r

Human Brain Mapping 00:00–00 (2015)

r

Functional Connectivity Differences
of the Subthalamic Nucleus Related
to Parkinson’s Disease
Christian Mathys,1 Julian Caspers,1,2* Robert Langner,2,3 Martin S€
udmeyer,3,4
2,5
2,6
Christian Grefkes, Kathrin Reetz, Alexia-Sabine Moldovan,3
Jochen Michely,2,5 Julia Heller,6 Claudia R. Eickhoff,2,7 Bernd Turowski,1
Alfons Schnitzler,3,4 Felix Hoffstaedter,2,3 and Simon B. Eickhoff2,3
1

Department of Diagnostic and Interventional Radiology, Medical Faculty, University
€sseldorf, Du
€sseldorf, Germany
Du
2
Institute of Neuroscience and Medicine (INM-1, INM-3, INM-4), Research Centre J€
ulich,
€lich, Germany
Ju
3
Institute of Clinical Neuroscience and Medical Psychology, Medical Faculty, University
D€
usseldorf, D€
usseldorf, Germany
4
Center for Movement Disorders and Neuromodulation, Department of Neurology, Medical
€sseldorf, Du
€sseldorf, Germany
Faculty, University Du
5
Department of Neurology, Neuromodulation & Neurorehabilitation Group, University of
Cologne, Cologne, Germany
6
Department of Neurology and JARA BRAIN, RWTH Aachen University, Aachen, Germany
7
Department of Psychiatry, Psychotherapy and Psychosomatics, RWTH Aachen University,
Aachen, Germany
r

r

Abstract: A typical feature of Parkinson’s disease (PD) is pathological activity in the subthalamic
nucleus (STN). Here, we tested whether in patients with PD under dopaminergic treatment functional
connectivity of the STN differs from healthy controls (HC) and whether some brain regions show
(anti-) correlations between functional connectivity with STN and motor symptoms. We used functional magnetic resonance imaging to investigate whole-brain resting-state functional connectivity with
STN in 54 patients with PD and 55 HC matched for age, gender, and within-scanner motion. Compared to HC, we found attenuated negative STN-coupling with Crus I of the right cerebellum and
with right ventromedial prefrontal regions in patients with PD. Furthermore, we observed enhanced
negative STN-coupling with bilateral intraparietal sulcus/superior parietal cortex, right sensorimotor,
right premotor, and left visual cortex compared to HC. Finally, we found a decline in positive STNcoupling with the left insula related to severity of motor symptoms and a decline of inter-hemispheric
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functional connectivity between left and right STN with progression of PD-related motor symptoms.
Motor symptom related uncoupling of the insula, a key region in the saliency network and for executive function, from the STN might be associated with well-known executive dysfunction in PD. Moreover, uncoupling between insula and STN might also induce an insufficient setting of thresholds for
the discrimination between relevant and irrelevant salient environmental stimuli, explaining observations of disturbed response control in PD. In sum, motor symptoms in PD are associated with a
reduced coupling between STN and a key region for executive function. Hum Brain Mapp 00:000–000,
C 2015 Wiley Periodicals, Inc.
V
2015.
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functional connectivity between the rostral supplementary
motor area (pre-SMA) and right M1 as well as decreased
functional connectivity between pre-SMA and left putamen [Wu et al., 2011]. A more recent study described
enhanced connectivity between SMA and putamen in
patients with PD [Yu et al., 2013]. However, only few
studies did explicitly focus on PD-related functional connectivity changes of the STN. A seed-based whole-brain
resting-state functional connectivity analysis of 31 patients
with PD reported increased functional connectivity of the
STN with sensorimotor cortex (S1/M1) and PMC during
the medication-OFF state compared to healthy controls
[Baudrexel et al., 2011]. Specifically, increased functional
connectivity with the hand area of S1/M1 was found in
the tremor subgroup of the same study, while non-tremor
patients displayed increased functional connectivity of
STN with midline cortical motor areas including the SMA.
A more recent study investigated functional connectivity
of a priori defined motor areas and confirmed increased
functional connectivity of STN with S1/M1 also for de
novo (drug-naive) PD patients compared to healthy controls, suggesting that these changes occur early in the
course of the disease and independent from previous
dopaminergic treatment [Kurani et al., 2015]. Here, STNS1/M1 functional connectivity values correlated positively
with the Unified Parkinson’s Disease Rating Scale part III
(UPDRS-III; [Movement Disorder Society Task Force on
Rating Scales for Parkinson’s, 2003]), indicating a relevance
of this connection for motor impairment.
In summary, functional connectivity between STN and
S1/M1 seems to be increased in patients with PD during
the medication-OFF state. It remains unclear, however, if
the same is true in patients receiving dopaminergic medication, since there has been no study yet that focused on
resting-state functional connectivity of the STN in the
medication-ON state using BOLD-signal time-series.
Although dopaminergic treatment was shown to attenuate
pathological STN activity, residual pathological activity
has been described even in the medication-ON state of
patients with PD [Lopez-Azcarate et al., 2010]. Moreover,
the aforementioned studies on functional connectivity with
STN focused on positively correlated brain regions. This
contrasts with the notion that the organization of different

INTRODUCTION
A hallmark of patients suffering from Parkinson’s disease (PD) are altered electrophysiological properties of the
subthalamic nucleus (STN) due to attenuated inhibitory
influences from degenerated neurons in the substancia
nigra [Kuhn et al., 2009]. As a consequence, the STN is the
target of current therapeutic approaches using deep brain
stimulation (DBS) to suppress pathological STN activity in
patients with PD. As this electrical turn-off of the STN
was shown to be highly effective to ameliorate motor
symptoms of PD [Rizzone et al., 2014; Volkmann, 2007],
there is little doubt about the pathophysiological relevance
of pathological STN activity in PD.
In the healthy brain, the STN stimulates the internal segment of the globus pallidus, leading to increased inhibition
of the ventrolateral thalamus and thus increased motor inhibition (referred to as indirect pathway). This pathway is
described as being complementary to the influence of putamen and caudate nucleus on internal globus pallidus and
ventrolateral thalamus, inducing motor facilitation (direct
pathway). Both STN and putamen as well as caudate nucleus
receive excitatory input via the hyperdirect pathway originating from primary somatosensory cortex (S1), primary motor
cortex (M1), and premotor cortical (PMC) areas [Weintraub
and Zaghloul, 2013]. Key functions of the STN, with respect
to motor function, include control of response thresholds
[Mansfield et al., 2011], stopping of ongoing motor activity
[Aron et al., 2007], and response inhibition during conflict
[Brittain et al., 2012; Frank et al., 2007]. The hyperdirect pathway is thought to provide the sensorimotor cortex with
monosynaptic control over response thresholds and other
behavioral STN functions [Castrioto et al., 2014; Frank, 2006;
Nambu et al., 2002]. Notably, however, the STN is not only
involved in motor control but has also been implicated in
cognitive and affective processing [Hamani et al., 2004; Haynes and Haber, 2013; Temel et al., 2005]. Given the rich
structural connectivity of the STN, the question arises
whether also functional connectivity is changed in patients
with PD and -if so- how abnormal connectivity relates to
clinical parameters.
Differences in resting-state networks in patients with PD
have already been demonstrated and include increased
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TABLE I. Characteristics of the sample
Contribution site
HHU, University
Hospital D€
usseldorf,
Germany
RWTH, University
Hospital Aachen,
Germany
University of Cologne,
University Hospital
Cologne, Germany
Overall

Group

n (UPDRS
available)

Mean age
(Range)

Controls
Patients

16 (2)
19 (11)

Controls
Patients

P (t-test)

Sex: Male (%)

P (v2-test)

54.1 (27–81)
57.8 (39–72)

0.371

31.3
42.1

0.508

28 (2)
26 (26)

63.4 (55–72)
64.9 (39–81)

0.464

60.7
73.1

0.336

Controls
Patients

11 (2)
9 (9)

63.2 (53–74)
62.9 (50–73)

0.933

100
100

N/A

Controls
Patients

55 (2)
54 (46)

60.7 (27–81)
62.1 (39–81)

0.453

60.0
66.7

0.470

Measurement
parametersa
3 T/300/2.2/30/
908/3.1 3 3.1 3
3.1 mm3
3 T/165/2.2/30/
908/3.1 3 3.1 3
3.1 mm3
3 T/183/2.2/30/
908/3.1 3 3.1 3
3.1 mm3
N/A

HHU, Heinrich Heine University; RWTH, Rheinisch-Westf€
alische Technische Hochschule.
a
Measurement parameters: magnetic field strength of the scanner/number of continuously aquired volumes/repetition time (in s)/echo
time (in ms)/flip angle/voxel size. All participants were instructed to keep their eyes closed during the measurement.

systems into anti-correlated (i.e., negatively coupled) networks has repeatedly been demonstrated to be a key feature of intrinsic physiological brain function. The probably
best known example is negative coupling between the
task-positive network (TPN), which typically shows activations during tasks that require externally directed attention, and the default-mode network (DMN), which is
characterized by task-related deactivations [Fox et al.,
2005; Fransson, 2005; Greicius et al., 2003; Kelly et al.,
2008; Uddin et al., 2009]. This negative coupling has been
discussed to represent a suppression mechanism that
inhibits unwanted processes or thoughts and to increase
the reliability of behavioral responses [Anticevic et al.,
2012; Kelly et al., 2008; Spreng et al., 2010]. Thus, PDrelated changes in networks that show negative coupling
with the STN might also be relevant. Up to now, though,
no study has reported changes in such networks. However, a recent study found attenuation of normal negative
coupling between the dorsal attention network (DAN;
which is part of the TPN) and the DMN in patients with
PD with mild cognitive impairment [Baggio et al., 2015].
Interestingly, previous characterizations of the STNcorrelated network reveal similarities with the TPN [Baudrexel et al., 2011; Mathys et al., 2014]. Accordingly, both
the TPN and the STN-correlated network involve bilateral
parts of inferior parietal cortex, dorsolateral prefrontal cortex, frontal eye field, anterior insula, frontal operculum,
and preSMA/midcingulate cortex. Furthermore, both the
DMN and the network which is negatively coupled with
STN, involve bilateral fractions of precuneus/posterior cingulate, medial prefrontal and orbitofrontal cortex. Hence,
it seems likely that PD-related changes that were reported
for the TPN and DMN also involve the STN-correlated
and STN-anti-correlated networks.
In this study, we therefore aimed at characterizing PDrelated increases and decreases in functional connectivity

r

with STN in brain networks that show positive or negative
coupling with STN, respectively. We also sought to identify the relationships between the severity of PD-related
motor symptoms and functional connectivity with STN in
other brain regions. Particularly, given previous evidence
for a PD-related attenuation of normal negative coupling
between the TPN and DMN as well as the STN’s presumed (anti-) correlations with these networks (as stated
above), we predicted PD-related changes of functional connectivity with STN in TPN and DMN regions. Since many
of the task-positive regions are also involved in executive
functions, and most aspects of executive functioning can
be compromised in PD [Kehagia et al., 2010; Michely
et al., 2015], we particularly expected changes in these
regions.

MATERIALS AND METHODS
Sample
Fifty-four patients with PD (31.5% females) with a mean
age of 62.1 (range: 39–81) years and 55 healthy adults
(40.0% females) with a mean age of 60.7 (range: 27–81)
years and without any record of neurological or psychiatric disorders from three different sites were included in
the current analysis (see Table I). Lateralization of motor
symptoms was well balanced (see section “Assessment of
PD Symptom Severity”). Written informed consent was
obtained from all participants prior to inclusion. Examination at each site was approved by the local ethics committees. Approval for the joint analysis of data from all sites
was obtained from the local ethics committee of the University Hospital D€
usseldorf. Data of the two groups
(patients and controls) were matched for age, gender, and
within-scanner head-motion (see section “Data Acquisition
and Preprocessing” and Table II for details). Matching was
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TABLE II. Matching between groups with respect to head movement parameters
Contribution site
D€
usseldorf
Aachen
Cologne
Overall

Group
Controls
Patients
Controls
Patients
Controls
Patients
Controls
Patients

DVARS mean (SD)
1.37
1.46
1.60
1.58
1.73
1.90
1.56
1.59

(0.27)
(0.31)
(0.33)
(0.23)
(0.33)
(0.20)
(0.33)
(0.29)

P (t-test)

FD mean (SD)

0.400

0.29
0.35
0.35
0.35
0.45
0.46
0.35
0.37

0.790
0.201
0.627

(0.14)
(0.16)
(0.16)
(0.11)
(0.17)
(0.14)
(0.16)
(0.14)

P (t-test)
0.258
0.932
0.979
0.664

RMS mean (SD)
0.21
0.25
0.25
0.25
0.33
0.32
0.26
0.26

(0.11)
(0.12)
(0.11)
(0.08)
(0.12)
(0.10)
(0.12)
(0.10)

P (t-test)
0.380
0.805
0.769
0.960

RMS, root mean squared movement; DVARS, derivative of RMS variance over voxels; FD, framewise displacement.

within a few days) to the MRI. UPDRS-III data (medication-ON state) was available for 46 of 54 patients. Mean
UPDRS-III scores at the three sites were 12.9 (65.6;
D€
usseldorf), 24.4 (613.8; Aachen), and 12.7 (67.7;
Cologne). Lateralization of motor symptoms (according to
differences between UPDRS-III L and UPDRS-III R) was
well balanced: predominant to the left in 20 patients, predominant to the right in 23 patients, and symmetric in 3
patients.

performed both in the overall sample and, importantly,
also for each site. Healthy controls were selected from a
large pre-existing database, which comprises many more
individuals than included in this analysis. This approach
allowed the close matching not only for age and gender,
but also for within-scanner movement, as this parameter
cannot be accounted for when recruiting subjects prior to
the actual measurements.
At each site, idiopathic PD diagnosis of all patients was
confirmed by clinical examination and medical history of
the attending neurologist specialized for movement disorders. All patients fulfilled the standard UK Brain Bank criteria for PD [Hughes et al., 1992]. Exclusion criteria were
severe dementia, major depression, contraindications for
MRI, and any other physical, psychological, or medical
condition that would interfere with the conduction of the
study. Mean disease duration at each of the three sites
was 8.2 (65.8; D€
usseldorf), 4.3 (63.4, Aachen), and 6.6
(63.0; Cologne). All patients received their individual PDrelated medication as prescribed by the attending neurologist. Combination of Levodopa with other medications,
e.g. DOPA-agonists, were also present. Mean total daily
levodopa equivalent doses [Tomlinson et al., 2010] at the
three sites were 801.5 (6422.2; D€
usseldorf), 436.9 (6435.8;
Aachen), 583.9 (6376.5; Cologne), and 592.6 (6445.9; over
all sites).

Seed Definition
We defined the STN seed regions of interest (ROIs)
according to an anatomical atlas generated using 7-T MRI
high-resolution susceptibility mapping [Schafer et al.,
2012]. The derived masks consisted of 91 voxels for left
and of 89 voxels for the right STN. For the main analysis,
we used a conjunction of separate left and right STN activation time series (first eigenvariate). For an additional
analysis of correlation between functional connectivity
with STN and motor symptoms, the first eigenvariate was
derived from a common seed comprising left and right
STN for robustness.

Data Acquisition and Preprocessing
Participants were instructed “not to think of anything in
particular” during the scan and not to fall asleep. Patients
confirmed by post-scan debriefing that they did not fall
asleep. Echo-planar imaging (EPI) datasets of the entire
brain (vertex to lower parts of the cerebellum) were
acquired continuously on identically constructed Siemens
Trio 3 T (Siemens, Erlangen) at each site, in order to
record > 6 min of blood oxygen level-dependent (BOLD)
activity in all subjects. Except for the total number of EPIs
per scan, scan parameters were identical at the three different sites (see Table I for detailed scanning parameters).
However, site effects were statistically controlled for in the
group-level data analysis (see below).
SPM8 (www.fil.ion.ucl.ac.uk/spm) was used for preprocessing of all datasets. To account for saturation effects,
the first four images of each BOLD time series were

Assessment of PD Symptom Severity
Motor impairment in patients with PD was assessed by
items of Part III (motor part) of the Unified Parkinson’s
disease Rating Scale (UPDRS) [Movement Disorder Society
Task Force on Rating Scales for Parkinson’s, 2003]. Part III
(items 18–31) evaluates several motor functions including
speech, tremor, movements, rigidity, posture, gait, and
bradykinesia. For our analysis, we used the sum of all Part
III items (UPDRS-III), the sum of all left hemibody Part III
items (UPDRS-III L; sum of items 20–26 for left hemibody)
and the sum of all right hemibody Part III items (UPDRSIII R; sum of same items for right hemibody). At each site,
the UPDRS-III items were assessed in close temporal proximity (as part of the same hospital stay and hence at most
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of “group.” This was performed in conjunction with the
(anti-) correlated STN network in either patients or controls to constrain the analysis of group differences to
regions showing correlations or anti-correlations with the
STN in at least one of the two groups. That is, group differences were assessed only in those regions that were significantly connected to or negatively coupled with the
STN in patients and/or controls. Significance thresholds at
cluster level were adjusted by a family-wise error (FWE)
correction to control for multiple comparisons and were
set at P < 0.05 within the respective main effect mask (cluster-forming threshold at voxel level: P < 0.001).
Moreover, we tested for significant correlations between
motor symptoms (UPDRS-III scores) and functional connectivity with STN by performing an additional secondlevel GLM-based analysis (same preprocessing and noise
reduction as above) including those 46 (out of 54) PD
patients for which UPDRS-III data were available. We
tested for UPDRS-III-related differences in resting-state
functional connectivity with STN. This was performed in
conjunction with the significantly (anti-)correlated STN
network to constrain the analysis of the UPDRS-III effect
to regions showing correlation or anti-correlation with the
STN. Again, results were considered significant at clusterlevel FWE corrected P < 0.05 (cluster-forming threshold at
voxel level: P < 0.001).
To investigate the association between function connectivity with STN and PD-related motor symptoms and to
examine interactions with clinical lateralization, we
extracted mean functional connectivity with left or right
STN from all clusters resulting from the above analyses.
Additionally, we also computed the functional connectivity between left and right STN. After variance attributable
to contribution site had been removed, possible relationships (i.e., correlations) of functional connectivity values
with UPDRS-III scores (total, UPDRS-III L and UPDRS-III
R, cf. section “Assessment of PD Symptom Severity”) were
assessed. Since several combinations of connections
between the resulting clusters and UPDRS-III scores were
tested, this introduced an additional multiple comparison
problem. Therefore, these correlations were only reported
if they passed a false discovery rate (FDR)-corrected
threshold of P < 0.05.
Anatomical assignment of resulting brain areas was performed with the SPM Anatomy toolbox (http://www.fzjuelich.de/ime/spm_anatomy_toolbox, V1.8 [Eickhoff et al.,
2007]), which implements probabilistic cytoarchitectonic
maps of the J€
ulich brain Atlas [Zilles and Amunts, 2010].
References for anatomical regions are given in Table III.

discarded. We used a two-pass affine registration procedure to correct for subject motion within the scanner (three
translation and three rotation parameters). Images were
initially realigned to the first image and then subsequently
to the mean of the realigned images. In order to control
for head movement, the following parameters were calculated from EPI images and the estimates of head motion
generated during realignment: root mean squared movement (RMS), root mean squared signal change across time
series (DVARS), and framewise displacement (FD) [Power
et al., 2014; Satterthwaite et al., 2013; Van Dijk et al., 2012].
These parameters were used for movement matching
between controls and patients at each site (see section
“Sample” and Table II).
The mean EPI image of each subject was used for normalization to the MNI152 non-linear template (MNI, Montreal Neurological Institute) by means of the unified
segmentation approach [Ashburner and Friston, 2005].
Normalization parameters were then applied to each individual EPI volume. Within the normalization procedure,
image volumes were resampled to a voxel size of 1.5 3 1.5
3 1.5 mm3. A 5-mm full-width at half-maximum Gaussian
kernel was afterwards applied for spatial smoothing.

Data Analysis
In order to avoid correlations explained by confounds
such as physiological noise and motion, variance explained
by the following parameters was removed, applying a GLM
approach: (i) the six motion parameters obtained from spatial realignment (cf. above), (ii) square values of these
motion parameters, (iii) the first derivatives of the six
motion parameters, (iv) square values of these derivatives,
and (v) global signal intensity per time-point [Jakobs et al.,
2012; Reetz et al., 2012; Satterthwaite et al., 2013]. Subsequently, the data were band-pass filtered, preserving frequencies between 0.01 and 0.08 Hz [Biswal et al., 1995].
To assess resting-state functional connectivity with STN,
correlation of the seed time series (provided by the first
eigenvariate of all seed voxels’ time series) with the time
series of all other gray-matter voxels was analyzed. For
each voxel, resulting Pearson correlation coefficients were
then transformed into Fisher’s z scores. The adjusted z
scores representing STN-connectivity with each individual
brain voxel were then tested for significance by a secondlevel analysis.
To characterize the physiologically normal STN-network
in our sample, we employed an analysis of variance
(ANOVA) by a general linear model (GLM) as implemented in SPM8, including non-sphericity correction, to
assess STN-connectivity across both left and right STN in
the group of healthy controls. Variance attributable to age,
sex, and contribution site as well as their interactions was
removed before statistical analysis. To investigate group
differences in functional connectivity with both STN seeds
between patients and controls, we explored the main effect
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Supplementary Analysis Without Global
Signal Regression
In our study, we considered global signal intensity as a
nuisance variable and therefore removed it from the timeseries. Although some publications warn of the possible
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TABLE III. Brain areas and subregions used for anatomical assignment
Brain area
Amygdala
Auditory cortex
Broca’s area
Cerebellum
Hippocampus
Inferior parietal cortex
Insula
Intraparietal sulcus
Parietal operculum
Premotor cortex
Primary motor cortex
Primary sensory cortex
Superior parietal cortex
Visual cortex

Subregions

References

FD, CA, SUB, EC, HATA
TE 1.0, TE 1.1, TE 1.2
BA 44, BA 45
18 structures
CM, LB, SF
PFt, PF, PFm, PFcm, PFop, PGa, PGp
Ig1, Ig2, Id1
hIP1, hIP2, hIP3
OP 1, OP 2, OP 3, OP 4
BA 6
BA 4a, BA 4p
BA 3a, BA 3b, BA 1, BA 2
5Ci, 5L, 5M, 7A, 7M, 7P, 7PC
BA 17 (V1), BA 18 (V2), hOC5,
hOC3v (V3v), hOC4v (hV4)

[Amunts et al., 2005]
[Morosan et al., 2001]
[Amunts et al., 1999]
[Diedrichsen et al., 2009]
[Amunts et al., 2005]
[Caspers et al., 2006, 2008]
[Kurth et al., 2010a]
[Choi et al., 2006; Scheperjans et al., 2008a,b]
[Eickhoff et al., 2006a,b]
[Geyer, 2004]
[Geyer et al., 1996]
[Geyer et al., 1999, 2000; Grefkes et al., 2001]
[Scheperjans et al., 2008a,b]
[Amunts et al., 2000; Malikovic et al., 2007; Rottschy et al., 2007]

Anatomical brain areas are displayed in alphabetical order.

detrimental effects of global signal regression [Murphy
et al., 2009], there is still no consensus on what is the most
valid approach [Keller et al., 2013; Power et al., 2014, 2015;
Zarahn et al., 1997]. However, it has been shown that
global signal regression can affect the distribution of
between group differences [Saad et al., 2012, 2013]. Therefore, we repeated the above-described investigation of
group differences in functional connectivity with both STN
between patients and controls, but this time omitted global
signal regression. Only white matter and cerebrospinal
fluid were used as noise-confounds [Power et al., 2014,
2015].

Supplementary Analysis on Regions With
Age-Related Changes of Functional
Connectivity With STN
Regarding brain regions showing age-effects on functional connectivity with STN in healthy subjects [Mathys
et al., 2014], we also tested for group differences in functional connectivity with left or right STN between patients
and controls. Second, we analyzed whether previously
described age-related effects on functional connectivity
with STN can be confirmed across our entire sample of
both, PD patients and healthy controls (see Supporting
Information for more details).

Supplementary Analysis on the
Effect of Common or Separate
STN Seeds

RESULTS
Whole-Brain Functional Connectivity
Pattern of the STN

We used two different methods for defining the STN
seeds in our investigation of group differences (conjunction of separate left and right STN seeds) and in the analysis on correlations between functional connectivity with
STN and UPDRS-III scores (common seed for left and
right STN). The rationale behind this was to use a more
conservative approach (conjunction) for the analysis with
the larger sample size (investigation of group differences)
and a more robust and sensitive approach (common seed)
for the analysis with the smaller sample size (UPDRS-III
correlation). However, we were interested whether our
results would change if the other method (for each analysis) were used. Therefore, we repeated both analyses, but
this time used a common seed for the investigation of
group differences and we used a conjunction of separate
left and right STN seeds for detection of correlation
between functional connectivity with STN and UPDRS-III.

r

Testing for bilateral functional connectivity with STN
across healthy controls revealed significant positive coupling between STN and a broad network of subcortical
and cortical areas (Fig. 1). At the subcortical level, we
found significant resting-state connectivity bilaterally to
the putamen, caudate nucleus, globus pallidus, thalamus,
hippocampus (areas EC, HATA) as well as midbrain and
pons. At the cortical level, significant positive STN connectivity was found bilaterally to the anterior and midcingulate cortex, anterior, posterior and mid-insula, dorsolateral prefrontal cortex, Broca’s area, frontal and parietal
operculum, auditory cortex, primary visual cortex (V1;
area 17), inferior parietal cortex, intraparietal sulcus, S1,
M1, and PMC. Finally, we found cerebellar connectivity in
lobules I–VI, bilaterally.
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Figure 1.
Resting-state functional connectivity of the bilateral STN seed
region across healthy controls. Positive network coupling is denoted
in warm colors, while cold colors denote negatively coupled
regions. Montreal Neurological Institute coordinates are provided

for transsectional slices. Surface rendering was performed with
MRIcron [Rorden and Brett, 2000]. A conjunction of left and right
STN seeds was used for data analysis. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Negatively coupled, i.e. anti-correlated, regions identified by significant negative connectivity comprised bilateral orbitofrontal cortex, precuneus/posterior cingulate,
superior frontal gyrus, middle temporal gyrus, hippocampus (areas CA, SUB), and cerebellum (lobules VI, VIIa,
and IX bilateral). More detailed information on correlated
and negatively coupled regions (including allocation to
probabilistic cytoarchitectonic maps) is provided as Supporting Information.
In accordance with previous characterizations of the
STN’s functional network [Baudrexel et al., 2011; Mathys
et al., 2014] there are similarities between STN-correlated
regions and the TPN as well as between negatively STNcoupled regions and the DMN. Accordingly, both, TPN

und STN-correlated network, involved fractions of inferior
parietal cortex, dorsolateral prefrontal cortex, insula, frontal and parietal operculum, and preSMA/midcingulate
cortex, each bilaterally. Furthermore, both, DMN and the
network, which is negatively coupled with STN, involved
fractions of precuneus/posterior cingulate, medial prefrontal and orbitofrontal cortex, each bilaterally.

r

Group Differences in Functional Connectivity
With STN Between Patients and Controls
No significant group differences in resting-state functional connectivity (neither increases nor decreases of
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Figure 2.
Attenuated negative coupling with STN in Parkinson patients.
Clusters showing a significant PD-related attenuation of negative
coupling (i.e., functional connectivity in patients > controls and
functional connectivity negative in controls) with the seed region
(i.e., bilateral STN) are marked in cold colors. Coordinates refer
to Montreal Neurological Institute space. Surface rendering was

performed with MRIcron [Rorden and Brett, 2000]. Scatter
plots for right Crus I of the cerebellum (R Crus I) and for right
(R) mid-orbital gyrus show functional connectivity with STN for
patients and controls. A conjunction of left and right STN seeds
was used for data analysis. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

functional connectivity values) with STN related to PD
were found in the positively coupled STN-network,
including the connection between left and right STN. In
turn, we found both attenuation and enhancement of negative
coupling with the STN (explanations for both terms below).
First, we found significantly reduced negative functional
connectivity with STN in patients with PD compared to
healthy controls (i.e., functional connectivity in patients > controls AND functional connectivity negative in controls) in right lobule VII a Crus I of the cerebellum, right
mid-orbital gyrus, and right rectal gyrus. Here, the functional connectivity values of the respective clusters in the

patient group were close to zero. Hence, we consider these
clusters as brain areas with attenuated negative STN-coupling
in patients with PD (Fig. 2 and Table IV).
Second, we observed significantly increased negative
functional connectivity with STN in patients with PD compared to healthy controls (i.e., functional connectivity in
patients < controls AND functional connectivity negative
in patients) with bilateral intraparietal sulcus (IPS; area
hIP3), bilateral SPC (bilateral 7A, bilateral 7PC, right 7P),
bilateral S1, and left visual cortex (V1, V2). As detailed in
Table IV, functional connectivity values of these regions in
the control group were close to zero. We therefore regard
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TABLE IV. Differences between patients and controls in intrinsic functional connectivity with both STNs
Pair of regions
Enhanced negative STNcoupling in PD patients

Attenuated negative STNcoupling in PD patients

L1R STN–L IPS/SPC/S1
L1R STN–R SPC
L1R STN–R S1
L1R STN–R IPS/SPC/S1
L1R STN–L V1/V2
L1R STN–R Crus I
L1R STN–R mid orbital/
rectal gyrus

Coordinates x/y/z
(mm)

Mean Zcontrols

Mean Zpatients

P

d0

240/248/56
24/264/62
34/238/64
34/248/50
24/294/14
28/276/236
8/58/210

0.019
0.008
0.005
0.012
20.004
20.113
20.116

20.143
20.127
20.144
20.142
20.116
0.007
20.013

0.0001
0.0003
0.0001
0.0001
0.0011
0.0004
0.0015

20.77
20.72
20.78
20.76
20.64
0.69
0.63

Mean Zcontrols and Zpatients denote group-averaged functional connectivity in 55 healthy participants and 54 patients with Parkinsons’s
disease (PD); d’ denotes the effect size according to Cohen’s definition [Cohen, 1988]. STN, subthalamic nucleus; SPC, superior parietal
cortex; S1, primary sensory cortex; IPS, intraparietal sulcus; V1 and V2, subregions (area 17 and 18) of the visual cortex; L, left; R, right;
Crus I is part of cerebellar lobule VIIa.

these clusters as regions showing enhanced negative STNcoupling in patients with PD (Fig. 3 and Table IV). Notably,
the clusters involving the IPS and SPC bilaterally correspond to coordinates of the TPN as provided by Fox et al.
[2005].

M1/PMC, R mid orbital/rectal gyrus, R Crus I; Table IV).
For this purpose, we tested correlations between all combinations of left/right functional connectivity with STN and
UPDRS-III motor scores (sum score, L and R, as described
in section “Assessment of PD Symptom Severity”). We
found a significant (P 5 0.002 after FDR correction,
r 5 20.44) negative correlation between functional connectivity of left mid-insula (for which the additional ANOVA
had demonstrated negative correlation between UPDRS-III
and functional connectivity with STN) with left STN and
right-sided motor symptoms (UPDRS-III R; see Fig. 4). No
other combinations of the mentioned motor scores and left
functional connectivity with STN or right functional connectivity with STN for all nine clusters revealed a significant correlation in this analysis. This was also true for left S1 and
right SPC (for which the additional ANOVA had demonstrated positive correlation between UPDRS-III and functional connectivity with STN).
Functional connectivity between left and right STN was
anti-correlated (P 5 0.015 after FDR correction, r 5 20.36)
with the total UPDRS-III (Fig. 5). Significant correlations
with the hemibody-specific UPDRS L or UPDRS R scores,
in turn, were not observed.

Correlation Between Motor Symptoms and
Functional Connectivity With STN
We performed an additional group-level ANOVA, including 46 patients with PD with available UPDRS data, to test
for associations of UPDRS-III scores and functional connectivity with STN. Here, we observed a significant positive correlation between motor symptom severity (UPDRS-III) and
functional connectivity with STN in a region at the border
between S1 and SPC (7PC) on the left hemisphere (Fig. 4).
There was also a trend toward significance (P 5 0.055; after
correction) for a contralateral corresponding cluster within
the right SPC (7PC, 7A). Of note, on both hemispheres, these
clusters overlapped with the “enhanced negative STNcoupling” clusters in patients with PD as detailed in section
“Group Differences in Functional Connectivity with STN
Between Patients and Controls.” These regions thus show
zero correlation in healthy subjects (Table IV) and negative
STN-coupling in patients, which, however, declines back to
zero (i.e., toward the physiological state) in more severely
affected individuals (Figs. 3 and 4). On the other hand, we
found a significant negative correlation between UPDRS-III
and functional connectivity with STN of left mid-insula (Fig.
4). That is, the STN was weaker coupled to this region in
more severely affected patients.
In the next step, a set of analyses was performed to
assess potential relationships between clinical lateralization
of the motor symptoms and functional connectivity with
STN at the clusters showing (anti-) correlation with
UPDRS-III scores (L S1/SPC, R SPC, L insula) and the
clusters featuring group differences in functional connectivity with STN (L IPS/SPC, L V1/V2, R IPS/SPC/S1, R

r

Summary on Supplementary Findings Related
to the Effect of Global Signal Regression
To analyze, whether group differences in functional connectivity with STN between patients and controls might
have been introduced by global signal regression, we
repeated this analysis without global signal regression but
only removed white matter and cerebrospinal fluid signals. In summary, we could confirm all group differences
between patients and controls with respect to functional
connectivity with STN. The only exception was attenuated
negative coupling in right mid orbital gyrus. Hence, we
can exclude that the main results of our study are just artifacts that were introduced by global signal regression.
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Figure 3.
Enhanced negative coupling with STN in Parkinson patients.
Clusters showing a significant PD-related enhancement of negative coupling (i.e., functional connectivity in patients < controls
and functional connectivity negative in patients) with the seed
region (i.e., bilateral STN) are marked in cold colors. Surface
rendering was performed with MRIcron [Rorden and Brett,
2000]. Scatter plots show functional connectivity of STN (Fish-

er’s Z) with left areas 17 1 18 of visual cortex (L V1/V2), left
intraparietal sulcus/superior parietal/somatosensory cortex (L
IPS/SPC/S1) and right intraparietal sulcus/superior parietal cortex (R IPS/SPC) for patients and controls. A conjunction of left
and right STN seeds was used for data analysis. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Summary on Supplementary Findings Related to
the Effect of Common or Separate STN Seeds

clusters showing group differences between patients and
controls (only exception: attenuated negative coupling in
right mid orbital gyrus) could be confirmed when a common STN seed was used instead of the conjunction
approach. As expected, however, most of the resulting
clusters were larger, when the common seed approach
was applied. This was particularly noticeable for the

Because we used two different methods for defining the
STN seeds (common seed for left and right STN or conjunction of two separate seeds) in our study, we performed some supplementary analyses. Nearly all of the
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Figure 4.
Correlation of UPDRS-III motor scores and functional connectivity with STN. Clusters showing correlation between functional
connectivity with STN and Unified Parkinson’s Disease Rating
Scale part III (UPDRS-III) values are marked in green (negative
correlation) and violet (positive correlation) colors. Only left (L)
mid-insula (Ins) and L somatosensory cortex (S1)/superior parietal cortex (SPC) clusters survived significance thresholds after
correction, while there was only a trend toward significance
[Pcorr 5 0.053] for the cluster at right (R) SPC. Coordinates refer
to Montreal Neurological Institute space. Surface rendering was
performed with MRIcron [Rorden and Brett, 2000]. The scatter

plots show the individual functional connectivity (between clusters and left or right STN) against UPDRS-III scores for the right
hemibody (UPDRS-III R) or for the total UPDRS-III score
(UPDRS-III) across a patient subgroup (n 5 46) with available
UPDRS-III data. Linear regression line with 95% confidence interval (dotted lines), as well as rs-values (Spearman’s rank correlation coefficient) are provided. A singular seed (comprising left
and right STN) was used for the general linear model approach,
but separate (left and right STN) seeds were used for calculation
of the scatter plots. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

clusters showing enhanced negative coupling with STN in
patients and additional clusters with enhanced negative
coupling found in right M1 and right PMC. For the correlation analysis, using a conjunction of left and right STN
instead of a common seed also revealed negative correlation between UPDRS-III and functional connectivity
between the STN and left insula. However, positive correlation between UPDRS-III and functional connectivity
between the STN and left S1 as well as right SPC were
likewise present but did not survive significance thresholding any more. We would therefore argue that the conjunction of left and right STN seeds is a more conservative
and potentially more specific approach, which seems suitable for detecting group differences in the whole sample. In

turn, the common seed approach is more sensitive and
should hence be the right choice for the smaller sample
that was used for the correlations with UPDRS-III scores.

r

Summary on Supplementary Findings for
Regions with Age-related Changes of Functional
Connectivity with STN
Most of the age-related changes of functional connectivity
with STN we had previously described [Mathys et al., 2014],
could be confirmed in our present sample (including
patients and controls). We found positive correlations
between age and functional connectivity with STN for left
putamen and left precuneus. Also in agreement with our
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mid-orbital and right rectal gyrus. Furthermore, we found
enhanced negative STN-coupling with IPS, SPC, S1, and
V1/V2 in patients with PD. Notably, bilateral IPS and SPC
correspond to regions of the TPN matching the stereotaxic
coordinates provided by Fox et al. [2005]. Moreover, we
observed a decline in positive STN-coupling with the left
insula with progression of motor symptoms in patients.
Finally, we found a decline of inter-hemispheric functional
connectivity between left and right STN with progression
of PD-related motor symptoms.

PD-Related Differences in Negative Functional
Connectivity With the STN
Attenuated negative STN-coupling
We observed a PD-related attenuation of negative coupling between the STN and lobule VIIa Crus I of the cerebellum. Of note, there is clear evidence that this part of
the cerebellum is not involved in motor functions but
rather plays a role in cognitive processes. A recent study
used Meta-Analytic Connectivity Modeling (MACM) on
data of 1,359 neuroimaging experiments to link behavioral
domains to different cortico-cerebellar connectivity patterns [Balsters et al., 2014]. Crus I1II were characterized
by co-activations with prefrontal and parietal cortices.
These prefrontal-parietal-cerebellar (Crus I1II) circuits
were more active during cognitive tasks including attention and working memory [Balsters et al., 2014]. In this
context, it is interesting that cerebellar pathology in PD,
such as altered resting-state functional connectivity of the
dentate nucleus [Liu et al., 2013] and a decrease in restingstate brain activity in (left) cerebellar lobule VII [Skidmore
et al., 2013], has been reported repeatedly. Additionally, in
patients with non-demented PD with impaired cognition
(based on the Clinical Dementia Rating), reduced regional
gray-matter volume in the cerebellum was reported
([Nishio et al., 2010]; see also [Wu and Hallett, 2013] for
review). Besides other cognitive performance impairments,
dual-task performance was shown to be impaired in
patients with PD [Rochester et al., 2014; Wild et al., 2013].
Interestingly, the cerebellum has been previously found to
be involved in dual-tasking, and its proposed role was to
efficiently integrate motor and cognitive networks [Wu
et al., 2013]. Notably, dual-tasking ability has an impact on
quality of life in patients with PD [Klepac et al., 2008].
Considering this background, it seems important to clarify
the neurobiological underpinnings of PD-related dual-task
interference. Since we observed a PD-related attenuation
of functional network distinction between STN and right
Crus I, it is tempting to speculate that, compared to
healthy subjects, PD patients suffer from an increased
interference between cognitive processing and processing
in the STN motor network. Potentially, this interference
(i.e., dedifferentiation; cf. [Roski et al., 2013]) might underlie the above-mentioned impaired performance during
simultaneous motor and cognitive task execution. The

Figure 5.
Correlation of UPDRS-III motor scores and functional connectivity between left and right STN. Scatter plot shows the individual functional connectivity between left and right STN against
Unified Parkinson’s disease Rating Scale part III (UPDRS-III) values across a patient subgroup (n 5 46) with available UPDRS-III
data. Linear regression line with 95% confidence interval (dotted
lines), as well as rs-values (Spearman’s rank correlation coefficient) are provided. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
previous findings, we observed a negative correlation
between age and functional connectivity with STN for right
posterior insula, right thalamus, and caudate nucleus. However, we could not replicate the previously observed positive correlations between age and functional connectivity
with STN with a region in right sensorimotor cortex. This
most likely was due to oppositional age effects on functional
connectivity between patients and controls in this region
(details are provided as Supporting Information).

DISCUSSION
The STN plays a central role in both, pathophysiology
and targeted invasive treatment of PD. In our analysis, we
found complex PD-related changes in the STN-network
when patients were under the regular medication-ON
state. In line with our hypotheses, we found PD-related
changes in functional connectivity with STN within the
(anti-)correlated STN-network. In particular, we observed
a PD-related attenuation of functional network distinction
between STN and right Crus I of the cerebellum, right
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data-driven definitions of these networks (e.g., via independent component analysis).
Another special feature of the SPC is its involvement in
spatial aspects of motor planning [Grefkes et al., 2004]: the
region showed increased brain activity during sequential
(but not repetitive) movement tasks in positron emission
tomography (PET) studies [Catalan et al., 1998; Winstein
et al., 1997]. In Brodmann area 7 of the SPC, another PET
study found abnormally increased brain activity with
higher task complexity in patients with PD [Catalan et al.,
1999]. Furthermore, parietal cortex activity in healthy participants was reported in association with word naming,
also becoming stronger with increasing naming difficulty
[Binder et al., 2005]. Since sequencing is also a relevant
aspect in speech production, a recent analysis focused on
determining sequencing-related brain regions that are
shared in speech production and finger movement [Heim
et al., 2012]. The authors observed that left area 7A of SPC
is responsible for general aspects of motor sequencing during both hand actions and speech production. Notably,
when generating affective prosody, patients with PD
showed over-activation, relative to healthy controls, in left
area 7A of SPC [Arnold et al., 2013]. This previous evidence supports the assumption that SPC, especially subregion 7A, is involved in compensatory processes (related to
impaired sequencing, e.g., in speech production) in
patients with PD. To speculate, the known PD-related
pathological STN-activity [Kuhn et al., 2009] might compromise normal functioning of other brain-regions in the
STN-network. It is therefore conceivable that PD-related
negative coupling between STN and SPC serves in a compensatory manner, namely by preventing interference
from pathological STN-activity on SPC activity. Of note,
functional connectivity with STN of a right SPC-cluster
correlated (only trend towards significance) with motor
symptoms. This region thus shows zero connectivity with
STN in healthy subjects and enhanced negative STNcoupling in patients but declines back to zero correlation
(i.e., toward the physiologically normal state) in more
severely affected individuals. This can be interpreted as a
compensatory effect, which is present in less affected
patients and breaks down in more affected patients. It
needs to be reemphasized, however, that the concept of
compensatory negative coupling with STN is speculative.
Network organization might differ when in the active state
compared to the resting-state condition. Our interpretation, therefore, needs to be addressed in future studies,
employing a broad range of behavioral tests including
motor sequencing and speech production. Furthermore, it
is not clear how PD-related alterations in alpha and beta
band oscillations (8–35 Hz) of STN local field potentials
[Kuhn et al., 2009] relate to very low frequency oscillations
in BOLD time series. The assumption of at least some
degree of relationship between both signals is supported
by simultaneous recordings of BOLD signal and local field
potentials during spontaneous activity in early visual

effect on functional connectivity we observed in Crus I did
not show a significant correlation with motor symptoms.
This would fit with the non-motor functions discussed
above. However, no direct evidence was found in the literature supporting the hypothesis that changes in restingstate functional connectivity at cerebellar Crus I correspond to cognitive decline in patients with PD. And since
cognitive performance was not assessed in our sample,
this potential relationship needs to be investigated in
future studies. We also observed an attenuation of functional network distinction between STN and ventro-medial
prefrontal cortex (right mid-orbital and rectal gyrus).
Though, we could not confirm this finding, when global
signal regression was omitted (see section “Summary on
supplementary findings related to the effect of global signal regression”). Therefore, we cannot exclude that this
specific result is just an artifact that was introduced by
global signal regression.

Enhanced negative STN-coupling in PD
Bilateral IPS/SPC showed enhanced negative STNcoupling in patients with PD. As mentioned previously,
the negatively STN-coupled network shows similarities
with the DMN. Obviously, this network seems to show a
PD-related expansion to bilateral IPS/SPC. Of note, in
healthy individuals, the IPS/SPC is typically involved in
the DAN, which in turn is part of the TPN [Fox et al.,
2005]. Hence, our findings suggest that in PD IPS/SPC
segregate (i.e., reduce coupling) from the DAN and show
more correlation with the DMN. These findings are in line
with previous results from patients with PD in
medication-ON state, who displayed an attenuation of
negative coupling between DMN and TPN [Rektorova
et al., 2014]. There, the authors speculated that this decline
might underlie the characteristic impairment of attention
in PD. A second study described an association between
attenuation of normal negative DAN-DMN-coupling and
mild cognitive impairment in patients with PD [Baggio
et al., 2015]. Another recent study detected decreased positive coupling between hubs of the Ventral and Dorsal
Attention Networks in patients with PD who suffered
from increased visual misperception, which is a known
phenomenon in PD [Shine et al., 2014]. The hypothesis on
PD-related conversion of the IPS/SPC region from the
TPN toward the DMN is also supported by previous
descriptions of this region as a part of the central executive network (CEN) [Seeley et al., 2007]. Although this network typically is physiologically anti-correlated to the
DMN during rest, the CEN shows significantly increased
positive coupling with the DMN in patients with PD
[Putcha et al., 2015]. However, canonical networks like
DMN and TPN have not been systematically defined in
this analysis. Therefore, attempts to assign the effects in
our study to PD-related changes of large-scale resting-state
networks need to be examined in future studies, using
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cortices of monkeys. Although gamma band oscillations
(40–100 Hz) of local field potentials were most informative
about BOLD fluctuations, both alpha and beta power signals carried additional information about the BOLD signal
[Magri et al., 2012].
To summarize our considerations on PD-related
enhanced negative STN-coupling, we would interpret
these findings as a segregation of the task-positive DAN
(IPS/SPC) or as an expression of compensatory mechanisms (related to impaired sequencing, e.g., in speech production) in PD, and enhanced negative coupling might be
a way to protect compensatory brain regions from interference through pathological activity of the STN.

(Absence of) PD-Related Changes in Positive
Functional Connectivity Between STN
and S1/M1
Notably, increased resting-state functional connectivity
between STN and S1/M1 was a recurrent finding in previous reports on patients in the medication-OFF state and
drug-na€ıve PD patients [Baudrexel et al., 2011; Kurani
et al., 2015]. However, our seed-based whole-brain connectivity analysis did not reveal changes in the positive coupling between STN and S1/M1 in our sample of patients
with PD in the medication-ON state. As a possible explanation, we observed (in a supplementary analysis) that
functional connectivity between STN and S1/M1 was
influenced by an interaction between group and age. The
previously described increased functional connectivity
between STN and S1/M1 was only found in younger
patients. Across older patients, however, the functional
connectivity decline between S1/M1 and STN is exactly
the opposite to what was described for patients with PD
in the medication-OFF state [Baudrexel et al., 2011]. From
our point of view, this is a strong indication for a dopaminergic modulation of the connection between STN and S1/
M1. To our knowledge, there has been no study yet that
focused on dopaminergic modulation of resting-state functional connectivity between STN and sensorimotor cortex
using BOLD-signal time-series. On the other hand, a recent
analysis of functional connectivity with STN using arterial
spin-labeled perfusion fMRI found a weak positive correlation between functional connectivity of STN with left M1
and levodopa dose [Fernandez-Seara et al., 2015]. However, even if the dopaminergic medication in our sample
were the explanation for not observing increased positive
coupling between STN and S1/M1 the neurobiological
substrates of this coupling would still be unclear. At least
two explanations are worth considering: First, it could be
a cause of pathophysiological changes, which might be
effectively antagonized by medical treatment. More precisely, increased functional connectivity between STN and
M1 in the medication-OFF state might be driven by pathological activity of the STN, but the effect could be attenuated in the medication-ON state. Second, the increased
functional connectivity between STN and S1/M1 in the
medication-OFF state could be part of a compensatory
mechanism that becomes unnecessary under medication.
For a better understanding of how STN connectivity is
influenced by dopaminergic treatment, future studies on
resting-state functional connectivity of the STN should
include scans under both conditions (medication-ON and OFF state) from the same patients.

Functional Connectivity Between Left
and Right STN
While PD-related negative STN-coupling of IPS/SPC
was mostly driven by patients with less severe motor
symptoms (i.e., it was virtually absent in healthy controls
as well as in patients with more pronounced symptoms),
the normal positive coupling between left and right STN
decreased in patients with increasing motor impairment.
The presence of structural and functional connections of
STN with the contralateral hemisphere has been demonstrated for both subcortical (e.g., putamen) and cortical
structures [Brunenberg et al., 2012]. However, to our
knowledge, no direct inter-hemispheric structural connections have been reported between left and right STN. This
supports the hypothesis that a functional connection with
relatively high functional connectivity values between left
and right STN (see Results section) is established despite
an unknown amount of synaptic relays within this connection. Known structural connections of bilateral STN to
bilateral subcortical (putamen and caudate nucleus) and
cortical (anterior and posterior cingulate cortex) regions
[Brunenberg et al., 2012] might represent such relay locations but could also provide a common driving input to
both STN. Previous data on functional connections
between left and right STN were predominantly based on
local field potential recordings from DBS electrodes in
patients with PD. Nonetheless, these connections were
mainly interpreted as physiological connections [Darvas
and Hebb, 2014; Hebb et al., 2012; Novak et al., 2009;
Walker et al., 2011]. In particular, bilateral symmetric STN
power modulations of beta frequency oscillations during
language and motor tasks have been reported [Hebb et al.,
2012]. Activation of this bilateral network has been
described even by unilateral motor programs [Darvas and
Hebb, 2014]. It remains an open question if synchrony in
local field potential recordings as well as resting-state
functional connectivity between left and right STN reflects
the same neurobiological process. If so, our observation of
functional connectivity decline between bilateral STN with
progression of motor symptoms might indicate dysfunction of the bilateral STN-associated motor network.
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PD-Related Changes in Positive Functional
Connectivity Between STN And Insula
Functional connectivity between the left mid-insula and
the STN declined in patients with PD with more severe
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with an important interface (i.e., STN) for the realization
of motor inhibition, which might be triggered by uncontrolled pathological STN-activity [Kuhn et al., 2009]. Insular atrophy might therefore just represent degeneration
secondary to breakdown of functional connectivity with a
target region. In summary, uncoupling between insula and
STN might induce insufficient setting of thresholds for discriminating between relevant and irrelevant salient environmental stimuli.

motor symptoms. According to a hierarchical model of the
human insula, sensorimotor information initially reaches
the posterior part of the insular cortex and is afterwards
integrated at its anterior part with emotional and cognitive
evaluations [Craig, 2009; Kurth et al., 2010b]. Moreover,
the insula is thought to play a superordinate role in the
interaction between motor, cognitive, and affective functions [Kelly et al., 2012; Kurth et al., 2010b]. In this context
it does not come as a surprise that the anterior insula has
been identified as a key region for executive functioning
[Cieslik et al., 2015; M€
uller et al., 2015]. Interestingly, several mental disorders are associated with gray-matter atrophy of the anterior insula, and atrophy seems to be
correlated with executive dysfunction [Goodkind et al.,
2015]. In PD, insular atrophy is a well-known phenomenon
[Ibarretxe-Bilbao et al., 2010, 2011; Shine et al., 2014; Yamamoto et al., 2007]. Furthermore, reduced activation of the
anterior insula during working memory (a key component
of executive function) tasks in PD has been reported [Rottschy et al., 2013]. Another key component of executive
function is inhibitory control [M€
uller et al., 2015], which is
also a function the STN is involved in [Aron et al., 2007;
Mansfield et al., 2011]. Taken together, the connection
between STN and insula could be important for different
aspects of executive functioning, and our observation of
PD-related decline in functional connectivity within this
connection might contribute to previously reported executive dysfunctions in PD [Rottschy et al., 2013; Shine et al.,
2014; Ye et al., 2014].
Compatible to its important role for executive functions,
the insula has also been identified as an integral hub of
the so-called salience network [Menon and Uddin, 2010;
Seeley et al., 2007; Shulman et al., 2009]. It has been proposed that the insula is not only involved in detection of
salient stimuli but also in switching between other largescale networks in order to assist target brain regions in
generating appropriate behavioral responses [Menon and
Uddin, 2010]. Considering the typical STN-functions
(mediating response conservativeness and conflict resolution), the symptom-related decoupling between insula and
STN might lead to impaired thresholds for identification
of relevant, or suppression of irrelevant, salient environmental stimuli at the insular level. Hence, PD-related
motor symptoms might, at least partially, rely on inadequate insular processing of sensorimotor information,
potentially caused by decline of functional connectivity
between STN and insula. A recent study illustrates the
relationship between PD-related motor symptoms and disturbed response control [Matar et al., 2013]. Here, PD
patients, particularly when affected by freezing-of-gait,
displayed deficits in conflict resolution (inhibition of
implicitly cued behavior) and increased susceptibility to
salient environmental triggers. Besides these possible influences by the STN on insular function, the reverse direction
of influence might be true. As a higher-order control
region, the insula might just loose functional connectivity
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Limitations and Future Directions
Some limitations of our analysis might derive from the
multi-site approach. Although all healthy controls were
without any record of neurological or psychiatric disorders, and patients with PD were diagnosed according to
standardized diagnostic criteria, there may be subtle differences in screening and characterization between sites.
Furthermore, subject groups across sites were not completely homogenous. Particularly, patients at Aachen were
more severely affected (higher UPDRS-III-values) than in
Cologne or D€
usseldorf. Benefits of a multi-site approach,
however, include a substantially larger sample size and
ensuing higher statistical power. In addition, this approach
may yield an enhanced generalizability of the results,
because pooling of data from potentially different patient
populations and clinical predilections in the different hospitals enable a more realistic assessment of the overall
population of PD patients, despite potentially increased
nuisance variance of the data.
Complementing previous studies that investigated
resting-state functional connectivity with STN in the
medication-OFF state of patients [Baudrexel et al., 2011;
Kurani et al., 2015], this study analyzed patients with PD
under dopaminergic treatment. This enabled us to investigate PD-related changes of functional connectivity with
STN that are not remedied by medical treatment. On the
other hand, we might have missed other relevant information, especially concerning symptoms that are known to
improve by dopaminergic treatment, and that might hence
be only detectable in patients off medication. Moreover,
medication induced adverse effects (e.g., levodopainduced dyskinesia) might provoke additional activations
and/or functional connections. To clearly identify pathophysiological functional connectivity changes that are
reversible by medical treatment, direct comparison of the
same patient sample in the medication-ON and -OFF
states (and ideally also in a drug-na€ıve state) would be
needed. Importantly, while all patients with PD received
dopaminergic treatment, they were recruited from three
sites without regard of the current medication scheme and
without influencing medication for the purposes of the
study. Hence, the exact choice and dosage of the medication in each patient was the result of individual optimization by the responsible neurologist at each site (see section
“Sample”). Due to the diversity of possible combinations
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of medication even within each site, we did not control for
this potential source of variance in the patient group, and
sub-analyses between patients with different medication
status were beyond the scope of this study. Please note
that a more heterogeneous medication in the patients’
group will most likely lead to higher statistical variance,
rendering it more difficult to detect significant functional
connectivity differences between patients and controls.
Compared to a setting with homogenous medication, we
therefore argue that our analysis represents a more conservative and externally valid approach to identify PDrelated differences in STN-connectivity in a medicated
setting.
Since we were specifically interested in relations
between changes in functional connectivity with STN and
motor symptoms, no clinically relevant neuropsychological
data was available at all three sites for correlation with
connectivity strength of the STN. However, this could be
interesting in future investigations, specifically in light of
previously reported connections between STN and nonmotor related regions [Hamani et al., 2004; Haynes and
Haber, 2013; Temel et al., 2005]. Especially our hypothesis
of greater interference between activity in motor and cognitive processing regions of the STN network needs to be
corroborated by behavioral and cognitive performance
data.
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