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Abstract: The pathological hallmark of Parkinson’s disease is the degeneration of dopaminergic nigrostriatal
neurons, leading to depletion of striatal dopamine. Recent neuroanatomical work has identified pathways
for communication across striatal subdivisions, suggesting that the striatum provides a platform for integration of information across parallel corticostriatal circuits. The aim of this study was to investigate whether
dopaminergic dysfunction in Parkinson’s disease was associated with impairments in functional connectivity
across striatal subdivisions, which could potentially reflect reduced integration across corticostriatal circuits.
Utilizing resting-state functional magnetic resonance imaging (fMRI), we analyzed functional connectivity in
39 patients with Parkinson’s disease, both “on” and “off” their regular dopaminergic medications, along
with 40 age-matched healthy controls. Our results demonstrate widespread impairments in connectivity
across subdivisions of the striatum in patients with Parkinson’s disease in the “off” state. The administration
of dopaminergic medication significantly improved connectivity across striatal subdivisions in Parkinson’s
disease, implicating dopaminergic deficits in the pathogenesis of impaired striatal interconnectivity. In addition, impaired striatal interconnectivity in the Parkinson’s disease “off” state was associated with pathological decoupling of the striatum from the thalamic and sensorimotor (SM) networks. Specifically, we found
that although the strength of striatal interconnectivity was positively correlated with both (i) the strength of
internal thalamic connectivity, and (ii) the strength of internal SM connectivity, in both healthy controls and
the Parkinson’s disease “on” state, these relationships were absent in Parkinson’s disease when in the “off”
state. Taken together our findings emphasize the central role of dopamine in integrated striatal function and
the pathological consequences of striatal dopamine denervation in Parkinson’s disease. Hum Brain Mapp
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INTRODUCTION
The human basal ganglia are fundamental for integrated
brain function. The principal input structure of the basal
ganglia, the striatum, receives topographically organized
input from the cerebral cortex, which is then channeled
via pallidal and thalamic nuclei before projecting back to
the cortex, forming parallel anatomical corticostriatal
“loops” (Alexander et al., 1986). Previous work has demonstrated that the striatal nuclei are subdivided into specialized territories associated with specific functions related
to their cortical connections: the ventral striatum is implicated in motivation and reward (Schultz et al., 1997;
Tanaka et al., 2004), the head of the caudate nucleus in
cognition (Grahn et al., 2008; Levy et al., 1997), and the
putamen in motor control (Alexander and DeLong, 1985).
Although corticostriatal macrocircuits have long been
thought to comprise parallel and functionally segregated
channels (Alexander et al., 1990; Middleton and Strick,
2000), an emerging body of neuroanatomical data has
identified pathways for communication across subdivisions of the striatum (Belin and Everitt, 2008; Bevan et al.,
1997; Draganski et al., 2008; Haber et al., 2000; Haber
et al., 2006; Kolomiets et al., 2001; McFarland and Haber,
2002; Mena-Segovia et al., 2005; Tziortzi et al., 2014), suggesting that the striatum may be a subcortical nexus for
the integration of neural signals across specialized corticostriatal circuits (Bar-Gad et al., 2003; Haber, 2008; Pennartz
et al., 2009). Such findings have led to a reconceptualization of the basal ganglia as a complex dual organizational
system, supporting both parallel and integrative processing across corticostriatal channels (Haber, 2003). Despite
growing interest in the dual organizational properties of
the striatum, it is not yet known how neurodegenerative
disease might perturb this system.
Ascending dopaminergic nigrostriatal neurons provide
rich innervation across the entire striatal complex (Haber
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et al., 2000; Hedreen and DeLong, 1991), exerting neuromodulatory control over information processing across the
entire striatum. Parkinson’s disease, therefore, provides a
unique model to study the functional importance of striatal
dopamine and the consequences of dopaminergic pathology,
as degeneration of nigrostriatal neurons leads to severe depletion of dopamine across the striatum (Bruck et al., 2006; Fearnley and Lees, 1991; Kish et al., 1988). The loss of striatal
dopamine in Parkinson’s disease has been implicated in pathological neuronal activity within basal ganglia nuclei (Hammond et al., 2007), and is assumed to underlie the
development of an array of complex and pervasive symptoms
spanning affective, cognitive, and motoric domains (Chaudhuri and Schapira, 2009). Many of the motor and nonmotor
symptoms of Parkinson’s disease are modulated by
dopamine-replacement therapy, further suggesting that physiological striatal function is dependent on dopaminergic neuromodulation (Surmeier et al., 2010). Although previous
functional neuroimaging studies have demonstrated abnormal activity within specific corticostriatal circuits in Parkinson’s disease (Hacker et al., 2012; Helmich et al., 2010; Kwak
et al., 2010; Sharman et al., 2013), little is known about whether
the dopaminergic insult in Parkinson’s disease might impair
integration across parallel corticostriatal macrocircuits.
Resting-state fMRI provides a noninvasive tool for the
interrogation of functional connectivity independent of taskbased confounds, allowing for the investigation of neural
network function in both healthy and clinical populations
(Fox and Greicius, 2010; Zhang and Raichle, 2010). The primary aim of this study was to investigate whether the dopaminergic impairments in Parkinson’s disease were
associated with deficits in functional connectivity across subdivisions of the striatum. To investigate this question, we utilized resting-state fMRI to calculate functional connectivity
in 39 patients with Parkinson’s disease, both “on” and “off”
dopaminergic medication, and in 40 healthy, age-matched
controls. We hypothesized that, when withdrawn from
dopaminergic medication, patients with Parkinson’s disease
would demonstrate reduced connectivity across subdivisions of the striatum compared to healthy controls, potentially reflecting impaired integration across parallel
corticostriatal circuits in the “off” state. Furthermore, we
predicted that the administration of dopaminergic therapy
would ameliorate striatal connectivity deficits observed in
Parkinson’s disease, implicating dopamine in the modulation of striatal interconnectivity. Finally, we predicated that
dopaminergic impairments in striatal connectivity would be
associated with dysfunction within extra-striatal networks in
Parkinson’s disease, reflecting the importance of striatal
dopamine in large-scale network function.

MATERIALS AND METHODS
Participants
The 39 patients with Parkinson’s disease included in
this study were recruited from the Parkinson’s Disease
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Research Clinic at the Brain and Mind Research Institute.
All patients satisfied the United Kingdom Parkinson’s Disease Society Brain Bank criteria and were not demented
(Martinez-Martin et al., 2011). All 39 patients were scanned
twice (with an average time of 2.4 weeks between sessions): once in their clinically defined “off” state, having
been withdrawn from dopaminergic medication overnight
(Parkinson’s disease “off”), and once in their clinically
defined “on” state having received their usual dopaminergic medication (Parkinson’s disease “on”). Patients with
Parkinson’s disease were randomly assigned to complete
the assessment either in the “on” or “off” state first. The
40 healthy control subjects were also recruited from the
Brain and Mind Research Institute at the University of
Sydney. Healthy control participants were screened for a
history of neurological or psychiatric disorders as well as
the concurrent use of any psychoactive medications. Parkinson’s disease patients and healthy controls were
matched for age, sex, and scores on the mini-mental state
examination (MMSE). In addition, patients with Parkinson’s disease were assessed on the Hoehn and Yahr Scale
and the motor section of the unified Parkinson’s disease
rating scale (UPDRS-III) in their clinically defined “off”
state. Table I shows the demographic and clinical details of
the participants in the study. Dopaminergic dose equivalence scores were also calculated for each patient. Specifically, 18 patients were on a combination of L-dopa plus a
dopaminergic agonist and adjuvant therapy; 13 patients
were on L-dopa monotherapy; and 8 patients were on Ldopa plus adjuvant therapy (either a dopamine agonist,
entacapone or a monoamine oxidase inhibitor). No patients
in the cohort were taking antipsychotic medication or cholinesterase inhibitors. Permission for the study was obtained
from the University of Sydney’s Human Research Ethics
Committee and all patients gave written informed consent.

r

TABLE I. Demographics and clinical variables

N
Male/Female
Age
MMSE
Disease duration (years)
DDE
UPDRS-III Off
H&Y

Parkinson’s disease

Healthy controls

39
33/6
65.8 (7.6)
28.2 (1.1)
7.4 (5.0)
906.9 (591.0)
34.4 (15.1)
2.3 (1.3)

40
32/8
62.1 (6.5)
29.1 (1.2)
—
—
—
—

Mean and standard deviation (SD) reported for patient demographics and clinical variables. MMSE reported for patients with
Parkinson’s disease in the ‘off’ state. Abbreviations: DDE, Dopamine Dose Equivalent; H&Y, Hoehn & Yahr Scale; MMSE, MiniMental State Examination; UPDRS-III, Unified Parkinson’s Disease
Rating Scale motor section III.

ously (Shine et al., 2013a). Scans were first slice-time
corrected to the median slice in each TR, then realigned to
create a mean realigned image, with measures of 6 of rigid
head movements calculated for later use in the correction of
minor head movements. For quality assurance, each trial
was analyzed using ArtRepair (Mazaika et al., 2009) and trials with a large amount of global drift or scan-to-scan head
movements >1 mm were corrected using interpolation.
None of the subjects included in this study demonstrated
scan-to-scan head movements >3 mm (<1 voxels’ breadth).
Images were normalized to the Echo Planar Image template,
resampled to 3 mm isotropic voxels and then subsequently
smoothed using a 4 mm full-width half-maximum isotropic
Gaussian kernel.

Definition of Striatal Regions of Interest
Image Acquisition
Images were acquired on a General Electric 3 Tesla MRI
(General Electric, Milwaukee). T2*-weighted echo planar
functional images were acquired in interleaved order with
repetition time (TR) 5 3 s, echo time (TE) 5 32 ms, flip
angle 90 , 32 axial slices covering the whole brain, field of
view 5 220 mm, interslice gap 5 0.4 mm, and raw voxel
size 5 3.9 mm by 3.9 mm by 4 mm thick. Each restingstate scan lasted 7 min (140 TRs). During the resting-state
scan, patients were instructed to lie awake with their eyes
closed and to let their minds wander freely.

Image Pre-Processing
Preprocessing and analyses were conducted using Statistical parametric mapping software version 21 (SPM8, Wellcome Trust Centre for Neuroimaging, London, UK, http://
www.fil.ion.ucl.ac.uk/spm/software/). Images were preprocessed according to a standard pipeline, as described previ-
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A total of 14 regions-of-interest (ROIs; radius 2.5 mm),
seven per hemisphere, were defined within the striatum
(see Supporting Information Table S1 for MNI co-ordinates). Twelve of these striatal ROIs were defined in
accordance with those described by Di Martino et al.
(2008). These striatal ROIs have previously been shown to
correspond to dissociable functional systems (Di Martino
et al., 2008; Kelly et al., 2009) and enable broad coverage
of the striatum, sampling the bilateral: inferior ventral
striatum (VSi), superior ventral striatum (VSs), dorsal caudate (DC), dorsal caudal putamen (DCP), dorsal rostral
putamen (DRP), and ventral rostral putamen (VRP). As
previous work has shown that dopaminergic depletion is
most severe in postcommissural putamen (PCP) (Bruck
et al., 2006; Kish et al., 1988), we also defined an additional
two ROIs (radius 2.5 mm), one per hemisphere, within the
PCP. Importantly, to minimize the potential for “bleeding”
of signals across individual ROIs, we ensured that all striatal ROIs were separated by a Euclidean distance of at least
9 mm.
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Definition of Thalamic ROIs
Given that the thalamus comprises the major output
nuclei of the striatum, and is an important relay station for
traversing corticostriatal macrocircuits, we also explored
how connectivity across subdivisions of the thalamus
might be affected in Parkinson’s disease. To calculate connectivity across subdivisions of the thalamus, we defined
twelve thalamic ROIs (radius 2.5 mm), six per hemisphere,
evenly dispersed across the thalamus (see Supporting
Information Table S1 for MNI coordinates). These 12 thalamic ROIs enabled broad coverage of the thalamus, sampling the bilateral: superior, anterior, anteriomedial,
lateral, posteriomedial, and posterior thalamus. Importantly, these regions were not defined according to putative functional boundaries, but rather to sample the broad
connectivity within the thalamus as a whole. To minimize
the potential for “bleeding” of signals across individual
ROIs, we ensured that all thalamic ROIs were separated
by a Euclidean distance of at least 9 mm.

Definition of ROIs Within Large-Scale Networks
In this study, we investigated the strength of connectivity
within large-scale resting-state networks (i.e., internal network connectivity). This was achieved using a two-step
approach. First, we conducted a spatial independent component analysis to define the topography of the major largescale resting-state networks and identify key nodes within
these networks. Second, we then conducted a seed-based
functional connectivity analysis using these nodes to calculate the strength of internal connectivity within each of the
large-scale resting-state networks. The specific details of
these analyses are outlined in further detail below.
To define large-scale neuronal networks, preprocessed
images were subjected to a group-level spatial independent
component analysis using the GIFT toolbox (Calhoun et al.
2001) in SPM8. Spatial independent component analysis is a
data-driven approach that searches for maximally independent clusters of voxels within the brain that covary together
in reliable temporal relationships. Using the GIFT toolbox,
this process involves data reduction using principal component analysis, followed by a spatial independent component
analysis and finally, a back projection step to recreate individual subject maps for each component (Calhoun et al.,
2001). In this study, each of the three groups (Healthy Controls, Parkinson’s disease “on”, Parkinson’s disease “off”)
were subjected to group-level independent component analysis separately, using the InfoMax algorithm to extract 20
maximally independent components for each group.
For each of the three groups, the initial sample of 20 network components was inspected visually, and those that
contained noise within the white matter, edges of the brain
and/or the cerebrospinal fluid were discarded (eight components for each group). As we were principally interested
in exploring the consequences of Parkinson’s disease on
commonly reported large-scale networks, we included a
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total of seven large-scale networks of interest that are commonly reported in the literature (Laird et al., 2011).
Recent evidence from the functional neuroimaging literature suggests that Parkinson’s disease is characterized by
complex and poorly understood changes in functional connectivity that occur both within, but also beyond, the classical sensorimotor-striatal circuitry (Baggio et al., 2014;
Dubbelink et al., 2014; G€
ottlich et al., 2013). In addition,
recent work has revealed that the striatum is intimately
linked to multiple large-scale resting-state networks, including sensorimotor, limbic, and heteromodal networks (such
as the dorsal attention, ventral attention, default mode, and
frontoparietal networks) (Choi et al., 2012). Based on these
observations, it is conceivable that the striatal pathology of
Parkinson’s disease may contribute to connectivity impairments in multiple large-scale cerebral networks (Shine
et al., 2013b; Shine et al., 2013c). Therefore, although the primary focus of this study was to investigate striatal connectivity impairments, we also explore how the dopaminergic
pathology of Parkinson’s disease might perturb the connectional properties of extra-striatal resting-state networks.
To objectively define the components representing largescale functional networks, we spatially sorted the seven
components of interest using a series of seeds known to
comprise important regions within each network. Specifically, we used a posterior cingulate cortex seed (8mm
sphere centered on 0 252 35) to extract the default mode
network (DMN); bilateral dorsolateral prefrontal cortex
masks (8 mm spheres centered around 245 11 34 and 45
11 34) to extract a frontoparietal network (FPN) for the left
(LFPN) and right hemisphere (RFPN); a right anterior
insula mask (8 mm sphere centered around 32 20 22) to
extract the ventral attention network (VAN); a right occipital cortex seed (8 mm sphere centered on 11 292 22) to
extract the visual network (VIS); a midline precentral
gyrus mask (8 mm sphere centered around 0 231 67) to
extract the sensorimotor network (SM); and a cerebellar
seed (8 mm sphere centered around 31 264 242) to extract
the cerebellar network (CBM). As the basal ganglia and
thalamus were sampled using predefined ROIs (as
described above), the spatial components associated with
the basal ganglia and thalamus were discarded.
Each of the large-scale network components included in
the study was then subjected to a random effects analysis
across each group, after which a stringent statistical
threshold of p < 0.001 (false discovery rate [FDR]: p < 0.05,
cluster size >50) was applied to strictly define the spatial
topography of each network component. ROIs were subsequently defined, five per network, such that they recapitulated key regions within each network component as
previously reported in the literature (Laird et al., 2011).
Importantly, all the defined ROIs for each of the individual networks of interest fell within network topography
that was common across all three groups (threshold:
p < 0.001, FDR: p < 0.05). Spherical ROIs of radius 4 mm
were centered on each of these coordinates (see Supporting Information Table S2 for MNI coordinates).
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Calculation of Functional Connectivity
Smoothed images were imported into the Functional
Connectivity toolbox (www.nitrc.org/projects/conn) in
SPM8. A temporal low band pass filter was applied retaining frequencies between 0.009–0.08 Hz. Spurious variance
was reduced by regression of nuisance waveforms derived
from six variable head motion parameters (and their first
temporal derivative), mean whole-brain signal, and the
signal extracted from 4 mm radius masks placed in the
white matter (27 221 28) and cerebrospinal fluid (CSF)
(221 236 20). The BOLD time-course was extracted from
each of the nuisance-corrected source ROIs and then Pearson’s correlation coefficients were calculated for each pairwise connection across ROIs spanning the striatum, thalamus and other large-scale networks. These values were
then normalized using a Fisher’s r-to-Z transformation.

Connectivity Across Subdivisions of the Striatum
To investigate connectivity across the subdivisions of
the striatum, we calculated the strength of connectivity
across each possible connection between the 14 (seven per
hemisphere) striatal ROIs, and compared the strength of
these individual striatal ROI-to-ROI connections between
healthy controls, Parkinson’s disease “on” and Parkinson’s
disease “off” using a series of t-tests (independent samples
for comparison of healthy controls and Parkinson’s disease
and a paired-samples t-test for comparison across medication states). A false detection rate of p < 0.05 was administered to correct for multiple comparisons after testing
between the three groups for this specific analysis (Benjamini and Hochberg, 2000).
To calculate global patterns of connectivity across striatal subdivisions, we also obtained the mean connectivity
across the entire striatum by calculating the mean Fisher’s r-to-Z score for all connections between the 14 striatal
ROIs. In addition, we also calculated the mean connectivity across subdivisions of the anterior striatum, by calculating the mean Fisher’s r-to-Z score for connections
between the bilateral VSi, VSs, and DC; and of the posterior striatum, by calculating the mean Fisher’s r-to-Z
score for connections between the bilateral DCP, DRP,
VRP, and PCP. These global measures of striatal interconnectivity were subsequently compared between the three
groups.

Connectivity Within Large-Scale and Thalamic
Networks

quently used this score to compare the strength of withinnetwork connectivity between the three groups.

Relationship Between Striatal Interconnectivity
and Large-Scale Network Connectivity
To explore whether the strength of striatal interconnectivity was related to the strength of internal connectivity
within large-scale neuronal networks, we correlated the
mean striatal interconnectivity measure (calculated as the
mean Fisher’s r-to-Z score for connections across all subdivisions of the striatum) for each individual subject, against
their internal network connectivity for each of the largescale networks. Correlations between striatal interconnectivity and large-scale network connectivity were estimated
using Pearson’s product-moment correlations and were
compared statistically using the Dunn and Clark statistic
(Dunn and Clark, 1974). In addition, we performed an
analysis to determine whether the internal connectivity of
any given extra-striatal large-scale network might relate to
the internal connectivity within other networks. To achieve
this, the strength of internal connectivity within each
extra-striatal large-scale network was correlated with the
strength of internal connectivity within each remaining
extra-striatal network, separately. A false detection rate of
p < 0.05 was administered to correct for multiple comparisons after comparing the three groups (Benjamini and
Hochberg, 2000).

Group-Level Results are Robust to the Effects of
Head Movement
To ensure that group-level results were not influenced
by spurious correlations as a result of head movement in
the scanner, we conducted two further analyses. First, we
calculated the mean framewise displacement, defined as
the sum of the absolute values of the temporal derivative
of the six head motion parameters for each individual subject (Power et al., 2012), and then compared this value
across each of the three groups statistically using t-tests.
Second, to ensure that all significant group-level results in
this study were robust to the effects of head motion, we
performed additional partial correlation analyses for each
of the significant correlations observed in this study, using
the mean framewise displacement as a covariate (see
“Results: Group-level results are robust to the effects of
head movement”).

Statistical Analysis

In addition, we calculated the strength of internal network connectivity for each large-scale cortical network and
for the thalamic network. This measure was calculated by
taking the mean Fisher’s r-to-Z score for all connections
between ROIs belonging to a given network. We subse-
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An independent samples t-test was used for the comparison of healthy controls and Parkinson’s disease and a
paired-samples t-test was used for the comparison across
medication states in the Parkinson’s disease cohort. For
each test utilized, multiple comparisons were corrected for
using a Bonferroni correction at the group level. In
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Figure 1.
(a) Schematic diagram illustrating ROIs spanning functional subdivisions of the striatum. ROIs sampling the caudate and ventral
striatum were considered to comprise the anterior striatum,
whereas ROIs sampling the putamen were considered to comprise the posterior striatum. (b) Mean functional connectivity
across the global striatum calculated as the mean Fisher’s r-to-Z
score for all connections between each striatal ROI. (c) Mean
functional connectivity across the subdivisions of the thalamus
calculated as the mean Fisher’s r-to-Z score for all connections

between each thalamic ROI. Statistical significance—***
p < 0.001; ** p < 0.005; # p < 0.01 (corrected for multiple comparisons using Bonferroni correction). Abbreviations—DC, Dorsal caudate; DCP, Dorsal caudal putamen; DRP, Dorsal rostral
putamen; HC, Healthy Controls; PCP, Postcommissural putamen;
PD, Parkinson’s disease; VRP, Ventral rostral putamen; VSi, Ventral striatum inferior; VSs, Ventral striatum superior. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

addition, we also assessed for a potential relationship
between our primary imaging findings and clinical motor
impairment in Parkinson’s disease by correlating both
mean striatal interconnectivity (anterior, posterior, and
total striatum, respectively) and mean thalamic interconnectivity against the severity of motor impairment (as
assessed using the UPDRS-III) for each individual subject
in the “off” state.

individual striatal region-to-region connections). Specifically, we found that connectivity is most severely impaired
in patients with Parkinson’s disease in the “off” state,
demonstrating impaired connectivity across the anterior
striatum (t 5 3.06, p 5 0.003), posterior striatum (t 5 4.10,
p < 0.001), and the striatum as a whole (t 5 3.86, p < 0.001;
Fig. 1b), compared to healthy controls. In the “on” state,
patients with Parkinson’s disease revealed increased connectivity across the posterior striatum (t 5 2.99, p < 0.003)
and total striatum (t 5 2.89, p < 0.005), compared to the
“off” state, however, differences were not significant for
the anterior striatum (t 5 1.49, p 5 0.138). When compared
to healthy controls, patients in the “on” state demonstrated
reduced connectivity for the posterior striatum (t 5 2.78,
p < 0.005), but not for the anterior (t 5 1.58, p 5 0.119) or
the striatum as a whole (t 5 1.13, p 5 0.263). Betweengroup differences were also present when connectivity

RESULTS
Connectivity Across Subdivisions of the Striatum
Our data demonstrate widespread deficits in functional
connectivity between subdivisions of the striatum in
patients with Parkinson’s disease compared to healthy
controls (see Fig. 2 for between-group differences between
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across striatal subdivisions was calculated for the left and
right hemispheres individually.

Connectivity Within Large-Scale and Thalamic
Networks
We observed deficits in functional connectivity between
subdivisions of the thalamus in Parkinson’s disease compared to healthy controls. Specifically, we found that
global connectivity across all subdivisions of the thalamus
was reduced in Parkinson’s disease in the “off” state, compared to both healthy controls (t 5 4.56, p < 0.001) and the
Parkinson’s disease “on” state (t 5 2.83, p 5 0.007; Fig. 1c).
In addition, we also observed impaired connectivity within
the thalamus in the Parkinson’s disease “on” state when
compared to healthy controls (t 5 2.31, p 5 0.023), however,
this finding did not survive strict correction for multiple
comparisons.
Furthermore, we observed that patients with Parkinson’s
disease in the “off” state demonstrate reduced connectivity
within the CBM compared to healthy controls (t 5 2.69,
p 5 0.008) and also to patients “on” medication (t 5 2.93,
p 5 0.006), however, there were no significant differences
between patients in the “on” state and healthy controls
(t 5 0.21, p 5 0.826). Compared to healthy controls, patients
with Parkinson’s disease in the “off” state revealed significantly reduced connectivity within the SM (t 5 2.87,
p 5 0.007), however, there were no differences between the
Parkinson’s disease “on” state, when compared to “off”
state (t 5 1.21, p 5 0.233) and when compared to healthy
controls (t 5 1.95, p 5 0.055). Patients in the “off” state also
showed significantly reduced connectivity within the
LFPN network compared to healthy controls (t 5 2.87,
p 5 0.007), however, there were no significant differences
between patients in the “on” state compared to healthy
controls (t 5 1.68, p 5 0.099) or the “off” state (t 5 1.79,
p 5 0.077). No other networks displayed within-network
connectivity differences between the three groups.

Decoupling of the Striatal Network in
Parkinson’s Disease
In healthy controls, the strength of connectivity across
the striatum was strongly correlated with the strength of
internal coherence within large-scale networks of the brain
(Fig. 3a). Specifically, we observed that striatal interconnectivity was strongly related to the strength of internal
network connectivity for the SM (r 5 0.470, p 5 0.002),
CBM (r 5 0.403, p 5 0.010), DMN (r 5 0.318, p 5 0.046), and
thalamic (r 5 0.532, p < 0.001) networks. There was also a
trend toward significant positive correlation between the
strength of striatal interconnectivity and the strength of
internal network connectivity for the remaining large-scale
networks: LFPN (r 5 0.295, p 5 0.063), RFPN (r 5 0.205,
p 5 0.102), VAN (r 5 0.220, p 5 0.086), and VIS (r 5 0.252,
p 5 0.058). These relationships were also present when
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connectivity across striatal subdivisions was calculated
specifically for the anterior and posterior striatum, and
when connectivity was calculated for the left and right
striatal hemispheres separately.
Importantly, the correlations between striatal interconnectivity with internal thalamic and internal SM connectivity observed in the healthy control group, were absent in
Parkinson’s disease in the “off” state (Fig. 3a). Specifically,
we found that the correlation between the strength of connectivity across striatal subdivisions and the strength of
internal connectivity within the thalamus was significantly
reduced in patients with Parkinson’s disease in the “off”
state (r 5 0.088, p 5 0.594), compared to healthy controls
(r 5 0.532, p < 0.001; ZI* 5 2.17, p 5 0.05) and also compared
to the “on” state (r 5 0.472, p < 0.001; ZI* 5 1.82, p 5 0.034).
Similarly, the correlation between the strength of connectivity across striatal subdivisions and strength of connectivity within the SM was reduced in patients with
Parkinson’s disease in the “off” state (r 5 0.023, p 5 0.889),
compared to healthy controls (r 5 0.470, p 5 0.002;
ZI* 5 2.09, p 5 0.018) and also compared to the “on” state
(r 5 0.470, p 5 0.003; ZI* 5 2.09, p 5 0.018). Finally, the correlation between the strength of connectivity across striatal
subdivisions with the strength of internal LFPN connectivity was significantly stronger in the Parkinson’s disease
“off” state (r 5 0.429, p 5 0.003) compared to the “on” state
(r 5 0.007, p 5 0.483; ZI* 5 1.9, p 5 0.045). Importantly, all
the significant results at the group level remained after
partial correlation for clinical variables, such as age, general cognition (as measured by MMSE), and level of
education.

Decoupling of Extra-Striatal Large-Scale Networks in Parkinson’s Disease
Although the primary focus of this article was to characterize the effects of striatal dysfunction on the functional
architecture of the brain in Parkinson’s disease, we were
also secondarily interested in exploring whether this disease cohort expressed impaired connectivity relationships
across extra-striatal networks. We found that, in the
healthy control group, the strength of internal connectivity
within many of the extra-striatal large-scale networks was
correlated with internal connectivity within many other
networks (Fig. 3a). This suggests that, in general, the
strength of internal connectivity of one network correlates
with the strength of internal connectivity of many other
networks in the healthy brain at the group level. Remarkably, however, these inter-relationships between extrastriatal networks are diminished, and in many cases
absent, in Parkinson’s disease (Fig. 3a). These results suggest that, in Parkinson’s disease, the breakdown of interrelationships in internal connectivity across large-scale networks is a phenomenon that is not exclusive to the striatum, but rather, may extend to relationships between
extra-striatal networks.
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Group-Level Results are Robust to the Effects of
Head Movement
When comparing the mean framewise displacement
between the three groups we found no significant
between-group differences (Controls vs. Parkinson’s disease “off”, p 5 0.413; Controls vs. Parkinson’s disease “on”,
p 5 0.687; Parkinson’s disease “off” vs. Parkinson’s disease
“on”, p 5 0.217), suggesting that head motion did not differentially alter connectivity across groups. Additionally,
to ensure that all group-level correlations observed in this
study were robust to the effects of head motion, we performed partial correlation analyses for each of the significant results observed, using the mean framewise
displacement as a covariate. Each of the significant results
reported above remained significant, demonstrating that
correlations observed at the group level are robust to the
effects of head motion. There were two specific instances
where significant results were not present after covarying
for mean framewise displacement using partial correlation
analyses. Specifically, in the Parkinson’s disease “off”
state, correlations between striatal interconnectivity with
internal network connectivity within the LFPN and DMN
did not reach significance after covarying for mean
framewise displacement. Given that these specific results
may be related to head movement, we have not reported
their statistics in the results section of this study. However,
all other reported results were robust to head movement
displacement.

Functional Connectivity and Clinical Variables
We observed a negative correlation between clinical
motor impairment (as assessed by UPDRS-III) and mean
posterior striatal interconnectivity in the “off” state
(r 5 20.430, p < 0.01), however, this result did not survive
correction for multiple comparisons.

DISCUSSION
Given that dopaminergic denervation of the striatum
represents the core pathophysiological insult in the evolution of Parkinson’s disease (Dauer and Przedborski, 2003),
we investigated whether functional connectivity across
subdivisions of the striatum was compromised by the
dopaminergic pathology of Parkinson’s disease. The
results of this investigation suggest an essential role of
dopamine in integrated striatal function and demonstrate
the pathological consequences of striatal denervation in
Parkinson’s disease.
In this study, we have demonstrated widespread
impairments in functional connectivity across striatal subdivisions in patients with Parkinson’s disease when
withdrawn from dopaminergic medication (Fig. 1b), particularly between posterior regions of the striatum (Fig.
2a). In addition, we have shown that the administration of
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dopaminergic medication significantly improves connectivity between posterior subdivisions of the striatum in Parkinson’s disease, although not to a level observed in the
healthy control group (Fig. 2b,c). These results are in keeping with the known spatiotemporal progression of nigrostriatal dopaminergic cell loss in Parkinson’s disease, in
which the most severe dopamine deficit occurs within the
posterior striatum, while anterior striatal regions are relatively less affected (Bruck et al., 2006; Fearnley and Lees,
1991; Kish et al., 1988). Together, these results suggest that
impairments in striatal connectivity may be related to the
underlying severity of dopamine depletion across the
topography of the striatum. In addition, we also found
that, when “on” dopaminergic medication, patients with
Parkinson’s disease display increased connectivity between
specific connections in the anterior striatum compared to
healthy controls (Fig. 2b). This finding is consistent with
an extensive literature suggesting that the administration
of dopaminergic medication may impair specific cognitive
functions reliant on anterior striatal nuclei by
“overdosing” the relatively intact anterior striatum in Parkinson’s disease (Cools, 2006). One interpretation of this
finding is that dopaminergic “overdose” in the anterior
striatum induces pathological hyper-connectivity between
specific anterior striatal connections, impairing anterior
striatal function in medicated Parkinson’s disease. To our
knowledge, these results provide the first comprehensive
descriptions of functional connectivity across subdivisions
of the striatum in the brain, and further, demonstrate that
these patterns are sensitive to the dopaminergic state of
the striatum.
Taken together, our results provide novel evidence to suggest impaired integration across striatal subdivisions in Parkinson’s disease, and moreover, implicate dopaminergic
pathology in the breakdown of mechanisms that enable communication across subdivisions of the striatum. These findings may reflect impaired communication across parallel
corticostriatal circuits in the dopamine-deprived striatum in
Parkinson’s disease. A recent body of neuroanatomical data
has revealed the existence of striato-nigro-striatal circuitry,
comprised of spiraling neuronal connections between the
striatum and the dopaminergic midbrain (substantia nigra/
ventral tegmental area) (Haber, 2003; Haber et al., 2000),
which have been shown to enable transfer of information
across functional subdivisions of the striatum (Belin and
Everitt, 2008; Everitt and Robbins, 2005; Porrino et al., 2007;
Volkow et al., 2006). Although fMRI is unable to disentangle
the underlying cellular mechanisms by which dopaminergic
pathology compromises connectivity across striatal subdivisions in Parkinson’s disease, impaired dopaminergic neurotransmission throughout striato-nigro-striatal circuitry
represents an important candidate mechanism.
Given that our findings support a dopaminergic basis
for impairments in functional connectivity across subdivisions of the striatum in Parkinson’s disease (Figs. 1 and
2), we subsequently explored the impact of striatal connectivity impairments in large-scale network function. In
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Figure 2.
Matrices demonstrating significant between-group differences in
functional connectivity for each striatum-to-striatum connection.
(a) Significant differences in functional connectivity for individual
striatum-to-striatum connections for healthy controls versus Parkinson’s disease “off”. (b) Significant differences in functional
connectivity for individual striatum-to-striatum connections for
healthy controls versus Parkinson’s disease “on”. (c) Significant
differences in functional connectivity for individual striatum-tostriatum connections for Parkinson’s disease “on” versus Parkinson’s disease “off”. Abbreviations—DC, Dorsal caudate; DCP,
Dorsal caudal putamen; DRP, Dorsal rostral putamen; HC,
Healthy Controls; L, Left hemisphere; PCP, Postcommissural
putamen; PD, Parkinson’s disease; R, Right hemisphere; VRP,
Ventral rostral putamen; VSi, Ventral striatum inferior; VSs, Ven-

tral striatum superior. D r-to-Z, difference in mean r-to-Z score
between the two groups (group labelled above the matrix vs.
group labelled left to the matrix); Red—mean r-to-Z score significantly greater for the group labelled above the matrix than
the group labelled to the left of the matrix (p < 0.001).
Orange—mean r-to-Z score significantly greater for the group
labelled above the matrix than the group labelled to the left of
the matrix (p < 0.05). Blue—mean r-to-Z score significantly
reduced for the group labelled above the matrix than the group
labelled to the left of the matrix (p < 0.05). Correction for multiple comparisons using an FDR of p 5 0.05. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the healthy control group, we found a striking relationship between striatal interconnectivity and large-scale
network connectivity. Specifically we found that, in the
healthy control group, the strength of connectivity across
the subdivisions of the striatum was strongly correlated
with the strength of internal network connectivity for the
sensorimotor, thalamic, cerebellar, and default mode networks. On the contrary, in patients with Parkinson’s disease
“off”
dopaminergic
medication,
striatal
interconnectivity did not correlate with functional connectivity within the sensorimotor or thalamic networks

(Fig. 3a). Interestingly, the administration of dopaminergic medication restored the relationship between striatal
interconnectivity and connectivity within thalamic and
sensorimotor networks (SMs) in Parkinson’s disease (Fig.
3). Together our results suggest that, when in the “off”
state, striatal dysfunction (Figs. 1 and 2) is associated
with pathological decoupling of the striatum from the
thalamic and sensorimotor networks in Parkinson’s disease (Fig. 3), whereby communication across subdivisions
of the striatum becomes unrelated to activity within thalamic and sensorimotor systems.
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Figure 3.
(a) Top right half of the asymmetrical matrix reveals how internal
connectivity within each large-scale network correlates with internal connectivity with the other large-scale networks in the healthy
control group. Bottom left half of the matrix reveals how internal
connectivity within each network correlates with internal connectivity with the other networks in the Parkinson’s disease group in
the “off” state. (b) Top right half of the matrix reveals how internal connectivity within each network correlates with internal connectivity with the other networks in the healthy control group.
Bottom left half of the matrix reveals how internal connectivity
within each large-scale network correlates with internal connectivity with the other large-scale networks in the Parkinson’s disease group in the “on” state. (c) Top right half of the matrix
reveals how internal connectivity within each network correlates

with internal connectivity with the other networks in the Parkinson’s disease group in the “on” state. Bottom left half of the
matrix reveals how internal connectivity within each large-scale
network correlates with internal connectivity with the other
large-scale networks in the Parkinson’s disease group in the “off”
state. * Denotes correlations that were significantly different
between the two comparison groups (statistical significance
p < 0.05, corrected for multiple comparisons using an FDR of
p 5 0.05). Abbreviations—CBM, Cerebellar Network; DMN,
Default Mode Network; LFPN, Left Frontoparietal Network;
RFPN, Right Frontoparietal Network; SM, Sensorimotor Network; Str, Striatum; Thal, Thalamus; VAN, Ventral Attention Network; VIS, Visual Network. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Previous resting-state studies in Parkinson’s disease
have revealed aberrant connectivity within the SM (Esposito et al., 2013; Wu et al., 2011), suggesting that these defi-

cits may contribute to motor symptoms of the disease. In
this study we have shown that, in the face of striatal dysfunction, there is impaired connectivity within the SM
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accompanied by pathological dissociation of striatum from
the sensorimotor system in the Parkinson’s disease “off”
state. Importantly, administration of dopamine ameliorates
these connectivity impairments, suggesting a central role
of striatal dopamine in coordinated striatal-sensorimotor
dynamics. These results complement data from work
using positron emission tomography, which have revealed
that the severity of dopamine depletion within the posterior striatum is related to clinical motor impairments in
Parkinson’s disease (Benamer et al., 2000; Seibyl et al.,
1995). These findings suggest that depletion of striatal
dopamine perturbs cross-talk across parallel corticostriatal
macrocircuits, which may underlie aberrant striatalsensorimotor dynamics in Parkinson’s disease. This conclusion is supported by previous work that has proposed
that integration across limbic, associative and motoric corticostriatal macrocircuits underpins the execution of coordinated behaviors (Haber, 2003; Haber and Calzavara,
2009; Haber et al., 2000; Haber et al., 2006).
The human striatum and thalamus are extensively interconnected via dense anatomical projections. In addition to
their contribution to cortiostriatal circuits (Alexander et al.,
1990), thalamic nuclei also provide extensive afferent input
to the striatum via thalamostriatal projection fibers (Galvan and Smith, 2011), suggesting an intimate relationship
between these interconnected subcortical structures. In this
study, we have shown that the dopaminergic insult of Parkinson’s disease is associated with impaired connectivity
at the level of both the striatum (Figs. 1b and 2) and the
thalamus (Fig. 1c), accompanied by a pathological dissociation of these two systems (Fig. 3a). Once again, connectional deficits within the thalamus were improved with
the administration of dopamine in the Parkinson’s disease
cohort (Fig. 1c and 3). Previous work has shown that
abnormal striatal output from the dopamine-deprived
striatum in Parkinson’s disease results in tonic inhibition
of the thalamus via the pallidal nuclei (Weinberger and
Dostrovsky, 2011). One potential mechanistic explanation
for our findings is that increased inhibition of the thalamus in the “off” state results in disordered connectivity
across subdivisions of the thalamus and, moreover, hinders effective communication between striatal and thalamic systems in the Parkinson’s disease “off” state.
Although future studies are needed to elucidate mechanisms underlying the abnormal connectivity across striatal
and thalamic systems in unmedicated Parkinson’s disease,
it is clear that dopaminergic deficits impair processing at
multiple levels of the corticostriatal loop, with impairments being observable at the level of the striatum and
thalamus.
Interestingly, pathological decoupling of the striatum
from thalamic and sensorimotor networks observed in the
“off” state, was accompanied by a corresponding increase
in coupling between striatal and left frontoparietal systems, when compared to the Parkinson’s disease “on”
state (Fig. 3c). The observation that striatal interconnectivity was more strongly aligned with that of the left FPN in
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the “off” state might reflect compensatory recruitment of
cognitive control resources, classically linked to the head
of the caudate nucleus (Choi et al., 2012; Di Martino et al.,
2008; Grahn et al., 2008; Levy et al., 1997), to overcome the
severe dopaminergic deficit in the posterior striatum
(Bruck et al., 2006; Kish et al., 1988). Of note, previous
work has provided preliminary evidence to suggest that
there may be compensatory rewiring of striatal-cortical
connections in Parkinson’s disease (Helmich et al., 2010),
however, this remains a poorly understood phenomenon
and presents an important avenue for future research.
In keeping with recent accounts of pathological changes
within the architecture of the cerebellum in Parkinson’s
disease (see Wu and Hallett, 2013 for review), we found
that connectivity within the cerebellum was reduced in
“off” state compared to healthy controls. Interestingly,
administration of dopaminergic therapy restored connectivity within the cerebellum to a level equal to that of controls. These results are in line with results from a recent
preliminary report of resting-state fMRI in Parkinson’s disease using graph theoretic analysis, revealing normalization of cerebellar activity following administration of
dopaminergic therapy (Jech et al., 2013). Given the
increasingly recognized capacity of the cerebellum in the
execution of complex actions across multiple behavioral
domains (Ramnani, 2006), the role of dopaminergic therapy in normalizing the functional architecture within the
cerebellum may represent an important mechanism by
which dopaminergic medication contributes to the clinical
improvement observed in motor and nonmotor
symptoms.
Inspired by our novel finding that interconnectivity
across striatal subdivisions was correlated with the
strength of internal network connectivity within a number
of large-scale networks in the healthy brain, we also
explored whether such inter-relationships were present
across extra-striatal networks. We found that in the
healthy control group, large-scale networks were related to
one another by the strength of their internal connectivity
(Fig. 3a), which is perhaps to be expected in the healthy
brain. In contrast, we found that, in a similar manner to
the striatal network, the inter-relationships between many
extra-striatal networks breakdown in Parkinson’s disease,
suggesting that pathological decoupling of large-scale networks may be a more global phenomenon than originally
predicted. Interestingly, however, decoupling of the striatal network appears to be the most sensitive to the dopaminergic impairment of Parkinson’s disease (Fig. 3c).
Although these results warrant further exploration in
future studies, the primary goal of this study was to characterize striatal impairments in Parkinson’s disease, and
thus, we have primarily focused on interpreting the striatal connectivity results. However, it should emphasized
that striatal dysfunction is only part of the overall connectivity impairment in Parkinson’s disease (Fig. 3), and that
the extra-striatal neuropathology of Parkinson’s disease
(Bohnen et al., 2014; Braak et al., 2004; Halliday et al.,
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2008) likely contributes to the whole-brain connectivity
impairments observed in this, and other work (Dubbelink
et al., 2014; G€
ottlich et al., 2013).
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Limitations and Future Directions
Although fMRI provides a powerful tool for investigating
temporal correlations across regions of the brain (Smith
et al., 2013), functional connectivity as measured by fMRI is
not currently able to disambiguate direct monosynaptic anatomical connections from polysynaptic connections (Buckner
et al., 2013). Given this limitation, it should be recognized
that although a number of mechanisms have been proposed
for functional integration across subdivisions of the striatum
(Belin and Everitt, 2008; Bevan et al., 1997; Draganski et al.,
2008; Haber et al., 2000; Haber et al., 2006; Kolomiets et al.,
2001; McFarland and Haber, 2002; Mena-Segovia et al., 2005;
Tziortzi et al., 2014), fMRI is unable to disentangle the precise
neuronal circuitry that supports integration across striatal
subdivisions. Clarifying the neuronal circuitry that enables
communication across subdivisions of the striatum, and the
mechanisms by which such circuitry might be compromised
by the dopaminergic pathology of Parkinson’s disease,
remains and important question for future research.
Of note, we did not find a significant linear relationship
between striatal interconnectivity and clinical motor impairment after correction for multiple comparisons. However, it
is becoming increasingly evident that the relationship
between striatal dopamine and behavior is complex and most
likely nonlinear (Cools, 2006; Cools and D’Esposito, 2011). In
addition, recent work has demonstrated nonlinear relationships between dopamine and patterns of basal ganglia functional connectivity by pharmacologically manipulating the
dopaminergic system in healthy adults (Cole et al., 2013).
Although not the primary focus of this study, future work
may help to clarify both linear and nonlinear relationships
between striatal interconnectivity and clinical phenomena in
Parkinson’s disease using sophisticated statistical models and
collecting a more comprehensive battery of clinical data.

CONCLUSION
The results of this investigation support an essential role
of dopamine in integrated striatal function and demonstrate the pathological consequences of striatal dopamine
denervation in Parkinson’s disease. Our findings suggest
that, in Parkinson’s disease, the dopamine-deprived striatum is associated with impaired communication across
specialized territories of the striatum. Furthermore, we
have shown that dopaminergic deficits in striatal connectivity are associated with dysfunction within thalamic and
sensorimotor networks in Parkinson’s disease. These findings lend themselves to testable predictions about the role
of the striatum in integrating information across parallel
corticostriatal circuits in health, and the breakdown of
such integrative mechanisms in Parkinson’s disease.
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