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Although cardinal motor symptoms in Parkinson’s disease (PD) are attributed to dysfunction of corti-
costriatal loops, early clinical nonmotor features are more likely to be associated with other pathologic
mechanisms. We enrolled 52 early-stage drug-naive PD patients and 52 age- and sex-matched healthy
controls and used resting-state functional connectivity magnetic resonance imaging to evaluate alter-
ation of the functional brain network in PD, focusing in particular on the functional connectivity of the
striatum subregions. Relative to healthy controls, the PD patient group showed reduced functional
connectivity in mesolimbic-striatal and corticostriatal loops. Although the deceased functional connec-
tivity within cortical sensorimotor areas was only evident in the most affected putamen subregion,
reduced functional connectivity with mesolimbic regions was prevalent throughout the striatum. No
increased functional connectivity was found in this cohort. By studying a cohort of early-stage drug-naive
PD patients, we ruled out the potential confounding effect of prolonged antiparkinson medication use on
the functional integration of neural networks. We demonstrate decreased functional integration across
neural networks involving striatum, mesolimbic cortex, and sensorimotor regions in these patients and
postulate that the prevalent disconnection in mesolimbic-striatal loops is associated with some early
clinical nonmotor features in PD. This study offers additional insight into the early functional integration
of neural networks in PD.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Nilsson et al., 2001; Ponsen et al., 2004; Postuma et al., 2006). For
example, some researchers have observed that, apart from motor

Parkinson’s disease (PD), the second most common neurode-
generative disease worldwide, is characterized by cardinal motor
symptoms including tremor, rigidity, bradykinesia, and postural
instability (Jankovic, 2008). Although PD is defined by its motor
symptoms, many nonmotor symptoms (NMS) are also present
(Chaudhuri and Schapira, 2009). Moreover, it has been widely
accepted that some early NMS could indicate preclinical stages of
PD before the onset of motor symptoms (Chaudhuri et al., 2011;
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symptoms, depression is the initial symptom of PD (Jacob et al.,
2010). Cardinal motor symptoms in PD are related to dysfunction
of corticostriatal loops, which mainly result from progressive
degeneration of dopaminergic neurons in the nigrostriatal
pathway. However, early clinical nonmotor features are more likely
to be associated with other pathologic mechanisms, such as
impairment of nondopaminergic neuronal populations aside from
the dopaminergic system (Dickson et al., 2009). In addition, post-
mortem studies indicate pathologic processes may already occur in
mesolimbic regions during the presymptomatic phase of PD (Braak
et al., 2003), providing a pathologic basis for the occurrence of early
nonmotor features in PD.

Substantial efforts have been made in the past decade to eluci-
date the neural basis of PD, with mounting evidence indicating that
deficits in PD arise from system-level disturbances in the distrib-
uted neural network (Brooks and Pavese, 2011). Thus, by examining
the human brain as an integrative network of functionally


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:qiyonggong@hmrrc.org.cn
mailto:hfshang2002@163.com
mailto:hfshang2002@163.com
www.sciencedirect.com/science/journal/01974580
http://www.elsevier.com/locate/neuaging
http://dx.doi.org/10.1016/j.neurobiolaging.2013.08.018
http://dx.doi.org/10.1016/j.neurobiolaging.2013.08.018
http://dx.doi.org/10.1016/j.neurobiolaging.2013.08.018

2 ChunYan Luo et al. / Neurobiology of Aging xxx (2013) 1-11

interacting brain regions, we can obtain new insights about large-
scale neuronal communication in the brain. Resting-state func-
tional magnetic resonance imaging (rfMRI) has increasingly been
used to investigate the integration of neural networks at resting
state. Low-frequency (0.01—0.08 Hz) fluctuations of the blood ox-
ygen level—dependent (BOLD) signal observed during the resting
state by rfMRI are considered to be physiologically meaningful and
related to spontaneous neural activity (Cordes et al, 2001).
Although task-based fMRI studies can assess disturbances in func-
tional connectivity when patients perform a particular task,
assessment of resting-state connectivity has a different and
potentially broader significance because it requires minimal patient
compliance, avoids potential performance confounds associated
with cognitive activation paradigms, and is relatively easy to
implement in clinical studies (Fox and Greicius, 2010).

A number of studies have applied this technique to investigate
functional network characteristics of resting-state PD patients
(Baudrexel et al., 2011; Hacker et al., 2012; Helmich et al., 2010; Kwak
etal., 2010; Seibert et al., 2012; Skidmore et al., 2013; Wu et al., 2009,
2011), finding disrupted functional integration in corticostriatal
loops (Hacker et al., 2012; Helmich et al., 2010; Kwak et al., 2010;
Seibert et al., 2012). However, most of these experiments included
PD patients who had been chronically exposed to antiparkinson
medication, which has been reported to increase the functional
connectivity of cognitive and motor pathways of the striatum in
healthy adults (Kelly et al., 2009) and partially restore deficits in the
functional brain network of patients with PD (Delaveau et al., 2010;
Esposito et al., 2013; Palmer et al., 2009; Tessitore et al., 2002; Wu
et al.,, 2009). It is possible that some abnormal functional integra-
tion of the brain network may be concealed by prolonged use of
antiparkinson medication. Therefore, whether these abnormalities
observed in previous studies reflect the primary pathophysiologic
changes of PD or the functional reorganization due to prolonged
dopaminergic treatment needs to be clarified.

According to Braak staging (Braak et al., 2003), the pathologic
process of PD, occurring primarily in the brainstem, pursues an
ascending course, reaching the neocortex in the final stage. Subcor-
tical involvement prevails throughout the course of PD. However,
corticostriatal loop dysfunction is the most common explanation for
clinical deficits, and relatively little attention has been paid to the
subcortical loops (Hacker et al., 2012). It remains unclear whether
there are other circuits, such as subcortical loops, that function
abnormally early in the natural course of PD when the “restoration”
effect of antiparkinson medication is not in place. We hypothesized
that alteration of functional integrity is not restricted to the cortico-
striatal loops and that more subcortical networks may be implicated.
Compared with studies on chronic PD patients, study of drug-naive PD
patients may be critical to elucidate the core pathophysiology of this
illness. This investigation is the first to use rfMRI to examine brain
network integrity in a large cohort of early-stage, drug-naive PD pa-
tients, together with the relationship between the Non-motor
Symptoms Scale (NMSS) and alteration of functional connectivity.

2. Methods
2.1. Participant

Patients with PD were recruited from the movement disorders
outpatient clinic of West China Hospital of Sichuan University from
January 2010 to February 2012. All PD patients were diagnosed based
on the UK PD Society Brain Bank Clinical Diagnostic Criteria (Hughes
et al,, 1992). Patients with secondary Parkinsonism and Parkinson-
plus syndrome were excluded from this study. Demographic fea-
tures and clinical data, including age, age of onset, sex, diagnostic
delay, and disease duration, were collected using a standard

questionnaire by a movement disorder specialist during face-to-face
interviews at the initial visit. For inclusion in the study, all the patients
were required not to have been treated with antiparkinson medica-
tions at the initial visit (i.e., to be drug-naive). The Unified PD Rating
Scale (UPDRS) part Ill (Goetz et al., 2008; Hacker et al., 2012) was used
to assess the motor disability, and Hoehn and Yahr (H&Y) stage
(Hoehn and Yahr, 2001) was used to evaluate disease severity.
Mini-Mental State Exam (MMSE) (Folstein et al., 1975;) was used to
evaluate cognition. On the basis of previous studies using MMSE in
Chinese (Katzman et al., 1988; Zhang et al., 1990), we used the
following cutoff points to define abnormal MMSE in our patients: <17
for illiterate subjects, <20 for grade-school literate, and <23 for junior
high school and higher education literate. The severity and frequency
of NMS were assessed with the NMSS, which has been confirmed as
an acceptable, reproducible, valid, and precise assessment instrument
for NMS in the international populations (Chaudhuri et al., 2007). The
NMSS is composed of 30 items grouped in 9 domains: cardiovascular,
sleep/fatigue, mood/apathy, perceptual problems, attention/memory,
gastrointestinal, urinary, sexual function, and miscellaneous. Each
item is scored for severity (0 = none to 3 = severe) and frequency (1 =
rarely to 4 = very frequent) and each item score was calculated by the
product of both severity and frequency. A patient scoring >1 on 1
NMS item indicated that he or she presented with NMS. The
maximum total score, which indicates the greatest NMS severity, is
360. Ratings were performed blinded to the MRI data set. Patients
were excluded if they had (1) moderate-severe head tremor; (2) a
history of head injury, stroke, or other neurologic disease; (3) disease
duration >4 years; (4) abnormal MMSE scores; and (5) any disorder
that interfered with the assessment of the manifestation of PD.

Originally, 77 right-handed drug-naive patients were recruited.
These patients were followed up every 3 months at the movement
disorder clinic. Finally, 52 PD patients were included in the study,
whereas 25 patients were excluded for the following reasons: 3
patients for image distortion, 9 patients because of excessive head
motion during the image acquisition; 2 patients were at HRY stage
4 and had disease duration >5 years; 11 patients had poor response
to dopaminergic medication or emergence of nonparkinsonism
symptoms during the follow-up period (range 12—36 months).

In addition, 52 right-handed healthy control subjects were
recruited from the local area by poster advertisements. Healthy
controls were assessed by a neurologist for their clinical condition.
They were also assessed with the Structured Clinical Interview for
the Diagnostic and Statistical Manual of Mental Diseases (4th edition),
Nonpatient Edition, which was administrated to each control
participant by a psychiatrist trained to conduct this interview. Con-
trol subjects were excluded if they had (1) a history or present
diagnosis of any Diagnostic and Statistical Manual of Mental Diseases
Axis I diagnosis; (2) any neurologic illness, as assessed with clinical
evaluations and medical records; or (3) organic brain defects on T1 or
T2 images. All control participants were matched for age and sex to
patients with PD. The local research ethics committee approved this
study. All subjects gave written informed consent for participation.

2.2. MRI acquisition

MRI was performed on a 3.0-T magnetic resonance imaging
system (Excite; GE, Milwaukee, WI, USA) by using an 8-channel
phased-array head coil. High-resolution T1-weighted images were
acquired via a volumetric 3-dimensional spoiled gradient recall
sequence (repetition time = 8.5 milliseconds, echo time = 3.4 mil-
liseconds, flip angle = 12°, slice thickness = 1 mm). Field of view
(240 x 240 mm?) was used with an acquisition matrix comprising
256 readings of 128-phase encoding steps that produced 156
contiguous coronal slices, with a slice thickness of 1.0 mm. The final
matrix size of T1-weighted images was automatically interpolated
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Striatal seed

Fig. 1. Seed regions: anterior caudate, anterior putamen, posterior putamen, overlaid on Montreal Neurological Institute template. Abbreviations: CA, anterior caudate; L, left; PA,

anterior putamen; PP, posterior putamen; R, right.

in-plane to 512 x 512, which yielded an in-plane resolution of 0.47 x
0.47 mm?. Magnetic resonance images sensitive to changes in BOLD
signal levels (repetition time = 2000 milliseconds, echo time = 30
milliseconds, flip angle = 90°) were obtained via a gradient-echo
echo-planar imaging sequence (EPI). The slice thickness was 5 mm
(no slice gap) with a matrix size of 64 x 64 and a field of view of
240 x 240 mm?, resulting in a voxel size of 3.75 x 3.75 x 5 mm°.
Each brain volume comprised 30 axial slices, and 1 functional run
contained 200 image volumes. The fMRI scanning was performed in
darkness, and the participants were explicitly instructed to relax,
close their eyes, and not fall asleep (confirmed by subjects imme-
diately after the experiment) during the rfMRI acquisition. Earplugs
were used to reduce scanner noise, and head motion was minimized
by stabilizing the head with cushions.

2.3. Preprocessing of fMRI data analysis
Functional image preprocessing and statistical analysis was
carried out using the SPM8 (Welcome Department of Imaging

Neuroscience, London, UK; http://www:.fil.ion.ucl.ac.uk). The first

Table 1
Demographic and clinical characteristics for Parkinson’s disease

10 volumes of functional images were discarded for the signal
equilibrium and participants’ adaptation to scanning noise. The
remaining EPI images were then preprocessed using the following
steps: slice timing, motion correction, spatial normalization to the
standard Montreal Neurological Institute EPI template in SPM8 and
resample to 3 x 3 x 3 mm?, followed by spatial smoothing with
8-mm full-width at half-maximum Gaussian kernel. According to
the record of head motions within each fMRI run, all participants
had <1.5 mm maximum displacement in the X, y, or z plane and
<1.5° of angular rotation about each axis. Analysis of head motion
parameters in SPM8 did not reveal differences in motion correction
parameters between the control group (mean translation: 0.26 +
0.13 mm, mean rotation: 0.27 + 0.15°) and the patient group (mean
translation: 0.26 + 0.14 mm for translation, 0.30 + 0.16° for rota-
tion) (p > 0.05).

2.4. Functional connectivity analysis

Functional connectivity was examined using a seed voxel cor-
relation approach (Friston, 2011). On the basis of former

PD (n = 52) Right onset (n = 31) Left onset (n = 21) Control (n = 52)
N % N % N % N %
Handedness for writing (right) 52 100 31 100 21 100 52 100
Gender (female) 26 50 15 48.39 11 52.38 26 50
Mean SD Mean SD Mean SD Mean SD
Age (y) 52.28 9.41 51.20 9.23 53.87 9.55 51.17 9.23
Disease duration (mo) 2331 17.67 25.89 20.13 19.49 12.76 — —
Hoehr stage 1.85 0.63 1.86 0.67 1.83 0.58 — —
UPDRS score
Part | — mood/cognition 231 2.05 2.55 217 1.95 1.87 — —
Part Il — activities of daily 8.02 438 7.97 3.78 8.10 5.23 — —
living
Part Ill — motor examination 25.44 12.69 2532 12.46 25.61 13.35 — —
Part IV — complications of 0 0 0 0 0 0 — —
therapy
Total (sum of parts [-IV) 35.77 17.23 35.84 16.01 35.67 19.31 — —
NMSS score 25.31 24.67 26.15 25.94 24.24 23.51 — —
Mood Subscale Score 8.33 9.38 8.70 11.50 7.86 5.88 — —
MMSE Score 27.15 2.89 27.13 2.90 27.19 2.94 — —

Key: MMSE, Mini-Mental State Exam; NMSS, Non-Motor Symptoms Scale; UPDRS, Unified Parkinson’s Disease Rating Scale.
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neuroimaging findings, we selected left and right putamen and
caudate as seeds. We defined the seed areas in the WFU (Wake
Forest University) PickAtlas (http://fmri.wfubmc.edu/software) by
overlapping the respective template from the automated
anatomic labeling atlas (Lancaster et al., 2000; Tzourio-Mazoyer
et al, 2002) Fig. 1. Furthermore, to account for the uneven
amount of dopamine depletion in putamen in PD, which is most
severe in the posterior putamen (Briick et al., 2006; Kish et al.,
1988; Nurmi et al., 2001), we separated the putamen into a pos-
terior and an anterior part. The border between these 2 regions
was defined as the line passing through the anterior commissure
(Helmich et al., 2010). A gap of 9 mm between the posterior and
anterior subdivisions of the putamen in which voxels were
excluded was left to avoid partial volume. The caudate nucleus
was also subdivided into 2 parts according to the same anatomic
rule of putamen subdivisons. Only the anterior caudate was
included in the analysis; the posterior sector was excluded
because of its small volumes and to prevent contamination with
signals from the cerebrospinal fluid. Because the amygdala is a
limbic region crucial for emotional processing and has been
implicated in the neuropathology of early stage PD (Braak et al.,
1994), we also selected amygdala as seeds. Eight regions of in-
terest were resampled to 3 x 3 x 3 mm? standard space to enable
extraction of time series from each subject’s fMRI data.

Using REST (Song et al., 2011) (http://restfmri.net/forum/rest_
v17), after bandpass filtering (0.01—0.08 Hz) (Cordes et al., 2001)
and linear trend removal, the reference time series for each seed
region was extracted by averaging the fMRI time series of all voxels
within each region of interest. Correlation functional analyses were
performed by computing temporal correlation between each seed
reference and the rest of the brain in a voxel-wise manner. To
remove the possible variances from time course of each voxel, 8
nuisance covariates were regressed, including the white matter
signal, the cerebrospinal fluid signal, and 6 head-motion parame-
ters. Then the correlation coefficients in each voxel were trans-
formed to z value images using the Fisher r-to-z transformation to
improve normality (Lowe et al., 1998). Thus, an entire brain z-value
map was created for each subject.

The individual z-value map was entered into a random effect 2-
sample t test to identify between-group differences in connectivity
with the left and right posterior putamen, anterior putamen,
anterior caudate, and amygdala. The significance threshold was set
at p < 0.001 at voxel level and p < 0.05 corrected by family-wise
error correction at cluster level. Age and gender were used as
nuisance covariates in all statistical analysis. Dopamine depletion is
uneven between bilateral putamen, which is more severe in the
putamen contralateral to the side of onset. To avoid this potential
confounding effect, we further divided the patients into left-onset
and right-onset subgroups.

To characterize the abnormal functional connectivity between
putamen and mesolimbic regions, we choose amygdala as
representative of mesolimbic region and performed an additional
post hoc region-wise functional connectivity analysis of
amygdala-putamen circuit. Mean time series were extracted in
left and right posterior putamen and amygdala by averaging the
time series within seed region. The aforementioned procedures
were used to remove possible variances from the mean time se-
ries of seeds. The resulting time series were correlated between
seeds of each subject. A Fisher’s r-to-z transformation was applied
to normalize correlation coefficients. Two-sample 2-tailed ¢ tests
were performed between patients and controls. The statistical
significance level was set to p < 0.05 (2 tailed). In addition, to
explore whether this change correlated with NMS in PD patients,
Pearson correlation analysis of functional connectivity between
putamen and amygdala against the NMSS score and mood

subscale score was performed in patients with PD, and the sig-
nificance was set at p < 0.05 (2-tailed).

2.5. Voxel-based morphometry analysis

Recent studies of fMRI have suggested that functional results
could potentially be influenced by structural differences among
groups (Oakes et al., 2007). To explore the possible effect, we
performed a voxel-based morphometry (VBM) analysis for struc-
tural images. In this study, we used the diffeomorphic anatomic
registration through an exponentiated lie algebra algorithm
(DARTEL) (Ashburner, 2007) to improve the registration of the MRI
images. DARTEL has been shown to be more sensitive than stan-
dard VBM methods (Klein et al., 2009). Before segmentation, we
checked for scanner artifacts and gross anatomic abnormalities for
each subject, and the image origin was set to the anterior
commissure. MR images were then segmented into gray matter
(GM), white matter, and cerebrospinal fluid using the unified
segmentation model in SPM8 (Ashburner and Friston, 2005). In a
next step, a GM template was generated through an iteratively
nonlinear registration (DARTEL) (Ashburner, 2007). The GM

Table 2
Difference of functional connectivity between patients with Parkinson’s disease and
healthy comparison subjects

Seed area Connected area t value MNI coordinates
(xyz)
Left anterior putamen
Cluster 1 (size: 580; Rectus_R 5.65 2415 -12
p < 0.001)
Olfactory_L 5.25 -2115-9
Putamen_R 5.16 27 -36
Right anterior putamen
Cluster 1 (size: 181; Frontal_inf_orb_R 4.89 2415 -15
p < 0.022)
Amygdala_R 4.44 30 -3-18
Cluster 2 (size: 304; Putamen_L 4.70 -24120
p = 0.003)
Hippocampus_L 447 -30-12 -12
Left posterior putamen
Cluster 1 (size: 937; Putamen_R 5.28 30 -120
p < 0.001)
Insular_R 5.20 2715 -15
Rectus_L 5.08 —2412 -12
Cluster 2 (size: 338; Postcentral_L 433 —-42 -18 33
p = 0.002)
Pariatal_inf_L 4.09 —36 -39 33
Supramarginal_L 4,08 —48 —33 30
Cluster 3 (size: 199; Temporal_mid_L 438 -54 -510
p = 0.016)
Cluster 4 (size: 177; Supramarginial_R 3.92 60 —33 48
p = 0.025)
Temporal_sup_R 3.77 57 =33 21
Right posterior putamen
Cluster 1 (size: 757, Putamen_L 5.24 -30-60
p < 0.001)
Hippocampus_L 491 -30 -12 -12
Cluster 2 (size: 353; Postcentral_L 498 —45 —-18 33
p = 0.001)
Pariatal_inf_L 3.83 —36 -39 33
Supeamarginal_L 3.67 —48 -33 33
Cluster 3 (size: 156; Temporal_mid_L 5.05 —54 —48 -3
p = 0.035)
Temporal_inf_L 3.58 —51 -45 -24
Right amygdala
Cluster 1 (size: 424; Putamen_L 5.11 -2406
p < 0.001)
Cluster 2 (size: 163; Putamen_R 4,55 279 -6
p = 0.033)

p values were corrected for multiple comparisons with family-wise error correction.
Key: inf, inferior; mid, middle; MNI, Montreal Neurological Institute; orb, orbital;
sup, superior.
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PD vs. Control

Fig. 2. Differences in the connectivity patterns of striatum in patients with Parkinson’s disease. Functional connectivity of anterior putamen (PA) was significantly reduced in
mesocortex and contralateral putamen. Functional connectivity of posterior putamen (PP) was significantly reduced in mesocortex, contralateral putamen, and sensorimotor cortex.
The significance threshold was set at p < 0.001 at voxel level and p < 0.05 corrected by family-wise error correction at cluster level. Abbreviations: L, left; R, right.

template was normalized to Montreal Neurological Institute
space, and the resulting deformations were applied to the GM
images of each participant. Finally, spatially normalized images
were modulated to ensure that the overall amount of each tissue
class was not altered by the spatial normalization procedure and
smoothed with an 8-mm full-width at half-maximum Gaussian
kernel.

Voxel-based comparisons of GM volume were performed be-
tween groups using 2-sample t tests with total intracranial volume,
age, and sex as covariates. The significance threshold was set at p <
0.001 at voxel level and p < 0.05 corrected by family-wise error
correction at cluster level.

R
PD vs. Control

R_Amy

3. Results
3.1. Demographic and clinical characteristics

Age, sex, and handedness were not significantly different be-
tween the patients group and the healthy control group. Patients
were at early stage of PD with mean disease duration of 23.31 +
17.67 months (defined as the time since symptom onset). The
average HRY stage was 1.85 + 0.63 (maximum stage = 3). The
average motor score on the UPDRS was 25.44 + 12.69. Based on
previous studies using the MMSE in Chinese (Katzman et al., 1988;
Zhang et al., 1990), all patients’ cognition was normal (MMSE: 27.15

Fig. 3. Difference in the connectivity patterns of amygdala in patients with Parkinson’s disease. Functional connectivity of right amygdala was reduced in putamen. Cluster in the T
map of left amygdala did not surpass the threshold for multiple comparisons. The significance threshold was set at p < 0.001 at voxel level and p < 0.05 corrected by family-wise

error correction at cluster level. Abbreviations: Amy, amygdala; L, left; R, right.
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+ 2.89). Four illiterate patients and 2 grade-school literate had
MMSE scores <25. UPDRS scores, H&Y stage, NMSS scores, and
MMSE scores were not significantly different between right- and
left-onset patient subgroups. The clinical data of PD patients are
shown in Table 1.

3.2. Between-group difference of functional connectivity analysis

Relative to the healthy control group, the PD patients showed
significantly reduced connectivity within mesolimbic-striatal and
corticostriatal loops (Table 2, Fig. 2). Both anterior putamen and
posterior putamen showed a decreased connectivity pattern with
their contralateral putamen and mesolimbic regions, especially in
amygdala, hippocampus, olfactory area, and posterior rectus,
whereas the posterior putamen presented a more prominent
decreased pattern extending to sensorimotor cortex. The caudate
connectivity pattern was relatively spared. Functional connectivity
analysis of the amygdala also showed coherent reduced connec-
tivity pattern with the putamen (Table 2, Fig. 3). To exclude group
differences caused by the subgroup of patients with MMSE <25, we
reanalyzed the data and found similar striatal functional connec-
tivity after excluding these 6 patients (Supplemental Material).

Results for comparison of PD subgroups versus healthy
controls are shown in Table 3 and Fig. 4. The right-onset subgroup
showed consistent decreased functional connectivity within
mesolimbic-striatal and cortical-striatal loops, the extent of which
followed the gradient of dopamine depletion in striatum. The
decreased functional connectivity with sensorimotor cortex is
only evident in the most affected posterior putamen. In the
left-onset subgroup, only the right posterior putamen (the most
affected striatum subregion) showed significantly reduced con-
nectivity with left sensorimotor cortex and left putamen.

3.3. Region-wise functional connectivity analysis in the putamen-
amygdala circuit

To characterize the abnormal functional connectivity between
mesolimbic regions and the putamen, we choose amygdala as a
representative of mesolimbic region. We assessed the correlation
between the time course of the posterior putamen and that of
amygdala and compared the magnitude of the correlation co-
efficients across groups. This revealed significantly decreased
functional putamen-amygdala coupling in the whole PD group, as
well as the right- and left-onset PD subgroups. Region-wise analysis
is more sensitive than voxel-wise analysis in detecting abnormal-
ities. The reduced functional putamen-amygdala coupling in the
left-onset PD subgroup indicated a reduced trend of function con-
nectivity in the mesolimbic-striatal loops of this subgroup. Fig. 5
shows the means and SDs of z values in putamen-amygdala circuits.

We also searched for relationship between NMS (NMSS score and
subscale score) and index of putamen-amygdala connectivity
(Fig. 6). The functional coupling of right amygdala and left posterior
putamen is significantly correlated with NMSS total score (r = —0.44,
p=0.001) and NMSS mood subscale score (r = —0.45, p < 0.001). The
functional coupling of right amygdala and right posterior putamen is
also significantly correlated with NMSS total score (r = —0.40, p =
0.004) and NMSS mood subscale score (r = —0.36, p = 0.008). No
correlation was found between other NMSS subscale scores and
functional connectivity in putamen-amygdala circuits.

34. VBM

VBM did not reveal significant differences between patients and
healthy controls for GM volume, indicating that altered functional
connectivity was not caused by anatomic changes.

Table 3
Difference of functional connectivity among subgroups of Parkinson’s disease (PD)
and healthy comparison subjects

Seed area Connected area t value MNI coordinates
(xy2)
A: right-onset PD < controls
Left caudate
Cluster 1 (size: 265; Putamen_R 447 1512 -6
p = 0.003)
Amygdala_R 3.66 270 -18
Left anterior putamen
Cluster 1 (size: 196; Rectus_R 4.99 2112 -15
p = 0.009)
Putamen_R 413 2409
Amygdala_R 4.07 30 -3-18
Cluster 2 (size: 177; Putamen_L 5.01 -2412 -9
p = 0.014)
Frontal_inf_orb_L 4.44 -18 15 -18
Right anterior putamen
Cluster 1 (size: 337; Hippocampus_L 5.07 -30 -12 -12
p = 0.001)
Olfactory_L 4.83 -279 -9
Putamen_L 4.83 —-2763
Left posterior putamen
Cluster 1 (size: 362; Rectus_L 5.13 —-2412 -12
p < 0.001)
Hippocampus_L 4.80 -30-9-15
Frontal_inf_tri_L 4.21 -33309
Cluster 2 (size 631; Amygdala_R 5.06 27 -3 -15
p < 0.001)
Recturs_R 487 2415 -12
Putamen_R 4.69 24120
Cluster 3 (size: 505; Supramarginal_R 4.95 60 —33 51
p < 0.001)
Temporal_sup_R 415 57 -33 21
Cluster 4 (size: 654; Postcentral_L 4,72 —-63 -6 30
p < 0.001)
Precentral_L 4.54 —603 24
Supramarginal_L 4.49 -51-3033
Cluster 5 (size: 303; Frontal_sup_orb_R 4,37 1548 -24
p = 0.001)
Cingulum_ant_L 431 -153612
Right posterior putamen
Cluster 1 (size: 272; Hippocampus_L 5.02 -30 -9 -12
p = 0.002)
Putamen_L 4.66 -30-90
Rectus_L 421 —2412 -12
Cluster 2 (size: 193; Frontal_sup_orb_R 448 1218 -18
p =0.01)
Amygdala_R 419 30 -3 -18
B: left-onset PD < controls
Right posterior putamen
Cluster 1 (size: 254; Postcentral_L 471 —45 —-18 39
p = 0.003)
Cluster 2 (size: 123; Putamen_L 441 -2790
p = 0.047)

p value was corrected for multiple comparisons by family-wise error correction.
Key: ant, anterior; inf, inferior; L, left; MNI, Montreal Neurological Institute; orb,
orbital; R, right; sup, superior; tri, triangular.

4. Discussion

By comparing a cohort of drug-naive PD patients and healthy
controls using rfMRI, we found decreased functional connectivity in
mesolimbic-striatal and corticostriatal loops in the PD patients. No
increased functional connectivity was found. The effect of PD on
striatal function, in terms of reduced functional connectivity, was
more prominent in the posterior putamen compared with the
anterior putamen, in accordance with uneven dopamine depletion
in the putamen in PD. Further functional connectivity analysis in the
subgroups of right- and left-onset revealed similar results. Deceased
functional connectivity within cortical sensorimotor areas was
evident only in the most affected putamen subregion, whereas
reduced functional connectivity within mesolimbic regions was
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R R_PD vs. Control

L_PD vs. Control

Fig. 4. Differences in the connectivity patterns of striatum in right-onset and left-onset Parkinson’s disease subgroups. In the right-onset subgroup, functional connectivity of the
left caudate, bilateral anterior putamen (AP), and right posterior putamen (PP) was significantly reduced in mesocortex and contralateral putamen, and functional connectivity left
posterior putamen (most affected) was significantly reduced in mesocortex, contralateral putamen, sensorimotor cortex, and frontal cortex. In the left-onset subgroup, functional
connectivity of the right posterior putamen (most affected) was significantly reduced in contralateral putamen and sensorimotor cortex. The significance threshold was set at p <
0.001 at voxel level and p < 0.05 corrected by family-wise error correction at cluster level. Abbreviations: CA, anterior caudate; L, left; R, right.

prevalent throughout the striatum, corresponding to Braak staging
(Braak et al., 2003) in which the pathologic process of PD in the
mesocortex has appeared in the presymptomatic stage, followed by
involvement of the neocortex in later stages. Furthermore, the
functional connectivity of amygdala-putamen was correlated with
NMSS total score and NMSS mood subscore, indicating that func-
tional deficiency in mesolimbic-striatal loops may be associated
with underlying pathology of some nonmotor manifestations in PD.
Convergent evidence from functional brain imaging suggests
that PD is associated with dysfunction in several functionally in-
tegrated pathways. More specifically, a loss of integrity among
neural networks, especially in striatum circuitry, is thought to be at
the root of the pathogenesis of PD. In our study, we demonstrated
decreased functional connectivity of striatal circuits in early-stage
drug-naive patients with PD, which should reflect the primary
changes in the natural disease course rather than secondary
changes associated with prolonged antiparkinson medication.
Differences in striatal correlations with the cerebral cortex be-
tween PD patients and healthy controls were observed mainly be-
tween the posterior putamen and sensorimotor areas, whereas
anterior putamen and caudate were relatively intact in terms of
their functional correlations with the cortex. Further analysis in the
subgroups of patients with right- or left-onset also revealed that
the decreased functional connectivity with the cerebral cortex was
only obvious in the posterior putamen. Evidence from postmortem
and nuclear imaging studies have indicated that the posterior pu-
tamen suffers most from nigrostriatal dopamine depletion (Briick
et al., 2006; Kish et al., 1988; Nurmi et al., 2001), and there is un-
even amount of dopamine depletion in the bilateral putamen

(Marek et al., 1996; Morrish et al., 1995). The functional discon-
nection between the posterior putamen and sensorimotor areas
observed in our study corresponds to those uneven pathologic
changes in the striatum. The topography of the affected cortical
regions is compatible with the impaired sensorimotor integration,
which has been suggested to occur in PD (Almeida et al., 2005;
Bdumer et al., 2007; Helmich et al., 2010; Konczak et al., 2009).
Two previous studies (Hacker et al., 2012; Helmich et al., 2010)
using similar seed regions as ours in striatal subdivisions to explore
the functional connectivity of the striatum also found loss of cor-
ticostriatal coupling in subregions of the putamen. Our results are
broadly consistent with those findings. However, we observed
comparatively less affected cortical connectivity with the putamen
and failed to find increased functional connectivity in corticostriatal
loops involving the anterior putamen, which was suggested to
reflect compensatory changes in response to decreased functional
connectivity between the sensorimotor cortex and posterior puta-
men (Helmich et al., 2010). We think the main contributor to this
inconsistency is the patient inclusion. Patients in our cohort were in
the early disease stage with mean disease duration of 2 + 1.4 years,
whereas the patients enrolled in Helmich et al.’s (2010) study had
significantly longer disease duration (6.0 & 0.6 years). Therefore,
affected functional connectivity of the posterior putamen with the
sensorimotor cortex in our patients was limited compared to that in
Helmich et al.’s study; the response of the relatively spared anterior
striatum might be too subtle to be detected by our study. In fact, we
observed a slight trend of increased functional connectivity in
corticostriatal loops involving the anterior striatum in the patient
group (Supplementary Materials). As noted earlier, antiparkinson
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Fig. 5. Significant reduced functional connectivity between amygdala and posterior putamen in Parkinson’s disease (PD) group and subgroups. Significant differences are indicated
by asterisks: *** p < 0.001; ** p < 0.01; * p < 0.05. Abbreviations: Amy, amygdala; FC, functional connectivity; L, left; L_PD, left-onset PD; PP, posterior putamen; R, right; R_PD, right-

onset PD.

medication can lead to functional reorganization of neural net-
works. It is likely that prolonged antiparkinson medication plays a
role in this inconsistency. Differences in computational strategies
may also play a role. The multiple regressions adopted by Helmich
et al. have been suggested to be sensitive to differences between
striatal subdivisions (e.g., remapping of corticostriatal connectivity)
(Hacker et al., 2012).

Another inconsistency pertains to the involvement of subcor-
tical networks. The study conducted by Hacker et al. (2012) addi-
tionally found that decreased striatal functional connectivity
extended to the brainstem in PD patients, with relatively more
severe motor disability (mean UPDRS Il score in the off state: 39.1).
In our study, we did not find obviously decreased striatal-extended
brainstem functional connectivity. The brainstem remains a chal-
lenging part of the central nervous system from which to acquire
functional MRI data, largely because of its small size, proximity to
tissues producing magnetic susceptibility effects leading to image
distortion, and the greater degree of noise in the BOLD MRI signal
(Harvey et al., 2008). The image acquisition protocol we used was

not specifically designed for functional imaging of the brainstem.
Further investigation is needed to determine the functional changes
in the brainstem and its interaction with the striatum in PD.

We demonstrated decreased functional connectivity in
mesolimbic-striatal loops in the resting state in early-stage drug-
nave PD patients. Differences in patient inclusion might contribute
to this inconsistency. The mesocortex is the target of standard
dopaminergic treatment (Jenner, 2002; Koller and Rueda, 1998),
which may be more sensitive to the reorganization effects of pro-
longed medication. Our results avoid the confounding effects of
prolonged antiparkinson medication and demonstrate decreased
functional connectivity in mesolimbic-striatal loops in the natural
course of PD. Nonetheless, longitudinal study is needed to elucidate
the dynamic changes of the functional integration of subcortical
networks.

PD is no longer considered a pure motor disorder but rather a
systemic disease with variegated early NMS, such as impaired
olfaction, emotional problems, and cognitive impairment (Ferrer,
2011; Gallagher and Schrag, 2012; Schwarz et al., 2011). Although
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Fig. 6. Scatterplots showing a negative correlation between functional connectivity of the amygdala-putamen circuits and nonmotor scales ([NMSS]-T and NMSS-3) in Parkinson’s
disease patients. Abbreviations: Amy, amygdala; L, left; NMSS, Non-motor Symptoms Scale; NMSS-T, NMSS total score; NMSS-3, NMSS mood subscale score; PP, posterior putamen;

R, right.

cardinal motor symptoms in PD are associated with dysfunction of
corticostriatal loops, early clinical nonmotor features are more
likely to be associated with other pathologic changes. In our study,
apart from decreased functional connectivity in corticostriatal
loops in PD, more prominent reduced functional connectivity was
detected in mesolimbic-striatal loops, corresponding to the pre-
symptomatic appearance of pathologic process in the mesocortex
(Braak et al., 2003). The mesocortex regions are involved in a variety
of functions, including emotion, motivation, cognition, olfaction,
and sleep. Therefore, we speculate that abnormal integration of
neural network involving the mesolimbic regions might be asso-
ciated with NMS in PD.

In the past few years, neuroimaging research in humans (Barnes
et al., 2010; Cohen et al., 2008; Di Martino et al., 2008; Draganski
et al., 2008; Lehéricy et al., 2004) has corroborated animal tracing
studies (Haber, 2003; Parent, 1990) and shed further light on
striatum circuitry and its relevance to clinical manifestations in PD.
Consistent with estimates of striatal organization in the monkey
(Alexander et al., 1986), these studies revealed broad topographic
patterns that differentiate motor, cognitive, and affective zones of
the striatum. Although functional subdivisions in the striatum have
been demonstrated, the pattern of cortical coupling did not simply
involve discrete regions of cortex. Rather, individual striatal regions
were functionally coupled to distributed regions throughout the
cerebellum (Barnes et al., 2010; Di Martino et al., 2008). Structural
lesions (Braak et al., 2003) and/or changes in the neurotransmitter
balance within the striatum and associated structures (Politis et al.,
2010, 2012; Remy et al., 2005) could disrupt the process of inte-
gration of limbic input (Pavese et al., 2010), reflected by reduced
functional connectivity in mesolimbic-striatal loops in our study.
Taken together, these considerations fit with the idea that the
decreased functional integrity in mesolimbic-striatal loops
demonstrated by our study reflects pathologic changes of early
nonmotor deficits in PD.

The amygdala, a limbic region crucial for emotional processing,
has been implicated in the neuropathology of PD (Braak et al.,
1994). Dysfunctions in PD such as impairment in facial expression
recognition and mind reading (Levin et al., 1989) were reported in
patients with focal amygdala damage (Stone et al., 2003). In addi-
tion, a postmortem study found that this structure contains Lewy

bodies in PD patients (Harding et al., 2002). Positron emission to-
mography and functional MRI studies (Ouchi et al., 1999; Tessitore
et al., 2002) further confirmed the abnormal functions of amygdala
in PD. In line with previous studies, functional connectivity analysis
of amygdala revealed decreased functional coupling mainly with
putamen in our study, which could be part of a larger picture of
functional deficient between mesolimbic areas and putamen.
Furthermore, negative correlations between functional connectiv-
ity of amygdala-putamen circuit and NMSS total score as well as
NMSS mood subscale score suggest that functional disconnection of
amygdala-putamen circuit might be related to mood disturbance in
PD and also support the hypothesis that the reduced functional
connectivity between mesolimbic areas and striatum is associated
with NMS in early-stage PD. In our cohort, mood disturbance is one
of the most often reported nonmotor problems, consistent with the
high prevalence of emotional problem in the early stage of PD (Tan,
2011). Thus, it is plausible that both NMSS total score and mood
subscale score show a negative correlation with the functional
connectivity of amygdala-putamen circuit in the present study.
However, future work is needed to verify this hypothesis with
detailed evaluation of nonmotor manifestations and accounting for
possible confounding factors.

Several study limitations should be considered when inter-
preting these results. First, the data are cross-sectional; whether
these alterations of neural networks change dynamically after
therapy remains to be established in the longitudinal studies. Sec-
ond, in the subgroup of left-onset patients, a significant decreased
connectivity pattern was only evident in the most affected putamen
subregion, and we could not find reduced functional connectivity in
the mesolimbic-striatal region at the current level of significance.
This may be explained by the relatively stringent threshold of
voxel-wise analysis and the small sample size of left-side onset. In
the subsequent region-wise functional connectivity analysis, the
left-side onset group demonstrated reduced functional connectiv-
ity in the amygdala-putamen circuit, indicating the reduced trend
of function connectivity in mesolimbic-striatal loops. Third,
although we have evaluated the nonmotor manifestations of pa-
tients using the NMSS, it is a cursory evaluation lacking specific
neuropsychological assessment of particular aspects of PD, which
hampers further interpretation of the results. Additional
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investigations should focus on the relationship between functional
network deficits and specific aspects of nonmotor manifestations.

In conclusion, our results confirm decreased functional con-
nectivity in corticostriatal loops in a large cohort of drug-naive PD
patients. We also demonstrated reduced mesolimbic-striatal func-
tional connectivity in this early-stage cohort, which might be
associated with the underlying pathology of early nonmotor man-
ifestations in PD. Although prolonged antiparkinson medication
may lead to reorganization of functional neural networks through
unknown mechanisms and confound our understanding of the
primary pathologic process, our findings of prevalent reduced
functional connectivity of neural networks in early-stage drug-
naive PD patients reflect the primary pathologic changes in the
natural disease course.
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