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Abstract

Functional changes in basal ganglia circuitry are responsible for the major clinical features of

Parkinson’s disease (PD). Current models of basal ganglia circuitry can only partially explain the

cardinal symptoms in PD. We used functional MRI to investigate the causal connectivity of basal

ganglia networks from the substantia nigra pars compacta (SNc) in PD in the movement and

resting state. In controls, SNc activity predicted increased activity in the supplementary motor

area, the default mode network, and dorsolateral prefrontal cortex, but, in patients, activity

predicted decreases in the same structures. The SNc had decreased connectivity with the striatum,

globus pallidus, subthalamic nucleus, thalamus, supplementary motor area, dorsolateral prefrontal

cortex, insula, default mode network, temporal lobe, cerebellum, and pons in patients compared to

controls. Levodopa administration partially normalized the pattern of connectivity. Our findings

show how the dopaminergic system exerts influences on widespread brain networks, including

motor and cognitive networks. The pattern of basal ganglia network connectivity is abnormal in

PD secondary to dopamine depletion, and is more deviant in more severe disease. Use of

functional MRI with network analysis appears to be a useful method to demonstrate basal ganglia

pathways in vivo in human subjects.
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Introduction

Dysfunction of basal ganglia (BG) circuitry is responsible for the development of the

cardinal features in Parkinson’s disease (PD) [7]. The most accepted BG-thalamo-cortical
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indirect and direct pathways model provides an explanation for the origin of akinesia in PD,

but has difficulty explaining other features such as rigidity, tremor, and some non-motor

symptoms [8,18,19]. As most anatomical methods are invasive and can not be applied to

human subjects, our knowledge about BG circuitry has been mainly from animal studies,

which may not be appropriate for humans. Additionally, animal PD models can present

some parkinsonism symptoms, but the pathogenesis of these models is different from

idiopathic PD. Thus, these animal models may not really reflect PD-related BG circuitry

changes.

The development of functional neuroimaging techniques provides useful methods to analyze

effective network connectivity [9]. Granger causality analysis (GCA) is a promising

effective connectivity analysis method for inferring directions of neural interactions and

information flow directly from neuroimaging data [10], which can estimate the directionality

of modulation from recorded time series across all nodes of a network without a priori

assumptions [5,11]. In this study, we used functional MRI (fMRI) and GCA method to

investigate causal connections within BG circuitry. We anticipated that this study would

help to improve the BG model, and provide more information about PD-related neural

networks changes.

Material and methods

We studied 16 PD patients (10 male, 6 female; mean age 58.1 ± 4.8 years, disease duration

24.6 ± 7.7 months), and 16 age and sex matched healthy participants. The subjects were all

right-handed. The diagnosis of idiopathic PD was based on medical history, physical,

neurological, and laboratory examinations. None of the patients had ever had a

dopaminergic or other anti-parkinsonian drug treatment (de novo). Akinesia was the

predominant symptom in every patient and all patients had at most a mild tremor. The

average Unified Parkinson’s Disease Rating Scale (UPDRS) [15] score was 21.5 ± 7.1, and

Hoehn and Yahr disability scale [12] was 1.4 ± 0.5. Mini-Mental State Exam was ≥27 in all

subjects. The experiments were performed according to the Declaration of Helsinki and

were approved by the Institutional Review Board. All subjects gave their written informed

consent for the study.

The subjects were at either resting or movement state during fMRI. In the resting state,

subjects were instructed to keep their eyes closed, to remain motionless, and to not think of

anything. In the movement state, the subjects were asked to perform a self-paced motor task,

during which they briskly tapped their right index finger at an interval of 2s. Because we

focused on effective connectivity of brain networks, the subjects maintained finger tapping

during the entire movement scanning session. Before the scanning, the subjects were trained

to execute the finger tapping at the required interval. An electrical response button was used

to record the intervals between finger movements during scanning.

fMRIs were performed on a 3T Siemens Sonata scanner. High-resolution anatomical images

were acquired with 3D-MPRAGE sequence (TR = 2530 ms, TE = 3.39 ms, 128 axial slices,

1.33 mm thickness, field of view (FOV) = 256 mm). Blood-oxygen-level dependent

(BOLD) data were acquired with gradient-echo echo-planar sequences. Whole brain fMRI
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scanning with a relatively long acquisition time (TR = 2000 ms, TE = 30 ms, 33 axial slices,

3.5 mm thickness, FOV = 220 mm) was performed for GCA analysis of connectivity

between BG and cortical areas and cerebellum. Because of the close distances among the

BG nuclei, the influences between these nuclei must happen in very short time. Thus, we

used a much shorter acquisition time (TR =400 ms), and only covered BG regions (7 axial

slices, 3.5 mm thickness, Supplementary Fig.1), to increase the sensitivity of GCA analysis

to detect time-directed associations among BG nuclei. Each subject had 4 fMRI scans:

resting state with long TR, resting state with short TR, movement state with long TR, and

movement state with short TR. Each fMRI scan lasted for 8 min.

Healthy subjects had one scanning session, whereas patients had two sessions, in the clinical

off and on states. Patients were first scanned without taking levodopa (off state). After the

first session, levodopa was administered orally as 250 mg Madopar (200 mg levodopa/50

mg benserazide, Roche company, Shanghai). The second session was performed 60 min

after levodopa had been given, when all patients achieved clinical on state (average UPDRS

score was 14.3 ± 4.8).

The intervals between the movements during fMRI scanning were recorded and compared

between groups (two-sample t-test). Preprocessing of fMRI data was using SPM8. Data

were slice-time corrected, aligned to the first image of each session, and co-registered to

high-resolution anatomical images. After spatial normalization, all images were resampled

into voxels that were 3×3×3 mm in size, and smoothed with a 4 mm Gaussian smoothing

kernel. Linear drift was removed. Nuisance covariates including the three translational and

three rotational head-motion estimates, and global mean signal were regressed. Because

GCA using relatively low lag orders, operate on high frequency deflections in time-course

data, our data were not low-pass filtered [11].

Because the substantia nigra pars compacta (SNc) is the primary area of pathological

changes in PD, we chose the SNc bilaterally as regions of interest (ROIs) for GCA analysis.

The SNc appears as a strong hypointense signal intensity on T2-weighted images in the

mesencephalon so that its borders are easily identifiable. We defined the center of the ROI

of SNc as x = 10 (right side), or −10 (left side); y = −12; z = −11 (MNI coordinates), and the

radius as 3 mm, as with these parameters we could ascertain that the ROI was located in the

SNc and did not extend to any adjacent areas [16].

We used signed path coefficient to reveal the Granger causality between the SNc and whole

brain areas [7], with Resting-State fMRI Data Analysis Toolkit (REST, http://

www.restfmri.net). We estimated time-directed prediction between BOLD time-series across

a lag of one TR (2000 ms for the long TR data or 400 ms for the short TR data) in order to

maximize the temporal resolution of our estimates of neural influence. We first identified

both SNc to other region and other regions to SNc causal connectivity in each condition in

each group (one-sample t-test). Then, second-level random-effect voxel-wise comparisons

were applied to compare the GCA results: (1) between movement and resting condition to

identify movement-induced changes (paired t-test); (2) between control and patients in the

off state to explore PD-related modulations (two-sample t-test); and (3) between patients in

the on and off state to examine the dopaminergic effects on BG networks (paired t-test). To
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explore whether the networks changes correlate with the disease severity, a correlation

analysis of GCA results versus the UPDRS score was performed in patients in the off state.

A false discovery rate (FDR) corrected threshold of p < 0.05 was used for all statistical

analysis.

Results

The mean between tapping interval across the group of controls and patients was 2.04 ±

0.16s and 2.03 ± 0.17s, respectively. There was no significant difference between the two

groups (p = 0.730, two-sample t-test). To exclude possible influence of fatigue, a repeated-

measures ANOVA was performed, and found that the tapping intervals were stable across

the movement session in the patients (repeated-measures ANOVA, p = 0.644). Therefore,

motor performance had no effect on our results in the movement state.

In the current study, positive/negative results of GCA analysis indicate that the increased

activity in the SNc predicts subsequent increasing/decreasing activity in the corresponding

areas. The results between the SNc and other BG nuclei are from the short TR fMRI data,

whilst the results between the SNc and cortical areas and cerebellum are from the long TR

data. In order to show the findings clearly and concisely, the results from the short and long

TRs are presented together. The BG nuclei that had connectivity with the SNc were similar

in the short and long TR sessions.

In the resting state, in both controls (Fig. 1a) and patients in the off state (Fig. 1b), both sides

of SNc had positive influences on the contralateral SNc, medulla, pons, and bilateral

putamen, caudate nucleus, external globus pallidus (GPe), internal globus pallidus (GPi),

thalamus, and subthalamic nucleus (STN), insula, temporal cortex, and cerebellum. In

contrast, the pattern of influences from the SNc to the cortical motor areas was different

between the two groups. While both groups showed negative connectivity with the bilateral

primary motor cortex (M1), the SNc had positive connectivity with the bilateral

supplementary motor area (SMA), cingulate motor area (CMA), and premotor cortex (PMC)

in controls (Fig. 1a), but had negative connectivity with these regions in patients (Fig. 1b).

The SNc positively connected with the posterior cingulate cortex (PCC), precuneus, medial

prefrontal cortex (MPFC), ventral anterior cingulate cortex (vACC), and bilateral inferior

parietal lobe (IPL) in controls; these regions compose the so-called “default mode network”

(DMN) [22]. The SNc had positive connectivity with the dorsolateral prefrontal cortex

(DLPFC) in controls, but negatively connected with the DMN and DLPFC in patients.

In both groups, the SNc received positive influences from other BG regions (including the

contralateral SNc, bilateral putamen, caudate nucleus, GPe, GPi, thalamus, and STN),

cortical motor areas (including the SMA, CMA, bilateral M1, and PMC), DMN, DLPFC,

insula, tempotal cortex, cerebellum, pons, and medulla in both movement and resting states

(Fig. 1c).

In controls, the connectivity from the SNc during movement were similar to that in the

resting state; only that the SNc had positive effect on the bilateral M1 (Supplementary Fig.

2a). In patients, during movement, the SNc had positive connectivity not only with other BG
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regions, temporal cortex, insula, and cerebellum, but also with cortical motor areas

(including the SMA, CMA, bilateral M1, and PMC), DLPFC, and DMN (except the vACC)

(Supplementary Fig. 2b).

The SNc had increased connectivity with the contralateral SNc, SMA, bilateral M1, PMC,

DLPFC, insula, putamen, GPe, GPi, thalamus, temporal lobe, cerebellum, and brainstem in

the movement condition than in the resting state in both groups. The connectivity between

the SNc and the vACC was increased in controls, but was decreased in patients during

movement compared to that in the resting state (Supplementary Fig. 3).

In the resting state, the SNc had decreased connectivity with the SMA, DLPFC, insula,

caudate nucleus, putamen, GPe, GPi, STN, thalamus, DMN, temporal lobe, cerebellum, and

pons in patients in the off state than that in controls (Fig. 2a). In the movement state, besides

these differences, the SNc showed less connectivity with the left M1 (contralateral to the

movement side) in patients compared to controls. The SNc had more connectivity with the

SMA, DLPFC, insula, caudate nucleus, putamen, GPe, GPi, STN, thalamus, DMN,

cerebellum, and pons in the on state than that in the off state in patients (Fig. 2b).

GCA results were negatively correlated with the UPDRS scores in the SMA, bilateral M1,

PMC, DLPFC, medial prefrontal cortex, vACC, insula, caudate nucleus, putamen, GPe, GPi,

STN, thalamus, temporal lobe, and cerebellum in patients in the off state, which means as

the UPDRS increased, the influences from the SNc to these regions are weakened. A

graphical model of the pattern of connectivity in the SNc in controls and patients, and the

difference between the two groups is shown in Fig. 3.

Discussion

The present study, for the first time, identified brain regions whose activity follows or

predicts activations in the SNc, and how these “causal” connections were abnormal in PD.

The novel finding is that the SNc has not only reciprocal influences with other BG nuclei,

cortical motor areas, and brainstem, but also with the DMN, DLPFC, temporal cortex, and

cerebellum. These connections are disordered in PD secondary to dopamine deficiency.

The SNc had increased connectivity with the regions in the BG-thalamo-cortical motor loop

(i.e. M1, SMA, PMC, putamen, GPe, GPi, STN, thalamus, and brainstem) during movement

compared to the resting state, which suggests that the motor loop needs stronger

dopaminergic influences in order to maintain movement execution. In controls, the SNc had

a positive effect on the SMA, and had a negative effect on the M1 in the resting state; but

had positive effect on both the SMA and M1 during movement. Thus, a function of the

dopaminergic system in the baseline condition is likely to facilitate the motor preparation

networks in order to prepare for the coming movements, and to inhibit the motor execution

networks to restrict the unnecessary movements. In contrast, the dopaminergic system

facilitates both motor preparation and execution networks to maintain motor execution.

In the resting state, the SNc had negative influence on the SMA in PD, but had positive

influence on the SMA in controls. During movement, the influence from the SNc to the

SMA and M1 was also weaker in PD than in controls. Thus, the effect from the
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dopaminergic system to the output cortical target of BG-thalamo-cortical motor loop is

weakened or even reversed, which in turn impairs function of cortical motor areas [2,7,].

Because the SMA is important in motor preparation and initiation [13], and the M1 is

critical in motor execution, dysfunction of this motor circuit should impair the ability to

initiate or execute movements, which is likely a crucial reason for motor deficits in PD, like

akinesia and bradykinesia.

The SNc showed less influence to the lower brainstem in PD than that in controls. The

pathological changes of PD may initially appear at the brainstem below the SN, and extend

into the midbrain and neocortex gradually [4]. Because the brainstem is an outflow target of

BG motor circuit [8], the disrupted BG-brainstem interaction might also be involved in the

development of parkinsonian motor signs.

The SNc also had connectivity with many regions out of the BG motor loop. The caudate

nucleus and DLPFC are critical for the oculomotor and dorsolateral prefrontal loops; the

caudate nucleus is a part of the orbitofrontal loop; the temporal lobe, insula, ventral striatum,

and ACC are involved in the limbic loop. The reduced influences from the dopaminergic

system may disrupt the functions of these loops, and contribute to some non-motor

symptoms in PD, like cognitive, psychiatric, or autonomic impairments.

The function of DMN is thought to facilitate cognitive performance [22], while malfunction

of DMN has been related with cognitive impairment [21]. The relationship between the BG

or dopaminergic system and DMN has been rarely studied [14,17]. We demonstrate that

there is a reciprocal causal connection between the SNc and DMN, moreover, dopamine

depletion induces decreased influence from the dopaminergic system to the DMN, which in

turn may disrupt the function of DMN. Cognitive problems also exist in many PD patients

[1]. The malfunctioning or functional disconnection of the DMN has been observed in PD

during cognitive tasks [6,24]. It may therefore be hypothesized that the dysfunction of the

DMN secondary to dopamine deficiency may play an important role in cognitive

impairment in PD.

We found a reciprocal connectivity between the SNc and cerebellum. Recent studies have

elucidated that the cerebellum and BG have substantial two-way anatomical connections [3].

The causal effect from the SNc to cerebellum was decreased in PD, which is likely a

reflection of abnormal signals from the BG influencing cerebellar function. Because the

cerebellum and BG are two major subcortical structures that influence multiple aspects of

motor cognitive and affective behavior [23], weakened striatum-cerebellar connectivity

might contribute substantially to the clinical problems in PD [25,26].

Levodopa usage increased connectivity between the SNc and extensive regions, thus,

observed connectivity changes in PD are secondary to dopamine deficiency. Administration

of levodopa partially restores normal pattern of interactions within BG circuits. The

connectivities between the SNc and many areas were negatively correlated with the UPDRS

scores in PD. Thus, as the disorder progresses, the pattern of BG network connectivity

becomes more abnormal. The degree of BG network changes is likely a reflection of the
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level of dopaminergic system impairment. Whether various symptoms and their severity are

associated with particular connectivity changes is worth further investigations.

GCA can not tell whether the influence from a region to another region is direct, or by way

of other area(s). Thus, our study is still not enough to establish an anatomical model of BG

loops. Animal studies [18,20], and diffusion tensor imaging study on human [16] approved

that the SNc anatomically connects with the striatum, GPe, GPi, STN, and thalamus.

Combining anatomical knowledge with our findings, we setup a preliminary model to show

the network connectivity from the SNc in normals and PD (Fig. 3). We only chose the SNc

as ROIs, but some other areas are also important in BG loops, like the striatum, GPe, GPi,

and STN. Investigation of connectivity from these regions should provide further insights to

our understanding of BG circuits.

Due to technical limitation, tremor was not measured during scanning, the confound of

tremor was not removed. As our patients had most a mild tremor, tremor should have no

significant influence on our findings. However, recording tremor and removing tremor

related variance is benefit to imaging analysis in PD, which will be performed in our future

studies.

In conclusion, our findings demonstrate that the combination of fMRI and network analysis

is likely a useful tool to establish the BG pathways model in vivo in human subjects. The

causal connectivity from the substantia nigra to many brain networks suggests that the

dopaminergic system exerts influences on extensive brain functions, both motor and

cognitive behaviors. The pattern of this connectivity is abnormal in PD secondary to

dopamine depletion, and becomes more significant as the disorder progresses. The disrupted

BG networks may contribute to the motor and some non-motor impairments in PD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GCA results from the left SNc in the resting state
Brain regions receiving significant positive (hot color) or negative (cold color) influences

from the left SNc in healthy controls (A), and PD patients (B) in the resting state (one-

sample t-test, p < 0.05, FDR corrected).

C: Brain regions having significant influences on the left SNc in healthy subjects in the

resting state (one-sample t-test, p < 0.05, FDR corrected).
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Figure 2. Differences between PD patients and controls, and between on and off state
A: Brain regions receiving significantly increased influences from the left SNc in healthy

controls than in PD patients in the resting state (two-sample t-test, p < 0.05, FDR corrected).

B: Brain regions receiving significantly increased influences from the left SNc in PD

patients when on compared to off in the resting state (paired t-test, p < 0.05, FDR corrected).
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Figure 3. The different pattern of connectivity in the SNc in healthy controls and PD patients in
the resting state
Red/blue lines indicate positive/negative influences of the SNc with other brain regions. The

arrows indicate the directionality of influences between the SNc and other regions. The

dotted lines indicate decreased connectivity from the SNc to the corresponding brain regions

in PD patients compared to healthy controls.

Abbreviations: CMA, cingulate motor area; DLPFC, dorsolateral prefrontal cortex; DMN,

default mode network; GPe, external globus pallidus; GPi, internal globus pallidus; M1,

primary motor cortex; PMC, premotor cortex; SMA, supplementary motor area; SNc,

substantia nigra pars compacta; STN, subthalamic nucleus; TL, temporal lobe. The question

mark indicates uncertain brain region.
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