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SUMMARY

Aims: Postural instability/gait difficulty (PIGD) and tremor-dominant (TD) subtypes of

Parkinson’s disease (PD) show different clinical manifestations; however, their underlying

neural substrates remain incompletely understood. This study aimed at investigating the

subtype-specific patterns of spontaneous brain activity in PD.Methods: Thirty-one patients

with PD (12 TD/19 PIGD) and 22 healthy gender- and age-matched controls were recruited.

Resting-state functional magnetic resonance imaging data were collected, and amplitude of

low-frequency fluctuations (ALFF) was measured. Voxelwise one-way analysis of covari-

ance and post hoc analyses of ALFF were performed among the three groups, with age and

gender as covariates (levodopa daily dosage and gray matter volume as additional covariates

for validation analysis). Correlations of clinical variables (e.g., disease duration and PIGD/

tremor subscale score) with ALFF values were examined.Results: Compared with controls,

patients with TD exhibited higher ALFF in the right cerebellar posterior lobe and patients

with PIGD exhibited lower ALFF in the bilateral putamen and cerebellar posterior lobe, and

higher values primarily in several cortical areas including the inferior and superior temporal

gyrus, superior frontal, and parietal gyrus. Compared with patients with PIGD, patients with

TD had higher ALFF in the bilateral putamen and the cerebellar posterior lobe, as well as

lower ALFF in the bilateral temporal gyrus and the left superior parietal lobule. In all

patients, ALFF in the bilateral cerebellar posterior lobe positively correlated with tremor

score and ALFF in the bilateral putamen negatively correlated with PIGD score. Conclu-

sion: Different patterns of spontaneous neural activity in the cerebellum and putamen may

underlie the neural substrate of PD motor subtypes.

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disor-

der, the main clinical manifestations of which include bradykine-

sia, tremor, rigidity, and gait/postural disturbance. Based on

clinical phenotypes, PD can be further divided into tremor-domi-

nant (TD), postural instability/gait difficulty (PIGD), and mixed

subtypes [1]. The PIGD subtype is characterized by predominantly

axial motor involvement, and has a more rapid deterioration of

motor function and lower response to levodopa or deep brain

stimulation treatments than the TD subtype [1–4]. A previous

study using positron emission tomography (PET) showed that the

TD subtype of PD is associated with increased metabolism in the

cerebellum/dentate nucleus, primary motor cortex, and the

caudate/putamen [5]. Another radiotracer study using single pho-

ton emission computed tomography (SPECT) demonstrated that

patients with PIGD had more severe presynaptic dopamine func-

tion in the putamen than both patients with TD and healthy con-

trols [6]. However, the neural substrate underlying these motor

subtypes of PD is not particularly well understood.

Recently, resting-state functional magnetic resonance imaging

(R-fMRI) has been widely used to examine brain function in both

normal and pathological conditions, given the physiological

importance of intrinsic or spontaneous brain activity during
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low-frequency (0.01�0.1 Hz) fluctuations of the blood oxygen

level-dependent signal during rest [7–9]. Zang et al. (2007) pro-

posed an important R-fMRI metric of amplitude of low-frequency

fluctuations that can reflect the intensity of spontaneous neural

activity at rest [10]. Recently, ALFF abnormality has been

detected in brain diseases, including PD [11], Alzheimer’s disease

[12], and schizophrenia [13]. Studies in PD have found alterations

in spontaneous brain activity. For instance, Hou et al. (2014)

examined ALFF values in different frequency bands and reported

lower ALFF in the putamen in both slow-4 (0.027�0.073 Hz) and

slow-5 (0.010�0.027 Hz) frequency bands in patients with PD

[11]. Skidmore et al. (2013) reported that patients with PD had

decreased ALFF in the supplementary motor cortex, the mesial

prefrontal cortex, the right middle frontal gyrus, and the left cere-

bellar lobule VII/VIII, as well as increased ALFF in the right cere-

bellar lobule IV/V [14]. These findings suggest that altered

spontaneous brain activity may reflect the pathophysiology of PD

to a certain degree. However, these studies did not consider dis-

parate presentations of PD subtypes. Using R-fMRI, a recent study

by Zhang et al. (2015) compared TD and akinetic/rigid-predomi-

nant subtypes of PD and found distinct regional homogeneity pat-

terns of spontaneous brain activity in the striato-thalamo-cortical

loop and the cerebello-thalamo-cortical loop between these two

subtypes of PD [15]. Their results highlight the distinguishable

neural substrate underlying different subtypes of PD. However,

more evidence is needed to delineate spontaneous neural activi-

ties for the motor subtypes of PD.

Clinically, the PIGD subtype displays poor prognosis [1]. An

investigation of the neural substrate in the PIGD subtype is critical

to improve the clinical management of the PIGD subtype. Several

studies have indicated that relative to patients with TD, patients

with PIGD may experience both greater loss of white matter integ-

rity in the bilateral superior longitudinal fasciculus, bilateral ante-

rior corona radiata, and the left genu of the corpus callosum [16]

and lower gray matter (GM) volumes in the presupplementary

motor and the primary motor areas [17]. Radiotracer studies have

shown that a wide range of cortical b-amyloid deposition and fore-

brain-cortical cholinergic system degeneration may be associated

with gait/postural dysfunction in PD [18,19]. However, whether

the PIGD subtype has a specific functional pattern of regional

brain activity and whether regional brain activities are different

between the PIGD and TD subtypes remains to be elucidated.

In this study, we hypothesize that the PD patients with PIGD

and TD subtypes would show different patterns of regional brain

activity, which may underlie their neural substrates. To address

this issue, we used R-fMRI and ALFF to investigate regional differ-

ences in spontaneous brain activity in the TD and PIGD subtypes,

and to further explore their clinical correlates. Furthermore, we

performed a validation analysis by respectively adding levodopa

daily dosage and GM volume as additional covariates to assess the

potential effects of drug treatment and GM volume.

Materials and Methods

Participants

Fifty-three subjects (12 patients with TD, 19 patients with

PIGD, and 22 healthy controls [HC]) participated in this

study. Patients with PD were recruited from Xuanwu Hospital,

Capital Medical University, Beijing, China. Patients were diag-

nosed in accordance with the United Kingdom Parkinson’s

Disease Society Brain Bank (UKPDBB) criteria by two experts

on movement disorders [20]. Exclusion criteria were as fol-

lows: (i) diagnosis uncertain for PD or suspicious of parkin-

sonism syndrome (vascular, drug-induced, toxin-induced,

postinfectious parkinsonism), multiple system atrophy, corti-

cobasal ganglionic degeneration, or progressive supranuclear

palsy; (ii) a history of stroke, moderate-to-severe head trauma,

hydrocephalus, brain surgery, or brain tumor; (iii) a con-

traindication for MRI scan (pacemaker implanted, etc.); (iv)

inability to cooperate or communicate; and (v) Mini-Mental

State Exam (MMSE) score ≤24. Gender- and age-matched

healthy controls, recruited from the local community by

advertisements, had normal neurological status and movement

function, absence of neurological or psychiatric disease, and

MMSE >24. All procedures were approved and supervised by

the ethics committee of Xuanwu Hospital, Capital Medical

University, in accordance with the Declaration of Helsinki.

Informed consent was obtained from the participants.

Demographic information, including age, disease duration,

Hoehn and Yahr (H-Y) stage, Unified Parkinson’s Disease Rating

Scale (UPDRS), and levodopa daily dosage, was collected for each

patient. The TD and PIGD groups were defined by UPDRS, where

the ratio of the mean UPDRS tremor scores [UPDRS item 16, tre-

mor; item 20, rest tremor (face, right upper extremity, left upper

extremity, right lower extremity, left lower extremity); item 21,

action tremor (right upper extremity, left upper extremity)] to the

mean UPDRS PIGD scores (UPDRS item 13, falling; item 14, freez-

ing; item 15, walking; item 29, gait; item 30, postural stability)

was calculated. Patients with a ratio >1.5 were classified as TD and

ratio <1 as PIGD. Additionally, patients who had a positive mean

in the numerator and zero in the denominator were classified as

TD; patients with a zero in the numerator and a positive mean in

the denominator were classified as PIGD [1].

Data Acquisition

All MRI data were acquired using a SIEMENS Trio 3-Tesla scanner

(Siemens, Erlangen, Germany). Foam padding and headphones

were used to limit head motion and reduce scanner noise. High-

resolution brain structural images were acquired using T1-

weighted, sagittal 3D magnetization-prepared rapid gradient echo

(MPRAGE) sequences with the following parameters: repetition

time (TR)/echo time (TE)/inversion time = 2000 ms/2.19 ms/

900 ms; flip angle (FA) = 9°; field of view (FOV) = 224 mm 9

256 mm; in-plane resolution = 224 9 256; slice thick-

ness = 1 mm; and 176 sagittal slices. Functional images were col-

lected axially using an echo-planar imaging (EPI) sequence with

the following settings: TR/TE = 2000 ms/40 ms; FA = 90°;

FOV = 256 mm 9 256 mm; resolution = 64 9 64; axial slices =

28; thickness/gap = 4 mm/1 mm; voxel size = 4 9 4 9 5 mm3;

and bandwidth = 2230 Hz/pixel. Prior to the scan, subjects were

instructed to keep their eyes closed, relax but not fall asleep, and

move as little as possible during scanning. Two lengths of the rest-

ing-state fMRI scans were acquired: one was acquired with 239

volumes for all normal controls, 6 patients with TD, and 12
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patients with PIGD; and the other was acquired with 300 volumes

for the other 6 patients with TD and 7 patients with PIGD. For

consistency of time points, we cut off the posterior 61 volumes for

the longer time series. In total, we acquired 239 volumes for each

of the 22 HC, 12 TD, and 19 PIGD study participants.

Data Preprocessing

All preprocessing was carried out using Statistical Parametric

Mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) and Data

Processing Assistant for R-fMRI (DPARSF, http://www.restfmri.

net/forum/DPARSF) toolkits [21]. The first 10 volumes of the

functional images were discarded because of signal equilibrium

and the participants’ adaptation to the scanning circumstance.

The remaining 229 volumes were then corrected for intravolume

acquisition time delay between slices and for intervolume geo-

metrical displacement due to head motion. Next, the individual

T1-weighted images were coregistered to the mean realigned

functional images using a linear transformation [22] and were

then segmented into GM, white matter, and cerebrospinal fluid

tissue maps using a unified segmentation algorithm [23] followed

by nonlinear normalization into the Montreal Neurological

Institute (MNI) space. With the transformation parameters, the

motion-corrected functional volumes were then spatially normal-

ized into the MNI space and resampled to 3-mm isotropic voxels.

Next, the nuisance signals of 24 head motion parameters [24],

global signal, cerebrospinal fluid, and white matter signals as well

as linear trend were regressed out from each voxel’s time course.

Temporal band-pass filtering (0.01�0.1 Hz) was performed on

the residual time series of each voxel to reduce the effect of

low-frequency drifts and high-frequency noise [7,25]. Subse-

quently, resultant functional images were spatially smoothed

with a 4 mm full width at half-maximum Gaussian kernel.

Finally, no subject was excluded under a head motion criterion

of 3 mm and 3°. We also compared their mean framewise

displacement estimates of Jenkinson [26] and found no signifi-

cant difference among the three groups (a one-way ANOVA test,

P = 0.246).

We used the R-fMRI Data Analysis Toolkit (REST, http://

rest.restfmri.net)[27] to calculate ALFF as described in previous

studies [10,28]. Briefly, for a given voxel, the time course was first

extracted and then converted to a frequency domain using a fast

Fourier transformation. The square root of the power spectrum

was computed and averaged across the 0.01–0.1 Hz frequency

interval. This averaged square root was taken as the ALFF of the

given voxel. It was further divided by the global mean value to

reduce the global effects of variability across participants. Notably,

the ALFF calculation was constrained within a group GM mask

that was obtained by selecting a threshold of 0.2 on the mean GM

probability map of all 53 subjects.

To explore the possible effect of GM atrophy, we performed a

voxel-based morphometry (VBM) for structural images using

DARTEL [29]. Spatially normalized GM maps were modulated by

the Jacobian determinant of the deformation field and corrected

for individual brain sizes. The modulated GM maps were then

smoothed using an 8 mm full width at half-maximum Gaussian

kernel.

Statistical Analysis

To examine significant differences in ALFF among the three

groups, a one-way analysis of covariance (ANCOVA) was per-

formed in a voxelwise manner (within the group GM mask),

with age and gender treated as covariant factors. The statisti-

cal significance level was set at P < 0.05 and cluster size >237

voxels, which corresponded to a corrected P < 0.05. To deter-

mine between-group ALFF differences, a subsequent post hoc

analysis with the general linear model (GLM) was further

performed (within a mask showing significant group differ-

ences in the ANCOVA). The statistical significance level was

set at P < 0.05 and cluster size >72 voxels, which

corresponded to a corrected P < 0.05. All multiple comparison

corrections were conducted using the AFNI 3dClustSim

program (http://afni.nimh.nih.gov/pub/dist/doc/program_help/

3dClustSim.html).

To investigate the relationship between ALFF values and clini-

cal scores (i.e., disease duration, UPDRS, H-Y, MMSE, tremor, and

PIGD scores), we performed a voxelwise multiple linear regression

analysis within the mask showing group differences from the

ANCOVA, with age and gender treated as covariates. The statisti-

cal significance level was set at P < 0.05 and cluster size >49 vox-

els, corresponding to a corrected P < 0.05.

Validation Analysis

To evaluate the effects of drug treatment and GM volume on our

results, we reperformed the above-mentioned GLM analysis to

test the between-group ALFF differences with levodopa daily

dosage and GM volume treated as additional covariates, respec-

tively.

Results

Demographic Profiles

Clinical and demographic data for the 53 study subjects are

shown in Table 1. There were no significant differences among

the three groups in gender, age, and MMSE score. No signifi-

cant differences were found between the TD and PIGD sub-

types in disease duration, H-Y stage, UPDRS III score, and

levodopa daily dosage. However, the patients with TD had sig-

nificantly higher tremor score than the patients with PIGD,

whereas the patients with PIGD exhibited higher PIGD score

than patients with TD, in consistency with clinical manifesta-

tions of each subtype.

Comparison of ALFF Values among the TD, PIGD,
and HC Groups

ANCOVA revealed significant differences in ALFF among the TD,

PIGD, and HC groups in several brain regions, involving the cere-

bellar vermis VIII and the right cerebellar lobule VIII, the bilat-

eral putamen, the bilateral temporal gyrus, the superior frontal

gyrus, and the superior parietal lobule (P < 0.05, corrected;

Figure 1).
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Comparison of ALFF Values between Groups

Compared with the controls, the patients with TD exhibited

higher ALFF values in the right cerebellar lobule VIII and the right

superior frontal gyrus (P < 0.05, corrected; Figure 2A and

Table 2). Additionally, we also found that there was a cluster in

the cerebellar vermis VIII that survived the height, but not the

extent threshold.

Table 1 Demographics of TD, PIGD, and HC groups

TD (n = 12) PIGD (n = 19) HC (n = 22) P

Gender (F:M) 8:4 7:12 10:12 0.263a

Age (years) 62.6 � 8.71 (48–74) 64.8 � 8.34 (42–76) 65.1 � 5.00 (58–75) 0.593a

Disease duration (years) 6.38 � 4.01 (2.5–15) 6.68 � 4.85 (1–22) – 0.855b

H-Y stage 1.87 � 0.607 (1–3) 2.13 � 0.984 (0–4) – 0.363b

UPDRS III 19.1 � 11.5 (6–48) 21.6 � 11.6 (7–57) – 0.556b

MMSE 28.3 � 2.67 (25–30) 27.5 � 2.01 (25–30) 28.6 � 1.57 (25–30) 0.110a

Levodopa daily dosage (mg/day) 302 � 205 (0–750) 464 � 284 (125–1000) – 0.097b

Tremor score 6.33 � 3.37 (3–15) 3.37 � 2.99 (0–10) – 0.016b

PIGD score 2.17 � 1.53 (0–6) 5.00 � 1.97 (2–10) – <0.001b

TD, tremor-dominant subtype of Parkinson’s disease; PIGD, postural instability/gait difficulty subtype of Parkinson’s disease; HC, healthy control.

MMSE, Mini-Mental State Exam. H-Y stage and MMSE score were analyzed by Mann–Whitney test and gender by chi-square test, and the remainders

were tested by ANOVA. aComparisons were made among three groups. bComparisons were made between TD and PIGD groups.

Figure 1 Brain maps for amplitude of low-frequency fluctuations (ALFF) differences among tremor-dominant (TD), postural instability/gait difficulty (PIGD),

and healthy control (HC) groups. The statistical significant level was set at P < 0.05 and cluster size >237 voxels within the group mean gray mask, which

corresponded to a corrected P < 0.05. The left side of the image corresponds to the right side of the brain in axial orientation; slice coordinates according

to Montreal Neurological Institute (MNI) space are shown in the upper right corner of the slices, indicating Z-axis in axial orientation.
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(A)

(B)

(C)

Figure 2 Brain maps for between-group differences in ALFF values. The statistical threshold was set at P < 0.05 and cluster size >72 voxels, which

corresponds to a corrected P < 0.05. (A) TD group had higher ALFF values in the right cerebellar lobule VIII and the right prefrontal cortex than HC. Of

note, lower ALFF values in the vermis VIII survived the height threshold, but not the extent threshold. (B) ALFF differences between PIGD and HC groups.

(C) ALFF differences between the TD and PIGD groups. The left side of the image corresponds to the right side of the brain in axial orientation; slice

coordinates according to MNI space are shown in the upper right corner of the slices, indicating Z-axis in axial orientation. For details of the regions, see

Table 2.
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Compared with the controls, the patients with PIGD displayed

lower ALFF values in the bilateral putamen, the Crus II of the left

cerebellum, the lobule VIII of the right cerebellum, and the cere-

bellar vermis VIII, and higher ALFF values predominantly in the

lobule III, IV, and V of the left cerebellum and some cortical areas,

including the right inferior and superior temporal gyrus, the left

superior frontal, and parietal gyrus (P < 0.05, corrected; Figure 2B

and Table 2).

Compared with the patients with PIGD, the patients with TD

had higher ALFF values in the lobule VIII of the right cerebellum

and the bilateral putamen, but had lower ALFF values in the bilat-

eral temporal gyrus and the left superior parietal lobule (P < 0.05,

corrected; Figure 2C and Table 2).

Correlation of ALFF Values with Clinical Scores
in Patients with PD

For all patients with PD, we further examined correlations of

ALFF values with the tremor subscale score and the PIGD sub-

scale score. We found that the tremor score was positively cor-

related with regional neural activity in the bilateral cerebellar

lobule VIII (Figure 3, Table 3). The bilateral putamen and the

right cerebellar Crus II showed negative correlations of ALFF

values with the PIGD subscale score (Figure 4 and Table 3). We

also found that the left putamen showed negative correlation of

ALFF values with H-Y stage. No regions showed significant cor-

relation of ALFF values with disease duration in our observa-

tion.

Validation Analysis

The Effect of Levodopa

We performed a validation analysis by adding levodopa daily

dosage as an additional covariate. ANCOVA revealed significant

differences in ALFF among the three groups in the areas of the

cerebellar vermis VIII, the right cerebellar lobule VIII, the bilateral

putamen, and the right superior frontal gyrus. Comparison

between the TD and HC groups also showed similar patterns of

ALFF differences as the previous analysis, but with reduced cluster

sizes. Meanwhile, comparison between the PIGD and HC groups

also revealed significant ALFF differences in the bilateral puta-

men, the bilateral cerebellar posterior lobe, and the cerebellar ver-

mis VIII. Likewise, comparison between TD and PIGD groups

consistently showed significant ALFF differences in the bilateral

putamen and the posterior cerebellum (Figure 5). Together, our

Table 2 Between-group differences in regional brain activity

Brain regions Brodmann area

MNI coordinates (mm)

T value Cluster sizex y z

TD > HC

Cerebellum_8_R (aal) 27 �63 �54 4.19 43

Frontal_Sup_R(aal) BA 11 18 54 �6 4.37 40

PIGD > HC

Temporal_Sup_L (aal) BA 22 �54 �24 6 3.88 94

Temporal_inf_R (aal) BA 20 39 �12 �12 5.14 54

Frontal_Sup_L (aal) BA 10 �18 63 6 3.92 33

Parietal_Sup_L (aal) BA 7 �30 �48 63 5.89 12

Cerebellum_4_5_L (aal), Cerebellum_3_L (aal) �9 �36 �24 4.24 29

PIGD < HC

Putamen_L (aal) �27 6 �15 �6.92 154

Putamen_R (aal) 39 15 �15 �6.02 114

Cerebellum_8_R (aal) 6 �66 �30 �6.17 100

Vermis_8 (aal)

Cerebellum_Crus2_L (aal) �30 �69 �36 �4.52 71

Brain stem �6 �33 �42 �5.01 36

TD > PIGD

Cerebellum_8_R (aal) 42 �66 �36 5.21 129

Putamen_R (aal) 36 42 �9 5.52 109

Putamen_L (aal) �30 �6 �15 4.22 98

TD < PIGD

Temporal_Sup_L (aal) BA 22 �63 �30 9 �4.16 53

Parietal_Sup_L (aal) BA 7 �30 �48 60 �4.44 34

Temporal_Mid_R (aal)

Temporal_Inf_R (aal)

BA 20 42 0 �27 �3.96 50

TD, tremor-dominant subtype of Parkinson’s disease; PIGD, postural instability/gait difficulty subtype of Parkinson’s disease; HC, healthy control. BA,

Brodmann area; R, right; L, left; Sup, superior; Inf, inferior. All the coordinates are denoted by MNI space coordinates (P < 0.05, corrected); AAL,

anatomical automatic labeling.
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main results were largely preserved after using levodopa daily

dosage as an additional covariate.

The Effect of GM Volume

We first tested differences in GM volumes among the three

groups, and no significant difference was found in the current

dataset. We further performed a validation analysis by adding GM

volume as an additional covariant factor. The brain areas display-

ing significant ALFF differences among the three groups mainly

lied in the bilateral putamen, cerebellar posterior lobe, the left

superior frontal gyrus, and the right temporal gyrus. Post hoc anal-

ysis revealed that the TD group had higher ALFF values in the left

superior frontal gyrus, and lower ALFF values in the left insula in

comparison with the HC group. Also, compared with the controls,

the patients with PIGD showed higher ALFF in the left superior

frontal gyrus and the right superior temporal gyrus, and lower

ALFF in the bilateral cerebellar Crus I/II, cerebellar lobule VIII,

and the bilateral putamen. Comparison between the two subtypes

showed that the patients with TD had higher ALFF in the bilateral

cerebellar lobule VIII and the bilateral putamen, as well as lower

ALFF in the left inferior frontal gyrus (Figure 6). Above all, our

main results were largely preserved after using GM volume as an

additional covariant factor.

(A)

(B)

Figure 3 Correlation of ALFF values with tremor score in patients with PD. (A) ALFF values in the bilateral cerebellar lobule VIII displayed significant

correlation with tremor score in patients with PD. The statistical threshold was set at P < 0.05 and cluster size >49 voxels, which corresponds to a

corrected P < 0.05. (B) Scatter plot of ALFF values of peak voxels versus the tremor score of patients with PD. The black dots represent the patients with

PIGD, and the blue dots represent the patients with TD.
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Discussion

In the current study, we employed R-fMRI and ALFF methods to

investigate regional differences in spontaneous neural activity in

two motor subtypes of PD: TD and PIGD. Our results revealed that

compared with controls, patients with TD exhibited higher ALFF

values in the right cerebellar lobule VIII and the right superior

frontal gyrus, while patients with PIGD exhibited lower ALFF val-

ues in the bilateral putamen, the left cerebellar Crus II, the right

cerebellar lobule VIII, and the cerebellar vermis VIII, as well as

higher ALFF values in the anterior lobe of the left cerebellum and

some cortical regions. Relative to patients with PIGD, patients with

TD had higher ALFF values in the right cerebellar lobule VIII and

the bilateral putamen, as well as lower ALFF values in the bilateral

temporal gyrus and the left superior parietal lobule. Moreover, the

regional activity in the bilateral cerebellar lobule VIII was positively

correlated with tremor severity, and that in the bilateral putamen

and the right cerebellar Crus II was negatively correlated with the

severity of gait/postural disturbance in patients with PD. These

findings provide important insights into the pathophysiological

mechanismunderlying the two PD subtypes.

We showed that parkinsonian tremor may be associated with

higher ALFF values in the cerebellum. In our observations, we

found that the patients with TD had higher ALFF values in the

right cerebellar lobule VIII compared with both the HC and PIGD

groups. Additionally, ALFF values in the bilateral cerebellar lobule

VIII were positively correlated with tremor severity in the patients

with PD. Previous studies have suggested that PD tremor may be

Table 3 Correlation of ALFF values with the clinical variables in PD

patients

Brain regions

MNI coordinates

(mm)

T value Cluster sizex y z

Correlation of ALFF values with tremor scores

Cerebellum_8_L (aal) �12 �57 �51 4.59 46

Cerebellum_8_R (aal) 27 �51 �48 4.53 51

Correlation of ALFF values with PIGD score

Cerebellum_Crus2_R (aal) 39 �69 �48 �3.75 40

Putamen_R (aal) 33 �6 �27 �3.85 39

Putamen_L (aal) �24 6 9 �4.76 49

Correlation of ALFF values with H-Y stage

Putamen_L (aal) �24 6 9 �4.80 43

(A)

(B)

Figure 4 Correlation of ALFF values with PIGD score in patients with PD. (A) Correlation maps of PIGD score with ALFF values in patients with PD. The

statistical threshold was set at P < 0.05 and cluster size >49 voxels, which corresponds to a corrected P < 0.05. (B) Scatter plot of ALFF values of peak

voxels versus the PIGD score of patients with PD. The black dots represent the patients with PIGD, and the blue dots represent the patients with TD.

862 CNS Neuroscience & Therapeutics 21 (2015) 855–866 ª 2015 John Wiley & Sons Ltd

Different ALFF in Motor Subtypes of PD H.-M. Chen et al.



driven by the dysfunctional cerebello-thalamo-cortical loop [30],

where the cerebellum is an important component. For example, a

PET study has identified a PD tremor-related pattern characterized

by higher metabolic features in the cerebellar anterior lobe

and the M1 area [5], which may support the cerebello-thalamo-

cortical hypothesis from a physiological perspective. Several task-

based fMRI studies have further postulated that hyperactivity in

the cerebellummight be a compensatory effect to overcome defec-

tive basal ganglia, which consequently resulted in parkinsonian

tremor [31–34]. Such compensatory effects may diminish as

pathological damage becomes more severe [35]. Additionally,

Helmich and colleagues have used R-fMRI coupling with elec-

tromyography and proposed that the cerebellum is one of the cir-

cuit sites that are likely to participate in the generation of PD

tremor via modulating its amplitude [30]. Our results are compati-

ble with these findings, supporting that hyperactivity in the cere-

bellum is an underlying feature in the pathophysiology of

parkinsonian tremor.

Regarding parkinsonian gait and postural disturbance, we also

found that the patients with PIGD had abnormal ALFF values in

the cerebellum, where the main affected areas included the right

cerebellar lobule VIII, the left cerebellar Crus II, and the cerebellar

vermis II. Considering that the cerebellum plays a critical role in

regulating ongoing movements and maintaining stable standing

posture, it is reasonable to postulate that hypoactivity in the

cerebellum may be involved in the gait/postural disturbance in

PD. In support of this hypothesis, previous radiotracer studies

have consistently reported that greater severity of gait and balance

difficulties correlated with more severe cholinergic losses in the

brain stem and cerebellum [19,36,37]. Furthermore, pedunculo-

pontine nucleus deep brain stimulation has been proven to be an

effective treatment in improving gait and postural symptoms in

patients with PD, and a [(15)O]H2O PET activation study showed

that pedunculopontine nucleus deep brain stimulation is associ-

ated with increased blood perfusion in the cerebellum [38]. Addi-

tionally, a recent fMRI study reported lower GM volumes in the

cerebellar declive and culmen of PIGD than TD groups [17].

Accordingly, our study provided direct evidence of regional brain

activity alterations for the potential role of cerebellum in the

pathophysiology of gait/postural disturbance in PD.

(A)

(B)

Figure 5 Validation analysis of ALFF differences for levodopa daily dosage. (A) Among-group differences with levodopa daily dosage as an additional

covariate. The statistical threshold was set at P < 0.05 and cluster size >234 voxels, which corresponds to a corrected P < 0.05. (B) Between-group

differences. For comparisons between PIGD and HC groups, and between the PIGD and TD groups, the statistical threshold was set at P < 0.05 and

cluster size >80 voxels, which corresponds to a corrected P < 0.05. Notably, the ALFF difference between the TD and HC groups survived the height

threshold, but not the extent threshold; the result displayed here was uncorrected.
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Moreover, we also found that the patients with PIGD had lower

ALFF values in the bilateral putamen than both controls and

patients with TD. Generally, the putamen is thought to control

several types of motor skills, such as motor learning, motor prepa-

ration, and movement sequences. It has been indicated that the

dysfunctional putamen in PD might result in difficulty of perfor-

mance of previously learned movements [39]. Previously, in a

neuroimaging study, it was reported that depletion of dopamine

projection in the striatum affects the putamen most severely [40].

More recently, fMRI studies have also found that the putamen is

significantly affected in patients with PD [41,42], and have consis-

tently reported lower regional neural activity in the putamen

[43,44]. Our results are not only compatible with these observa-

tions, but also provide evidence that regional neural activity in

the putamen can distinguish between motor subtypes of PD,

where patients with PIGD seem to be more affected. Compared

with the TD subtype, the PIGD subtype has been shown to have

more impaired presynaptic dopamine function in the putamen in

a SPECT study, which further supports our observation [6]. Such

heterogeneity in the putamen may suggest that an impaired puta-

men may be associated with gait/postural disturbance. Further

correlation analysis could support this hypothesis by showing that

ALFF values in the bilateral putamen are negatively correlated

with PIGD subscale scores in all patients with PD. Taken together,

we speculate that an impaired putamen may underlie the patho-

physiology of gait/postural disturbance in PD.

Our results also showed lower regional neural activity in the

brain stem in patients with PIGD compared with controls.

Although such a change was not detected in patients with TD, it

could not be excluded because the sample size of this group was

relatively smaller. Thus, lower ALFF in the brain stem is at least a

feature of PD. According to the classic Braak stage, pathological

alterations occur primarily in the brain stem, pursue an ascending

course, and reach the neocortex in the final stage [45]. Therefore,

our results conform to the classic pathological changes in the brain

stem in patients with PD. Other fMRI studies have also been sug-

gestive of brain stem dysfunction in patients with PD. For exam-

ple, Hacker et al. (2012) performed functional connectivity

analysis of the striatum in PD and found that the functional con-

nectivity between the brain stem and the striatumwas remarkably

lower in patients with PD compared with healthy controls [46].

Besides, Hou et al. (2014) investigated the regional activity pat-

tern of PD in the slow-4 and slow-5 frequency bands and found

that patients with PD had higher ALFF values in the midbrain in

(A)

(B)

Figure 6 Validation analysis of ALFF differences for GM volume. (A) Among-group differences with GM volume as an additional covariate. The statistical

threshold was set at P < 0.05 and cluster size >283 voxels, which corresponds to a corrected P < 0.05. (B) Between-group differences of post hoc

analysis. For comparisons between PIGD and HC groups, and between the PIGD and TD groups, the statistical threshold was set at P < 0.05 and cluster

size >59 voxels, which corresponds to a corrected P < 0.05. The result of comparison between the TD and HC groups was uncorrected.
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both frequency bands [11]. We also found lower ALFF values in

the brain stem, while it located in the lower part of the pons and

the top of the medulla instead of the midbrain. This discrepancy

implies that multiple levels of the brain stem may have different

patterns of spontaneous neural activity in PD. However, such a

hypothesis needs to be further tested.

Furthermore, multiple cortical regions showed distinct changes

in ALFF values in patients with PD in our study, including the

bilateral prefrontal cortex and the left superior parietal lobule.

To begin with, the bilateral prefrontal cortex is involved in

strategic processing in attention and high-order cognitive func-

tions [47]. R-fMRI studies have revealed impaired functional

connectivity between the prefrontal cortex and the putamen

[41] and have also shown the regional hyperactivity in the pre-

frontal cortex in patients with PD [15,48]. Our results are in

keeping with these observations. It is noteworthy that after add-

ing levodopa daily dosage as a covariate in our analysis, the pre-

frontal cortex did not show a significant ALFF difference among

groups. It could be said that the alteration of regional neural

activity in the prefrontal cortex might result from long-term

drug effects, instead of primary pathophysiological changes.

Another significant finding was that patients with PIGD had

higher ALFF values in the left superior parietal lobule than the

HC and TD groups. The superior parietal lobule is believed to

engage in visual processing, and evidence has shown that PD

patients with hallucination have lower ALFF values in the pri-

mary visual cortex, as well as higher ALFF values in the tem-

poro-parietal area including the superior parietal lobule [49].

Actually, patients with PIGD have higher tendency to develop

visual hallucination than patients with TD in clinical observation

[50], and we speculate that it may be associated with the alter-

ation of regional neural activity in the superior parietal cortex.

Of note, the ALFF difference in the superior parietal cortex was

also eliminated after adding levodopa daily dosage as an addi-

tional covariate, which could be interpreted that higher ALFF

values in the superior parietal lobule may also be due to long-

term drug effects. And in clinical practice, levodopa daily dosage

itself is believed to be a risk factor for PD hallucination [51].

Therefore, we speculate that there might be associations among

PD hallucination, long-term levodopa administration, and the

hyperactivity in the superior parietal lobule, which need to be

further investigated. In addition, the potential difference in GM

volume was also tested among groups and no significant differ-

ence was found. This result is consistent with clinical findings,

where the cognitive dysfunction is only observed in advanced

PD and the brain atrophy is rarely observed in early period of

disease duration. In our patients, the mean disease duration is

around 6 years, mean HY around 2, and MMSE above 24. After

taking GM volume as an additional covariate, our main results

can be preserved.

Finally, there are some limitations in our study. First, the sam-

ple size for each subtype is relatively small, especially for the TD

subtype. As a result, the primary threshold within a single cluster

was set at P < 0.05, which might be loose. A large sample size may

be needed if a strict threshold is applied in the future. Second, the

normalization of cerebellum is an important concern in decipher-

ing the functions of different cerebellar regions; thus, a better

strategy remains to be established to investigate the involvement

of the cerebellum in PD. Third, a significant correlation does not

confirm causation; a longitudinal observation in combination

with the effects of drug and deep brain stimulation treatments is

needed to offer more evidence.

Conclusion

Our findings suggest different patterns of regional spontaneous

brain activity in the cerebellum and putamen in the two PD sub-

types: TD and PIGD. We conclude that hyperactivity in the cere-

bellum may underlie the neural substrate of parkinsonian tremor

and that hypoactivity in the cerebellum and the putamen may

underlie the pathophysiology of gait/postural disturbance of PD.

Further investigations into the longitudinal changes in sponta-

neous brain activity during disease progression and after treat-

ment interventions are needed in the future.
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