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Abstract

The subthalamic nucleus (STN) is a small structure situated deep in the midbrain that exhibits wide-ranging func-
tionality. In addition to its role in motor control, the STN is considered a hub for synchronizing aspects of emo-
tion and cognition including attention, inhibitory control, motivation, and working memory. Evidence from
neuroanatomical tracer studies suggests that the medial, ventromedial, and dorsolateral parts of the STN corre-
spond to limbic, associative, and motor subdivisions, respectively. Although the extent of STN functional ana-
tomical overlap remains unclear, blood oxygenation level dependent imaging of the STN may provide
complementary information about the diverse functions of this structure. Methodological limitations in spatial
and temporal resolutions, however, have prevented a comprehensive exploration of temporal correlations
from the STN to the whole brain. In this study, we optimize spatial (2 mm isotropic) and temporal (TR = 1 s) res-
olutions to take full advantage of the time series signal-to-noise ratio capabilities of multichannel array coils and
simultaneous multislice imaging. We interrogated STN seed-to-voxel resting-state functional MRI connectivity
in a group of 30 healthy participants that included the whole brain at high-temporal and spatial resolutions. This
analysis revealed STN functional connectivity to limbic, associative, and motor networks. Our findings contrib-
ute to the understanding of STN functional neuroanatomy in humans and are clinically relevant for ongoing re-
search in deep brain stimulation.

Keywords: subthalamic nucleus, 32 channel coil, functional connectivity, resting-state networks, deep brain
stimulation

Introduction

The subthalamic nucleus (STN) is a small biconvex
lens-shaped nucleus located ventral to the thalamus

that is functionally grouped with the basal ganglia. Structural
MRI studies report the intercomissural distance of this struc-
ture as 26.3 mm, with length, width, and through plane
dimensions of 7.7 mm, 6 mm, and 8.5 mm, respectively
(Mavridis et al., 2013). The functional heterogeneity of
this deep gray matter (GM) structure was apparent in early
descriptions of patients with STN damage: patients devel-
oped motor symptoms (hemiballismus) coupled with impul-
sivity and disturbances in emotional regulation (Martin,

1927). Primate tracer studies have shown that the STN is a
convergence zone of cortical projections from functionally
diverse limbic, associative, and motor regions (Haynes and
Haber, 2013). These anatomical considerations have impor-
tant clinical relevance: high-frequency deep brain stimula-
tion (DBS) of the STN is a favored surgical treatment for
advanced Parkinson’s disease (PD). Although this interven-
tion improves dopaminergic drug-sensitive motor symptoms,
it can result in adverse neurocognitive and behavioral effects
(Benabid et al., 2009). Neuropsychiatric complications of
DBS include depression, apathy syndrome, anxiety disor-
ders, (hypo)mania, personality change, hypersexuality, ag-
gressive behavior, and rare reports of suicide (Benabid
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et al., 2009; Mallet et al., 2007; Scangos and Shahlaie, 2017;
Temel et al., 2006; Ulla et al., 2011; Voon et al., 2008).

Cognitive side effects after STN DBS are frequent and in-
clude reduced word fluency and executive dysfunction
(Temel et al., 2006; Witt et al., 2008). Intraoperative micro-
recordings in PD patients have shown single-neuron firing
within STN during motivational and emotional processes
(Sieger et al., 2015). Stimulation at dorsal and ventral elec-
trode contacts has shown separable effects on motor and
emotional functions in PD (Greenhouse et al., 2011). A pos-
itron emission tomography (PET) study of two patients with
PD who experienced transient hypomania after anteromedial
STN stimulation has shown concomitant activations in corti-
cal and thalamic regions involved in processing limbic and
associative information (Mallet el al., 2007). Together
these findings suggest that STN plays a key role in the
motor, cognitive, and emotional integration of behavior. As
reaffirmed by quantitative analysis of tractography-based ac-
tivation models (Hartmann et al., 2015), a detailed under-
standing of STN functional neuroanatomy and network
connectivity is critical to prevent the unintended neuropsy-
chiatric and cognitive effects of stimulation at this site.

Resting-state functional connectivity is a neuroimaging tool
that allows us to probe cortical (Yeo et al., 2011) and subcorti-
cal ( Jung et al., 2014) brain circuits. Prior resting-state func-
tional connectivity MRI (rs-fcMRI) studies of the STN have
inconsistently revealed functional coupling with known ana-
tomic connections. For example, prior rs-fcMRI work has not
mapped the expected connectivity between STN and dorsal an-
terior cingulate cortex (dACC) (limbic STN), lateral orbitofron-
tal cortex (OFC), and prefrontal cortex (PFC) (associative
STN). A small rs-fcMRI study in 14 healthy controls did not
identify connectivity between STN and PFC (Brunenberg
et al., 2012; Lenglet et al., 2012). Relatedly, another study
that used arterial spin-labeled perfusion imaging (Fernandez-
Seara et al., 2015) investigated STN resting-state functional
connectivity in healthy adults, and did not report dACC and
PFC connectivity. Mathys et al. (2016) mapped fcMRI in 55
healthy controls (HC) at lower spatial resolution (3.1 mm iso-
tropic voxels), reporting anticorrelations between STN and
OFC, precuneus, superior frontal gyrus (SFG), middle temporal
gyrus (MTG), and cerebellum. Variance across studies is likely
due to methodological differences in image acquisition and
analysis. We propose that the paucity of rs-fcMRI evidence
for the putative integration of STN in limbic and associative
networks could primarily be attributed to limitations in brain
coverage and spatial and temporal resolutions.

Increased physiological noise arising from cerebrospinal
fluid (CSF) fluctuations in midline subcortical structures
such as the STN is another factor that limits blood oxygena-
tion level-dependent (BOLD) contrast-to-noise (CNR) ratio
(Barry et al., 2013). Since white matter (WM) and CSF are
confounding factors in fcMRI, applying higher spatial reso-
lution minimizes partial voluming, thereby improving time
series signal-to-noise ratio (tSNR) (Triantafyllou et al.,
2005). High-N array coils (e.g., 32 channel head coil) maxi-
mize tSNR gains, a feature that is critical for examining the
functional connectivity of small structures such as STN.
However, even with a 32 channel (32Ch) head coil, it is im-
perative to operate in a high-resolution regime (such as 2 mm
isotropic) so that there is minimal contamination of the brain
parenchyma by the cardiopulmonary physiological noise,

WM, and CSF (Arnold Anteraper et al., 2013). It is notewor-
thy that even with multichannel array coils, the exposition of
BOLD signal from the STN remains challenging as head coil
sensitivity drops toward the center of the coil (Wiggins et al.,
2006). Finally, to probe slow (10–100 s range) synchronous
neuronal fluctuations from a small and deep subcortical
structure using resting-state fcMRI, improved tSNR offered
by multichannel arrays at high-spatial resolution becomes es-
sential if not mandatory.

To address these challenges and requirements, we applied
recent advances in simultaneous multislice (SMS) imaging
methods (Feinberg and Setsompop, 2013). A 32-Ch phased
array coil was employed with parallel imaging in the slice di-
rection (SMS methods) so that there was no SNR penalty.
The result is several fold improvement in temporal resolution
fMRI without sacrificing spatial resolution or whole-brain
coverage. The added benefit of faster temporal sampling
using SMS imaging is improved BOLD sensitivity because
of minimal aliasing of cardiac and respiratory signals, and
improved statistical gains due to an increased number of
BOLD time points/measurements for a given scan length.

Given the relationship between structural and functional con-
nectivity (Hermundstad et al., 2013), and based on known neu-
roanatomical subdivisions of STN in nonhuman primates
(Haynes and Haber, 2013), we postulated that positive func-
tional connectivity to STN would exist in a larger subset of an-
atomically connected regions (in particular, dACC, lateral
OFC, and PFC). Specifically, our goal was to investigate
whether the STN is functionally linked to limbic, associative,
and motor networks using seed-based resting-state fcMRI. To
capitalize on tSNR, we used a synergistic combination of
whole-brain coverage, high-spatial and temporal resolution,
and multichannel array coil employing SMS imaging for data
acquisition to examine STN functional connectivity.

Methods

Thirty right-handed healthy volunteers (23 females, mean
age 21.7 years, age range 18–29 years) participated in the
study. All participants provided written informed consent be-
fore participation in the study, in accordance with the Decla-
ration of Helsinki. The MIT committee on the use of humans
as experimental subjects review board approved the study
protocol. None of the participants had a history of psychoac-
tive medication use and neurological or psychiatric illness.

Data acquisition was performed on a Siemens 3T scanner,
MAGNETOM Trio, a Tim System (Siemens AG, Healthcare
Sector, Erlangen, Germany), using a commercially available
radio frequency (RF) receive-only 32-Ch brain array head
coil (Siemens AG, Healthcare Sector, Erlangen, Germany).
The body coil was used for RF transmission. Foam cushions
were used to minimize head motion. During the resting-state
scan, all subjects were asked to relax in the scanner with their
eyes open (staring at fixation cross). Single-shot gradient
echo planar imaging (EPI), with multiband (MB) technique,
was used for resting-state data collection, with an MB fac-
tor of 5. The scan duration was 10 min (two back-to-back
5 min sessions). The scan parameters used for TR/TE/flip
angle/voxel size were 1000 ms/30 ms/61�/2 · 2 · 2 mm3.
Sixty six slices, prescribed along anterior commissure–
posterior commissure (AC-PC) plane with A > P phase en-
code direction, were used to acquire whole-brain data (600
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time points per participant). High-resolution structural
scan was acquired using 3D MP-RAGE (magnetization-
prepared rapid-acquisition gradient-echo) sequence. The
scan parameters used for TR/TE/TI/flip angle/voxel size
were 2530 ms/3.39 ms/1100 ms/7�/1.3 · 1 · 1.3 mm3.

Data preprocessing was done using SPM8 (Friston, 2007),
which for the resting state scans include motion correction,
normalization with respect to the EPI template (sampling
size was matched to the native 2-mm isotropic resolution)
provided by SPM, and 3-mm Gaussian smoothing. Structural
scan was normalized with respect to SPM’s T1 template.
Finally, image segmentation was carried out on the T1-
weighted images to yield GM, WM, and CSF masks in nor-
malized space (Ashburner and Friston, 2005).

First-level functional connectivity analyses

Functional connectivity analysis was performed using
CONN (Whitfield-Gabrieli and Nieto Castanon, 2012) tool-
box. Seeds were chosen as spheres of 1 mm radius, defined
around the peak co-ordinates (�8, �13.5, �7 for left STN
and 11,�12.5,�7 for right STN) of the previously published
atlas from 7T images (Forstmann et al., 2012). The advan-
tage of using the hot spots from probability map-based ap-
proach for seed definition is that it captures the intersubject
variability of STN more effectively. We examined the
right and left STN separately since prior research has
shown hemispheric differences in the nonmotor functions
of STN (Eitan et al., 2013).

After band-pass filtering (0.008 < f < 0.09 Hz), denoising
was carried out by using aCompcor (anatomical component-
based noise correction method) (Behzadi et al., 2007) to
eliminate the non-neuronal contributions from WM and
CSF. Denoising step also included the regression of time
points flagged as outliers due to motion, along with the
seven realignment (three translation, three rotation, one com-
posite motion) parameters and their first order derivatives.
In-house custom software (nitrc.org/projects/artifact_detect/)
was used for outlier detection, with thresholds of three stan-
dard deviations away from global mean for normalized sig-
nal intensity. Because of smaller voxel size, a scan-to-scan
motion threshold of 0.5 mm translation and 0.5 degree rota-
tion were used in this study. After denoising, the residual
BOLD time courses from seeds (left and right STN) were
extracted to obtain correlation maps. The next step was to
generate Pearson’s correlation coefficients between the
seed time courses and the time courses of all other voxels
in the brain, which were then converted to normally distrib-
uted scores using Fisher’s r-to-z transform to carry out
second-level general linear model analyses.

Second-level connectivity analyses

For second-level one-sample analyses, whole-brain height-
level threshold of p < 0.001 was used for both left and right
STN seeds to identify areas of significant functional connectiv-
ity. To report a cluster as statistically significant at this height
threshold, a false discovery rate (FDR) corrected threshold of
p < 0.05 was applied.

Cerebellum clusters were visualized using the SUIT tool-
box for SPM (Diedrichsen, 2006; Diedrichsen et al., 2009;
Diedrichsen and Zotow, 2015), and overlapped with Buckner
and colleagues’ (2011) 7 resting-state networks map.

Results

Statistically significant resting-state functional connectivity
maps ( p < 0.001, T > 3.40) from left and right STN seeds are
shown in Figure 1. Cerebellar clusters are shown in Figure 2.
FDR corrected peak clusters ( p < 0.05) are tabulated in Table 1.

Left STN

With left STN as the seed, functional connectivity was the
most significant with thalamic subregions (dorsomedial and
intralaminar areas). Ventral tegmental area (VTA), bilateral
anterior cingulate cortex (Brodmann area (BA) 32/ACC),
and bilateral anterior and posterior insular cortex (BA 13),
which form part of the limbic network, also showed signifi-
cant positive correlations with left STN. Regions that
showed significant positive correlations with the left STN
seed also included associative and motor regions such as
(a) bilateral dorsomedial PFC/presupplementary motor cor-
tex (pre-SMA) and left opercular division of ventrolateral
PFC (also known as inferior frontal gyrus [IFG]), (b) sub-
stantia nigra (SN), bilateral thalamus (ventral anterior
[VA]/ventrolateral (VL) nuclei), and right posterior puta-
men, (c) anterior and posterior pons, and (d) left MTG/
STG. Left parietal and visual association (temporoccipital)
(BA 18/BA 17) cortices were also significantly correlated
with left STN.

When analyzing negative correlations, left STN seed
revealed two anticorrelation clusters in the cerebellum (left
Crus I/Crus II and right Crus I). Both cerebellar clusters
overlapped with default mode network (DMN) and fronto-
parietal network representation areas, as described in Buck-
ner et al., 2011.

Right STN

Similar to left STN, functional connectivity between right
STN was the most significant within the subcortical regions,
specifically the thalamic subregions (dorsomedial and intra-
laminar areas). Other regions that were positively correlated
with right STN include hypothalamus, putamen, caudate, oc-
cipital cortices (BA 18/BA 17), BA 32/ACC, cerebellar right
lobule VI/right Crus I, BA 41/BA 40, external globus pal-
lidus (GPe), bilateral IFG/BA 44, cuneus, medial frontal
gyrus/BA 10, precuneus/BA 7/BA31, right supramarginal
gyrus/inferior parietal lobule, and amygdala. Of these, BA
10 and lateral OFC (BA 47) form part of the associative
STN, parietal, GPe, putamen, caudate, and cerebellar regions
form part of the STN motor network, pre-SMA forms part of
the STN hyperdirect pathway, and insula, ACC, frontal pole,
VTA, and thalamic subregions form part of the limbic STN.
Insula-STN connectivity was the most robust with the left
STN seed, whereas IFG-STN connectivity was the most
striking with the right-STN seed. Cerebellar cluster overlap-
ped with somatomotor, ventral attention, frontoparietal, and
limbic network cerebellar representations as described in
Buckner and colleagues (2011), perhaps suggesting a cere-
bellar contribution to the STN functional network extending
beyond motor processing.

Discussion

Our primary aim was to investigate whether the functional
segregation of STN into limbic, associative, and motor
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zones, previously identified by tracer studies (Haynes and
Haber, 2013), would be reflected by the functional connec-
tivity pattern of this nucleus in the human brain. We probed
the functional connectivity of STN in healthy controls by op-
timizing resting-state fcMRI acquisition parameters to en-
hance spatial and temporal resolutions (Brunenburg et al.,
2012; Fernandez-Seara et al., 2015; Mathys et al., 2016).
We combined SMS imaging (Feinberg and Setsompop,
2013) and multichannel array coils for seed-based resting-
state fcMRI of STN with a level of resolution (2 mm isotro-
pic voxels at 1 s temporal sampling) not previously reported
with whole-brain coverage. High-resolution fMRI used in
combination with multichannel array coils is a technique
that is well suited to identify the specificity of basal ganglia
functional mapping (Anteraper et al., 2013). Our results
demonstrate significant functional involvement of STN in
the limbic, associative (hyperdirect/inhibitory control), and
motor (indirect) networks.

Limbic network (salience network
or cingulo-opercular network)

Congruent with primate tracer studies that have shown
projection from dorsal ACC to medial STN (Haynes and

Haber, 2013), our findings demonstrate positive functional
connectivity with both dorsal ACC and bilateral anterior
and posterior insular cortices from both left and right STN
seeds. Our results support the role of STN as a limbic conver-
gence zone. Enhanced understanding of the affective neural
networks that are functionally connected to the STN could
bring us closer to predicting and mitigating the adverse neu-
ropsychiatric side effects of DBS (Volkmann et al., 2010)
and harnessing medial STN DBS as a putative target for
treatment of obsessive compulsive disorder (Mallet et al.,
2008) and addictions (Luigjes et al., 2012). A better appreci-
ation of STN limbic subdivisions has the potential to impact
clinical outcomes and surgical planning [reviewed in (Lyons,
2011)]. STN-DBS in PD has demonstrated positive influ-
ences on the motor network that result in improved bradyki-
nesia, rigidity, and tremor. Although DBS electrodes target
the motor regions of the STN, inadvertent effects on limbic
STN connections may manifest as neuropsychiatric sequel,
including disruptions in mood (Castrioto et al., 2014).
STN-ACC and STN-insula connectivity has been previously
reported, with an inverse relationship between STN-insula
connectivity and the severity of motor symptoms in PD
(Mathys et al., 2016). Nonmotor symptoms (NMSs) in
DBS, including pain-modulating effects, could be potentially

FIG. 1. Statistically significant resting-state functional connectivity maps from left and right STN (second-level analysis,
N = 30; height threshold of whole-brain p < 0.001, Tmin = 3.4, cluster-level threshold of pFDR-corr<0.05). (A) Left STN and
right STN seeds location (MNI co-ordinates [�8, �13.5, �7] for left STN and [11, �12.5, �7] for right STN). (B) Cerebral
cortical surface results; labels correspond to Table 1. (C) Subcortical volume results; labels correspond to Table 1. STN, sub-
thalamic nucleus. Color images available online at www.liebertpub.com/brain
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ascribed to the role of STN in the limbic network ( Jung et al.,
2015). Long-term follow-up studies in PD patients who un-
derwent STN-DBS show reduction or persistence of pre-
existing musculoskeletal pain and emergence of new pain
( Jung et al., 2015). Significant positive correlations of hypo-
thalamus and amgydala with right STN region of interest
(ROI) revealed by our study could potentially shed light on
such DBS-related homeostatic alterations in pain (Veinante
et al., 2013).With the burden of NMSs evolving as a determi-
nant in the quality of life for PD patients post-DBS, a better
understanding of the limbic involvement of STN is crucial.

Our findings show positive connectivity between STN and
brain regions in the limbic network, including thalamus and
VTA. Bilateral STN seed ROIs unravel functional connectiv-
ity with thalamus (dorsomedial and intralaminar areas) that
parallels the structural connectivity between these regions
(Lambert et al., 2012). Intralaminar thalamic nucleus is in-
volved in the limbic pathway and receives reciprocal projec-
tions with the ventral striatum (Gimenez-Amaya et al.,
1995). VTA, typically associated with the limbic network,
is also considered to be a part of reward circuit (Haber and
Knutson, 2010) and salience network (Seeley et al., 2007).
We identified VTA as functionally connected to both left
and right STN seed ROIs. Connectivity between STN and
VTA is consistent with alterations in reward processing
after STN-DBS (Wagenbreth et al., 2015).

Associative/inhibitory control network
(hyperdirect pathway)

‘‘Life’s aim is an act not a thought,’’ proposed Sir Charles
Sherrington (1933) to describe the centrality of action for the
successful execution of a goal-directed behavior. A key com-
ponent of goal-directed action requires inhibition of prepo-
tent responses. Using stop signal inhibition tasks, human
lesion and fMRI studies indicate that the STN is a key com-
ponent of the action-stopping network along with right IFG,
bilateral insula and pre-SMA (Aron and Poldrack, 2006; Rae
et al., 2015). (Wiecki and Frank, 2013). This network is con-
sidered to be critical for a form of executive function known
as inhibitory control. Human diffusion imaging studies have
demonstrated cortical projections to STN from inferior and
superior frontal regions (Lambert et al., 2012). An fMRI
study has shown that mean diffusivity in tracts between
STN and pre-SMA and between STN and IFG is correlated
with stopping behavior; markers of WM structure in the
tract between pre-SMA and STN are correlated with effec-
tive connectivity of the same pathway (Rae et al., 2015).
Our results provide novel evidence of resting-state temporal
coupling between the putative nodes of the inhibitory control
network, including STN, right dorsomedial PFC, bilateral
pre-SMA, and bilateral opercular divisions of ventrolateral
PFC (part of IFG). We found that the left STN seed also

FIG. 2. Right STN correlation
(top) and left STN anticorrelation
clusters (bottom). (A) Cerebellar
clusters (red) and cerebellar anat-
omy shown on coronal, sagittal, and
axial slices through the SUIT atlas
(Diedrichsen, 2006; Diedrichsen
et al., 2009). (B) Cerebellar clusters
(black with white border) and cer-
ebellar atlas shown through the
SUIT atlas; each color corresponds
to a distinct cerebellar lobule; labels
correspond to lobules where clus-
ters are located. (C) Cerebellar
clusters (red) visualized on a cere-
bellar flatmap (Diedrichsen and
Zotow, 2015); dotted lines corre-
spond to borders between lobules;
labels correspond to lobules where
clusters are located. (D) Cerebellar
clusters (black with white border)
and functional connectivity of the
cerebellum based on correlations
with cerebral cortical networks
(Buckner et al., 2011): dark purple,
visual; blue, somatomotor; green,
dorsal attention; violet, ventral at-
tention; cream, limbic; orange,
frontoparietal; red, default network.
R = right, L = left. SUIT, spatially
unbiased infratentorial. Color im-
ages available online at
www.liebertpub.com/brain
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showed connectivity with STG, a region that is associated
with correct response inhibition (Rae et al., 2015).

Associative network

A primate tracer study has shown that afferents from rostral
dorsomedial PFC (DPFC), including BA 10, project to portions
of the STN-located ventromedial to premotor and motor pro-
jections and do not project to the medial half of STN (Haynes
and Haber, 2013). Consistent with this finding, central STN
stimulation in patients with DBS is associated with attentional
dysfunction (Mallet et al., 2007). Our analysis revealed right
STN connectivity with BA10, supporting a functional integra-
tion of STN in cognitive/associative brain networks.

Lateral OFC is considered to be part of the basal ganglia
thalamocortical associative circuit (Alexander et al., 1986).
We found connectivity between lateral OFC and the right
STN ROI. Our results are consistent with a human PET
study that has shown impaired fear recognition after STN
DBS accompanied with decreased glucose metabolism in
OFC (Le Jeune et al., 2008) and associative circuits (Le
Jeune et al., 2010a). In contrast to the results of the present
study, an fcMRI study in healthy controls (55 participants)
(Mathys et al., 2016) reported OFC as negatively correlated
with STN. Methodological differences in data analysis may
have contributed to these divergent findings.

We found that left and right STN seed ROIs revealed pos-
itive correlations with the visual association cortex. This is
consistent with previous reports using fcMRI (Mathys
et al., 2016) and supports a putative role of the STN in atten-
tion (Mallet et al., 2007). Our results support involvement of

STN in visual pathways, for example, the superior colliculus-
STN hyperdirect pathway (Redgrave et al., 2010).

Motor network: direct and indirect pathways

The extrapyramidal motor system is thought to be com-
posed of two primary pathways involving the basal ganglia
and the direct and indirect pathways (Lanciego et al.,
2012). The direct pathway from the striatum to the internal
segment of globus pallidus (GPi) facilitates movement
through VA/VL thalamic excitation. In contrast, the net ef-
fect of stimulation of the indirect pathway is the inhibition
of movement through VA/VL thalamic suppression. The in-
direct pathway involves a more circuitous information flow
from the striatum to GPe, STN, and finally the GPi (Haber
and Calzavara, 2009). Indirect pathway involves STN excit-
atory inputs to GPi and is facilitated through cortico-striato-
pallido-subthalamic loops as demonstrated in stimulations
studies in animals (Kolomiets et al., 2001).

The first documented patient with a lesion of STN devel-
oped unilateral flinging movements of the extremities, con-
tralateral to the lesion, known as hemiballismus (Martin,
1927). Lesion of the STN involves loss of motor suppression
or ‘‘tone’’ of the indirect pathway, resulting in exaggerated
involuntary movements (Lozano, 2001). Our results show
functional connectivity between right STN and components
of the indirect pathway, including GP (external and internal
segments), thalamus (VA/VL nuclei), and striatum (putamen
and caudate). With the seed ROI from left STN, functional
connectivity with bilateral thalamus (VA/VL nuclei) and
right putamen was revealed. VA/VL nuclei are linked with

Table 1. Positively Correlated Brain Regions for Left and Right Subthalamic Nucleus

(Second�Level Analysis, N = 30; Height Threshold of Whole�Brain p < 0.001 [T = 3.4],

Cluster�Level Threshold of pFDR�corr<0.05)

Brain regions Peak cluster Voxels per cluster Tmax

Left STN
Midbrain/left STN �8 �14 �6 499 36.92
Left insula �34 �22 10 59 6.05
Right insula 36 4 �2 175 5.85
Right insula/postcentral gyrus 42 �20 12 89 5.72
BA 32/cingulate gyrus �8 24 26 190 5.52
BA 13/BA 42 �44 �22 8 443 5.49
Right insula 32 �26 18 42 5.27
Pons 0 �18 �36 63 5.21
Putamen 36 �18 �4 47 5.12
BA 8 4 32 56 54 4.80
Middle/superior temporal gyrus �52 �54 6 48 4.71
Left insula �32 20 6 43 4.61

Right STN
Midbrain/right STN/ventral anterior nucleus 12 �12 �6 1719 37.23
BA 18/BA 17 �14 �76 12 110 7.91
BA 32/anterior cingulate 4 16 36 291 5.78
Cerebellar right lobule VI/Crus I 30 �52 �32 62 5.37
BA 41/BA 40 �48 �26 10 45 5.23
External globus pallidus/putamen �20 �6 2 107 5.21
Right inferior frontal gyrus (IFG)/BA 44/precentral gyrus 60 10 24 72 5.16
Cuneus/BA 18 0 �78 16 316 4.93
MFG/BA 10 �36 52 24 56 4.89
Precuneus/BA 7/BA31 8 �74 44 132 4.86
Left IFG �48 46 4 37 4.63
Right supramarginal gyrus/inferior parietal lobule 64 �32 44 106 4.40
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motor cortices based on studying the clinical syndromes
resulting from thalamic infarction in humans (Schmahmann,
2003). Reciprocally connected excitatory (glutamatergic)
neurons of the STN and inhibitory (GABAergic) neurons
of the GPe are critical components of the indirect pathway
(Plenz and Kital, 1999). The STN-GPe system is a central
pacemaker of the basal ganglia, and a disturbance of the bal-
ance of excitation and inhibition between these structures is
thought to contribute to the motor symptoms of PD (Bevan
et al., 2002; Plenz and Kital, 1999). Although we identified
positive functional connectivity between right STN and
GPe, our results do not capture the complexity of this rela-
tionship. Since the release of inhibitory and excitatory trans-
mitters are energy-consuming processes, neuronal inhibitory
activity may contribute to the BOLD signal (Arthurs and
Boniface, 2002). Thus, complementary imaging and electro-
physiological techniques would be necessary to fully under-
stand the influence of afferent inhibitory pathways to STN.

Motor network: other contributions

We identified functional connectivity between STN and
other components of the motor network such as SN, cerebel-
lum, and parietal lobes. SN is a key input and output to the
basal ganglia involved in motor control and is affected in
PD (Cosottini et al., 2014). Anatomical evidence for the
two-way (bisynaptic) communication between STN and cer-
ebellum has been shown in cebus monkeys (Bostan et al.,
2010). There is electrophysiological evidence of cerebellar
activity during STN-DBS (Sutton et al., 2015). Our results
showed left-STN functional connectivity with the pons.
This finding is congruent with rodent and primate tracer stud-
ies that have shown structural connectivity between STN and
the pedunculopontine nucleus and between STN and the
locus coeruleus (Carpenter et al., 1981; Hammond et al.,
1983). In PD patients, combined pedunculopontine-STN
stimulation has shown improved motor control, particularly
for gait and axial symptoms (Khan et al., 2012; Stefani
et al., 2007).

The right STN revealed significant connectivity with right
supramarginal and inferior parietal regions consistent with
previous resting-state fMRI connectivity studies (Brunen-
berg et al., 2012; Mathys et al., 2016). There is electrophys-
iological and functional neuroimaging evidence that STN
DBS in PD patients modulates cortical motor network activ-
ity and is associated with desynchronization of cortical activ-
ity in bilateral parietal areas (Weiss et al., 2015a, 2015b).

STN–cerebellum connectivity: nonmotor considerations

A sizeable body of anatomical (Kelly and Strick, 2003;
Middleton and Strick, 1994; Schmahmann and Pandya,
1997), behavioral (Guell et al., 2015; Hoche et al., 2016;
Levisohn et al., 2000; Ravizza et al., 2009; Riva and Giorgi,
2000; Schmahmann and Sherman, 1998; Thompson and
Steinmetz, 2009), and neuroimaging evidence (Halko et al.,
2014; Keren-Happuch et al., 2014; Stoodley and Schmah-
mann, 2009; Stoodley et al., 2012) supports a role of the cer-
ebellum not only in motor control but also in cognitive and
affective processes. Our discussion of STN–cerebellar con-
nectivity must consider, accordingly, the possibility of cere-
bellar contributions to the STN networks that extend beyond
motor control.

Right STN seed analysis revealed a cluster of positive cor-
relation in right cerebellar lobule VI/Crus I. Several observa-
tions indicate that the functional significance of this cluster
may not be confined to the motor realm. Two motor represen-
tations have been recognized in the cerebellum since the work
of Snider and Eldred: one in lobules IV/V/VI and one in lobule
VIII (Bushara et al., 2001; Grodd et al., 2001; see also Rijntjes
et al., 1999; Snider and Eldred, 1952; Takanashi et al., 2003;
Thickbroom et al., 2003). Although our right STN seed cere-
bellar cluster occupies lobule VI, its location is confined to the
caudal portions of this lobule (Fig. 2B, C). The fact that lobule
VI motor representation has been consistently identified in the
rostral aspect of lobule VI, together with the fact that our clus-
ter extends to Crus I, suggests that this correlation might be at
least partially related to nonmotor information processing.
This notion is further supported when overlapping our right
STN–cerebellar cluster with Buckner’s 7 resting-state net-
works (Buckner et al., 2011). Buckner and colleagues applied
a winner-takes-all algorithm to determine the strongest func-
tional correlation of each cerebellar voxel to one of the
seven cerebral cortical resting-state networks defined in Yeo
and colleagues (2011). When viewing our cluster within this
framework, an overlap can be appreciated with somatomotor,
ventral attention, frontoparietal, and limbic network cerebellar
representations (Fig. 2D, top).

Left STN seed analysis showed two clusters of negative
correlation, one in left cerebellar Crus I/Crus II and one in
right cerebellar Crus I (Fig. 2A–C). It has been firmly estab-
lished by anatomical (Kelly and Strick, 2003; Schmahmann
and Pandya, 1997), clinical (Schmahmann et al., 2009;
Stoodley et al., 2016), and neuroimaging studies (Keren-
Happuch et al., 2014; Stoodley and Schmahmann, 2009;
Stoodley et al., 2012) that motor representations in the cere-
bellum do not map to Crus I/Crus II. In addition, Crus I/Crus
II fMRI activity has been observed in multiple nonmotor
tasks, including working memory, language social, and emo-
tion processing (Keren-Happuch et al., 2014; Stoodley and
Schmahmann, 2009; Stoodley et al., 2012). Furthermore,
we observed an overlap between these clusters and cerebellar
DMN representations (also encroaching frontoparietal net-
work areas) (Fig. 2D).

Right STN seed positive cerebellar correlations might appear
at odds with left STN seed negative cerebellar correlations.
However, patterns of positive and negative correlations between
nonmotor processing areas have been described in the cerebral
hemispheres—some nonmotor regions (DMN, ‘‘task-negative’’)
characteristically anticorrelate with other (‘‘task-positive’’) non-
motor areas (Fox et al., 2005). Perhaps coherently, cerebellar
anticorrelations were observed only in those clusters that over-
lapped with cerebellar DMN areas in our analysis.

This observation further supports the notion that our STN–
cerebellar findings, including both positive and negative correla-
tions, might correspond to channels of information processing
extending beyond motor control. Nonmotor cerebellar contribu-
tions to the STN networks become entirely logical in the context
of STN connectivity with limbic, associative, and motor net-
works described in this study, as well as with previous tract trac-
ing observations linking the cerebellum with both sensorimotor
and associative STN territories (Bostan et al., 2010). Taken to-
gether, it is reasonable to consider that STN–cerebellar connec-
tivity integrates basal ganglia and cerebellar functions in both
motor and nonmotor domains.
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Future work

Using resting-state fcMRI, we demonstrated the tripartite
network coupling of the STN (correlations with limbic, asso-
ciative, and motor networks). However, resolution limita-
tions prevented us from specifically examining individual
subdivisions within STN itself. A combination of ultrahigh
field strength (7 T), higher spatial resolution (1 mm3), and
multichannel arrays with SMS and whole-brain imaging
could be used in the future to minimize contamination of
STN voxels with the BOLD signals from neighboring struc-
tures such as thalamus and lateral hypothalamus. 7 T and
ultrahigh-spatial resolution have already been proposed (de
Hollander et al., 2015) to alleviate the ‘‘cocktail problem’’
to gather unmixed signals from STN and the adjacent SN.
Harnessing methodological advances might enable voxel-
to-voxel functional connectivity analysis to be carried out
in an attempt to parse out putative lateral/medial segregation
of motor and limbic networks, thereby interrogating possible
functional gradients within STN. Enhanced functional ana-
tomical understanding of STN could potentially refine the
clinical applications of DBS by separating the target region
and avoiding complications such as neuropsychiatric disor-
ders and pain.

Anatomic segregation of GABA and glutamatergic STN
outputs has been described previously (Levesque and Parent,
2005); however, defining excitatory or inhibitory outputs
from STN is beyond the scope of this study. Valuable in-
sights into the functional underpinnings of STN could be
gained by adopting multimodality (PET–fcMRI) approaches.
In particular, high-resolution MRI could benefit PET re-
search by providing effective atlases for registration while
allowing further characterization of neuropsychiatric side ef-
fects imparted by STN-DBS (Mallet et al., 2007). Finally,
diffusion-weighted imaging can be combined with fcMRI
to perform anatomically defined functional subparcellation
of STN efferent and afferent WM tracts. Such methods
have been successfully employed for exploring thalamic
connectivity (O’Muircheartaigh et al., 2015) and could be
extended to composite structures such as STN [e.g., (Fan
et al., 2016)].

Previous resting-state fcMRI studies have not shown STN-
IFG or STN-STG connectivity (Fernandez-Seara et al., 2015;
Mathys et al., 2016). In contrast to prior work that employed
12-Ch head coils, this study takes advantage of 32-Ch array
head coils. Our previous work has shown that increasing the
number of RF receiver channels in array coils from 12 Ch to
32 Ch outperforms the 12-Ch coil by a factor of 2.3 · aver-
aged over the given signal area (Anteraper et al., 2013). Fur-
thermore, in comparison with the 12-Ch coil, the peripheral
cortex SNR and central SNR were improved by a factor of
1.4 · and 2.7 · , respectively, exhibiting the increased sensi-
tivity offered by the 32-Ch coil not only at the cortex but also
at deeper structures and subcortical areas. Combination of
SMS and high-spatiotemporal resolution EPI for statistical
power enhancements in BOLD sensitivity has also previ-
ously been demonstrated (Arnold Anteraper et al., 2014).
Systematic evaluation of the potential methodological bene-
fit of high-resolution imaging using the 32-Ch head coil on
BOLD CNR in the STN, particularly in the susceptibility-
prone temporal and mid-brain regions, is beyond the scope
of this study.

Conclusions

Using a combination of recent advances in SMS, multi-
channel array coils, and high-resolution imaging, we identi-
fied resting-state functional connectivity of the STN with
limbic, associative, and motor networks. It is critical to delin-
eate the functional heterogeneity of STN to reduce the neu-
ropsychiatric complications of electrical stimulation with
DBS. This work contributes to the enhanced understanding
of the role of basal ganglia substructures in cognition, emo-
tion, motivation, and motor functions.
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