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Abstract: Resting state brain activity in Parkinson’s disease (PD) can give clues to the pathophysiology of
the disorder, and might be helpful in diagnosis, but it has never been explored using functional MRI
(fMRI). In the current study, we used a regional homogeneity (ReHo) method to investigate PD-related
modulations of neural activity in the resting state. FMRIs were acquired in 22 patients with PD at both
before and after levodopa administration, as well as in 22 age- and sex-matched normal controls. In the
PD group compared with the healthy controls, we found ReHo decreased in extensive brain regions,
including the putamen, thalamus, and supplementary motor area; and increased in some other areas,
including the cerebellum, primary sensorimotor cortex, and premotor area. The ReHo off medication was
negatively correlated with the Unified Parkinson’s Disease Rating Scale (UPDRS) in the putamen and
some other regions, and was positively correlated with the UPDRS in the cerebellum. Administration of
levodopa relatively normalized ReHo. Our findings demonstrate that neural activity in the resting state is
changed in patients with PD. This change is secondary to dopamine deficiency, and related to the severity
of the disease. The different neuronal activity at the baseline state should be considered in explaining
fMRI findings obtained during tasks. Hum Brain Mapp 30:1502-1510, 2009.  ©2008 Wiley-Liss, Inc.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurological
disorder characterized by tremor, rigidity, and slowness of
movements, and is associated with progressive neuronal
loss of the substantia nigra and other brain structures.
Although the pathophysiology has been investigated for
several decades, much remains unclear. In recent years,
functional magnetic resonance imaging (fMRI) has been
extensively used on PD research. To date, these investigations
have generally focused on task-related neural activity, and
are helpful on our understanding of pathophysiological
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changes in PD. For example, the supplementary motor
area (SMA) is commonly found hypoactivated, and some
other cortical motor regions, like the cerebellum, premotor
area (PMA), and parietal cortex are hyperactivated in
patients with PD compared to normal subjects during per-
forming motor tasks [Buhmann et al, 2003; Haslinger
et al.,, 2001; Sabatini et al., 2000; Wu and Hallett, 2005].
However, the brain activity during movement performance
shown in fMRI studies is defined as the comparison
between the “task” and “baseline resting” condition. The
different activity observed between the patients with PD
and normal subjects maybe due to PD-related modulations
of neuronal activity either at the “task” state or at the
“resting” state. Therefore, differences of neuronal activity
in the resting state between the two groups can have im-
portant implications for across-population comparisons.
However, by now, whether the activation in fMRI is
changed in patients with PD in the resting state has never
been investigated. All previous studies simply attributed
differences between PD and controls during performing
tasks as an abnormality of the resting state. Using positron
emission tomography (PET), or single-photon emission
computed tomography (SPECT), it has been revealed that
regional metabolism in the resting state is abnormal in PD.
The patients have hypermetabolism in some regions, like
the globus pallidus, thalamus, pontine, and cerebellum;
and hypometabolism in some other areas, like prefrontal
cortex, PMA, SMA, and parietal cortex [Eckert et al., 2005;
Eidelberg et al., 1995; Fukuda et al., 2001]. Thus, it is likely
that fMRI activity in the resting state is also different in
PD and normal subjects, and these differences may con-
tribute to the observed higher or lower activity in patients
with PD detected by fMRI during task performance.

Recently, a new method, regional homogeneity (ReHo),
has been developed to analyze the blood-oxygen-level de-
pendent (BOLD) signal of the brain [Zang et al., 2004].
ReHo assumes that within a functional cluster, the hemo-
dynamic characteristics of every voxel would be similar, or
synchronous with that of each other; and such similarity
could be changed or modulated by different conditions
[Zang et al., 2004]. ReHo does not require the onset time
of stimulus and therefore is useful for resting-state fMRI
data analysis. This method has been successfully used to
investigate the functional modulations in the resting state
in the patients with Alzheimer’s disease (AD) [He et al,,
2007], patients with schizophrenia [Liu et al., 2006], and
normal aging subjects [Wu et al, 2007]. In the current
study, we used this method to investigate PD-related brain
neural activity in the resting state.

MATERIALS AND METHODS
Subjects

We studied 22 patients with PD (16 males, 6 females;
mean age 59.5), and 22 age- and sex-balanced healthy sub-
jects (mean age 59.7). The subjects were all right-handed as

TABLE I. Clinical details of patients with Parkinson’s
disease (mean = SD)

Age (years) 59.5 = 8.1
Sex 6F 16 M

Disease duration (years) 4118
UPDRS (off medication) 25.6 £ 8.1
H&Y (off medication) 1.7 = 0.5
L-dopa dose (mg/day) 409.0 = 177.0

UPDRS, Unified Parkinson’s disease rating scale; H&Y, Hoehn
and Yahr staging; F, female; M, male.

measured by the Edinburgh Inventory [Oldfield, 1971].
The diagnosis of PD was based on medical history, physi-
cal and neurological examinations, response to levodopa
or dopaminergic drugs, and laboratory tests and MRI
scans to exclude other diseases. Patients were assessed
with the UPDRS (Unified Parkinson’s Disease Rating Scale)
[Lang and Fahn, 1989], and the Hoehn and Yahr disability
scale [Hoehn and Yahr, 1967] while off their medications.
All subjects reported no history of heart disease, hyperten-
sion, or diabetes. The Mini-Mental State Exam (MMSE)
was 30 in all subjects. To avoid disturbance of the fMRI
signal, all patients with PD were chosen to have at most a
mild tremor. The clinical data of patients with PD are
shown in Table I. 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.

Data Acquisitions

Imaging was performed on a 1.5 T Siemens Sonata scan-
ner. A standard head coil was used with foam padding to
restrict head motion. High resolution axial T1- and T2-
weighted images were obtained in every subject to detect
clinically silent lesions. During resting state fMRI, subjects
were instructed to keep their eyes closed, to remain
motionless, and to not to think of anything in particular.
We used a gradient-echo echo-planar sequence sensitive to
BOLD contrast to acquire functional images (TR = 2,000
ms, TE = 60 ms, flip angle = 90°, field of view (FOV) =
24 X 24 cm?, matrix = 64 X 64). Twenty axial slices were
collected with 5 mm thickness, and a 2 mm gap. Resolu-
tion was 3.75 X 3.75 mm? in-plane. Each fMRI scan lasted
6 min.

Normal subjects were scanned one time, whereas
patients with PD were scanned twice when in the clinical
off and on states. Patients were first scanned after their
medication had been withdrawn for at least 12 h (off
state). After the first scan, levodopa was administered
orally as 250 mg Madopar (200 mg levodopa/50 mg ben-
serazide, Roche company, Shanghai), in all patients. The
second scan was performed 60 min after oral levodopa
had been given, when all patients achieved clinical on
state.
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Data Analyses

Data of each fMRI scan contained 180 time points. The
first five time points of fMRI data were discarded because
of the instability of the initial MRI signal and the adapta-
tion of the subjects to the circumstances. The remaining
175 images were preprocessed using AFNI software. They
were slice-time-corrected, and aligned to the first image of
each session for motion correction, spatially normalized to
Talairach and Tournoux space [Talairach and Tournoux,
1988]. Linear drift was removed. Each subject’s movement
parameters were examined. Datasets with more than 1
mm maximum translation in x, y, or z, or 1 degree of max-
imum rotation about three axes were discarded. As all
subjects” head movements were less than 0.5 mm and 1
degree, no subject was excluded. A temporal filter (0.01
Hz < f < 0.08 Hz) was applied to remove low-frequency
drifts and physiological high-frequency noise [Biswal
et al., 1995].

We used Kendall’s coefficient of concordance (KCC)
[Kendall and Gibbons, 1990] to measure regional homoge-
neity or similarity of the ranked time series of a given
voxel with its nearest 26 neighbor voxels in a voxel-wise
way:

£(R))? —n(R)®

5 K2 (n3 —n)

(1)

where W is the KCC among given voxels, ranging from 0
to 1; R; is the sum rank of the ith time point; R=(n+
1)K)/2 is the mean of the R;s; K is the number of time se-
ries within a measured cluster (27, one given voxel plus
the number of its neighbors); n is the number of ranks
(here, n = 175 time points). The KCC value was calculated
to this voxel, and an individual KCC map was obtained
for each subject. This procedure was implemented by an
in-house software ReHofMRI11.0 (by Dr. Yong He, http://
www.bic.mni.mcgill.ca/users/yonghe). The intracranial
voxels were extracted to make a mask [Smith, 2002]. For
standardization purposes, each individual ReHo map was
divided by its own mean ReHo within the mask. Then, the
data were smoothed with a Gaussian filter of 4 mm full
width at half-maximum (FWHM) to reduce noise and
residual differences in gyral anatomy. A second-level ran-
dom-effect one-sample t test (P < 0.05, with multiple com-
parison correction) was performed to show the ReHo
results for each group, including the normal subjects,
patients with PD in the off state, and patients with PD in
the on state, respectively. Then, second-level random-effect
two-sample ¢ tests were applied to compare the ReHo
results: (1) between the patients with PD in the off state
and normal subjects (two sample t test; P < 0.05, cor-
rected); (2) between the patients with PD in the on state
and normal subjects (two sample ¢ test; P < 0.05, cor-
rected); and (3) between the patients with PD in the off
state and in the on state (paired t test; P < 0.05, corrected).

Threshold correction was done by using the AlphaSim
program in AFNI, which applies Monte Carlo simulation
to calculate the probability of false positive detection by
taking into consideration both the individual voxel proba-
bility thresholding and cluster size.

Finally, to explore whether the ReHo correlates with the
disease progression in the patients with PD, a correlation
analysis of ReHo versus the UPDRS score was performed
in the patients with PD at off state at each voxel of the
whole brain.

RESULTS

ReHo results within the normal subjects, patients with
PD at off state, and patients with PD at on state are shown
in Figure 1 (one-sample t test; P < 0.05, with multiple
comparison correction). The default mode network includ-
ing the posterior cingulate cortex (PCC)/precuneus, medial
prefrontal cortex (MPFC), and bilateral inferior parietal
lobe (IPL) exhibited significant higher ReHo than other
brain areas (Fig. 1A-C). Compared with the healthy con-
trols, the patients with PD at off state showed significant
ReHo decreases in the bilateral putamen, bilateral medial
frontal gyrus, left thalamus, SMA, bilateral parahippocam-
pal gyrus, right posterior cingulate, left inferior parietal
lobule, left superior frontal gyrus, and right precuneus,
and increases in the bilateral cerebellum, left SM1, bilateral
PMA, right medial frontal gyrus, right lingual gyrus, right
cuneus, left middle temporal gyrus, and right insula (two
sample t test, P < 0.05, corrected; Fig. 2 and Table II). In
patients with PD at on state, decreased or increased ReHo
was detected compared with normal subjects essentially in
the same locations as at off state (data is not shown here).

Administration of levodopa increased ReHo in the bilat-
eral putamen, cingulate, SMA, left superior temporal
gyrus, and middle frontal gyrus, and decreased ReHo in
the bilateral cerebellum, right superior temporal gyrus,
right superior parietal lobule, precuneus, left SM1, right
frontal gyrus, right temporal lobe, and right parietal cortex
compared to patients with PD at off condition (paired t
test, P < 0.05, corrected; Fig. 3 and Table III).

Correlations Between ReHo and UPDRS in
Patients with PD

Correlation analysis of ReHo at each voxel in the whole
brain against the UPDRS in the patients with PD at off
state revealed significantly negative correlation in the bilat-
eral putamen, right precuneus, right middle temporal
gyrus, and left middle occipital gyrus; and significantly
positive correlations in the bilateral cerebellum, and left
lingual gyrus (P < 0.05, corrected; Fig. 4, and Table 1IV).
We further chose the point of peak voxel of bilateral puta-
men that had negative correlation between the ReHo and
UPDRS, and performed a correlation coefficient analysis.
The result from the right putamen (x =22,y =1,z = 2) is
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Figure 1.
Results of regional homogeneity (ReHo) shown as a Kendall’s
coefficient of concordance (KCC) map across all healthy control
subjects (A), patients with Parkinson’s disease (PD) in the off
state (B), and patients with PD in the on state (C), in the rest-
ing state (one-sample t test; <0.05, with multiple correction).

shown in Figure 5 (r = —0.67). r was —0.62 at the left
putamen (x = =26,y = 4,z = —1).

DISCUSSION

The present study shows that the ReHo method can
detect patterns of homogeneity changes in PD in the rest-
ing state. In patients with PD, ReHo was decreased in
some areas and increased in others. The ReHo in the puta-
men and cerebellum correlated with the progress of the

disease. In addition, administration of levodopa relatively
normalized ReHo in many regions.

ReHo supposes that voxels within a functional brain
area are more temporally homogeneous when this area is
involved in a specific condition [Zang et al., 2004]. Higher
ReHo was found at the PCC, precuneus, and MPEC in the
resting state than in the movement condition [Zang et al.,
2004]. PCC/PCu and MPEC have been found to be highly
active during awake but resting state and compose a
default mode network [Raichle et al., 2001]. In the current
study, we also observed that the default mode network,
including the PCC and MPFC, has high regional homoge-
neity (see Fig. 1). This pattern is similar in the two groups
and is consistent with previous studies [Greicius et al.,
2003; Raichle et al., 2001; Zang et al., 2004]. Abnormal
ReHo has been observed in the resting state in attention-
deficit hyperactivity disorder [Cao et al., 2006; Zhu et al.,
2005], schizophrenia [Liu et al., 2006], Alzheimer’s disease
[He et al, 2007], and normal aged subjects [Wu et al,
2007]. The low frequency fluctuation (LFF) BOLD signal
has been suggested to reflect spontaneous neuronal activ-
ity [Logothetis et al., 2001; Lu et al., 2007; Pelled and Goel-
man, 2004]. ReHo measures the similarity or coherence of
LFF within a given area on the basis of hemodynamics. It
might reflect the coherence of spontaneous neuronal activ-
ity. Therefore, abnormal ReHo is possibly relevant to the
changes of temporal aspects of the spontaneous neural ac-
tivity in the regional brain. Decreased or increased ReHo
in PD suggests that neural function in certain regions is
less or more synchronized compared to normal controls.
However, whether ReHo simply indicates changes of do-
pamine-induced blood flow is unclear, and needs further
investigation.

l-geore
473
3128
1.51

Figure 2.
PD-related changes of ReHo shown as a comparison of KCC
maps between patients with PD in the off state and controls
(two-sample t test; P < 0.05, corrected) in the resting state. T-
score bars are shown on the right. Hot and cold colors indicate
PD-related ReHo increases and decreases, respectively.
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TABLE Il. Differences of regional homogeneity (ReHo) between patients with PD in the off state
(without administration of levodopa) and normal controls

Coordinates
Brain region x y z t value Vol (mm?)
L putamen —-15 10 -10 —4.07 2,173
L medial frontal gyrus -20 10 44 —4.06 2,943
L parahippocampal gyrus —40 -30 -12 —4.05 1,674
R parahippocampal gyrus/amygdala 26 —4 -13 —3.99 837
R putamen 24 2 8 —3.94 856
R medial frontal gyrus 20 38 24 —3.87 5,724
L thalamus -20 -19 5 —3.84 913
R SMA 1 6 53 —3.83 412
R posterior cingulate 4 —50 24 —3.78 2,673
L inferior parietal lobule —38 —38 40 —3.67 972
L medial frontal gyrus —-22 34 18 —3.49 3,753
L superior frontal gyrus —22 16 48 —3.24 1,026
R precuneus 14 —-62 48 -3.10 1,134
R cerebellum 20 —50 —-18 4.73 17,820
L cerebellum -13 —40 —-16 4.65 8,892
L primary sensorimotor cortex —-26 -30 54 4.51 1,313
R superior parietal lobule 32 —45 61 4.28 1,026
R medial frontal gyrus 10 50 —16 4.24 1,215
R lingual gyrus 20 =70 2 4.07 3,186
L premotor area —30 —16 58 3.87 456
R cuneus 10 —68 30 3.46 972
R premotor area 24 —6 61 3.28 798
L middle temporal gyrus —40 =70 12 3.10 1,431
R insula 40 10 9 2.99 999

The coordinates are given as stereotaxic coordinates referring to the atlas of Talairach and Tournoux.t value, statistical value of peak
voxel showing ReHo differences between the groups (negative t value means decreased ReHo in PD group compared to normal
controls; positive t value means increased ReHo in PD group compared to normal controls); L, left; R, right; Vol, cluster volume; SMA,

supplementary motor area.

One factor must be considered is whether the two
groups differ in their vascular modulation, which may
influence BOLD signal [D’Esposito et al., 2003]. In the cur-
rent study, we carefully selected our subjects: they were
age- and sex- matched, and any participants with potential
vascular pathology, like heart disease, hypertension, or di-
abetes were excluded. In addition, high resolution T1- and
T2-weight MRIs were obtained, and any participants with
clinically silent lesions were also excluded. Therefore, pre-
sumably that vascular fluctuations that are not neuronally
regulated are either negligible, or have a comparable effect
on control and PD groups, and thus have minimal impact
on the group comparison. We can safely argue that our
findings reflect differences in neuronal activity.

Most brain regions that showed ReHo changes in
patients with PD are involved in the striatal-thalamo-corti-
cal loops (see Fig. 2). The striatal-thalamo-cortical loops
include several parallel circuits, like the sensorimotor,
associative, and limbic circuits [Alexander et al., 1990]. The
sensorimotor circuit projects somatotopically from the
SM1, PMA, and SMA to the putamen [Alexander et al.,
1986, 1990; Flaherty and Graybiel, 1993]; then throughout
the thalamus projects back to these cortical motor areas.
The dysfunction of the sensorimotor circuit has been rec-
ognized as a crucial reason for motor difficulties in PD,
like akinesia and bradykinesia [Grafton, 2004]. Voluntary

movements appear to be initiated at the motor cortical
level, with simultaneous output to multiple subcortical
regions, including the putamen and thalamus. In PD, it
has been shown that the dopamine uptake is reduced in
the striatum, and the most severely affected region is the
putamen [Brooks et al., 1990]. The putamen is hypoacti-
vated in patients with PD during performing various
movements compared to normal subjects [Playford et al.,
1992; Rowe et al., 2002]. Our finding of less functional syn-
chronization of the putamen in PD is consistent with a
previous study on PD rat model, in which Pelled et al.
[2005] used a method to measure the temporal and the
spatial variances of fMRI signal (functional homogeneity)
and found reduced activity in the striatum.

Among the cortical regions involved in the sensorimotor
circuits, ReHo was decreased in the SMA. The SMA is sug-
gested to be critical in planning and initiation of move-
ments, particularly for those internally generated [Jenkins
et al., 2000; Tanji and Hoshi, 2001], self-paced movement
sequences [Kermadi et al., 1997]. In patients with PD, the
hypoactivation in the SMA during tasks requiring motor
selection and initiation has been extensively reported [Buh-
mann et al., 2003; Haslinger et al., 2001; Jahanshahi et al.,
1995; Playford et al., 1992; Rascol et al., 1997]. This hypoac-
tivation could be relatively normalized after the adminis-
tration of levodopa [Buhmann et al., 2003; Haslinger et al.,
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Figure 3.

The effect of administration levodopa on PD-related changes of
ReHo. The results are shown as a comparison of KCC maps
between patients with PD in the off state and in the on state
(paired t test; P < 0.05, corrected), in the resting state. T-score
bars are shown on the right. Hot and cold colors indicate ReHo
increases and decreases in the on state compared to that in the
off state, respectively.

2001], or deep brain stimulation of the subthalamic nucleus
[Grafton et al., 2006]. It has been suggested that the dys-
function of the SMA due to the deficit of nigrostriatal do-

TABLE Ill. Differences of ReHo between patients
with PD in the on (with administration of levodopa)
and off state

Coordinates

Vol
Brain region X y z value (mm?®)
R cingulated 8 —4 42 4.45 1,798
L putamen —-25 -10 5 4.38 865
R SMA 2 6 55 409 414
L superior temporal gyrus —42 =25 6 3.17 982
R putamen 24 3 7 3.02 236
L middle frontal gyrus -29 -2 53 2.86 338
R cerebellum 27 =79 =22 =375 2122
R superior temporal gyrus 56 —39 9 -—344 1,89
R superior parietal lobule 42 -6l 50 —3.39 912
L precuneus -4 —o64 45 —331 2,483
L primary sensorimotor cortex —34 —31 55 —3.18 266
L cerebellum -19 -79 -38 -—3.09 372
R superior frontal gyrus 22 26 48 -3.01 247
R temporal lobe 48 —-17 -8 —298 394
R parietal cortex 24 -35 57 —296 265

The coordinates are given as stereotaxic coordinates referring to
the atlas of Talairach and Tournoux.

t value, statistical value of peak voxel showing ReHo differences
between the on and off state in patients with PD (positive t value
means increased ReHo in patients with PD in the on state com-
pared to patients with PD in the off state; negative t value means
decreased ReHo in patients with PD in the on state to patients
with PD in the off state).

[-2core
0.32
2,00
382
1.56
130
(I
-1.33
=275
404
=514

=65

Figure 4.
Results of correlation analysis between the UPDRS (Unified Par-
kinson’s Disease Rating Scale) and ReHo in the patients with PD
in the off state (P < 0.05, corrected). T-score bars are shown on
the right. Hot and cold colors indicate positive and negative cor-
relations between ReHo and UPDRS, respectively.

pamine system is an important reason contributing to the
akinesia in PD [Grafton, 2004].

We found increased ReHo in some other cortical motor
areas, like the PMA and SM1. The PMA is important in
the temporal organization of sequential movements [Hals-
band and Freund, 1990; Halsband et al., 1993], selection of
movements [Deiber et al.,, 1991], and in the generation of

TABLE IV. Brain regions showing significant correlations
(P < 0.05, corrected) between the UPDRS and ReHo in
patients with PD in the off state

Coordinates
t Vol
Brain region x y z value  (mm°)
R putamen 24 8 -2 —438 865
L putamen -27 -3 -5 —4.09 414
R precuneus 8 —66 28 —3.17 982
R middle temporal gyrus 46 —63 2 =3.02 236
L middle occipital gyrus -23 =90 4 —-286 338
R insula 42 -2 -1 375 2122
R cerebellum 19 =36 —23 3.44 1896
L cerebellum -14 -38 -—18 3.39 912
L lingual gyrus -20 78 —4 3.31 2483

The coordinates are given as stereotaxic coordinates referring to
the atlas of Talairach and Tournoux.

t value, statistical value of peak voxel showing significant correla-
tion between the UPDRS and ReHo in PD group in the off state
(negative t value means negative correlation, positive t value means
positive correlation between the UPDRS and ReHo, respectively).
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The result of correlation analysis between the UPDRS (x-axis)
and ReHo (y-axis) in the right putamen (x = 22,y = |,z = 2,
the voxel showing the most significant negative correlation
between the UPDRS and ReHo) in patients with PD in the off
state (P < 0.05, corrected).

motor sequences from memory that fit into a precise plan
[Grafton et al., 1992; Shibasaki et al., 1993]. The PMA is
overactivated in PD while performing motor tasks [Samuel
et al., 1997; Wu and Hallett, 2005], and dopaminergic ther-
apy could normalize this overactive pattern in the setting
of constant motor performance [Haslinger et al., 2001]. The
overactivation in the PMA might represent compensation
for dysfunction of basal ganglia in motor control [Grafton,
2004; Haslinger et al.,, 2001, Wu and Hallett, 2005]. This
interpretation assumes that in PD, the striatal-thalamo-
cortical projection to the PMA is recruited normally. Alter-
natively, the overall selection pattern could be abnormal
because of a general disruption of thalamocortical cir-
cuitry. In the normal case, the striatal-thalamo-cortical cir-
cuit is modeled like a center-surround filter for choosing
among competing motor programs [Mink, 1996]. In PD,
there might be cross-talk between competing programs,
leading to appropriate facilitation of the PMA, rather than
the SMA [Grafton, 2004].

The increased ReHo in the SM1 is consistent with Pelled
et al’s [2005] finding that the functional homogeneity is
increased in the sensorimotor cortex in PD rat model. Sev-
eral imaging studies on PD have reported increased activ-
ity of the SM1 during motor performance [Haslinger et al.,
2001; Sabatini et al., 2000; Thobois et al., 2004]. In contrast,
an fMRI study on drug naive patients with PD observed
hypoactivity in the SM1 [Buhmann et al.,, 2003], and the
activation increased after levodopa intake. The hypoactiv-
ity in the SM1 is in line with the classical models of the ba-
sal ganglia cortex loop [DeLong, 1990]. It is possible that a
functional reorganization of the SM1 may occur after pro-
longed dopamine treatment [Buhmann et al., 2003]. Thus,
the hyperactivity in the SM1 in PD may also reflect com-
pensatory cortical reorganization [Haslinger et al., 2001].

The associative circuit in the striatal-thalamo-cortical
loops projects from associative cortical areas, like the pre-

frontal cortex, and temporal regions, to the caudate nu-
cleus and the putamen [Selemon and Goldman-Radic,
1985; Yeterian and Pandya, 1998], whereas the limbic cir-
cuit projects from the limbic cortices, the amygdala and
the hippocampus to the ventral striatum [Graybiel et al.,
1994]. Deep brain stimulation of the subthalamic nucleus
could partly restore physiologic glucose consumption in
limbic and associative projection territories of the basal
ganglia [Hilker et al.,, 2004]. We also detected ReHo
changes in these circuits (Fig. 2, Table II). Compared to
sensorimotor circuits, how the changes in the associative
and limbic circuits correlate to clinical manifestations in
PD has been much less investigated. However, it has been
revealed that some nonmotor signs in PD, like cognitive
decline, could be linked to the reduced 18F-fluorodopa
uptake in the associative circuit [Rinne et al., 2000], as well
as in the limbic circuit [Ito et al., 2002].

Besides the changes in the striatal-thalamo-cortical loops,
we further observed increased ReHo in the bilateral cere-
bellum in PD (see Fig. 2). The cerebellum and basal gan-
glia have distinct loops connecting with largely overlap-
ping cortical areas [Middleton and Strick, 2000], and the
cerebellum is known to influence motor and cognitive
operations via the cerebello-thalamo-cortical circuits [Mid-
dleton and Strick, 2001]. Recently, animal studies revealed
that the cerebellum communicates with basal ganglia via a
disynaptic pathway [Hoshi et al., 2005; Ichinohe et al.,
2000]. Hyperactivation of the cerebellum has been
observed [Catalan et al., 1999; Rascol et al., 1997; Wu and
Hallett, 2005; Yu et al., 2007], and deep brain stimulation
of the subthalamic nucleus could suppress cerebellar
hypermetabolism of glucose [Hilker et al., 2004]. It has
been proposed that the hyperactivation in the cerebellum
in PD is a functional compensation for the defective basal
ganglia [Catalan et al., 1999; Lewis et al., 2007; Rascol
et al., 1997, Wu and Hallett, 2005].

In the current study, we used levodopa to examine
whether the observed ReHo changes in PD are due to
impaired dopamine system [Buhman et al., 2003; Haslinger
et al.,, 2001]. Levodopa increased ReHo in several regions
including the basal ganglia and SMA, and decreased ReHo
in some other areas, like the cerebellum and SM1 (Fig. 3
and Table III). These findings suggest that changes in
ReHo in these regions is secondary to dopamine deficiency
in PD. Administration of levodopa relatively restores nor-
mal pattern of neuronal activity in the striatal-cortical
loops, and, as a consequence, the compensatory effect of
other regions, such as the cerebellum, is not necessary.

Additionally, we found that ReHo was negatively corre-
lated with UPDRS in the basal ganglia, and positively cor-
related with UPDRS in the cerebellum (Fig. 4 and Table
IV). These observations suggest that as the disorder pro-
gresses, neuronal activity in the basal ganglia in the resting
state becomes more abnormal; at the mean time, the com-
pensatory effect in the cerebellum is more significant. Pro-
gression of the disease is characterized by dopamine loss; so,
this finding is in keeping with the effect of dopaminergic
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therapy. Whether the method of ReHo can be used to
detect early neuronal changes, or monitor disease progres-
sion is worth further investigations.

We did not find significant difference of cardiac or respi-
ratory rates between patients and normal subjects, and
oral intake of 250 mg Madopar did not have obvious influ-
ence on cardiac and respiratory rates. However, difference
of cardiac and respiratory rates might still exist between
patients and controls during fMRI scanning. At a TR of
2,000 ms, the cardiac and respiratory fluctuation effects
might be aliased into the low frequency BOLD MR signal
fluctuations [Dagli et al., 1999; Lowe et al., 1998]. The low-
pass filtering could not remove the effects of these physio-
logical noises completely. These aliasing effects may
reduce the specificity of our findings, or even might fur-
ther confound the detected differences between the two
groups. In the future, by simultaneously recording the re-
spiratory and cardiac cycle during the acquisition of
whole-brain imaging data, or by using shorter TR (e.g., 400
ms) and focusing on some specific regions, these physio-
logical effects may be excluded.

In conclusion, we demonstrate that the pattern of neuro-
nal activity in the resting state is changed in patients with
PD. This change is due to dopamine deficiency, and
becomes more significant as the disorder progresses. The
different neuronal activity at the baseline state should be
considered in explaining findings in the task-performing
state in PD. The simplicity and noninvasiveness of this
method make it as a potential tool to measure the severity
and monitor the progression of PD.
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