studies of neuroimaging in patients with idiopathic 
Parkinson’s disease, PSP, CBS and MSA. Four systematic 
searches were conducted (i.e. one for each disorder) 
following PRISMA guidelines22 (Fig. 1 and Supplementary 
Figs. 1–4). No language or year limiters were applied. 
Studies were identified using a combination of keywords re
lating to the diagnosis of focus, neuroimaging techniques 
and imaging outcomes, for example, ‘parkinson* disease’, 
‘magnetic resonance imaging’, ‘single-photon emission com
puted tomography’ and ‘atrophy’ (for full syntax, see 
Supplementary Table 1). Studies were screened at title/ab
stract level using EndNote (Version X9) and Rayyan23 soft
ware, and full-text articles were screened in EndNote. 
Reference lists of all eligible studies were assessed for studies 
missed by the initial search.

Inclusion and exclusion criteria
To ensure objectivity in brain regions identified, studies must 
have (i) reported whole-brain neuroimaging analysis;17 (ii) 
reported anatomical coordinates of significant brain abnor
malities in stereotactic space; (iii) provided information on 
how the clinical diagnosis was made; and (iv) employed a 
healthy participant comparison group.

Exclusion criteria were (i) studies using neurotransmitter 
or protein ligands and neuromelanin-sensitive MRI, ex
cluded from the current analysis to avoid biased identifica
tion of regions dense in certain neurotransmitters, proteins 
and melanin, respectively; (ii) studies examining parkinson
ism resulting from confirmed pathology (e.g. drug induced, 
familial or a consequence of other disease); (iii) studies not 
in English; and (iv) case studies, reviews and meta-analyses.

Statistical analysis
ALE meta-analyses were conducted as per the revised algo
rithm presented by Eickhoff et al. (2012)16, implementing 
a random-effects model,17 refined permutation testing and 
corrections for multiple comparisons. Prior to ALE analyses, 
Talairach coordinates were transformed into MNI space 
using the Yale BioImage Suite converter24 (https:// 
bioimagesuiteweb.github.io/webapp/mni2tal.html). 
Analyses were performed using GingerALE (v3.2; http:// 
www.brainmap.org/ale/). In this revised algorithm, each co
ordinate (‘foci’) is represented by a Gaussian probability dis
tribution reflecting the underlying spatial uncertainty of each 
point. The width of each distribution is determined by the 
sample size of the study from which they were extracted.16

Voxel-wise pooling of these probability distributions occurs 
to generate whole-brain ‘modelled activation’ (MA) maps— 
within which, each voxel represents the probability that a 
coordinate exists at that location (e.g. the probability that 
volume loss occurred at that given voxel). The union of these 
individual MA maps was computed and referred to as the 
‘ALE map’. To determine significance, the ALE map was 
then tested against the null distribution of 1000 simulated 
data sets with identical characteristics to the input (i.e. num
ber of studies, sample sizes and number of foci) but with ran
domly distributed foci.17 Within a cluster-level design, MA 
values are distributed throughout the brain to determine 
which clusters of convergence from the included studies are 
significantly larger in their spatial extent than could be ex
pected by chance.

Each analysis was performed with cluster-forming 
thresholds of P < 0.001 (uncorrected), 1000 permutations 
and a cluster-level inference threshold correcting for mul
tiple comparisons with family-wise error (FWE) rate at 
P < 0.05.16 Thresholds are in accordance with recommen
dations regarding both the sensitivity and specificity of 
cluster-level inference and corrections for multiple 
comparisons.25

Recent evidence suggests that PET imaging may be more 
sensitive to brain alterations in patients with Parkinson’s dis
ease compared with structural MRI.6 However, structural 
MRI has been far more commonly used to investigate brain 
abnormalities in parkinsonian disorders. Therefore, to pro
vide a comprehensive overview of brain regions implicated 
in these disorders, we included coordinates from PET, 
MRI and single-photon emission computed tomography 
(SPECT) studies, as per previous meta-analyses.18,26

Meta-analyses were performed using two contrasts: first, 
coordinates of decreased volume, metabolism or perfusion 
in patients compared with healthy controls (HC) (i.e. parkin
sonian disorders < HC; Parkinson’s disease < HC; PSP <  
HC; CBS < HC; and MSA < HC); second, using coordinates 
of increased volume, metabolism or perfusion in each patient 
group compared to HC. Cluster regional labels for all ana
lyses were defined using Harvard–Oxford cortical and sub
cortical structural atlases (FSL: https://fsl.fmrib.ox.ac.uk/ 
fsl/fslwiki/Atlases). Some contrasts comprised a small 
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number of studies for meta-analysis (e.g. only two studies 
using PET imaging in CBS patients satisfied inclusion cri
teria). Given that unreliable estimates may result from a 
low n in ALE meta-analysis,25,27 we set a cut-off of 10 studies 
in order to conduct ALE meta-analysis. Contrasts with fewer 
than 10 studies were included for qualitative review only. 
This cut-off was determined to balance our intent to analyse 
as many contrasts as possible, taking into account previous 
ALE meta-analyses with smaller sample sizes (six to nine 
studies20,21,28), and the increased risk of Type I error asso
ciated with an underpowered sample.25

Results
Study selection
A total of 44595 articles were assessed for eligibility (Fig. 1). 
After duplicate removal, 34 525 articles were screened at title 
and abstract level, 2121 at full-text, with 132 studies meeting 
inclusion criteria (69 Parkinson’s disease; 23 PSP; 17 CBS; 
and 23 MSA). PRISMA systematic search flowcharts for 
each search (per disorder) are provided in Supplementary 
Figs. 1–4. The final search was conducted on 22 June 2022.

Figure 1 PRISMA systematic literature search decision flowchart. PRISMA systematic literature search decision flowchart displaying 
results of the four searches combined. Adapted from Moher et al.22 CBS = corticobasal syndrome; MSA = multiple system atrophy;  
PD = Parkinson’s disease; PSP = progressive supranuclear palsy.
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The 132 included studies comprised 7545 participants 
and 2190 coordinates of significant differences between pa
tients and controls (Table 1). Imaging modalities of the in
cluded studies were whole-brain structural MRI (n = 85), 
perfusion and metabolism PET (n = 32) and SPECT (n =  
15). Characteristics of all included studies, including neuroi
maging modality, participants and diagnostic criteria, are 
provided in Supplementary Table 2.

Qualitative analysis
Overall, 12 contrasts did not comprise enough studies for 
meta-analysis and were included for qualitative review only 
(Table 2; italicized authors in Supplementary Table 2). 
Studies included for qualitative review reported 939 coordi
nates of significant brain abnormality between patients and 
HC. All PET imaging studies assessed alterations in glucose me
tabolism, and all SPECT studies examined differences in perfu
sion. Populations sampled by these studies included patients 
with various comorbidities, such as pathological gambling,29

cognitive impairment35 and parkinsonian and cerebellar sub
types of MSA.43,48,51,56,62 Regions reported to be abnormal be
tween patients and controls within each contrast were 
distributed throughout the brain; commonly reported regions 
are noted in Table 2. All studies were meta-analysed in the 
‘all parkinsonian disorders’ combined meta-analyses.

Activation likelihood estimation 
meta-analyses
Five contrasts met our sample size threshold for ALE 
meta-analysis (≥10 studies). Analyses were conducted across 
studies reporting the results of MRI in patients with 
Parkinson’s disease, PSP, CBS and MSA compared with con
trols; in addition, one PET meta-analysis was conducted on 
studies of patients with Parkinson’s disease. Significant find
ings are detailed in Table 3; for a list of all studies contribut
ing to each significant cluster, see Supplementary Table 3.

Parkinson’s disease ALE meta-analysis
MRI. The Parkinson’s disease MRI < HC meta-analysis was 
non-significant (P > 0.05 FWE corrected). The Parkinson’s 
disease MRI > HC meta-analysis was also non-significant.

PET. The Parkinson’s disease < HC meta-analysis of PET 
studies identified four significant clusters within the left mid
dle temporal gyrus, caudate and right inferior frontal and mid
dle frontal gyri (P< 0.05 FWE corrected; Table 3 and Fig. 2B).

SPECT. No meta-analyses were performed of SPECT studies in 
Parkinson’s disease due to insufficient sample sizes (Parkinson’s 
disease < HC n = 8 and Parkinson’s disease > HC n = 5).

PSP ALE meta-analysis
MRI. Five significant clusters were identified for the PSP < HC 
contrast, encompassing bilateral thalami, right insula, 
left caudate, left anterior cerebellar lobe and left insula/ 
claustrum (P < 0.05 FWE corrected; Fig. 2A, first row, and 
Table 3). No analysis was conducted for the opposite contrast 
as no studies reported coordinates of increased grey/white 
mater volume.

PET and SPECT. No meta-analyses were performed on 
PET (n = 6) or SPECT (n = 2) studies in PSP due to insuffi
cient sample sizes.

CBS ALE meta-analysis
MRI. The meta-analysis of MRI studies in the CBS < HC 
contrast was non-significant. As no studies reported 

Table 1 Cohorts included in review

Cohort Studies

Participants
Total 

coordinatespatients Controls

Parkinsonian 
disorders

132 4211 3334 2190

PD 69 2817 1886 963
PSP 23 363 425 355
CBS 17 324 396 210
MSA 23 707 627 450

‘Parkinsonian disorders’ encompasses all four parkinsonian disorders.  
CBS = corticobasal syndrome; MSA = multiple system atrophy; PD = Parkinson’s 
disease; PSP = progressive supranuclear palsy.

Table 2 Contrasts qualitatively reviewed

Contrast n Main Findings

PD < HC 
SPECT

8 Cortical alterations in frontal (6/8 studies),29–34

parietal (6/8),29,32–36 occipital 
(6/8)29,30,32,33,35,36 and temporal lobes  
(5/8)30,32,34,37,38

PD > HC 
SPECT

5 Basal ganglia, cerebellum29,32,33,37,38

PD > HC  
MRI

5 Cerebellum (4/5 studies)39–42

PSP </> HC 
SPECT

2 No commonalities identified43,44

PSP < HC  
PET

6 Midbrain, frontal lobes45–50

PSP > HC  
PET

2 Cerebellum48,49

MSA < HC 
PET

6 Putamen, cerebellum (5/6 studies)48,51–54

MSA > HC 
PET

2 No commonalities identified48,51

MSA < HC 
SPECT

3 Putamen (2/3 studies)34,55

MSA > HC 
MRI

2 No commonalities identified56,57

CBS < HC  
PET

4 Motor cortices (4/4)48,50,58,59

CBS < HC 
SPECT

2 Superior frontal gyrus60,61

All studies qualitatively reviewed are noted in italics in the study characteristics table 
(Supplementary Table 2). CBS = corticobasal syndrome; HC = healthy controls;  
MSA = multiple system atrophy; PD = Parkinson’s disease; PSP = Progressive 
supranuclear palsy; SPECT = single-photon emission computed tomography.
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‘increases’ in grey/white matter volume, no meta-analysis 
was conducted.

PET and SPECT. No meta-analyses were performed on 
PET (n = 5) or SPECT (n = 2) studies in CBS due to insuffi
cient sample sizes.

MSA ALE meta-analysis
MRI. Three clusters were significant for the MSA < HC 
MRI meta-analysis, two of which were located within the 
brainstem and one cluster within the left putamen 
(P < 0.05 FWE corrected) (Fig. 2A, second row, 
and Table 3). No meta-analysis was performed for the 

Table 3 Significant ALE meta-analysis findings in parkinsonian disorders

Contrast Region x y z

Volume 
(mm3)

ALE 
value

Convergence  
n (%)

PET 
PD < HC

1 L. Mid. Temporal G. −44.7 −64.4 35.8 2088 0.0251 8 (47%)

Number of experiments in analysis = 17 2 L. Caudate −14.3 13.1 6.6 1000 0.0251 5 (29.4%)

3 R. Inferior Frontal G. 57.4 16.4 23.6 680 0.0253 3(17.6%)

4 R. Middle Frontal G. 34 22 42.8 664 0.0223 3(17.6%)

MRI 
PSP < HC

1 Bilat. Thalamus/Red nucleus 2.2 −14.1 −0.9 11 072 0.0488 14 (87.5%)

Number of experiments in  
analysis = 16

2 R. Insula 43.5 17.2 4.1 1040 0.023 4 (25%)

3 L. Caudate −10.7 6.2 12.9 952 0.0257 6 (37.5%)

4 L. Brainstem −7.4 −34.9 −13.5 816 0.0231 4 (25%)

5 L. Insula −37 16.9 3.5 808 0.0218 4 (25%)

MRI 
MSA < HC

1 Brainstem 1.2 −33.8 −18.9 896 0.0256 4 (30.8%)

Number of experiments in  
analysis = 13

2 L. Putamen −22.7 11.6 −6.4 776 0.0209 4 (30.8%)

3 Brainstem −12 −35.3 −32 640 0.0162 5 (38.5%)

MRI 
Parkinsonian disorders < HC

1 R. Thalamus*4/4 5.4 −11.9 13.5 2744 0.0498 12 (14.3%)

Number of experiments in analysis = 84 2 L. Caudate*3/4 −26.3 13.9 6.3 2312 0.0385 16 (19%)

3Bilat. Midbrain/Red nucleus*2/4 1.6 −17.5 −9 1432 0.0538 12 (14.3%)

4 L. Amygdala*3/4 −19.7 −8.4 −11.7 1016 0.0305 10 (11.9%)

5 R. Parahippocampal G., 
Amygdala*3/4

19 −12.4 −14.4 1008 0.0349 7 (8.3%)

6 L. Brainstem*2/4 −3.2 −33.4 −16 856 0.0302 6 (7.1%)

PET 
Parkinsonian disorders < HC

1L. Lateral Occipital cortex*3/4 −45.5 −64.2 34.3 2344 0.0319 10 (30.3%)

Number of experiments in  
analysis = 33

2 L. Caudate*4/4 −14.9 11.9 7.5 2056 0.0414 11 (33.3%)

3 R. Caudate*4/4 16.2 13.7 4.9 1840 0.0345 10 (30.3%)

4 R. Inferior Frontal G.*4/4 57.1 15 23.4 1296 0.0403 8 (24.2%)

5 R. Middle Frontal G.*2/4 34.1 20.3 46 848 0.0228 5 (15.2%)

6R. Lateral Occipital cortex*3/4 42 −60 47.3 752 0.0212 4 (12.1%)

Parkinsonian disorders>HC 1 R. Middle Temporal G.*4/4 39.5 −31.8 −2.8 1200 0.0159 5 (45.5%)

Number of experiments in  
analysis = 11

2 L. Insular cortex*3/4 −32.6 −18.5 21.7 792 0.015 4 (36.4%)

3 L. Inferior Occipital G.*3/4 −40.3 −81.6 1.6 648 0.0178 3 (27.3%)

All clusters reported were significant at P < 0.05 family-wise error corrected. Centre of gravity provided in MNI x, y and z coordinates. Some studies included multiple patient groups 
and therefore performed multiple experiments. Convergence n = number of experiments contributing to clusters. Bilat. = bilateral; G. = gyrus; HC = healthy controls; Inf. = inferior; 
L. = left; Mid. = middle; MNI = Montreal Neurological Institute; MSA = multiple system atrophy; PD = Parkinson’s disease; PSP = progressive supranuclear palsy; R. = right. * denotes 
the number of disorders in the parkinsonian analyses that contributed to the significant result. For a list of studies contributing to each cluster, see Supplementary Table 3.
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MSA > HC contrast as only two studies reported coordi
nates for that contrast.

PET and SPECT. No meta-analyses were performed 
on PET (MSA < HC n = 6 and MSA > HC n = 3) or SPECT 
(n = 3) studies in MSA due to insufficient sample sizes.

ALE meta-analysis of parkinsonian disorders
Finally, meta-analysis was performed across all 132 included 
studies of parkinsonian disorders within each neuroimaging 
modality.

MRI. Six significant clusters were identified in the parkin
sonian disorders < HC analysis of MRI studies (P < 0.05 
FWE corrected) (Fig. 3 and Table 3), found throughout the 
thalamus, basal ganglia, parahippocampal gyrus, brainstem 
and midbrain. The opposite contrast, examining increases in 
patients compared to controls, was non-significant.

PET. Six clusters were identified for the patients < HC con
trast (P < 0.05 FWE corrected) (Fig. 3B and Table 3), found 
throughout the caudate, lateral occipital cortices and inferior 
and middle frontal gyri. Three clusters were significant in the 
opposite contrast (patients > HC) (P < 0.05 FWE corrected) 
(Fig. 3C and Table 3), including the middle temporal gyrus, 
insular cortex and inferior occipital gyrus.

SPECT. The Parkinsonian disorders < HC analysis of 
SPECT studies was non-significant. Only six studies reported 
increases in patients compared with controls using SPECT 
imaging, and therefore no meta-analysis was conducted on 
this contrast (patients > HC).

Overall, the combined parkinsonian disorder meta-analysis 
revealed several regions that were reported across all four par
kinsonian disorder cohorts. Specifically, abnormality of the 
thalamus was implicated in MRI studies of all disorders, whilst 

Figure 2 Meta-analysis results in individual parkinsonian disorders. (A) Meta-analyses of MRI imaging, patients < HC. Alteration of the 
red nucleus was characteristic of PSP patients, whilst the brainstem and putamen were the most commonly implicated regions in patients with 
MSA. (B) Meta-analysis of PET imaging in Parkinson’s disease; patients < HC. The middle temporal gyrus and left caudate were consistently 
implicated by PET imaging in Parkinson’s disease patients. All significant clusters are reported in Table 3. FWE = family-wise error; L = left; MSA =  
multiple system atrophy; PD = Parkinson’s disease; PSP = progressive supranuclear palsy.
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alteration to bilateral caudate, inferior frontal and middle tem
poral gyri was implicated by PET studies in all disorders. The 
caudate was the only significant cluster identified by the com
bined parkinsonian disorder meta-analyses, which was consist
ent across multiple modalities (MRI and PET).

Discussion
The present study conducted a series of whole-brain ALE 
meta-analyses to identify consistent regions of brain abnormal
ity within, and across, parkinsonian disorders. Results in PSP 
and MSA aligned with current clinical imaging markers. PET 
studies of Parkinson’s disease patients most consistently re
ported abnormality of the middle temporal gyrus. Several re
gions were found to be common to all disorders by our 
analysis of all parkinsonian disorders combined, specifically 

abnormality of the thalamus reported by MRI studies, and bi
lateral caudate, inferior frontal and middle temporal gyri al
terations implicated by PET. Our findings highlight 
individual patterns of brain abnormality within each disorder, 
whilst also demonstrating that a small number of brain regions 
are implicated across all of the included parkinsonian disorders.

Parkinson’s disease
Meta-analysis of PET imaging studies in Parkinson’s disease re
vealed hypometabolism of the left middle temporal gyrus, 
caudate and right inferior and middle frontal gyri to be the 
most robust regions of abnormality, consistent with prior 
meta-analysis.6 In contrast to previous meta-analyses,6,20,21,28

our MRI meta-analysis did not identify any significant clusters. 
These findings are in alignment with the conclusion of Albrecht 

Figure 3 Meta-analysis findings across parkinsonian disorders. (A) Meta-analysis of MRI imaging in all parkinsonian disorders, patients <  
HC (top row). (B) Meta-analyses of PET imaging in all parkinsonian disorders, patients < HC (middle row) and patients > HC (bottom row). FWE  
= family-wise error; HC = healthy controls; Park = parkinsonian disorders.
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et al.6 suggesting that PET imaging is more sensitive to brain 
abnormalities in Parkinson’s disease patients than MRI.

Progressive supranuclear palsy
PSP was characterized by midbrain abnormality, 
consistently reported by MRI studies, aligning with previous 
meta-analyses.20,21 Midbrain atrophy is a hallmark PSP 
pathology,2,63,64 with imaging markers such as a reduced 
midbrain-to-pons ratio and the hummingbird sign, used as 
tools for differential diagnosis.65,66 In addition, structural 
and functional imaging studies have previously implicated 
abnormality of the caudate and thalamus in postural in
stability and ocular motor dysfunction, domains commonly 
affected in PSP.67,68

Corticobasal syndrome
Whilst our meta-analysis of MRI studies in CBS was non- 
significant, previous meta-analyses have reported more dis
tributed alterations in CBS, involving the thalamus, insula 
and multiple cortical sites.19,21 It is possible that our stricter 
threshold resulted in non-significant findings, given that pre
vious meta-analyses applied less stringent statistical thresh
olds.25 There were insufficient PET and SPECT studies of 
CBS to conduct independent meta-analyses for those modal
ities; however, general trends were present across the in
cluded studies; consistently describing the hallmark 
asymmetrical abnormalities48,58,69,70 and consistent impli
cation of the motor cortices by PET imaging.48,50,58,59

Multiple system atrophy
MSA was characterized by consistent abnormality within the 
brainstem and putamen, in agreement with previous 
meta-analyses.21,28,71 Identification of robust abnormality 
of the putamen and brainstem aligns with imaging markers 
used for differential diagnosis, including the distinctive 
MSA ‘hot cross bun’ sign within the pons.12 Of further inter
est, the included imaging studies of MSA examined samples 
of patients with both the parkinsonian (n = 9) and cerebellar 
(n = 6) MSA subtypes (see Supplementary Table 2 for study 
characteristics). Whilst samples were too small for independ
ent meta-analysis, all six studies examining MSA-cerebellar 
patients, reported abnormality of the cerebellum56,62,72–75

and across the nine studies with MSA-parkinsonian 
patients, alterations to the cerebellum,74–78,51 and basal gan
glia,75–79,51 were consistently reported.

Common findings across 
parkinsonian disorders
Abnormality of the thalamus was reported in MRI studies of 
all four parkinsonian disorders whilst PET imaging consist
ently implicated bilateral caudate, right inferior frontal and 
middle temporal gyri. Identification of these shared regions 
may support the notion that parkinsonian symptoms share 
common neural substrates, which could reflect their 

involvement in the overlapping motor and non-motor symp
toms amongst parkinsonian disorders. For example, the thal
amus has an established role in connecting and modulating 
basal ganglia circuitry and is associated with a range of func
tions, including motor control and behaviour modulation.80

In addition, the caudate has extensive sensorimotor connec
tions yet is also involved in cognitive and associative func
tions.81 Both of these subcortical regions have been localized 
in previous meta-analyses of CBS, PSP and Parkinson’s dis
ease,6,19,20 and as sites of lesions causing parkinsonism.82–85

Further, although the inferior frontal and middle temporal 
gyri may not have established roles in the classical parkinson
ian syndrome, both regions have been implicated in studies of 
individual disorders (e.g. in Parkinson’s disease, PSP and 
MSA48,86,87). These cortical regions have also been linked to 
behavioural inhibition88 and freezing of gait,89 respectively.

Although these shared brain regions could suggest that these 
regions play a role in parkinsonian symptoms, it is also possible 
that these sites may be common across parkinsonian disorders 
because of particular vulnerability to degeneration, as opposed 
to them having a direct involvement in symptom gener
ation.19,90 Though this must be acknowledged, our hypothesis 
that these common regions could be involved in the shared sub
strate may be supported by their previous implication in 
lesion-induced parkinsonism (e.g. lesions to the thalamus82

and caudate83,84) and associations with motor deficits in func
tional studies (e.g. the middle temporal gyrus and gait89).

Differences in localizations between 
neuroimaging modalities
Meta-analyses within each imaging modality of the same dis
order localized different brain regions (e.g. an MRI 
meta-analysis in parkinsonian disorders revealed clusters 
within largely subcortical regions whilst the PET 
meta-analysis identified clusters across cortical and subcor
tical regions). Given that each modality examines different 
neural mechanisms (i.e. alterations to grey/white matter vol
ume with MRI and cerebral metabolism or perfusion with 
PET and SPECT),91 differences in the brain structures they im
plicate are not unexpected. The caudate was the only region 
that was identified across meta-analyses of multiple imaging 
modalities (MRI and PET). Despite both modalities implicat
ing subcortical and cortical alterations, the clusters identified 
were not within the same brain structures. One explanation of 
these differences is that PET imaging may be more sensitive to 
brain alterations than MRI in Parkinson’s disease.6

Localization of brain networks versus 
brain regions
Whilst several of our meta-analyses demonstrated high con
vergence, there were still numerous studies that did not con
tribute to the localized clusters. For example, only 8 of 17 
(47%, Table 2) PET studies in Parkinson’s disease contribu
ted to the significant cluster in the middle temporal gyrus. 
Although these findings may suggest a lack of 
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reproducibility,92 it is also possible that the remainder of 
these studies’ coordinates are still functionally connected to 
the clusters that we identified.18 Recent studies have shown 
that complex symptoms that failed to localize to discrete 
brain regions successfully localize to functionally connected 
brain networks.18,93,94 It is possible that such network map
ping analyses may be useful in reconciling apparently incon
sistent findings of neuroimaging studies in parkinsonian 
disorders.

Limitations
Our meta-analysis has a number of limitations that should be 
discussed. First, most of the included studies did not have diag
noses confirmed by autopsy. Due to the poor sensitivity of clin
ical APDs diagnoses and overdiagnosis of Parkinson’s disease,4

misdiagnoses within the published studies are possible. Second, 
ALE results are driven by coordinates of statistically significant 
differences between patients and controls. Whether patient dif
ferences reach significance in each study will have been influ
enced by methods decided by these studies’ authors (e.g. 
image processing, statistical thresholds applied), which were 
not uniform across the included studies. Whilst the ALE tech
nique partially controls for variance in study methodologies, 
it does not do so completely. Similarly, the method does not ac
count for the possible contribution of confounding variables 
(e.g. age/sex) as one could in traditional meta-analysis. Future 
coordinate-based meta-analytic techniques should aim to in
corporate control of covariates. Third, without the use of neu
rodegenerative control conditions, it is possible that some of 
the regions identified by our parkinsonian analyses may be 
commonly abnormal across disorders because of vulnerability 
of certain regions to degeneration rather than due to their spe
cific involvement in the generation of shared symptoms.1,95

Conclusion
To our knowledge, this is the largest whole-brain ALE 
meta-analysis of parkinsonian disorders and the first to charac
terize brain regions implicated across disorders, and within 
multiple neuroimaging modalities. Localizations aligned with 
current diagnostic imaging markers, isolating the midbrain in 
PSP, and the brainstem in MSA. PET studies most consistently 
reported alteration to the middle temporal gyrus in Parkinson’s 
disease patients. Importantly, we also demonstrated several re
gions that were abnormal across these parkinsonian disorders, 
including the thalamus, caudate, inferior frontal and middle 
temporal gyri. These findings help to illuminate the brain re
gions that are abnormal in parkinsonian disorders and high
light a set of common brain regions across disorders that 
may contribute to shared parkinsonian symptoms.
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Supplementary material is available at Brain Communications 
online.

Funding
E.G.E., E.F.P.Y. and J.B.S. are funded by the Deakin 
University Postgraduate Research Scholarship. J.J. has re
ceived research grants from the Finnish Medical 
Foundation, Instrumentarium Research Foundation, 
Finnish Foundation for Alcohol Studies, University of 
Turku (private donation, Sigrid Juselius), Turku University 
Hospital (ERVA funds) and lecturer honoraria from 
Lundbeck. J.M.H. is funded by the Australian Government 
Research Training Program scholarship. K.C. is supported 
by a Veski Fellowship. The Victorian Near-miss Award 
Pilot is administered by veski for the Victorian Health and 
Medical Research Workforce Project on behalf of the 
Victorian Government and the Association of Australian 
Medical Research Institutes. Funding for the Pilot has been 
provided by the Victorian Department of Jobs, Precincts 
and Regions. D.T.C. has no funding to disclose.

Competing interests
The authors declare no competing interests.

Data availability
The data that support the findings of this study are 
available from the corresponding author upon request. Code 
used via Ginger ALE version 3.2 is available through http:// 
brainmap.org.

References
1. Poewe W, Seppi K, Tanner CM, et al. Parkinson Disease. Nat Rev 

Dis Primers. 2017;3:17013.
2. Dickson DW. Parkinson’s disease and parkinsonism: 

Neuropathology. Cold Spring Harb Perspect Med. 2012;2(8): 
a009258.

3. Dorsey ER, Sherer T, Okun MS, Bloemd BR. The emerging evidence 
of the Parkinson pandemic. J Parkinsons Dis. 2018;8(s1):S3-S8.

4. Joutsa J, Gardberg M, Röyttä M, Kaasinen V. Diagnostic accuracy 
of parkinsonism syndromes by general neurologists. Parkinsonism 
Relat Disord. 2014;20(8):840-844.

5. Kim HJ, Stamelou M, Jeon B. Multiple system atrophy-mimicking 
conditions: Diagnostic challenges. Parkinsonism Relat Disord. 
2016;22:S12-S15.

6. Albrecht F, Ballarini T, Neumann J, Schroeter ML. FDG-PET hypo
metabolism is more sensitive than MRI atrophy in Parkinson’s dis
ease: A whole-brain multimodal imaging meta-analysis. 
Neuroimage Clin. 2019;21:101594.

7. Weingarten CP, Sundman MH, Hickey P, Chen N. Neuroimaging 
of Parkinson’s disease: Expanding views. Neurosci Biobehav Rev. 
2015;59:16-52.

8. DeLong MR. Primate models of movement disorders of basal gan
glia origin. Trends Neurosci. 1990;13(7):281-285.

9. Abrams WB, Coutinho CB, Leon AS, Spiegel HE. Absorption and 
metabolism of levodopa. JAMA. 1971;218(13):1912-1914.

10. Shih LC, Tarsy D. Deep brain stimulation for the treatment of 
atypical parkinsonism. Mov Disord. 2007;22(15):2149-2155.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/5/3/fcad172/7185841 by Turun Yliopiston Kirjasto user on 17 July 2023

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad172#supplementary-data
http://brainmap.org
http://brainmap.org


Parkinsonian ALE meta-analysis                                                                                   BRAIN COMMUNICATIONS 2023: Page 11 of 12 | 11

11. Bohlhalter S, Kag̈i G. Parkinsonism: Heterogeneity of a common 
neurological syndrome. Swiss Med Wkly. 2011;141:w13293.

12. Gilman S, Wenning GK, Low PA, et al. Second consensus statement 
on the diagnosis of multiple system atrophy. Neurology. 2008; 
71(9):670-676.

13. Kato N, Arai K, Hattori T. Study of the rostral midbrain atrophy in 
progressive supranuclear palsy. J Neurol Sci. 2003;210(1-2):57-60.

14. Saeed U, Lang AE, Masellis M. Neuroimaging advances in 
Parkinson’s disease and atypical parkinsonian syndromes. Front 
Neurol. 2020;11:572976.

15. Insel T, Cuthbert B, Garvey M, et al. Research domain criteria 
(RDoC): Toward a new classification framework for research on 
mental disorders. Am J Psychiatry. 2010;167(7):748-751.

16. Eickhoff SB, Bzdok D, Laird AR, Kurth F, Fox PT. Activation like
lihood estimation meta-analysis revisited. Neuroimage. 2012;59(3): 
2349-2361.

17. Eickhoff SB, Laird AR, Grefkes C, et al. Coordinate-based activa
tion likelihood estimation meta-analysis of neuroimaging data: A 
random-effects approach based on empirical estimates of spatial un
certainty. Hum Brain Mapp. 2009;30(9):2907-2926.

18. Darby RR, Joutsa J, Fox MD. Network localization of heteroge
neous neuroimaging findings. Brain. 2019;142(1):70-79.

19. Albrecht F, Bisenius S, Schaack RM, Neumann J, Schroeter ML. 
Disentangling the neural correlates of corticobasal syndrome and 
corticobasal degeneration with systematic and quantitative ALE 
meta-analyses. NPJ Parkinsons Dis. 2017;3:12.

20. Shao N, Yang J, Li J, Shang HF. Voxelwise meta-analysis of gray 
matter anomalies in progressive supranuclear palsy and 
Parkinson’s disease using anatomic likelihood estimation. Front 
Hum Neurosci. 2014;8:63.

21. Yu F, Barron DS, Tantiwongkosi B, Fox P. Patterns of gray matter 
atrophy in atypical parkinsonism syndromes: A VBM 
meta-analysis. Brain Behav. 2015;5(6):e00329.

22. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting 
items for systematic reviews and meta-analyses: The PRISMA state
ment. PLoS Med. 2009;6(7):e1000097.

23. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan—A 
web and mobile app for systematic reviews. Syst Rev. 2016;5(1):210.

24. Lacadie CM, Fulbright RK, Constable RT, Xenophon P. More ac
curate talairach coordinates for neuroimaging using nonlinear regis
tration. Neuroimage. 2008;42(2):717-725.

25. Eickhoff SB, Nichols TE, Laird AR, et al. Behavior, sensitivity, and 
power of activation likelihood estimation characterized by massive 
empirical simulation. NeuroImage. 2016;137:70-85.

26. Weil RS, Hsu JK, Darby RR, Soussand L, Fox MD. Neuroimaging 
in Parkinson’s disease dementia: Connecting the dots. Brain 
Commun. 2019;1(1):fcz006.

27. Giehl K, Tahmasian M, Eickhoff SB, van Eimeren T. Imaging execu
tive functions in Parkinson’s disease: An activation likelihood esti
mation meta-analysis. Parkinsonism Relat Disord. 2019;63: 
137-142.

28. Shao N, Yang J, Shang H. Voxelwise meta-analysis of gray matter 
anomalies in Parkinson variant of multiple system atrophy and 
Parkinson’s disease using anatomic likelihood estimation. 
Neurosci Lett. 2015;587:79-86.

29. Cilia R, Siri C, Marotta G, et al. Functional abnormalities under
lying pathological gambling in Parkinson disease. Arch Neurol. 
2008;65(12):1604-1611.

30. Song IU, Park JW, Chung SW, Chung YA. Brain SPECT can differ
entiate between essential tremor and early-stage tremor-dominant 
Parkinson’s disease. J Clin Neurosci. 2014;21(9):1533-1537.

31. Kikuchi A, Takeda A, Kimpara T, et al. Hypoperfusion in the supple
mentary motor area, dorsolateral prefrontal cortex and insular cortex 
in Parkinson’s disease. J Neurol Sci. 2001;193(1):29-36.

32. Hsu JL, Jung TP, Hsu CY, et al. Regional CBF changes in 
Parkinson’s disease: A correlation with motor dysfunction. Eur J 
Nucl Med Mol Imaging. 2007;34(9):1458-1466.

33. Imon Y, Matsuda H, Ogawa M, Kogure D, Sunohara N. SPECT 
Image analysis using statistical parametric mapping in patients 
with Parkinson’s disease. J Nucl Med. 1999;40(10):1583-1589.

34. van Laere K, Santens P, Bosman T, et al. Statistical parametric mapping 
of 99mTc-ECD SPECT in idiopathic Parkinson’s disease and multiple 
system atrophy with predominant parkinsonian features: Correlation 
with clinical parameters. J Nucl Med. 2004;45(6):933-942.

35. Nobili F, Abbruzzese G, Morbelli S, et al. Amnestic mild cognitive 
impairment in Parkinson’s disease: A brain perfusion SPECT study. 
Mov Disord. 2009;24(3):414-421.

36. Abe Y, Kachi T, Kato T, et al. Occipital hypoperfusion in Parkinson’s 
disease without dementia: Correlation to impaired cortical visual 
processing. J Neurol Neurosurg Psychiatry. 2003;74(4):419-422.

37. Hosey LA, Thompson JLW, Verhagen Metman L, van den 
Munckhof P, Braun AR. Temporal dynamics of cortical and subcor
tical responses to apomorphine in Parkinson disease: An H2

15O PET 
study. Clin Neuropharmacol. 2005;28(1):18-27.

38. Furukawa S, Hirano S, Yamamoto T, et al. Decline in drawing abil
ity and cerebral perfusion in Parkinson’s disease patients after sub
thalamic nucleus deep brain stimulation surgery. Parkinsonism 
Relat Disord. 2020;70:60-66.

39. Pagonabarraga J, Soriano-Mas C, Llebaria G, et al. Neural correlates 
of minor hallucinations in non-demented patients with Parkinson’s 
disease. Parkinsonism Relat Disord. 2014;20(3):290-296.

40. Xuan M, Guan X, Huang P, et al. Different patterns of gray matter 
density in early- and middle-late-onset Parkinson’s disease: A voxel- 
based morphometry study. Brain Imaging Behav. 2019;13(1):172-179.

41. Rektorova I, Biundo R, Marecek R, et al. Grey matter changes in 
cognitively impaired Parkinson’s disease patients. PLoS One. 
2014;9(1):e85595.

42. Inguanzo A, Sala-llonch R, Segura B, Erostarbe H, Abos A. 
Hierarchical cluster analysis of multimodal imaging data identifies 
brain atrophy and cognitive patterns in Parkinson ‘s disease. 
Parkinsonism Relat Disord. 2021;82:16-23.

43. Kimura N, Hanaki S, Masuda T, et al. Brain perfusion differences in 
parkinsonian disorders. Mov Disord. 2011;26(14):2530-2537.

44. Varrone A, Pagani M, Salvatore E, et al. Identification by [99mTc] 
ECD SPECT of anterior cingulate hypoperfusion in progressive 
supranuclear palsy, in comparison with Parkinson’s disease. Eur J 
Nucl Med Mol Imaging. 2007;34(7):1071-1081.

45. Takahashi R, Ishii K, Kakigi T, Yokoyama K, Mori E, Murakami T. 
Brain alterations and mini-mental state examination in patients 
with progressive supranuclear palsy: Voxel-based investigations 
using 18F-fluorodeoxyglucose positron emission tomography and 
magnetic resonance imaging. Dement Geriatr Cogn Dis Extra. 
2011;1(1):381-392.

46. Juh R, Kim J, Moon D, Choe B, Suh T. Different metabolic patterns 
analysis of parkinsonism on the 18F-FDG PET. Eur J Radiol. 2004; 
51(3):223-233.

47. Park HK, Kim JS, Im KC, et al. Functional brain imaging in pure 
akinesia with gait freezing: [18F] FDG PET and [18F] FP-CIT PET 
analyses. Mov Disord. 2009;24(2):237-245.

48. Teune LK, Bartels AL, de Jong BM, et al. Typical cerebral metabolic 
patterns in neurodegenerative brain diseases. Mov Disord. 2010; 
25(14):2395-2404.

49. Ge J, Wu J, Peng S, et al. Reproducible network and regional topog
raphies of abnormal glucose metabolism associated with progres
sive supranuclear palsy: Multivariate and univariate analyses in 
American and Chinese patient cohorts. Hum Brain Mapp. 2018; 
39(7):2842-2858.

50. Hosaka K, Ishii K, Sakamoto S, et al. Voxel-based comparison of re
gional cerebral glucose metabolism between PSP and corticobasal 
degeneration. J Neurol Sci. 2002;199(1-2):67-71.

51. Shen B, Wei S, Ge J, et al. Reproducible metabolic topographies as
sociated with multiple system atrophy: Network and regional ana
lyses in Chinese and American patient cohorts. Neuroimage Clin. 
2020;28:102416.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/5/3/fcad172/7185841 by Turun Yliopiston Kirjasto user on 17 July 2023



12 | BRAIN COMMUNICATIONS 2023: Page 12 of 12                                                                                                           E. G. Ellis et al.

52. Grimaldi S, Boucekine M, Witjas T, et al. Multiple system atrophy: 
Phenotypic spectrum approach coupled with brain 18-FDG PET. 
Parkinsonism Relat Disord. 2019;67:3-9.

53. Juh R, Pae CU, Lee CU, et al. Voxel based comparison of glucose 
metabolism in the differential diagnosis of the multiple system atro
phy using statistical parametric mapping. Neurosci Res. 2005; 
52(3):211-219.

54. Lyoo CH, Jeong Y, Ryu YH, et al. Effects of disease duration on the 
clinical features and brain glucose metabolism in patients with 
mixed type multiple system atrophy. Brain. 2008;131(2):438-446.

55. El Fakhri G, Habert MO, Maksud P, et al. Quantitative simultan
eous 99mTc-ECD/123I-FP-CIT SPECT in Parkinson’s disease and 
multiple system atrophy. Eur J Nucl Med Mol Imaging. 2006; 
33(1):87-92.

56. Specht K, Minnerop M, Abele M, et al. In vivo voxel-based morph
ometry in multiple system atrophy of the cerebellar type. Arch 
Neurol. 2003;60(10):1431-1435.

57. Fiorenzato E, Weis L, Seppi K, et al. Brain structural profile of mul
tiple system atrophy patients with cognitive impairment. J Neural 
Transm. 2017;124(3):293-302.

58. Pardini M, Huey ED, Spina S, et al. FDG-PET patterns associated 
with underlying pathology in corticobasal syndrome. Neurology. 
2019;92(10):E1121-E1135.

59. Mille E, Levin J, Brendel M, et al. Cerebral glucose metabolism and 
dopaminergic function in patients with corticobasal syndrome. J 
Neuroimaging. 2017;27(2):255-261.

60. Abe Y, Kimura N, Goto M, Aso Y, Matsubara E. Brain perfusion in 
corticobasal syndrome with progressive aphasia. Dement Geriatr 
Cogn Dis Extra. 2016;6(1):133-141.

61. Misch MR, Mitchell S, Francis PL, et al. Differentiating between visual 
hallucination-free dementia with Lewy bodies and corticobasal syn
drome on the basis of neuropsychology and perfusion single-photon 
emission computed tomography. Alzheimers Res Ther. 2014;6(9):71.

62. Lee PH, An YS, Yong SW, Yoon SN. Cortical metabolic changes in 
the cerebellar variant of multiple system atrophy: A voxel-based 
FDG-PET study in 41 patients. Neuroimage. 2008;40(2):796-801.

63. Hoglinger GU, Respondek G, Stamelou M, et al. Clinical diagnosis 
of progressive supranuclear palsy: The movement disorder society 
criteria. Mov Disord. 2017;32(6):853-864.

64. Williams DR, Lees AJ. Progressive supranuclear palsy: 
Clinicopathological concepts and diagnostic challenges. Lancet 
Neurol. 2009;8(3):270-279.

65. Möller L, Kassubek J, Südmeyer M, et al. Manual MRI morphom
etry in parkinsonian syndromes. Mov Disord. 2017;32(5):778-782.

66. Albrecht F, Bisenius S, Neumann J, Whitwell J, Schroeter ML. 
Atrophy in midbrain & cerebral/cerebellar pedunculi is characteris
tic for progressive supranuclear palsy—A double-validation whole- 
brain meta- analysis. Neuroimage Clin. 2019;22:101722.

67. Bonelli RM, Cummings JL. Frontal-subcortical circuitry and behav
ior. Dialogues Clin Neurosci. 2007;9(2):141-151.

68. Zwergal A, la Fougere C, Lorenzl S, et al. Postural imbalance and 
falls in PSP correlate with functional pathology of the thalamus. 
Neurology. 2011;77(2):101-109.

69. Borroni B, Garibotto V, Agosti C, et al. White matter changes in cor
ticobasal degeneration syndrome and correlation with limb apraxia. 
Arch Neurol. 2008;65(6):796-801.

70. Boxer AL, Geschwind MD, Belfor N, et al. Patterns of brain atrophy 
that differentiate corticobasal degeneration syndrome from progres
sive supranuclear palsy. Arch Neurol. 2006;63(1):81-86.

71. Lin J, Xu X, Hou Y, Yang J, Shang H. Voxel-Based meta-analysis of 
gray matter abnormalities in multiple system atrophy. Front Aging 
Neurosci. 2020;12:591666.

72. Brenneis C, Boesch SM, Egger KE, et al. Cortical atrophy in the cere
bellar variant of multiple system atrophy: A voxel-based morphom
etry study. Mov Disord. 2006;21(2):159-165.

73. Dash SK, Stezin A, Takalkar T, et al. Abnormalities of white and 
grey matter in early multiple system atrophy: Comparison of 

parkinsonian and cerebellar variants. Eur Radiol. 2019;29(2): 
716-724.

74. Chang CC, Chang YY, Chang WN, et al. Cognitive deficits in mul
tiple system atrophy correlate with frontal atrophy and disease dur
ation. Eur J Neurol. 2009;16(10):1144-1150.

75. Minnerop M, Specht K, Ruhlmann J, et al. Voxel-based morphom
etry and voxel-based relaxometry in multiple system atrophy—A 
comparison between clinical subtypes and correlations with clinical 
parameters. Neuroimage. 2007;36(4):1086-1095.

76. Shigemoto Y, Matsuda H, Kamiya K, et al. In vivo evaluation of 
gray and white matter volume loss in the parkinsonian variant of 
multiple system atrophy using SPM8 plus DARTEL for VBM. 
Neuroimage Clin. 2013;2:491-496.

77. Tzarouchi LC, Astrakas LG, Konitsiotis S, et al. Voxel-based 
morphometry and voxel-based relaxometry in parkinsonian variant 
of multiple system atrophy. J Neuroimaging. 2010;20(3):260-266.

78. Planetta PJ, Kurani AS, Shukla P, et al. Distinct functional and 
macrostructural brain changes in Parkinson’s disease and multiple 
system atrophy. Hum Brain Mapp. 2015;36(3):1165-1179.

79. Brenneis C, Seppi K, Schocke MF, et al. Voxel-based morphometry 
detects cortical atrophy in the Parkinson variant of multiple system 
atrophy. Mov Disord. 2003;18(10):1132-1138.

80. Haber SN, Calzavara R. The cortico-basal ganglia integrative net
work: The role of the thalamus. Brain Res Bull. 2009;78(2-3): 
69-74.

81. Postuma RB, Dagher A. Basal ganglia functional connectivity based 
on a meta-analysis of 126 positron emission tomography and func
tional magnetic resonance imaging publications. Cereb Cortex. 
2006;16(10):1508-1521.

82. Frosini D, Ceravolo R, Rossi C, et al. Bilateral thalamic glioma pre
senting with parkinsonism. Mov Disord. 2009;24(14):2168-2169.

83. Peralta C, Werner P, Holl B, et al. Parkinsonism following striatal 
infarcts: Incidence in a prospective stroke unit cohort. J Neural 
Transm. 2004;111(10-11):1473-1483.

84. Schramm A, Grunewald S, Lorenz R, Classen J, Naumann M. 
Parkinsonism due to bilateral basal ganglia lesions following 
mastocytosis-induced hypoxia [2]. J Neurol. 2004;251(10): 
1270-1272.

85. Joutsa J, Horn A, Hsu J, Fox MD. Localizing parkinsonism based 
on focal brain lesions. Brain. 2018;141(8):2445-2456.

86. Agosta F, Kostić VS, Galantucci S, et al. The in vivo distribution of 
brain tissue loss in Richardson’s syndrome and PSP-parkinsonism: 
A VBM-DARTEL study. Eur J Neurosci. 2010;32(4):640-647.

87. Chung EJ, Han YH, WoongMun C, et al. Hypometabolism based 
on a cutoff point on the mini-mental state examination in 
Parkinson’s disease. Neurol Asia. 2016;21(3):247-253.

88. Srovnalova H, Marecek R, Rektorova I. The role of the inferior 
frontal gyri in cognitive processing of patients with Parkinson’s dis
ease: A pilot rTMS study. Mov Disord. 2011;26(8):1545-1548.

89. Lyoo CH, Aalto S, Rinne JO, et al. Different cerebral cortical areas 
influence the effect of subthalamic nucleus stimulation on parkin
sonian motor deficits and freezing of gait. Mov Disord. 2007; 
22(15):2176-2182.

90. Pandya VA, Patani R. Region-specific vulnerability in neurodegen
eration: Lessons from normal ageing. Ageing Res Rev. 2021;67: 
101311.

91. Politis M. Neuroimaging in Parkinson disease: From research set
ting to clinical practice. Nat Rev Neurol. 2014;10(12):708-722.

92. Collaboration OS. Estimating the reproducibility of psychological 
science. Science (1979). 2015;349:aac4716.

93. Fox MD. Mapping symptoms to brain networks with the human 
connectome. N Engl J Med. 2018;379:2237-2245.

94. Kim NY, Hsu J, Talmasov D, et al. Lesions causing hallucinations 
localize to one common brain network. Mol Psychiatry. 2021; 
26(4):1299-1309.

95. Jackson WS. Selective vulnerability to neurodegenerative disease: The 
curious case of prion protein. Dis Model Mech. 2014;7(1):21-29.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/5/3/fcad172/7185841 by Turun Yliopiston Kirjasto user on 17 July 2023


	Large-scale activation likelihood estimation meta-analysis of parkinsonian disorders
	Introduction
	Materials and methods
	Systematic search
	Inclusion and exclusion criteria

	Statistical analysis

	Results
	Study selection
	Qualitative analysis
	Activation likelihood estimation meta-analyses
	Parkinson’s disease ALE meta-analysis
	MRI
	PET
	SPECT

	PSP ALE meta-analysis
	MRI
	PET and SPECT

	CBS ALE meta-analysis
	MRI
	PET and SPECT

	MSA ALE meta-analysis
	MRI
	PET and SPECT

	ALE meta-analysis of parkinsonian disorders
	MRI
	PET
	SPECT



	Discussion
	Parkinson’s disease
	Progressive supranuclear palsy
	Corticobasal syndrome
	Multiple system atrophy
	Common findings across parkinsonian disorders
	Differences in localizations between neuroimaging modalities
	Localization of brain networks versus brain regions
	Limitations

	Conclusion
	Supplementary material
	Funding
	Competing interests
	Data availability
	References




