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a b s t r a c t

Parkinson's disease (PD) is a common progressive neurodegenerative disorder. Studies

using resting-state functional magnetic resonance imaging (fMRI) to investigate underlying

pathophysiology of motor and non-motor symptoms in PD yielded largely inconsistent

results. This quantitative neuroimaging meta-analysis aims to identify consistent

abnormal intrinsic functional patterns in PD across studies. We used PubMed to retrieve

suitable resting-state studies and stereotactic data were extracted from 28 individual

between-group comparisons. Convergence across their findings was tested using the

activation likelihood estimation (ALE) approach. We found convergent evidence for

intrinsic functional disturbances in bilateral inferior parietal lobule (IPL) and the
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supramarginal gyrus in PD patients compared to healthy subjects. In follow-up task-based

and task-independent functional connectivity (FC) analyses using two independent

healthy subject data sets, we found that the regions showing convergent aberrations in PD

formed an interconnected network mainly with the default mode network (DMN).

Behavioral characterization of these regions using the BrainMap database suggested

associated dysfunction of perception and executive processes. Taken together, our findings

highlight the role of parietal cortex in the pathophysiology of PD.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Parkinson's disease (PD) is a common progressive neurode-
generative disorder, which affects more than seven million
people globally (Willis, 2013; de Lau & Breteler, 2006). It has
been demonstrated that functional and structural loss of

dopaminergic neurons in the substantia nigra pars compacta
(SNc) leads to fundamental alterations in basal ganglia cir-
cuits. Involvement of cortical and subcortical brain areas and
other neurotransmitter changes (e.g., cholinergic or seroto-
nergic systems), however, also contribute substantially to PD
symptoms (Braak, Ghebremedhin, Rub, Bratzke,& Del Tredici,
2004; Del Tredici, Rub, De Vos, Bohl, & Braak, 2002). PD is
clinically characterized by progressive motor features such as
bradykinesia, rigidity, resting tremor and postural instability
(Braak et al., 2003; Jankovic, 2008). In addition, several studies
highlighted the relevance of non-motor symptoms including

depression, cognitive impairment, anxiety, sleep disorders,
and impulsive behavior in PD (Chaudhuri, Healy, Schapira, &
National Institute for Clinical, 2006). These symptoms are
contributing to a severe disability and inevitably lead to a
decreased quality of life of PD patients. However, their
neuroanatomical and neurochemical substrates are still
poorly understood.

To assess the neural correlates of motor and non-motor
symptoms in PD, numerous functional neuroimaging studies
localized and quantified abnormalities within and between
different brain regions (cf. Eckert, Tang, & Eidelberg, 2007;

Prodoehl, Burciu, & Vaillancourt, 2014; Stoessl, 2009;
Tahmasian, Bettray, et al., 2015). Task-based functional mag-
netic resonance imaging (fMRI) has been used inmany studies
over the last two decades to assess aberrant recruitment of
brain regions in the context of experimental paradigms using
a subtraction approach between a target and a control con-
dition (Herz, Eickhoff, Lokkegaard, & Siebner, 2014; Rana,
Masroor, & Khan, 2013; Rottschy, Kleiman, et al., 2013). How-
ever, these task-based designs are strongly influenced by
compliance and task performance of subjects, which might
have confounded the results.

As an alternative approach, resting state fMRI (rs-fMRI) has
been widely applied over the last decade in healthy pop-
ulations and various neurodegenerative and neuropsychiatric
disorders (Biswal, 2012; Khazaie et al., 2017; Klupp et al., 2015;
Meng et al., 2014; Pasquini et al., 2014; Riedl et al., 2014; Seeley,
Crawford, Zhou, Miller, & Greicius, 2009; Tahmasian et al.,
2013; Tahmasian, Pasquini, et al., 2015; Tahmasian et al.,
2016). Rs-fMRI is based on fluctuations of the blood-oxygen-

level dependent (BOLD) signal that are associated with the
intrinsic neuronal activity of the brain, while subjects are in
the awake state without performing any specific task, i.e., in
an endogenously controlled state of mind-wandering (Biswal,
2012; Fox, Snyder, et al., 2005; Snyder & Raichle, 2012). In
contrast to task-related fMRI, rs-fMRI substantially reduces
the potential influences of compliance and task performance
(Di Martino et al., 2008). There is a rich literature evaluating

intrinsic functional disturbances in PD using different rs-fMRI
analysis methods, including seed-based functional connec-
tivity (FC), independent component analysis (ICA), regional
homogeneity (ReHo), amplitude of low frequency oscillations
(ALFF), and graph analysis under different medication states
(for review see: Prodoehl et al., 2014; Tahmasian, Bettray,
et al., 2015).

Previously, we summarized the current rs-fMRI literature
in PD and suggested that seed-based FC and effective con-
nectivity are valuable techniques for assessing the disruption
of connectivity between specific brain areas, while network-

based and graph analysis methods are promising approaches
for assessing functional alterations across the whole brain.
ReHo and ALFF can also be applied to study local intrinsic
abnormalities in PD. In addition, we concluded that dopa-
mine replacement therapy induces functional re-
organization of the brain and normalizes functional alter-
ations in PD (Tahmasian, Bettray, et al., 2015). Despite above-
mentioned advantages, the previous rs-fMRI studies point to
diverse and often conflicting findings. One reason for this
predicament seems to be the variety of rs-fMRI preprocessing
(e.g., different normalization, motion correction, and global

signal regression) and analyzing strategies. Seed-based
methods measure FC between the averaged BOLD time
course of a region of interest (ROI) (or a seed) and the time
course of other brain voxels; ICA is a data-driven approach
that identifies intrinsic neural networks; ALFF, as a regional
approach, assesses the regional intensity of oscillatory fluc-
tuations in the BOLD signal; ReHo is also a regional method,
which calculates the similarity between the BOLD signal of
particular voxels and the nearest voxels within a given
cluster. Thus, ReHo and ALFF are conceptually different
pertaining to connectivity because they investigate local

phenomena. The link between the different aspects of
resting state physiology is still not clarified yet. Thus, in
order to characterize resting state abnormalities in PD as
comprehensively as possible we included findings from all
approaches. Of note, we excluded seed-based FC studies
because such analyses entail a strong prior selection-bias in
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the seed-definition, which limits their findings to function-

ally connected areas rather than looking at the whole brain
level. Graph analysis evaluates properties of brain nodes
connected by edges to identify the topological organization of
brain networks (Biswal, 2012; Lee, Smyser, & Shimony, 2013).
In addition, there is a large heterogeneity across studies in
terms of clinical stage, medication, and PD-related clinical
variability including different motor subtypes (e.g., tremor-
dominant, akinetic-rigid, levodopa-induced dyskinesia,
freezing of gait), cognitive deficits (e.g., mild cognitive
impairment, dementia), or non-motor symptoms (e.g., hal-
lucinations, depression, hypomania, impulsivity, and REM

sleep behavior disorder) (Tahmasian, Bettray, et al., 2015).
Taken together, this diversity has strongly contributed to
provide an ambiguous picture of pathophysiological mecha-
nisms underlying PD. Hence, a consolidation of this literature
is needed to overcome the diversity and inconsistencies of
previously published work, which is characterized by small
sample sizes, clinical heterogeneity and analytic
inconsistencies.

Activation likelihood estimation (ALE) has recently devel-
oped as a powerful method for coordinate-based meta-ana-
lyses (CBMA), providing a synoptic view of distributed

neuroimaging findings. This method gives the unique oppor-
tunity to draw statistical inference on the convergence of
previous neuroimaging findings across different methods in a
quantitativeway. Specifically, CBMA tests “where” in the brain
the convergence between reported coordinates is higher than
expected by chance (Eickhoff & Bzdok, 2013; Eickhoff, Bzdok,
Laird, Kurth, & Fox, 2012; Laird, Eickhoff, Kurth, et al., 2009;
Turkeltaub, Eden, Jones, & Zeffiro, 2002). Here, we applied an
ALE meta-analysis on reported functional resting-state data
derived from comparison between patients with PD and
healthy controls to provide an assessment of convergent

functional disturbance across published rs-fMRI studies in PD.

2. Methods

2.1. Data source and study selection

Based on the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) statement (Moher,
Liberati, Tetzlaff, Altman, & Group, 2009), we conducted
our search on PubMed database in October 2015 and by
reference tracing of the retrieved articles. Our search strings
were: (Parkinson's disease OR Parkinson disease) AND
(resting state fMRI OR FC in resting state functional mag-
netic resonance), which resulted in 107 studies. Three
additional studies were included through review papers and

reference tracing (Fig. 1, Table 1). We included English peer-
reviewed papers that used resting-state fMRI to compare a
sample of PD patients with healthy controls. Furthermore,
case-reports, letters to editors, meta-analysis, or review
studies that report no original data, studies that did not
report whole-brain analysis, methodological papers, studies
which did not report standard space coordinates, interven-
tion studies, studies, which focused only on a group of PD
patients, and studies with a sample size of 7 or less subjects
in each group were excluded.

2.2. Data extraction

Data was extracted by two independent investigators (M.T
and F.S). Recorded data includes the first author's name, year
of publication, age, gender, number of subjects, the analysis
approach (ALFF, ICA, ReHo, graph-theory), and the peak co-
ordinates (x,y,z) in Talairach (Talairach & Tournoux, 1988) or
Montreal Neurological Institute (MNI) (Evans et al., 1993) ste-
reotactic space. Coordinates reported in Talairach space were
transformed into MNI space for analysis (Lancaster et al.,

2007). The extracted stereotactic coordinates were used for
conducting the ALEmeta-analysis. If a study did not report the
coordinates of activation maxima explicitly, we contacted the
authors. One should note that here, “study” reflects an indi-
vidual scientific paper and “experiment” represents a single
analysis or contrast of interest in a given study yielding
localization information (i.e., PD > Controls or PD < Controls).
We also excluded studies that analyzed a previously pub-
lished dataset.

Although during the last decade, studies using seed-based
FC analysis expanded our current understanding regarding
the neural basis of PD, we excluded them to avoid biased

findings. In ALE approach, significant convergent voxels
across all experiments, which are above the random distri-
bution across the whole brain are detected. However,
including seed-based FC analyses refract the assumption that
each voxel has the a priori same chance of being activated and
therefore leads to inflated significance for the respective re-
gions. Thus, to avoid such bias and self-fulfilling prophecies, it
is proposed to only include results of whole-brain analyses in
neuroimaging meta-analyses (Eickhoff, Laird, Fox, Lancaster,
& Fox, 2017; Muller et al., 2016).

2.3. ALE

We used the revised version of ALE (Eickhoff et al., 2012) as
implemented in MATLAB to conduct the statistical analysis
(Eickhoff et al., 2012; Eickhoff et al., 2009; Turkeltaub et al.,
2012). ALE tests the significant convergence between activa-
tion foci from different experiments (e.g., PD > controls,
PD < controls) relative to a null-hypothesis of random spatial

association. In the first step, the ALE algorithm models the
reported foci as center peaks of 3D Gaussian probability dis-
tributions, which reflect the spatial uncertainty associated
witheach focus. Theuncertainty arises from “between-subject
variations” e.g., different neuroanatomy and small sample
sizes and “between-laboratory variance” e.g., different brain
templates and normalization strategies. The number of par-
ticipants in the smaller group of each experiment determines
thewidthof the spatial uncertainty of any focus (Eickhoff et al.,
2009; Turkeltaub et al., 2002). In the secondstep, theprobability
distributions of all activation foci in a particular experiment

are combined for each voxel, which creates a modeled acti-
vation (MA) map for that particular experiment (Turkeltaub
et al., 2012). The final ALE map was then computed as the
union of these MA maps and described the convergence of
findings across all experiments. Subsequently, in the third
step, an analytical approach based on non-linear histogram
integration is performed to test against the null hypothesis of
random spatial association. Our statistical threshold for
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significance was p < .05 cluster level family-wise error (cFWE)
corrected (Eickhoff & Bzdok, 2013; Eickhoff et al., 2017). More-
over, in order to identify convergent regional versus long-
distance functional alterations, we performed supplemen-
tary analyses across different rs-fMRI approaches.

2.4. Task-based FC: meta-analytic connectivity modeling

Using the regions identified in the above ALEmeta-analysis as
seeds, we then performed meta-analytic co-activation
modeling (MACM) in order to delineate brain areas, which are
significantly co-activated with these. The MACM approach
determines brain regions that co-activate with a seed region
across numerous neuroimaging experiments at a level above
chance (Eickhoff et al., 2011; Robinson, Laird, Glahn, Lovallo,&
Fox, 2010). We used the BrainMap database that includes co-
ordinates of reported activation foci as well as the associated
meta-data of more than 10,000 neuroimaging experiments
(Laird et al., 2011; Laird, Eickhoff, Kurth, et al., 2009; Turner &

Laird, 2012). In detail, we identified all experiments in the
BrainMap database, which show activation in at least one
voxel of the seed regions. Subsequently, we conducted
quantitative meta-analysis to test for convergence across the
foci reported in the experiments. Significant convergence of
reported foci in the seeds and other brain areas represents

consistent co-activation of other voxels with our seeds. In
general, MACM thus yields functional interactions of cortical
modules based on their whole-brain co-activation patterns
(Eickhoff et al., 2011; Laird et al., 2013).

2.5. Task-independent FC: resting-state

In addition to the MACM analysis, we also conducted whole-

brain resting-state FC analysis, again using the regions
determined in our ALE meta-analysis as seeds, in order to
identify task-independent patterns of functionally connected
brain regions.We used rs-fMRI data of 124 healthy individuals
(40 males and 84 females, age, 46.56 ± 17.56 years). This data
was collected by the Nathan Kline Institute (‘Rockland’ sam-
ple’; Nooner et al., 2012) and shared as part of the “Interna-
tional Neuroimaging Data sharing Initiative” (INDI, http://
fcon_1000.projects.nitrc.org/indi/pro/nki.html).

Images were obtained on a Siemens TrioTim 3T scanner
using BOLD contrast [gradient-echo echo planar imaging (EPI)

pulse sequence, repetition time (TR) ¼ 2.5 sec, echo time
(TE) ¼ 30 msec, flip angle ¼ 80", in-plane
resolution ¼ 3.0 # 3.0 mm, 38 axial slices (3.0 mm thickness),
covering the entire brain]. After removing the first four scans,
we used SPM8 (www.fil.ion.ucl.ac.uk/spm) for preprocessing
and analysis of images. We applied head motion correction,
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spatial normalized to the MNI single subject template using

the ‘unified segmentation’ approach, and smoothing by a 5-
mm FWHM Gaussian kernel. Subsequently, the six motion
parameters derived from the image realignment, the first de-
rivative of the realignment parameters, the averaged white
matter, and CSF signal were considered as nuisance variables
in both first-order and second-order models. Afterwards, we
applied a low-frequency band-pass filter (.01 and .08 Hz).

In the next step, time courses for all voxels of a given seed
were extracted and then we calculated Pearson correlation
coefficients between the averaged time course of each seed
and that of all other voxels in the brain to calculate FC. The

resulting voxel-wise correlation coefficients were trans-
formed into Fisher's Z-scores and tested for consistency
across subjects. Results were corrected for multiple compari-
sons using cFWE-correction at p < .05 as described previously
(Goodkind et al., 2015).

2.6. Behavioral decoding

In order to assess the behavioral roles of the seed regions

determined in our ALE meta-analysis, we performed behav-
ioral decoding using the BrainMap database. Behavioral do-
mains of this database includemajor categories i.e., cognition,
action, perception, emotion, and interoception, and their
related sub-categories (Fox, Laird, et al., 2005; Fox, Snyder, et al.,
2005) (see http://www.brainmap.org/scribe). In detail, the
behavioral profile was identified by detecting the taxonomic
labels forwhich the probability of finding activation in the seed
regions identified in the main ALE analysis was significantly
higher than by chance across the whole BrainMap database
(Laird, Eickhoff, Kurth, et al., 2009; Laird, Eickhoff, Li, et al., 2009;

Rottschy, Caspers, et al., 2013). Significant level was set as
p< .05using a binomial test (Caspers et al., 2014;Muller, Cieslik,
Laird, Fox, & Eickhoff, 2013; Rottschy, Caspers, et al., 2013).

3. Results

Twenty-eight publications that recruited 701 unique subjects
were included (Amboni et al., 2014; Baggio et al., 2014; Borroni
et al., 2015; Chen et al., 2015; Choe, Yeo, Chung, Kim, & Lim,
2013; Esposito et al., 2013; Gorges et al., 2015; Gottlich et al.,
2013; Hou, Wu, Hallett, Chan, & Wu, 2014; Hu et al., 2015;
Kwak et al., 2012; Luo et al., 2014; Madhyastha et al., 2015;
Onu, Badea, Roceanu, Tivarus, & Bajenaru, 2015; Sheng et al.,
2014; Skidmore et al., 2013; Szewczyk-Krolikowski et al.,
2014; Tan et al., 2015; Tessitore et al., 2012; Tinaz, Lauro,

Hallett, & Horovitz, 2015; Wei et al., 2014; Wen, Wu, Liu, Li, &
Yao, 2013; Wu et al., 2009, 2015; Yang et al., 2013; Yao et al.,
2014; Zhang et al., 2013, 2015) (Table 1, Fig. 1).

Here,we tested forsignificant convergenceacross thers-fMRI
findings, pooling across different rs-fMRI analyses in order to
provide a global assessment of aberrant functional patterns in
PD patients. These publications collectively reported results
from 63 experiments of which 20 experiments were reported as
“PD-OFF < Controls” contrasts, 18 experiments as “PD-
OFF>Controls” contrasts, 14 experimentsas “PD-ON<Controls”
contrasts, 11 experiments as the “PD-ON > Controls” contrasts,
and 10 experiments as the “PD-ON<>PD-OFF”.27
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3.1. Convergence of rs-fMRI findings in PD

Testing for significant convergence across all rs-fMRI experi-
ments comparing PD patients to healthy controls yielded a
significant cluster in the posterior part of right inferior parietal
lobule (IPL) (p < .05 cFWE, 136 voxels) (Fig. 2A). The cluster of
convergence in the right IPL wasmainly (64.5%) driven by “PD-
OFF > Controls” experiments with additional 32.5% from “PD-
ON < Controls” contrasts. Importantly, therewas a substantial
contribution from different methodologies, as ALFF studies

contributed 18%, ReHo 46.5% and ICA 35.5%. Eleven experi-
ments from six studies contributed to this finding (Amboni
et al., 2014; Gorges et al., 2015; Onu et al., 2015; Tessitore
et al., 2012; Wen et al., 2013; Zhang et al., 2015), one of them
focused on PD patients with and without depression (Wen
et al., 2013) and two of them compared normal and cogni-
tively impaired PD patients (Amboni et al., 2014; Gorges et al.,
2015). The identified cluster in the posterior part of right IPL
(local maximum: 48/$62/34 in MNI space) was anatomically
allocated using the SPM Anatomy Toolbox (Eickhoff et al.,
2005) to PGp (a caudal area of IPL) (50.1%) and PGa (a rostral
area of IPL) (27.8%) defined by histological criteria (Caspers

et al., 2008; Caspers et al., 2006) (Fig. 2A).
Further analyses demonstrated that PD patients showed a

consistent functional increase in two regions compared to
healthy controls: (i) the posterior part of right IPL (local
maximum: 48/$62/36 in MNI space, 107 voxels) allocated to
PGa (40.1%) and PGp (30.6%). Here ALFF studies contributed
25.5%, ReHo 72.5% and ICA 2%. The cluster of convergence in
the right IPL was mainly driven by contribution from “PD-
OFF > Controls” (98%) and six experiments from three studies

(Gorges et al., 2015; Wen et al., 2013; Zhang et al., 2015), while

two of them focused on non-motor symptoms of PD (Gorges
et al., 2015; Wen et al., 2013); (ii) the posterior part of left IPL.
This cluster was located in areas PGa (66.7%), PFm (6.3%), and
PGp (5%) (local maximum: $42/$66/42 in MNI space, 173
voxels). The convergence cluster in the left IPL was mainly
(78%) driven by “PD-OFF > Controls” contrasts with additional
contribution (22%) from “PD-ON > Controls” contrasts and
eight experiments from six studies (Choe et al., 2013; Gorges
et al., 2015; Hu et al., 2015; Wen et al., 2013; Yang et al., 2013;
Zhang et al., 2015), while two of them focused on non-motor
symptoms of PD (Gorges et al., 2015; Wen et al., 2013). Here
ALFF studies contributed 9.5%, ReHo 74.5% and ICA 16%
(Fig. 2B).

In order to evaluate the effects of medications, supple-
mentary analyses targeting convergence among different
medication states were performed. The analysis of “PD-
OFF < Controls” yielded no significant findings. In turn, for the
“PD-OFF > Controls” condition, we found increased functional
parameters in three regions: (i) the right supramarginal gyrus/
temporoparietal junction (TPJ) (local maximum: 62/$34/32 in
MNI space, 84 voxels, cf. Bzdok, Langner, Schilbach, Jakobs,
et al., 2013; Krall, et al., 2015). Of the cluster's volume 72.3%

was located in area PF, 22.2% in area PFcm, and 3.3% in area
PFt (Caspers et al., 2008; Caspers et al., 2006). ALFF studies
contributed 26%, ReHo 49% and ICA 25% to this cluster from
four studies (Onu et al., 2015; Wu et al., 2015; Yang et al., 2013;
Zhang et al., 2015); (ii) The posterior part of right IPL (local
maximum: 48/$62/36 in MNI space, 128 voxels). Cluster
maxima were located in areas PGa (39.3%) and PGp (31.5%).
ALFF studies contributed 26.5% and ReHo 73.5%,while ICA and

Fig. 2 e A) Convergence of aberrant (green) and B) convergence of increased (red) resting-state fMRI findings in patients with
Parkinson's disease compared to healthy controls in bilateral parietal lobule. C) Convergence of increased (red) resting-state
fMRI findings in patients with Parkinson's disease in the OFF-state compared to healthy controls in the right supramarginal
gyrus and bilateral parietal lobule; D) Convergence of reduced (blue) resting-state fMRI findings in patients with Parkinson's
disease in the ON-state compared to healthy controls in the right parietal lobule. All activations are significant at p < .05
corrected for multiple comparisons using the family-wise error rate in cluster level (cFWE).
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graph-theoretical experiments did not contribute to the clus-

ter from two studies (Wen et al., 2013; Zhang et al., 2015); (iii)
The posterior part of left IPL extending into area PGa (56.1%)
and area PGp (7.8%) (local maximum: $40/$68/42 in MNI
space, 139 voxels). Here ALFF studies contributed 17.5%, ReHo
82.5 from three studies (Choe et al., 2013; Wen et al., 2013;
Zhang et al., 2015) (Fig. 2C). Only one study that contributed
for the “PD-OFF > Controls” condition assessed the non-motor
symptoms of PD (Wen et al., 2013).

In the “PD-ON < Controls” contrast, we found significant
convergence in the posterior part of right IPL (local maximum:
46/$64/26 inMNI space 112 voxels). This cluster was located in

areas PGp (52.5%) and PGa (4.6%) (Fig. 2D) and completely
driven by three ICA studies (Amboni et al., 2014; Gorges et al.,
2015; Tessitore et al., 2012), from which two studies assessed
cognitive impairment in PD patients (Amboni et al., 2014;
Gorges et al., 2015). In turn there was no significant conver-
gence across the “PD-ON > Controls” contrasts. Due to the low
number of available experiments in the “PD-OFF” versus “PD-
ON” contrasts, no reliable meta-analyses could be conducted
with these contrasts.

Supplementary analyses assessing converging results from
regional (i.e., ALFF and ReHo) versus long distance connec-

tivity (i.e., ICA and Graph) confirmed the key findings. Yuan
and colleagues demonstrated that ALFF and ReHo are posi-
tively correlated, which suggests that increased spontaneous
neuronal activity in the neighboring voxels is associated with
higher amplitude fluctuations of the rs-fMRI signal (Yuan
et al., 2013). While combing the ALFF and ReHo studies, the
“PD > Controls” contrast showed the left IPL (local maximum:
$40/$68/42 in MNI space, 157 voxels), the right IPL (local
maximum: 48/$62/36 in MNI space 123 voxels), and the left
middle temporal gyrus (local maximum: $58/$24/$11 in MNI
space 104 voxels). On the other hand, the “PD < Controls”
contrast showed the cerebellar vermis (local maximum: $2/
$56/$4 in MNI space, 99 voxels) (Supplement Fig. 1A). The
three studies using graph approach performed their analyses
on a voxel-wise whole-brain approach and calculated
strength, degree, betweenness centrality, clustering coeffi-
cient and local efficiency as the measurements of FC, func-
tional integration and segregation. Hence, strength or degree
is expected to be correlated with connectivity as measured in
the ICA approach. Thus, we combined graph and ICA studies
and found significant convergent area in the right IPL (local
maximum: 48/$63/26 in MNI space 118 voxels) in the
“PD < Controls” contrast (Supplement Fig. 1B). There was no

significant finding in the “PD > Controls” contrast. All of these
findings were based on p < .05 cFWE. We also performed ALE
analyses for each individual rs-fMRI method, but there were
not enough data to provide significant results. In summary,
the performed series of quantitativemeta-analyses on rs-fMRI
findings in PD patients revealed consistent evidence of
abnormal regions mainly in the posterior part of IPL.

3.2. Task-based FC patterns

In order to map brain regions that feature significant co-
activation with the seed regions identified by the ALE meta-
analysis, we performed a MACM analysis. This analysis indi-
cated significant (p < .05 cFWE corrected) co-activation of our

seedswith several regions. The posterior part of right IPL,which

showed convergence across all experiments comparing all PD
patients to healthy controls showed significant FC with the
posterior part of left IPL (PGa, PGp, Pfm), IPS, TPJ (Bzdok, Langner,
Schilbach, Jakobs, et al., 2013; Caspers et al., 2006, 2008; Krall
et al., 2015; Rottschy, Caspers, et al., 2013), precuneus and pos-
terior cingulate cortex (PCC) (Bzdok et al., 2015), mid-cingulate
cortex (Hoffstaedter et al., 2014), middle and superior frontal
gyrus, and orbitofrontal gyrus (Bzdok, Langner, Schilbach,
Engemann, et al., 2013; Rottschy, Caspers, et al., 2013) (Fig. 3A).

The regions showing convergence in “PD > Controls” (i.e.,
the posterior part of right and left IPL) featured significant

task-based co-activations with the bilateral IPL (PGa, PGp,
Pfm), supramarginal gyrus/TPJ, precuneus and posterior
cingulate cortex (PCC), mid-cingulate cortex, middle and su-
perior frontal gyri, orbitofrontal gyrus, posterior-medial
frontal cortex (Bzdok et al., 2015; Nachev, Kennard, &

Husain, 2008), precentral (Eickhoff et al., 2006), left middle
temporal gyrus (Krall et al., 2015), left insula (Kurth, Zilles, Fox,
Laird, & Eickhoff, 2010), left amygdala and hippocampus
(Robinson et al., 2010, 2015) (Fig. 3B).

Regions showing convergence in “PD-OFF > Controls” con-
dition demonstrated significant connectivity with several

other areas. (i) the right supramarginal gyrus connected to
bilateral IPL (Pfcm, PFt), posterior-medial frontal cortex, bilat-
eral insula, bilateral inferior frontal gyrus (IFG) (Amunts et al.,
1999; Costafreda et al., 2006), bilateral thalamus (Behrens et al.,
2003), and precentral gyrus; (i) the right IPL connected to the
left IPL (PGa, PGp, Pfm), mid-cingulate cortex, and precuneus;
(iii) the left IPL connected to right IPL (PGa, PGp), left insula, left
IFG, and posterior-medial frontal cortex (Fig. 3C).

Theposteriorpartof right IPL,whichshowedconvergent “PD-
ON < Controls” revealed significant connectivity with left IPL
(PGa, PGp, Pfm), mid-cingulate cortex, and precuneus (Fig. 3D).

3.3. Task-independent FC patterns

Here, we identified patterns of task-independent (resting-
state) FC patterns across the whole brain for each of the
consistent seed regions determined in our ALE meta-analysis.
The findings demonstrated that the posterior part of right IPL
significantly connected with the left IPL, bilateral middle and
superior frontal gyri, mid-cingulate cortex, precuneus, middle

and inferior temporal gyri, cerebellum, hippocampus, IFG,
orbitofrontal cortex, and caudate nucleus. Moreover, the left
IPL had similar FC patterns (Fig. 4A and B).

Among areas, which showed common higher FC in PD
patients in the OFF-state compared to healthy controls, the
right supramarginal gyrus connected to bilateral IPL (Pfcm,
PFt), bilateral middle and superior frontal gyri, mid-cingulate
cortex, insula, thalamus, middle occipital gyrus, middle and
inferior temporal gyri, cerebellum, parahippocampus and IFG.
In addition, the right IPL and the left IPL connected to
contralateral IPL, bilateral middle and superior frontal gyri,

mid-cingulate cortex, precuneus, middle and inferior tempo-
ral gyri, cerebellum, hippocampus, IFG, orbitofrontal cortex,
and caudate nucleus (Fig. 4C). A similar FC pattern was
observed for the posterior part of right IPL as a convergent
lower FC in PD patients in the ON-state compared to healthy
subjects (Fig. 4D).
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3.4. Convergent findings between task-based and task-
independent FC

Conjunction analyses across the MACMs and resting-state FC
maps were computed to delineate the consensus connectivity
(cf Amft et al., 2015; Clos, Rottschy, Laird, Fox, & Eickhoff,

2014). of the seeds. In detail, the posterior part of right IPL
connected to the posterior part of left IPL, bilateral middle and

superior frontal gyri, mid-cingulate cortex, precuneus, and
orbitofrontal cortex. The left IPL connected to the right IPL,
bilateral middle and superior frontal gyri, precental gyrus,
posterior-medial frontal cortex, mid-cingulate cortex,

Fig. 4 e The results of resting-state functional connectivity in healthy participants' data set. Task-independent connectivity
pattern of the seed based on ALE findings. All activations are significant at p < .05 corrected for multiple comparisons using
the family-wise error rate in cluster level (cFWE).

Fig. 3 e The results of meta-analytic connectivity modeling analysis in BrainMap data set. Task-based connectivity pattern
of the seed based on ALE findings. All activations are significant at p < .05 corrected for multiple comparisons using the
family-wise error rate in cluster level (cFWE).
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precuneus, PCC, insula, hippocampus and orbitofrontal cor-

tex. The right supramarginal gyrus showed consistent FCwith
bilateral IPL, insula, IFG, middle and superior frontal gyri and
thalamus (Fig. 5).

3.5. Behavioral decoding

In order to assess the functional roles of our seed regions,
which represent the consistent evidence for PD-related
intrinsic aberrations, we performed behavioral decoding

using the BrainMap database. In detail, we tested which types
of tasks were more likely to activate the regions identified in
the ALE analysis than by chance. We found significant asso-
ciations (p < .05, corrected for multiple comparisons) of the
posterior part of right IPL with perception (vision) and for the
posterior part of left IPL with cognition, reasoning, explicit
memory; the supramarginal gyrus showed significant associ-
ation with perception (somesthesis), action and executive
functions.

4. Discussion

Rs-fMRI has been widely applied in order to understand the
functional architecture of the human brain by means of
spontaneous neural activity while being at rest (Cole, Smith,&

Beckmann, 2010). Unlike task-based fMRI it is relatively un-
influenced by compliance or task performance and thus has
become increasingly popular to investigate clinical pop-
ulations including PD. The currently available rs-fMRI imaging
studies, however, often point to diverse and conflicting find-
ings. In this study, we applied the ALE meta-analysis method
to gain a better understanding of core features of intrinsic

alteration in patients with PD across the literature. We inte-

grated findings from 28 rs-fMRI studies and found convergent
aberrations in PD patients predominantly in the IPL. That is,
rather than, e.g., the striatum, the posterior IPL, a relatively
neglected area in the PD neurocircuitry fingerprint, showed
the most consistent disturbances in resting-state fMRI (Fig. 2).
In particular, these findings were mainly driven by (i)
increased functional parameters in PD patients deprived of
their dopamine replacement therapy (OFF-state) in the left
and right inferior parietal lobe as well as the right supra-
marginal gyrus, and (ii) decreased functional parameters in PD
patients on dopamine replacement therapy (ON-state) in the

right inferior parietal lobe. These findings highlighted the role
of bilateral IPL and the supramarginal gyrus as the important
nodes in PD and further suggested the intrinsic dysfunctional
patterns of these regions as an early imaging biomarker of PD.

We then used the bilateral IPL and right supramarginal
gyrus regions identified by the meta-analysis, as seed regions
for MACM- and resting-state FC analysis in order to identify
the networks related to these. Conjunction analyses between
MACM and resting-state FC highlighted coupling between
seeds and several areas not only in the IPL but in particular
also in the middle and superior frontal gyri, posterior-medial

frontal cortex, mid-cingulate cortex, orbitofrontal cortex,
precentral, precuneus, PCC, insula, hippocampus and thal-
amus (Fig. 5). Behavioral characterization of the seeds using
the BrainMap database suggested associated dysfunction of
perception and executive functions.

4.1. The role of the parietal cortex in PD

Our ALE meta-analysis indicated that PD patients display

altered intrinsic functional patterns, converging in bilateral

Fig. 5 e Conjunction analysis demonstrated regions significantly co-activated with seeds in task-based and task-
independent data sets.
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IPL compared to healthy controls. Numerous human and an-

imal studies have identified the parietal lobe as an “associa-
tion cortex” implicated in a variety of functions encompassing
not only higher motor control but among others also atten-
tional processes, spatial representation, (eye) movements and
working memory (for review see: Culham & Kanwisher, 2001).
The heterogeneous nature of inferior parietal lobe functions is
further demonstrated by patients suffering from damage in
this region: They experience a range of impairments including
attentional deficits such as spatial neglect (Karnath & Rorden,
2012), autobiographical memory impairments (Berryhill,
Phuong, Picasso, Cabeza, & Olson, 2007), contractual apraxia

as well as visual mislocalization and visual disorientation
(Andersen, 2011).

The IPL has been thought to operate as a sensorimotor
interface important for guidance of movement via sensory
feedback (Mattingley, Husain, Rorden, Kennard, & Driver,
1998). The integration of sensory feedback, particularly vi-
sual and proprioceptive input (Sober & Sabes, 2005), into
planning and control of movements is essential in order to
ensure the correct execution of a motor program (Abbruzzese
& Berardelli, 2003). It has been suggested that the basal ganglia
are responsible for gating sensory inputs from somatosensory

cortices towards motor areas and that this gating function
plays an important role for appropriate motor execution (Kaji,
Urushihara, Murase, Shimazu, & Goto, 2005). In PD patients
however, basal ganglia function is deprived, which in turn
may lead to alterations in the sensorimotor system (Stoessl,
Martin, McKeown, & Sossi, 2011). Although not a very promi-
nent feature of PD per se, somatosensory abnormalities in
patients have been observed in experimental settings [for a
review see (Machado et al., 2010)]. In comparison with healthy
controls, PD patients perform worse on tests of propriocep-
tion, e.g., during two-point discrimination (Schneider,

Diamond, & Markham, 1987). Moreover, they show impair-
ments in joint-position sense (Zia, Cody, & O'Boyle, 2002) and
have difficulties to perform accurate movements when
deprived of visual input of the moving limb (Klockgether &

Dichgans, 1994) suggesting the notion that PD patients rely
more on visual (as supposed to somatosensory) feedback
whilemoving. Another ALEmeta-analysis aimed to determine
a common neural substrate for motor control deficits in PD
(Herz et al., 2014) supports this idea. This work incorporated
studies in which PD patients were asked to execute externally
triggeredmovements during task fMRI or H2O-PET. The results
also indicated increased activation of the parietal lobe in PD

patients in the OFF-state. Based on this finding, it was sug-
gested that PD patients rely more on external cues during
executingmovements whichmay lead to increased activation
of the IPL implying a compensatory role of this area during the
production of motor output (Herz et al., 2014). Strikingly, even
in an at-risk group for PD, namely asymptomatic individuals
holding a mutation in the Parkin gene, sensorimotor integra-
tion impairments were observed underlining the early onset
of possible IPL alterations in PD (Baumer et al., 2007). Thus,
one might argue that increasing intrinsic activity in areas
important for sensorimotor integration such as the IPL might

be a strategy in order to compensate for disturbed processing
of somatosensory input via the basal ganglia towards motor
cortices.

In support of this view, it has recently been suggested that

lack of dopamine in PD might lead to abnormal synchroniza-
tion of oscillatory neural activity in the basal ganglia resulting
in less efficient information processing (Brittain & Brown,
2014). PD patients deprived of their dopaminergic medica-
tion might therefore experience a processing deficit in highly
dopamine-dependent regions. This might be overcome by
increased activation or connectivity in other, less affected
regions (Gorges et al., 2013; Sharman et al., 2013). Indeed, the
observed intrinsic functional imbalance of the IPL seems
evident in early states of the disease. Strikingly, a study on
leucine-rich repeat kinase 2 (LRRK2) mutation carriers, a

population with an elevated risk of developing PD, demon-
strated that FC between the IPL and the putamenwas aberrant
from healthy controls (Helmich et al., 2015). Whereas healthy
individuals display a strong FC between the IPL and the dor-
soposterior part of the putamen (as supposed to the ven-
troanterior section), this relationship was reversed in
presymptomatic mutation carriers. Since the posterior part of
the putamen suffers a greater dopaminergic lack, this sug-
gests that the connectivity shift from posterior to anterior is a
compensatory process in order to counter a possible pro-
cessing deficit. Interestingly, the strength of this shift

increasedwith age in themutation carriers but not in the non-
carriers, pointing to a further progression of the compensa-
tory mechanism (Helmich et al., 2015). The same connectivity
shift could be observed in PD patients, where it was stronger
on the less affected side, again suggesting a compensatory
mechanism (Helmich et al., 2010). These findings imply, that
after an initial break down of efficient processing in the basal
ganglia due to a lack of dopamine, the deficit is countered by
increased connectivity in other brain regions. One might
speculate that the IPL hyperconnectivity will continue to in-
crease while transitioning from a pre-symptomatic stage to

manifest PD (Helmich et al., 2010, 2015). In manifest PD, the
compensatory mechanism will work best where dopamine
levels are still high until the system is worn out and will start
to break down in later disease stages (Helmich et al., 2010).

In addition, a study in parkinsonian primates has shown
that dopamine depletionmay lead to an increasing functional
overlap and cross-talk of previously segregated cortico-
striatal loops (Bergman et al., 1998). This loss of segregation
might lead to attentional problems and impaired action se-
lection when more than one task has to be performed. In
support of this it was shown that PD patients seem impaired
while performing dual-task paradigms comprising a motor

and a cognitive challenge (Vervoort et al., 2016). In this study,
the performance of a simple gait task was significantly
decreased in patients when an auditory version of the stroop-
task had to be completed at the same time. Better perfor-
mance, however, was positively correlated with increased FC
between the IPL and premotor as well as motor area M1. In
contrast, FC during rest was decreased between the IPL and
two sides of great dopaminergic deficit in PD, namely the
caudate nucleus and SNc. A similar connectivity shift (i.e.,
increased FC) from strongly dopamine-dependent to other
regions has also been observed when patients engaged in a

cognitively demanding workingmemory task (Muller-Oehring
et al., 2014). These finding again highlight its compensatory
nature. In accordance, our analysis revealed not only
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increased intrinsic function in OFF-state patients, but also

decreased intrinsic function after administration of dopami-
nergic medication. This finding is in line with a number of
studies examining the effect of dopaminergic medication on
connectivity patterns in PD. Aberrant FC in dopamine-
deprived regions and connected areas has frequently been
demonstrated and has been shown to be normalized with
dopaminergic medication (Agosta et al., 2014; Kwak et al.,
2010, 2012).

Recently, Wang and colleagues examined the functional
organization of the left IPL during rest and during various
tasks and demonstrated that the supramarginal gyrus is

involved in sensorimotor processing, movement imagination
and inhibitory control, audition perception and speech pro-
cessing, and social cognition, while the angular gyrus is
involved in episodic memory, semantic processing, and
spatial cognition (Wang et al., 2017). This finding supports the
important role of IPL in a number of functions, which are
known to be affected in PD.

Taken together, it is conceivable that alteration of IPL
intrinsic functional parameters as observed in our ALE meta-
analysis might be an attempt to compensate for inefficient
processing within the basal ganglia and that e together with a

major dopamine deficit within the striatume this might be
one of the early factors contributing to typical symptoms in
PD, specifically motor impairment.

4.2. Task-dependent and task-independent FC patterns

When using the bilateral IPL and the supramarginal gyrus as
seeds forMACMand resting-state analyses, the observed task-
dependent and task-independent FC patterns, respectively,

partially overlapped with the brain's largest intrinsic network,
the default mode network (DMN). The DMN encompasses
brain areas including the ventral and lateral medial prefrontal
cortex, lateral temporal cortex, hippocampal formation, pos-
terior cingulate/retrospinal cortex and the posterior part of IPL
(Buckner, Andrews-Hanna, & Schacter, 2008). Previously, it
has been reported that the posterior part of IPL, whichwas the
most consistent abnormal region based on our data is a part of
the DMN (Davey, Pujol,&Harrison, 2016; Mars et al., 2012). The
IPL is the most active in the resting brain or during visual
fixation when no specific task is performed, but de-activation

is observed when engaged in a cognitive task (Buckner et al.,
2008; Greicius, Krasnow, Reiss, & Menon, 2003). A recent ALE
meta-analysis examining the functions of the inferior parietal
lobe identified four functionally dissociable clusters within
this region (Bzdok, Reid, Laird, Fox, Eickhof, 2016). Interest-
ingly, one cluster, which was found to be associated with the
DMN, was located in PGa and PGp e the exact same regions to
show aberrant FC in PD patients in our analysis. The DMN has
been the focus of various tasked-based and rs-fMRI studies in
the OFF- and ON-states in PD patients (Amboni et al., 2014;
Baggio et al., 2014; Delaveau et al., 2010; Disbrow et al., 2014;

Gorges et al., 2013; Rektorova, Krajcovicova, Marecek, & Mikl,
2012; Tessitore et al., 2012; van Eimeren, Monchi, Ballanger,
& Strafella, 2009). It has been shown that lower activity in
the SNc was associated with decreased DMN activity and that
this was also associated with disease severity (Wu et al., 2012).
Amboni et al. (2014) found that the disruption occurred even

in absence of structural graymatter changes and that reduced

FC within the fronto-parietal network was characteristic for
PD patients withmild cognitive impairment. Moreover, others
found that the reduced activation of the DMN during rest was
not only a hallmark of PD per se, but also correlated with
decreased processing speed and increased switch time during
an executive task (Disbrow et al., 2014). However, the DMN in
PD does not only seem to be disrupted during resting condi-
tions. The typically observed “de-activation” occurring during
a cognitively demanding task, seems to be aberrant in PD as
well (Delaveau et al., 2010; van Eimeren et al., 2009). Delaveau
and colleagues have shown that PD patients in the OFF-state

are unable to successfully deactivate the DMN during a
facial emotion recognition task. The activation or rather “non-
deactivation” of the posterior DMN during task demands was
thought to be a consequence of dopamine depletion within
the putamen and thus was interpreted as being compensatory
in order to keep cognitive performance high. However, when
levodopa was administered the disrupted deactivation could
be normalized (Delaveau et al., 2010). Similarly, higher resting-
state FC has been interpreted as an inability to suppress the
DMN in turns resulting in the inability to switch to task-
related networks when a task is performed (Trujillo et al.,

2015). Whereas the overall connectivity throughout the brain
increases, connectivity within or between regions, implicated
in a certain task (e.g., during a working memory challenge),
may decrease. This imbalance might thus lead to an overall
decreased signal-to-noise ratio and consequently slightly
worse cognitive performance (Trujillo et al., 2015). A recent
neuroimaging meta-analysis based on 10 ReHo studies in PD
(in the OFF-state) found a convergent increased ReHo in the
DMN,mainly in bilateral IPL andmPFC. The authors suggested
that this observed increased ReHo reflects a compensatory
mechanism to retain patients' cognitive performance (Pan

et al., 2017).
Our MACMand resting-state FC analyses also revealed that

the supramarginal gyrus, a region showing convergent dif-
ferences in the “PD-OFF > Controls” contrasts, had significant
FC with several brain areas including the bilateral IPL, insula,
IFG, middle and superior frontal gyri, thalamus, and mid-
cingulate cortex. This finding might also be related to associ-
ated dysfunction in perception and executive functions in PD.
Previous studies have shown dysfunction of preSMA (Eckert,
Peschel, Heinze, & Rotte, 2006; MacDonald & Halliday, 2002),
mid-cingulate cortex (Hoffstaedter et al., 2014), prefrontal
cortex (Srovnalova, Marecek, & Rektorova, 2011; Tahmasian,
Rochhausen, et al., 2015), insula (Christopher, Koshimori,
Lang, Criaud, & Strafella, 2014), and thalamus (Halliday,
2009) in PD, which are responsible for motor and non-motor
symptoms of PD.

In general, our connectivity analyses demonstrated that
the observed convergent seeds are part of the joint networks,
which is an important finding to understand pathophysiology
of PD. In particular, the posterior part of IPL was connected
mainly with the DMN subregions. Disruption of the DMN been
shown to be related to non-motor symptoms and cognitive
decline in PD. Moreover, the supramarginal gyrus was con-

nected to several regions associated with perception and ex-
ecutive functions, which are also disrupted in PD. In addition,
behavioral characterization of these seed regions using the
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BrainMap database further highlighted associated dysfunc-

tion of perception and executive functions in PD.

4.3. Potential strength and limitations

A major advantage of our ALE meta-analysis approach is the
integration of a great number of subjects to establish
consensus on the locations of functional or structural dis-
ruptions in neuropsychiatric disorders across previously
published studies (Eickhoff& Bzdok, 2013; Eickhoff et al., 2012;

Tahmasian et al., 2016). Multiple comparisons correction of
neuroimaging findings is a critical step to ensure statistical
rigor of such studies. Recently, it has been revealed that the
routine statistical inferences in cluster levels of some neuro-
imaging studies might permeate the results and distend the
false-positive findings (Eklund, Nichols, & Knutsson, 2016). In
this study, we performed multiple-comparison correction
using the cluster-level FWE correction, which is recently
suggested to be used for ALE analyses in preference to false
discovery rate (FDR) to provide maximum statistical rigor
(Eickhoff et al., 2017).

The 63 experiments included in our meta-analysis are
different regarding to design, methodology, age and gender of
population. In addition, we did not focus on a certain sub-
group of PD patients but included patients ranging from a de-
novo state to manifest PD with high UPDRS-scores, tremor-
and gait-dominant patients as well as patients with and
without cognitive impairment. This meta-analysis approach
gives us the unique opportunity to focus on the commonality
between all those patients, rather than the differences be-
tween subgroups. However, one can apply ALE analysis in
particular subgroups of PD in future, when there are enough

available rs-fMRI data to do so. Of note, one should be aware of
the fact that our CBMA approach uses precise coordinates
(rather than general regional labels) as its input and these foci
are limited indicators of the location of a significant anatom-
ical difference (Wager, Lindquist, Nichols, Kober, & Van
Snellenberg, 2009). In this method, overlapping difference
clusters are usually found by averaging across various peak
coordinates, increasing the risk that with two or more rela-
tively nearby peak foci, ALE will find an average significant
cluster somewhere between these foci in a brain region that
was actually not reported in the source studies (Eickhoff &

Bzdok, 2013; Wager et al., 2009). In addition, it has been sug-
gested that image-based meta-analysis is preferred over
CBMA because CBMA provide less information from each
study (Salimi-Khorshidi, Smith, Keltner, Wager, & Nichols,
2009). However, the original data is often difficult to obtain
from individual studies compared to the reported peak co-
ordinates. Therefore, CBMA is still the standard ALE approach
to identify common regional abnormalities (Eickhoff & Bzdok,
2013).

It has to be mentioned that although the individual studies
mostly matched their groups for age or gender, we did not

control for such covariates across included studies due to
current methodological ALE limitations and low number of
included studies. Of note is that although a previous meta-
analysis in PD based on motor task fMRI studies found
increased activation of parietal cortex in PD patients in the
OFF medication compared to healthy controls, which is

similar to our results, we did not identify any effect within the

basal ganglia, themain side of dopamine depletion in PD (Herz
et al., 2014). Moreover, Herz and colleagues found significant
convergence of activation between PD-ON and PD-OFF con-
ditions in the right middle frontal gyrus and right putamen
among 10 task fMRI experiments (Herz et al., 2014). However,
although we previously suggested that dopamine replace-
ment therapy normalize the functional abnormalities in PD
(Tahmasian, Bettray, et al., 2015), there were not sufficient rs-
fMRI studies to provide significant results in the “PD-OFF”
versus “PD-ON” contrasts here.

In a recent PD meta-analysis, Pan and colleagues found a

convergent lower ReHo in the right putamen and right pre-
central gyrus using an uncorrected statistical threshold (Pan
et al., 2017). In our study, however, we did not observe any
significant consistent changes in basal ganglia using the
cluster-level FWE correction. Thismight be due to the fact that
rs-fMRI studies in PD used heterogeneous preprocessing and
analysis approaches (Tahmasian, Bettray, et al., 2015). More
specifically, most of the included studies applied graph ana-
lyses and ICAmethods, focusing on the DMN, as well as voxel-
wise regional approaches (ALFF, ReHo). In the present meta-
analysis, we also excluded all seed-based FC studies, the

majority of which seeded the basal ganglia, to avoid prior se-
lection bias. Furthermore, our findings might be dependent
upon the clinical heterogeneity of PD patients across studies
including hallucination, depression, and cognitive impair-
ment. One should note that ALFF and ReHo are measuring the
BOLD signal in a local manner, whereas FC is usually
described as inter-regional covariance. Thus, our findings
demonstrate both local and inter-regional functional alter-
ations in PD.

5. Conclusion

Using the ALE approach, we here demonstrated that across
the entire available rs-fMRI literature, PD patients display
abnormal intrinsic functional patterns converging in the

bilateral posterior IPL extending towards the TPJ. Notably,
whereas intrinsic functional patterns in OFF-state patients
were increased in these regions, it was decreased in medi-
cated patients. This pattern could indicate a compensatory
process countering inefficient processing within the basal
ganglia due to dopamine depletion. This view is in line with
previous reports showing alterations within the IPL in high-
risk populations even before the onset of overt symptoms.
MACM and resting-state FC analyses showed that the poste-
rior part of IPL and supramarignal gyrus are strongly con-
nected with a wide range of brain structures, partially

resembling the DMN. One might argue that altered intrinsic
functional patterns within the IPL may lead to further
disruption in functionally connected areas. This idea is sup-
ported by a number of studies in PD patients demonstrating
DMN disruptions during rest and the inefficient deactivation
of this network during task performance early in the course of
the disease even in absence of structural graymatter changes.
In summary, we revealed that PD patients display abnormal
intrinsic functional patterns in the posterior part of IPL in the
ON- and OFF-state and that this region is connected to other
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areas that have been shown to be disrupted in early stage

patients and even high-risk groups. Thus, it might be feasible
to use intrinsic functional patterns of the IPL as an early im-
aging biomarker of PD even before the onset of overt motor
symptoms.
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