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Abstract: Objective: We aim to investigate the disturbance of neural network associated with the differ-
ent clinical stages of Parkinson’s disease (PD). Method: We recruited 80 patients at different H&Y
stages of PD (28 at H&Y stage I, 28 at H&Y stage II, 24 at H&Y stage III) and 30 normal controls. All
participants underwent resting-state fMRI scans on a 3-T MR system. The amplitude of low-frequency
fluctuation (ALFF) of blood oxygen level-dependent signals was used to characterize regional cerebral
function. Functional integration across the brain regions was evaluated by a seed voxel correlation
approach. Results: PD patients had decreased regional activities in left occipital and lingual regions;
these regions show decreased functional connection pattern with temporal regions, which is deteriorat-
ing as H&Y stage ascending. In addition, PD patients, especially those at stage II, exhibit increased
regional activity in the posterior regions of default mode network (DMN), increased anticorrelation
between posterior cingulate cortex (PCC) and cortical regions outside DMN, and higher temporal
coherence within DMN. Those indicate more highly functioned DMN in PD patients at stage II. Con-
clusions: Our study demonstrated the trajectories of resting-state cerebral function disturbance in PD
patients at different H&Y stages. Impairment in functional integration of occipital-temporal cortex
might be a promising measurement to evaluate and potentially track functional substrates of disease
evolution of PD. Hum Brain Mapp 36:3104–3116, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegener-
ative disorder that presents with motor symptoms but
may also lead to many nonmotor symptoms, such as cog-
nitive impairment and hallucination [Chaudhuri and Scha-
pira, 2009]. The pathological hallmark of PD is the
progressive degeneration of dopaminergic neurons in the
nigrostriatal pathway. But, the pathologic abnormalities in
PD can extend beyond the nigrostriatal pathways and
involve other projection neurons of the brainstem and cor-
tex [Braak et al., 2003]. According the staging procedure
proposed by Braak [Braak et al., 2003], the spread of path-
ologic abnormalities following an ascending pattern from
lower brainstem to cortical areas.

During the past decade, in vivo imaging of the brain
structural changes has offered powerful measurements of
assessing neurodegenerative changes in PD. High resolution
MRI can accurately measure changes in cerebral structures.
While previous studies showed no or only slight frontal and
temporal [Borghammer et al., 2010; Burton et al., 2004;
Melzer et al., 2012; Nagano-Saito et al., 2005; Nishio et al.,
2010; Weintraub et al., 2011] gray matter (GM) loss in early
to mild nondemented PD patients, there is a marked GM
atrophy of the limbic, temporal, frontal, and parietal regions
in PD patents at advanced stage or demented PD patients
[Burton et al., 2004; Melzer et al., 2012; Weintraub et al.,
2011]. More recent studies have also shown that cortical
thinning occurs in PD [Jubault et al., 2011; Lyoo et al., 2010].
Through modeling disease stage, Zarei [Zarei et al., 2013]
further found that disease stage in PD was associated with
thinning of the medial frontal, precuneus, lateral occipital,
temporal, and dorsolateral prefrontal cortex. In addition,
white matter (WM) loss has been detected in early to moder-
ate stages of the disease, in the pons, as well as in temporal
and frontal regions [Jubault et al., 2009; Kostic et al., 2010].
By diffusion tensor imaging (DTI), abnormalities of WM
integrity have been identified in demented PD patients
[Hattori et al., 2012]; and evidence of degeneration in WM
has also been revealed in PD patients without dementia
[Hattori et al., 2012; Karagulle Kendi et al., 2008]. Generally,
microstructural damage to the WM occurs with increasing
PD severity and involves the brainstem, thalamocortical
pathways, olfactory tracts, as well as the major interhemi-
spheric, limbic, and extramotor association tracts [Agosta
et al., 2013].

Studies using advanced methods of time series analysis of
oscillatory brain activity have demonstrated that synchroni-
zation of neuronal activity within and between distributed
neuronal populations is an important mechanism in a vari-
ety of cognitive and motor functions, including movement
preparation, sensorimotor integration and attention [Schnit-
zler and Gross, 2005]. Previous studies have suggested PD
is characterized by changing patterns of disturbed neural
synchrony that appear to be dependent on the stage of dis-
ease [Berendse and Stam, 2007]. Resting-state fMRI (rfMRI)
allows the interrogation in vivo of the neural synchrony dis-

turbance. It can provide information not only on synchro-
nous regional cerebral activity using the amplitude of low-
frequency fluctuation (ALFF) intensity, but also on the
integrity of brain networks using connectivity analysis. This
technique has been successfully utilized to detect abnormal
functional integration in PD [Esposito et al., 2013; Luo et al.,
2014; Tessitore et al., 2012]. However, few experiments have
used this technique in an effort to depict the changing
course of abnormal functional integration in PD. It remains
unclear how disturbances of functional brain networks
evolve throughout the course of the disease.

The aim of this study was to investigate the functional
changes of neural network associated with the different clin-
ical stages of PD, thus reveal the possibly different trajecto-
ries of functional damage in PD. To approach this issue, we
used rfMRI in a relatively large cohort of PD patients at dif-
ferent Hoehn and Yahr (H&Y) stages (I–III). We believe that
our study would allow us to improve our understanding of
PD pathobiology and contribute to the identification of new
markers for monitoring its evolution in vivo.

METHODS

Participant

The local research ethics committee approved this study,
and written informed consent was obtained from all par-
ticipants. The patients in the present analysis were part of
a large cohort study of PD in the Chinese population of
Han ethnic background. Patients with right dominant
hand were recruited consecutively from Movement Disor-
ders outpatient clinic of West China Hospital of Sichuan
University. All patients fulfilled the PD Society Brain Bank
diagnostic criteria and were followed at least two years to
confirm the diagnoses. All patients were clinically stable.
To date, no indication of atypical parkinsonism has been
detected in any of our PD patients according to the clinical
diagnostic criteria for parkinsonism disorders appraised
by the Movement Disorders Society Task Force. From this
cohort, patients were excluded if they had (1) moderate-
severe head tremor; (2) abnormal MMSE (mini-mental
state examination) scores; (3) cerebrovascular disorders
including previous stroke, history of head injury, history
of seizure, hydrocephalus, or intracranial mass, previous
neurological surgeries; (4) had any disorder that interfered
with the assessment of the manifestation of PD. On the
basis of previous studies using MMSE in Chinese [Katz-
man 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 24
for junior high school and higher education literate. A
total of 80 patients were recruited: 28 PD patients at
Hoehn and Yahr (H&Y) stage I, 28 PD patients at H&Y
stage II and 24 PD patients at H&Y stage III.

The experiments were performed at least 12 h after the
last dose of dopaminergic medication (i.e., in a practically
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defined off-condition) [Helmich et al., 2010]. Data pertain-
ing to age, gender, handedness, duration of illness, and
clinical symptom ratings were collected by movement dis-
order specialist prior the initiation any treatment and mag-
netic resonance (MR) examinations. Disease duration was
defined as the time as the patient subjectively noticed his
first motor symptoms. Unified PD Rating Scale (UPDRS)
part III was used to assess motor disability and H&Y
stages was used to evaluate the severity of the disease.

Additionally, 30 right-handed normal subjects with no
history of neurologic or psychiatric diseases were recruited
from friends and spouses of the patients and matched for
age, gender with the PD subjects.

MRI Acquisition

MRI was performed on a 3.0 Tesla MR imaging System
(Excite; GE, Milwaukee, WI) using an eight-channel phased-
array head coil. MR images sensitized to changes in BOLD
signal levels (TR 5 2000 ms, echo time 5 30 ms, flip
angle 5 908) 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 3 64 and a field of view of
240 3 240 mm2, resulting in a voxel size of 3.75 3 3.75 3

5 mm3. Each brain volume comprised 30 axial slices and
each 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 immediately after the
experiment) during the resting-state MR acquisition. Ear-
plugs were used to reduce scanner noise, and head motion
was minimized by stabilizing the head with cushions.

Processing of fMRI Data

Image preprocessing and statistical analysis were carried
out using the SPM8 (Welcome Department of Imaging
Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk).
The first ten volumes of functional images were discarded
for the signal equilibrium and participants’ adaptation to
scanning noise. Then, the remaining EPI images were pre-

processed using the following steps: slice timing, motion
correction, spatial normalization to the standard Montreal
Neurological Institute (MNI) EPI template in SPM8 and
resample to 3 3 3 3 3 mm3, followed by spatial smooth-
ing with 8-mm full-width at half-maximum (FWHM)
Gaussian kernel. According to the record of head motions
within each fMRI run, all participants had less than
1.5 mm maximum displacement in the x, y, or z plane and
less than 1.58 of angular rotation about each axis.

Local Function Investigation

ALFF Calculation

Given the importance of low-frequency fluctuations in
determining resting-state activity, the analysis of low-
frequency signal power has emerged as a fruitful approach
to characterizing the local health of resting-state networks.
ALFF maps were calculated using REST (http://restfmri.
net/forum/rest_v17). After preprocessing, the time series
for each voxel was filtered (band pass, 0.01–0.08 Hz) and
linear-trend removed. Then, the filtered time series was
transformed to a frequency domain using a fast Fourier
transform, and the power spectrum was square root-
transformed and averaged across the frequency of 0.01–
0.08 Hz at each voxel. This averaged square root of activ-
ity was taken as the ALFF. For standardization purposes,
the ALFF of each voxel was divided by the global mean
ALFF value to standardize data across subjects.

Voxel-based comparison of ALFF maps among the four
groups was performed using a design model of one-way
analysis of variance with age and gender as covariates.
The significance threshold of f test was set at P< 0.001 and
cluster size >50 voxels. Mean value was extracted in each
region showing significant difference by averaging the
ALFF value within seed region. Post hoc two sample t-
tests were performed.

Functional Connectivity Analysis

Functional connectivity was examined using a seed
voxel correlation approach. As shown below, significant

TABLE I. Clinical features of subjects

Patients with PD

H&Y
Stage I

H&Y
Stage II

H&Y
Stage III Controls

N 28 28 24 30
Gender (male:female) 14:14 14:14 13:11 15:15
Age (years) 52.45 6 9.18 54.12 6 8.24 54.41 6 10.59 53.53 6 10.45
Side of onset (R:L) 15:13 13:15 11:13 –
Duration (years) 1.56 6 1.42 3.78 6 2.87 5.31 6 4.77 –
UPDRS III score 14.11 6 6.45 29.68 6 8.22 43.54 6 12.65 –
MMSE score 28.29 6 2.12 27.89 6 1.93 26.25 6 2.75 –
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difference in ALFF measurements among four groups was
demonstrated in 4 brain regions (Table I). These 4 regions
were used as seeds for functional connectivity analysis.
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 of the 4 regions. Cor-
relation 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, eight
nuisance covariates were regressed, including: the white
matter (WM) signal, the CSF signal and six head motion
parameters obtained in the realigning step. Then, the cor-
relation coefficients in each voxel were transformed to z-
value images using the Fisher r-to-z transformation to
improve normality [Lowe et al., 1998]. Therefore, an entire
brain z-value map was created for each subject.

Voxel-based comparison of z-value maps among the
four groups was also performed, using a design model of
one-way analysis of variance with age and gender as cova-
riates. The significance threshold of f test was set at
P< 0.001 and cluster size >50 voxels. Mean value was
extracted in each region showing significant difference by
averaging the z value within seed region. Post hoc two
sample t-tests were performed.

Correlation Analysis

To assess whether the UPDRS III/MMSE scores were
associated with changes in regional function and related
network, UPDRS III/MMSE scores and ALFF/z-value
maps were entered into the corresponding design matrix
using linear regression model with age and gender as
covariates. In voxel-wise regression analysis, clusters with
voxel level P< 0.001 and size >50 voxels were reported.

Region-Wise Functional Connectivity in Default

Mode Network

To evaluate functional connectivity within default mode
network (DMN), 13 regions derived from Fox et al. [2005]
were selected as graph network nodes (Supporting Infor-
mation Table S2), and then a correlation between each pair
was analyzed. Mean time series were extracted by averag-
ing the time series of each peak voxel and its nearest 26
neighbors. The resting-state BOLD time series were corre-
lated region by region for each subject. For each subject,
then, we created a square (13 3 13) correlation matrix,
resulting in 110 matrices. Fischer z transformation was
applied to the correlation coefficients (r) to improve nor-
mality for the random effects analysis. To further localize
specific pairs of brain regions in which functional connec-
tivity was altered, we used a network-based statistic (NBS)
approach [Zalesky et al., 2010]. One-way ANOVA analysis
was preformed on all potential connection represented in

the 13 3 13 correlation matrices. In brief, a primary
cluster-defining threshold (F 5 2.7, P 5 0.05) was first used
to identify suprathreshold connections, within which the
size (i.e., number of edges) of any connected components
was then determined. A corrected P value was calculated
for each component using the null distribution of maximal
connected component size, which was derived empirically
using a nonparametric permutation approach (5000 per-
mutations). Of note, the effects of age and gender were
removed by a regression analysis prior to the statistical
analysis of functional connections.

Processing of Structural Images

Voxel-based morphometry (VBM) analysis was per-
formed for structural images. In this study, we used the
diffeomorphic anatomic registration through an exponenti-
ated lie algebra algorithm (DARTEL) [Ashburner, 2007] to
improve the registration of the MRI images. DARTEL has
been shown to be more sensitive than standard VBM
methods [Klein et al., 2009]. Before segmentation, we
checked for scanner artifacts and gross anatomical abnor-
malities for each subject; and the image origin was set to
the anterior commissure. Then, MR images were seg-
mented into gray matter (GM), WM and CSF using the
unified segmentation model in SPM8 [Ashburner and Fris-
ton, 2005]. In a next step, a GM template was generated
through an iteratively nonlinear registration (DARTEL).
The GM template was normalized to MNI 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 proce-
dure, and smoothed with an 8-mm FWHM Gaussian ker-
nel. Voxel-based comparison of GM volume among the
four groups was performed using a design model of one-
way analysis of variance with age and gender as covari-
ates. The significance threshold of f test was set at
P< 0.001. Cluster with number of voxels >200 were
reported. Mean value was extracted in each region show-
ing significant difference by averaging the value within
seed region. Post hoc two sample t-tests were performed.

TABLE II. Regions showing significant difference in

ALFF value among PD subgroups and controls

Anatomic region
Coordinates of peak

voxel (x y z)a Peak F Cluster size

Precunes/PCC 23 245 33 9.45 190
Right Lateral Parietal 45 251 45 10.51 149
Left Inferior Occipital 218 293 29 10.92 210
Left Lingual 218 257 26 8.79 102

ax, y, and z are location of peak voxel in the MNI coordinate.
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RESULTS

Clinical Characteristics of the PD Groups

Demographic and clinical features of the sample were
listed in Table I. Age, gender and side of onset were not
significantly different among four subgroups. By defini-
tion, there was significant difference in disease duration
and UPDRS motor score among PD subgroups. Though
PD patients were free from overt cognitive impairment,

patients at stage III gain significantly lower MMSE score
than other patients (P< 0.05).

Regional Cerebral Function

Figure 1 and Table II show the group level results of
ALFF analysis. There were significant group differences in
posterior cingulate cortex/precuneus (PCC), right lateral
parietal cortex, left occipital cortex and left lingual gyrus.

Figure 1.

The group level ALFF analysis revealed significant group differences in

PCC/precuneus, right lateral parietal cortex, left occipital cortex and

left lingual gyrus. Compared with normal control subjects, PD

patients showed significant decreased ALFF in the left occipital cor-

tex and left lingual gyrus in comparison to normal controls. Con-

versely, PD patients at H&Y stage II and III showed higher ALFF in

the posterior cingulate cortex and right lateral parietal cortex. The

pattern of increased ALFF in PD patients across different H&Y stages

(I-III) was more prominent in patients at H&Y stage II and resembles

inverted “V” type. Abbreviation L: left; R: right; Occi: occipital; Ling:

lingual; lat.P: lateral parietal; PCC: posterior cingulate cortex. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Two sample t-tests revealed compared with control sub-
jects, PD patients at stage II and III showed higher ALFF
in the posterior cingulate cortex and right lateral parietal
cortex. The pattern of increased ALFF was more promi-
nent in patients at stage II. Conversely, all PD patients
showed significant decreased ALFF in the left occipital
cortex and left lingual gyrus in comparison to normal con-
trols. Those regions showing group difference were then
selected as seed regions for connectivity analysis.

Seed-Based Functional Connectivity Analysis

Analysis of the FC maps of left occipital cortex and left
lingual gyrus revealed significant group differences in
bilateral temporal cortex (Fig. 2 and Table III). Post hoc
analysis revealed that, compared to controls, PD patients

at stage III demonstrated significant decreased functional
connectivity of left occipital cortex/left lingual gyrus with
bilateral temporal cortex. In PD patients, the functional
connectivity of left occipital–temporal circuit showed
descending pattern as H&Y stage ascending.

Analysis of the FC maps of PCC revealed group differ-
ences in supplementary motor area, bilateral insular, bilat-
eral sensorimotor area, bilateral inferior parietal cortex,
and retrosplenial cortex (Fig. 3). In comparison to control
group, the functional connectivity of PCC with supple-
mentary motor cortex, bilateral insular, bilateral sensori-
motor cortex and bilateral inferior parietal cortex were
relatively decreased in PD patients, and further shift to
negative connectivity pattern. This anti-correlation pattern
(negative functional connectivity of PCC) was most promi-
nent in PD patients at stage II. Conversely, PCC shows
positive correlation with retrosplenial cortex. The

Figure 2.

The group level analysis of the FC maps of left occipital cortex

and left lingual gyrus revealed significant group differences in

bilateral temporal cortex. PD patients at H&Y stage III demon-

strated significant decreased functional connectivity of left occi-

pital cortex/left lingual gyrus with bilateral temporal cortex. In

PD patients, the functional connectivity of left occipital–temporal

circuit showed descending pattern as H&Y stage ascending.

Abbreviation: L: left; R: right; Occi: occipital; Ling: lingual; Tem:

temporal; MCC: middle cingulate cortex. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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functional connectivity of PCC with retrosplenial cortex
was significantly increased in PD patient at stage II com-
pared with normal controls. The functional connectivity
analysis seeding at left lateral parietal cortex did not yield
any significant difference between any of four groups.

Correlation Analysis

In PD patients, the UPDRS III score was negatively cor-
related with the z values of the left lingual/occipital
regions with bilateral temporal regions (Fig. 4). MMSE
score was positively correlated with z values of left lin-
gual/occipital regions with occipital regions.

Region-Wise Functional Connectivity in DMN

As described above, PD patients at H&Y I-III display
increased regional spontaneous activity in PCC/Precuneus
and lateral parietal cortex. PCC/Precuneus has been sug-
gested to be the “core node” of the default mode network
(DMN) that is activated during “resting consciousness.”
Lateral parietal cortex is also recognized as an important
region of DMN. Analysis was conducted to characterize
the functional integrity within DMN. The mean correlation
matrix was calculated by averaging the correlation matrix
across all subjects within each group. For better visualiza-
tion of structural patterns within those connection matri-
ces, a layout of nodes and undirected edges were
represented as networks (Fig. 5). According to Figure 5A,

functional connectivity appeared to be dense in PD
patients, particularly in patients at stage II. To directly
compare connectivity (r) of each pair node between the
two groups, one-way ANOVA were performed on all 78
potential connections included in the correlation matrices.
We utilized the NBS method to identify a single connected
network with 11 nodes and 17 connections, which was sig-
nificantly different among groups (P 5 0.036, corrected)
(Fig. 5B, Supporting Information Table S3). Within this
network, 15 connections exhibited increased values in the
PD patients, especially in PD patients at stage II, compared
with the control subjects (Fig. 5C). Two connections
showed relatively decreased values in PD patients as com-
pared with the controls. Together with the above results of
PCC showing increased functional connectivity with retro-
splenial cortex in PD patient at stage II, those results indi-
cate that the default network and associated regions are
highly integrated (i.e., strongly functionally connected) in
PD patients at stage II.

Structural Assessment

VBM analysis revealed that one cluster in right thalamus
shows group difference of GM volume. Post hoc analysis
indicated PD patients at early stage (especially those at
H&Y I) have relatively higher GM volume than controls in
this region (Fig. 6). There was no significant cortical atro-
phy in PD patients.

DISCUSSION

To date, very few studies have focused on mapping out
the trajectory of functional neural changes of PD patients.
In this study, we applied rfMRI measures on a relatively
large cohort of PD patients across different H&Y stages (I–
III). We found that: (a) PD patients had deceased regional
activities in left occipital and lingual regions; these regions
show decreased functional connection pattern with tempo-
ral regions, which is deterring as H&Y stage ascending
and negatively correlated with UPDRS III score; (b) PD
patients, especially those at stage II, exhibit increased
regional activity in the posterior regions of DMN,
increased anticorrelation—that is, more negatively connec-
tion between PCC and some cortical regions outside
DMN, and higher temporal coherence within DMN, which
indicate more highly functioned DMN in PD patients at
stage II.

Reduction of either activation, perfusion, or metabolism
in occipital and temporal regions during rest or simple vis-
ual stimulation has been frequently observed in PD
patients with or without dementia [Abe et al., 2003; Baglio
et al., 2011; Bohnen et al., 1999; Eberling et al., 1994; Hu
et al., 2000; Peppard et al., 1992; Schwartzman et al., 1988].
Additionally, emerging neuroanatomy studies reported
GM loss in occipital–temporal association areas[Lyoo
et al., 2010; Melzer et al., 2012; Weintraub et al., 2011].

TABLE III. Difference of functional connections to left

occipital, lingual and PCC among PD subgroups and

controls

Connected location

Coordinates
of peak

voxel (x, y, z)a
Peak

F
Cluster

size

Seed Area: Left Occipital
Right temporal 45 239 6 10.39 143
Left temporal 251 233 6 9.56 116

Seed area: Left lingual
Right temporal 45 233 18 8.62 120
Left temporal 242 212 12 7.47 125
Right temporal 54 215 3 8.56 94
Left temporal 254 3 29 8.86 63
Left middle cingulate 29 215 48 7.26 88

Seed Area: PCC
Supplementary motor area 0 23 60 10.97 342
Retrosplenial 23 254 12 9.31 143
Left postcentral 242 29 18 7.86 117
Left insula 251 12 23 8.3 112
Right inferior parietal 33 248 48 8.36 70
Left inferior parietal 230 242 42 8.42 54
Right precentral 48 26 45 8.37 59
Right insula 48 12 0 8.63 64

ax, y, and z are location of peak voxel in the MNI coordinate.
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Using rfMRI measurements, decreased ALFF value [Zhang
et al., 2013] and loss of functional connectivity in occipital
regions (mostly involving temporal brain regions) [Olde
Dubbelink et al., 2014] in patients with PD have been
observed. Our study is consistent with those previous
studies, and reaffirming the involvement of the occipital–
temporal cortex in PD patients at early to moderate stages.
Together with previous results, it seems appropriate to
conclude that occipital–temporal dysfunction is a signifi-
cant feature of PD. Cortical regions at occipital–temporal
regions are involved in processing the visual information
[Downing et al., 2006; Grill-Spector, 2003; Malach et al.,
1995]. According to former researches, hypofunction of
occipital–temporal regions is responsible for aberrant corti-

cal visual processing in PD [Abe et al., 2003; Ishioka et al.,
2011]. And, impaired object perception has been described
in PD patients[Barnes et al., 2003; Laatu et al., 2004; Pieri
et al., 2000; Price et al., 1992; Uc et al., 2005], even at a
mild stage of the disease[Pieri et al., 2000; Price et al.,
1992]. Besides, cognitive impairment in PD has also been
associated with marked hypoperfusion or hypometabolism
in visual association cortices [Bohnen et al., 2011]. Thus,
the reduced baseline activity in the occipital lobe and
impaired functional integration of occipital–temporal
regions in our study are likely to be related to these clini-
cal background factors, and indicate a preclinical dysfunc-
tion of the visual information processing, which is
associated with cognitive impairment in PD.

Figure 3.

The group level analysis of the FC maps of PCC revealed group

differences in supplementary motor area, bilateral insular, bilat-

eral sensorimotor area, bilateral inferior parietal cortex and ret-

rosplenial cortex. In comparison to control group, the functional

connectivity of PCC with supplementary motor cortex, bilateral

insular, bilateral sensorimotor cortex and bilateral inferior parie-

tal cortex were relatively decreased in PD patients, and further

shift to negative connectivity pattern. The anticorrelation pat-

tern (negative functional connectivity of PCC) was most promi-

nent in PD patients at H&Ystage II. Conversely, PCC shows

positive correlation with retrosplenial cortex. The functional

connectivity of PCC with retrosplenial cortex was significantly

increased in PD patient at H&Y stage II compared with normal

controls. Abbreviation: L: left; R: right; PCC: posterior cingulate

cortex; SM: sensorimotor area; inf.P: inferior parietal cortex;

INS: insular; SMA: supplementary motor area; RetroSP: retro-

splenial cortex. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Moreover, our study shows that the functional integrity
of occipital–temporal circuits decreased in PD patients as
H&Y stage ascending. More impairment of occipital–tem-
poral regions has been reported in PD patients at
advanced stage relative to patients at mild stage [Melzer
et al., 2012; Nagamachi et al., 2008; Weintraub et al., 2011].
In addition, continuous decrease in functional connectivity
of occipital and temporal regions over time has been
observed in the above-mentioned study [Olde Dubbelink
et al., 2014]. In accordance with those finding, our results
of decreased functional integrity of occipital–temporal cir-
cuits might also reflect the severity of the pathological con-
dition of PD. This deteriorating pattern of functional
integrity of occipital–temporal circuits could account for
visuo-perceptual and cognitive deficits that arise as the
disease evolves. In the supplementary analysis (see Sup-
porting Information), we found the visuospatial subscore
of Addenbrooke’s Cognitive Examination-Revised (ACE-R)
was positively correlated with the functional connectivity
of occipital-temporal network in another cohort, giving
support to our hypothesis. However, in the present study,
we did not find significant correlation between functional
integrity in occipital–temporal circuits and MMSE score.
The lack of correlation in our study is likely due to 1) our
patients were without apparent cognitive impairment; 2)

MMSE score is not sensitive to subtle cognitive changes or
impairment in one particular cognitive subdomain.
Instead, we found functional integrity in occipital–tempo-
ral circuits is negatively correlated with UPDRS score. The
reduced functional integrity in occipital–temporal circuits
revealed by our study might result in impaired processing
of external visual information and/or deficient information
transformation from the “down” processing regions to the
“up” regions for further processing, and thus could con-
tribute to motor impairment through deficit sensorimotor
integration. Or, this relationship could reflect the parallel
deterioration of motor impairment and impaired visuo-
perceptual processing in PD patients caused by disease
evolution. Nevertheless, impaired integration in occipital–
temporal cortex might be a new potential marker for mon-
itoring disease evolution in PD.

Contrary to decreased regional activity and functional
integration in visual association regions, our study found
PD patients, especially those at stage II, display increased
regional activity in the posterior regions of DMN and
higher temporal coherence within DMN. The DMN is a
set of brain regions that have been observed to consis-
tently active in rest and deactivated during active task
states [Raichle et al., 2001], and referred as self-referential
activity [Broyd et al., 2009; Gusnard et al., 2001]. Our
results are likely to indicate enhanced intrinsic, self-
referential process in PD patients at stage II. Attenuated
external information input has been suggested to result in
an increase of internally generated activity [Vanhauden-
huyse et al., 2011]. We postulate that the enhanced func-
tion of intrinsic network observed in our study could also
result from attenuated external information input to extrin-
sic network, which come along with progressive motor
dysfunction or pathological changes in visual processing
system.

Recent studies have detected a network termed the task-
positive network (TPN) that functions as a counterpart of
the DMN in the form of anticorrelation between spontane-
ous activities occurring in the two networks [Fox et al.,
2005]. This network comprise mainly inferior parietal
lobule, precentral sulcus, supplementary motor area, dor-
sal lateral prefrontal cortex and insular, which play impor-
tant role in motor control. In the current study, the results
that PCC negatively predicted activity in those regions in
PD patients are in line with previous studies showing the
competing character of the two systems (intrinsic and
extrinsic brain networks) [Fransson, 2005]. Additionally,
PD patients, especially those at H&Y stage II, were charac-
terized by a more widespread, temporally dynamic inter-
action between PCC and TPN regions. Anticorrelation has
great significance in states of higher vigilance [Chang
et al., 2013; Horovitz et al., 2009; Samann et al., 2011] and
inhibitory control performance[Barber et al., 2013]. But, it
would be counterproductive when the interaction between
these two networks is unbalanced. In normal state, anticor-
relation could enhance the coordination of its

Figure 4.

UPDRS III score was negatively correlated with the z values of

the left lingual/occipital regions with bilateral temporal regions in

PD patients. MMSE score was positively correlated with z values

of left lingual/occipital regions with occipital regions. Abbrevia-

tion: L: left; R: right; Occi: occipital; Ling: lingual. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 5.

(A) Graph visualization of the mean connectivity within DMN in
controls and PD patients across different H&Y stage (I–III). Undir-
ected edges (functional connectivity) are demonstrated with two dif-
ferent width lines according to three different connection strengths
(r> 0.2 and r> 0.4). (B) Graph represents the differences in region-
wise functional connectivity among the four groups (P 5 0.036, cor-
rected). (C) Among those connections, 15 connections exhibited

increased values in the PD patients, especially in PD patients at stage
II, as compared with the controls. Two connections showed relatively
decreased values in PD patients as compared with the controls.
Abbreviation: see Supporting Information Table S2. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 6.

VBM analysis revealed PD patients at early stage (especially those at H&Y stage I) have relatively

higher gray matter (GM) volume than controls in right thalamus. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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antinetworks. However, as highly functioned DMN
emerged, the balance was broken, with abnormally greater
influence of default mode regions on TPN regions. Our
results could represent this imbalanced state of interaction
between DMN and TPN in PD patients at H&Y stage II.

Contradictory results regarding the DMN integrity in
PD have been reported in the available studies. The earlier
studies did not find any difference between the nonde-
mented PD and HC groups in the DMN[Krajcovicova
et al., 2012; Rektorova et al., 2012]. Then, decreased func-
tional connectivity of DMN in the right medial temporal
lobe and bilateral inferior parietal cortex were reported in
a resting-state fMRI study that evaluated cognitively unim-
paired PD patients [Tessitore et al., 2012]. However, using
a similar data-driven method, a recent study reveal no sig-
nificant connectivity differences were observed between
HC and cognitive unimpaired PD for DMN, but significant
increased connectivity of DMN in posterior cortical
regions in PD patients with cognitive impairment [Baggio
et al., 2014]. Instead of a plain ascending or descending
pattern, the observed difference related to DMN in our
study was most prominent in the PD patients at stage II,
which resembles“V”or inverted “V” type. This observation
might underline the inconsistent results reported in the
available studies. We proposed that, at relatively early
stage, reduction in afferent information could contribute to
imbalance between intrinsic and extrinsic system, thus
result in highly functioned intrinsic system-DMN. How-
ever, as the disease progress, more cortical regions were
involved by the spread of pathologic abnormalities,
including those regions constitute the DMN. Thus, those
DMN regions cannot sustain the relatively high level of
functions. Nevertheless, more studies are needed to eluci-
date the dynamic change of DMN function and its clinical
relevance in PD patients.

Some limitations of our study need to be addressed.
First, though we study disease evolution by comparing PD
at different stages, we recognize that this cross-sectional
design does not replace a well-designed longitudinal
study. Further longitudinal studies are required to confirm
our findings. In addition, to avoid the confounding factors
of comparing groups with a different aging-related pathol-
ogy, we enrolled patients with similar age, but with differ-
ent degrees of functional worsening. This approach could
also raise other confounding factors; for instance, the age
at onset of the disease was different between groups.

In conclusion, our study reveal the trajectories of
resting-state cerebral function disturbance in PD patients
at different H&Y stages, and provide vital information
that might contribute to the understanding of the patho-
logical mechanisms associated with the progression of PD.
Though further investigation is required, our findings sug-
gest that impairment in functional integration of occipital–
temporal cortex might be a promising measurement to
evaluate and potentially track functional substrates of dis-
ease evolution of PD.
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