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Abstract

Objective

The present study shows the results of a double-blind sham-controlled pilot trial to test

whether measurable stimulus-specific functional connectivity changes exist after Automatic

Mechanical Peripheral Stimulation (AMPS) in patients with idiopathic Parkinson Disease.

Methods

Eleven patients (6 women and 5 men) with idiopathic Parkinson Disease underwent brain

fMRI immediately before and after sham or effective AMPS. Resting state Functional Con-

nectivity (RSFC) was assessed using the seed-ROI based analysis. Seed ROIs were posi-

tioned on basal ganglia, on primary sensory-motor cortices, on the supplementary motor

areas and on the cerebellum. Individual differences for pre- and post-effective AMPS and

pre- and post-sham condition were obtained and first entered in respective one-sample t-

test analyses, to evaluate the mean effect of condition.

Results

Effective AMPS, but not sham stimulation, induced increase of RSFC of the sensory motor

cortex, nucleus striatum and cerebellum. Secondly, individual differences for both condi-

tions were entered into paired group t-test analysis to rule out sub-threshold effects of sham

stimulation, which showed stronger connectivity of the striatum nucleus with the right lateral

occipital cortex and the cuneal cortex (max Z score 3.12) and with the right anterior temporal
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lobe (max Z score 3.42) and of the cerebellum with the right lateral occipital cortex and the

right cerebellar cortex (max Z score 3.79).

Conclusions

Our results suggest that effective AMPS acutely increases RSFC of brain regions involved

in visuo-spatial and sensory-motor integration.

Classification of Evidence

This study provides Class II evidence that automatic mechanical peripheral stimulation is

effective in modulating brain functional connectivity of patients with Parkinson Disease at rest.

Trial Registration

Clinical Trials.gov NCT01815281

Introduction
Posture and gait disorders are among the most debilitating symptoms of Idiopatic Parkinson
Disease. Particularly freezing of gait is defined as the inability to initiate gait or to manage nar-
row space- or direction-related challenges of gait, thus increasing the risk of falls [1,2] and
reducing quality of life in Idiopatic Parkinson Disease patients [3]. Particularly, functional
Magnetic resonance Imaging (fMRI) studies have shown that freezing in Parkinson’s Disease
(PD) is related to dysfunction within fronto-parietal regions [4], within the pre-supplementary
motor area and the anterior insula in response to concurrentcognitive and motor tasks [5],
within fronto-parietal regions, basal ganglia (caudate nucleus, globus pallidus, subthalamic
nucleus) and the mesencephalic locomotor region during performing a virtual reality task [6].
Moreover, gait imagery tasks have shown decreased activityin the supplementary motor area
and increased activity in the mesencephalic locomotor region in PD patients with freezing, as
compared to those without freezing [7,8]. The executive attention network and the visual net-
work connectivity has been found to be significantly different in PD patients with freezing as
compared to PD patients without freezing and controls [9]. Thus, there is currently strong evi-
dence that alterations of the peripheral afferent inputs and/or their central processing alter-
ations (i.e. sensory-motor integration) influence motor disability in patients with PD [10, 11].

Resting state functional MRI is currently widely used to study spontaneous fluctuations of
the Blood Oxygen Level Dependent (BOLD) signal while the patient is at rest [12], thus also fit-
ting for people who are unable or have difficulty in performing functional tasks [13]. High tem-
poral coherence of the spontaneous BOLD signal fluctuationamong different brain areas is
interpreted as a measure of functional connectivity between those areas and has led to the iden-
tification of brain functional networks [14]. Analysis of functional brain networks and related
connectivity measures has been obtained to explain non-motor [15–19] and motor [9, 20–25]
deficits and to define their neural correlates in PD. These studies have shown alterations of
brain connectivity in early-stage drug-naïve PD patients [22, 26] and in patients at advanced
stage of the disease with cognitive [27] and severe motor [28] impairments.

To date, the effects of rehabilitation and exercise on brainactivity have been poorly explored
in patients with PD, but fMRI is considered of value to measure the effects of rehabilitation
strategies in PD [29].
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It has been reported that mechanical stimulation of the soles of the feet improves gait per-
formance in PD [30–31]. Quantitative measures of gait analysis parameters have shown to
increase step length and gait velocity together with autonomic sympathetic modulation in PD
patients 24h after automatic mechanical peripheral stimulation (AMPS) [32]. More recently,
PD patients have shown improvement of their ability to perform the Timed Up and Go Test
after AMPS[33] and clinical benefits are maintained up to 10 days after thelast treatment [34].

Thus, AMPS is emerging as a new and promising technique to improve posture and gait
symptoms in PD, but mechanisms or neural correlates underlying its effects are currently
unknown. The modulation of brain activity after AMPShas never been investigated. The aim
of this work was to investigate whether and which measurableRSFC changes exist after AMPS
in patients with Idiopathic Parkinson Disease.

Materials and Methods

Ethics Statements and study outcomes
The study was approved by the ethical committee of the Institute for Research and Medical
Care, IRCCSSan Raffaele, Rome, Italy (S1 Protocol; S2 Protocol). The experimental protocol
was designed as a double-blind sham-controlled crossover pilot trial to test the acute modula-
tion of brain functional connectivity in PD patients after AMPS(Fig 1) (ClinicalTrials.govID:
NCT01815281; seeS1 Clinical Trials Pilot). All procedures were explained, adequate under-
standing was tested and written informed consent was obtained from the participants in accor-
dance with the declaration of Helsinki. Data were collectedin compliance with GCP (Good
Clinical Practice) and following the ALCOA (Attributable,Legible, Contemporaneous, Origi-
nal and Accurate) algorithm. The TREND checklist was accomplished (S1 TREND Checklist).

The primary outcome of the study was to detect changes of brain functional connectivity
after AMPS in patients with PD.

Fig 1. Flowchart of the experimental protocol of the pilot interventional study as approved by the local
ethical committee.

doi:10.1371/journal.pone.0137977.g001
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Patients and clinical assessment
From September 15th to October 30th 2013, we investigated 11patients (6 women and 5 men)
with a diagnosis of PD according to the clinical diagnostic criteria of the United Kingdom Par-
kinson’s disease Society Brain Bank. Inclusion criteria were: 1) age of 45 years or older; 2) a
Hoehn & Yahr (H&Y) stage equal or less than 3.0 in an ON state; 3) subjects able to walk
autonomously or with minimal assistance for a distance of 10meters in OFF state (12 h with-
out antiparkinsonian treatment); 4) antiparkinsonian treatment at a stable and optimized daily
dosage during the 4 weeks prior to the study; 5) absence of dopaminergic long-lasting residual
effects. Exclusion criteria were: 1) Dementia establishedon the basis of the Mini-Mental State
examination (corrected score< 27); 2) history or presence of peripheral sensory neuropathy;
3) any peripheral neurological or musculoskeletal conditions that may alter balance and/or
gait; 4) lower limb injuries in the previous 6 months; 5) history of neurosurgery or orthopaedic
surgery; 6) history of epilepsy; 7) any drug treatment that may alter cognitive and/or motor
performance; 8) history of depression or other psychiatricdisorders; 9) absolute contraindica-
tions for MRI; 10) evidence of small vessel ischemic diseaseor suggestive findings of secondary
parkinsonism on morphological MRI images.

Patients underwent brain MR examination as outpatients andreceived clinical examination
in a dedicated room beside the MRI magnet site. All patients were scanned twice in the same
morning (between 8.30 am and 12.00 am), immediately before and< 30 min after sham or
effective AMPS. Before and after each scanning session, motor performance was measured out-
side the scanner according to the Unified Parkinson's Disease Rating Scale (III) score by an
experienced neurologist (G.S. or M.F.D.) who was blinded tothe patients’ treatment status. To
avoid potential residual effect between stimulations, thesham and the effective trial on the
same patient were conducted with a time delay of at least 15 days. Patients were randomly
selected to first undergo either effective AMPS(n = 6) or sham (n = 5) stimulation. All data
were collected in OFF state (after a 12h withdrawal of anti-Parkinson medication). Motor
severity was assessed by using the motor subscale of the Movement Disorders Society Unified
Parkinson’s Disease Rating Scale (MDS-UPDRSpart III).

Automatic Mechanical Peripheral Stimulation Treatment
Effective and sham Automatic Mechanical Peripheral Stimulation (AMPS) trials were con-
ducted by means of a dedicated electro-medical device (Gondola Medical Technologies SA,
Switzerland) (Fig 2). The system consists in feet supports (left and right) (Fig 2A) with electri-
cal motors that activate metallic stimulators having a rounded 2 mm tip; the motor-activated
stimulators apply a mechanical pressure in two specific areas of each foot. The AMPStreat-
ment consists in the application of a pressure via rounded stimulation tips in the four areas to
be stimulated (two in each foot, corresponding to the head ofthe big toe and at the first meta-
tarsal joint–Fig 2Band 2C). The pressure is applied in a range of 0.3–0.9 N/mm2 in each point,
one after the other; the pressure of stimulation, within said range, is set for each subject upon
appearance–during application of the stimulus–of the monosynaptic reflex in the Tibialis
Anterior muscle, identified by detection of a liminaris contraction. Once the pressure value has
been set using this procedure, the value is recorded to administer the AMPS. The treatment
consists in 4 cycles, whereas cycle means the sequential stimulation of the 4 target areas for the
duration of 6 seconds each, with no intervals in between; consequently a single cycle has dura-
tion of 24 seconds, while the overall treatment including four cycles lasts 96 seconds. The trials
were conducted in an isolated room to keep the treatment blind to the clinicians and neuro-
radiologists involved in the study [32].
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The sham stimulation was provided using the same device utilized to give effective AMPS,
with the same stimulation protocol and therapy cycle, applying in the same pressure stimula-
tion points using the same steel stick for the AMPSstimulation. However, attached in the steel
stick point was positioned a rigid plastic circle with a diameter (12mm); thanks to this, the
induced pressure was hence lower and the surface contact bigger (Fig 2D). Sham stimulation
does not trigger the reflex withdrawal of the stimulated foot and was used to eliminate con-
founding effects of brain activation induced by peripheralbut not effective stimulation. No
other procedures were conducted due to the full compliance of the patients to the interven-
tions. We did not report any adverse event or unintended effect in each of the study
conditions.

fMRI data acquisition
Imaging data were acquired using a Siemens 1.5-T MAGNETOM Avanto (Siemens, Erlangen,
Germany) whole body scanner equipped with a 12-element designed Head Matrix coil, as part
of the standard system configuration. A morphological 3D-MPRAGE T1 weighted sequence
was acquired to improve registration of functional images:TR = 1900ms, TE = 3.37ms,
TI = 1100ms, flip angle = 15°, FOV = 256mm×192mm, NEX = 1, matrix = 256×192, 1.00×1.00
mm2 in-plane resolution, horizontal slices with slice thickness of 1.3 mm and no gap. Axial
fluid attenuated inversion recovery (FLAIR) T2 weighted scan was used to exclude the presence
of small vessel ischemic disease and other supra- or infra-tentorial brain lesions: TR 8000 ms,
TE 102 ms, TI 3650 ms, matrix 256 x 256, FOV 26 x 30 cm, slice thickness 3 mm.

Fig 2. The device used for the AMPS treatment (a), the sites of feet stimulation (b), the effective AMPS
(c), and the sham stimulation (d).

doi:10.1371/journal.pone.0137977.g002
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Whole brain functional scans were acquired in 25 contiguousaxial slices approximately par-
allel to the anterior-posterior commissure plane with interleaved multi-slice T2� echo-planar
imaging according to the following parameters: TR = 3.56 ms,TE = 50 ms, field of view = 22
cm, flip angle = 90°, voxel size = 3.4 × 3.4 × 3 mm, slice thickness = 3 mm, no inter-slice gap.
For each participant, a total of 80 volumes during 4.50 min were acquired. fMRI scanning was
carried out in darkness, and the participants were explicitly instructed to relax, think of nothing
in particular, not to fall asleep and stay as much still as possible with their eyes closed. At the
end of the MR examination, all participants were asked abouttheir feelings during the scan
and the tendency to sleep during the scanning. None of the subjects fell asleep or reported sig-
nificant feelings during the scans.

Data Pre-Processing and functional connectivity analysis
Single-subject preprocessing was carried out using FEAT (FMRI Expert Analysis Tool), Ver-
sion 6.00, part of FSL v 5.0.4 (FMRIB’s Software Libraryhttp://fsl.fmrib.ox.ac.uk/fsl). Prestatis-
tical processing consisted of motion correction using MCFLIRT [35], brain extraction using
BET [36] and spatial smoothing using a Gaussian kernel of full-width at half-maximum
(FWHM) of 8 mm. Large signal drifts (due to scanner instabilities or systemic physiological
fluctuations) were attenuated by applying a high-pass filtering cut-off, set at 150 seconds [37–
39]. Registration to high resolution structural and/or standard space images was carried out
using FLIRT [35, 40]. EPI volumes were registered to the individual’s structural scan using
FLIRT_BBR (Boundary-Based Registration) tool [41]. Registration from high resolution struc-
tural to standard space was then further refined using FNIRTnonlinear registration [42, 43].

Resting state functional connectivity (RSFC) analysis wascarried out using a seed-ROI
based approach [12, 44–46]. Based on previous evidence of local functional alterations of rest-
ing state fMRI measurements in Parkinson’s Disease patients [47], we explored the changes of
functional connectivity with the supplementary motor area(SMA), primary sensory-motor
cortices (as on the FSL implemented Harvard-Oxford Cortical Structural Atlas) [48], cerebel-
lum (as on the MNI Structural Atlas), and basal ganglia (leftand right nucleus striatum or left
and right globus pallidus or left and right thalamus) [49]. Regions of Interest (ROIs) positioned
on these areas were used as the seeds for resting state functional connectivity. Basal ganglia
ROIs were labeled and calculated from each subject’s high resolution T1-weighted structural
scan using FMRIB’s integrated registration and segmentation tool (FIRST) [50], part of FSL.
To be more restrictive in ROIs segmentation, we chose an arbitrary inclusion threshold of 30%
for the primary sensory-motor cortices and cerebellum, andof only 5% for the SMA (in an
attempt to include both SMA proper and pre-SMA components, known to be altered from
resting state studies conducted on patients with Parkinson’s Disease) [47, 51]. An expert neuro-
radiologist (CCQ) visually inspected the chosen ROIs in order to validate anatomical corre-
spondence. EPI-to-standard registration parameters wereinverted and used to report all seed-
ROIs to individual subject space, applying both linear and non-linear transformation matrices
from standard and high resolution space. Mean BOLD time series of each native space seed-
ROI were obtained and used to define the reference time course, after which a correlation anal-
ysis between each reference time course and the signal time series in each voxel within the
acquired whole-brain image set was computed.

Seeds of cerebro-spinal fluid (CSF) and white matter (WM) were also individually defined
in the lateral ventricles and in the centrum semi-ovale on the functional EPI images, and their
time courses were added, as non-interest covariate (nuisance), into the voxel-wise correlation
analyses, to remove for non-neural contributions to the BOLD signal and enhance specificity
[52].
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Analyses were conducted both without and with inclusion of 6head motion parameters
into the voxel-wise correlation analysis to control for effects of transient head motion of
patients on our results [53].

Z-score functional connectivity (FC) maps were generated for each subject by displaying all
those voxels whose time series were correlated with the seedregion (p< 0.05). Maps of individ-
ual FC differences for pre- and post-effective AMPS(treatment) and pre- and post-sham con-
ditions were initially obtained and entered in respective higher-level one-sample t-test analyses
using FEAT (cluster level p< 0.05 corrected for family wise error—FWE) to investigate for the
mean effect of PMSand sham conditions on FC, separately. Then, a second higher-level analy-
sis was conducted performing a paired T-test between maps ofindividual FC differences in
effective and sham conditions. Higher level analyses were carried out using the FLAME
(FMRIB's Local Analysis of Mixed Effects) mixed-effects model, stage 1 [54–56]. Z-statistic
images were set using clusters determined by Z> 2.3 and a corrected cluster significance thresh-
old of p< 0.05 [57]. Anatomical localization of significant clusters was established according
to the Harvard-Oxford cortical and subcortical structuralatlases and the Juelich Histological
Atlas included in the FSL (http://www.fmrib.ox.ac.uk/fsl/data/atlas-descriptions.html). Clinical
scores before an after sham or effective AMPSwere tested with the Wilcoxon-signed rank test
for paired data by means of the SPSSsoftware package 19.0.

Results

Patients
The 11 patients enrolled in the study were randomly assignedto a sham or effective AMPS
according to the cross-over design (Fig 1). Patients showed a clinical akinesia/rigidity subtype
in 72% (8/11) while a tremor subtype was present in the remaining 28%(3/11) of the patients.
All the patients were right-handed and at least 12 h OFF medication. Demographic and clinical
parameters are presented inTable 1(S1 Database). The clinical evaluation before and after
experimental sessions showed a statistically significantimprovement of the UPDRSIII scale
(p < 0.001) after effective AMPSbut not after sham stimulation (p = 0.87). The total Postural
Instability Gait Disturbances (PIGD) UPDRSsub-score significantly improved after effective
AMPSboth with and without the inclusion of the 3.11 (freezing) score. However, the tremor
and the rigidity sub-scores were not affected by effective AMPS. Sham stimulation did not
induce significant modifications in any of the clinical measures. (Table 1)

Among the 11 patients, 7 (4 female, 3 men) were included for fMRI analyses of resting state
functional connectivity. The exclusion of four participants was necessary because of the follow-
ing reasons: one patient showed a large arachnoid cyst that caused anatomical distortion; three
patients had at least one fMRI session with movement artefacts that significantly flawed data
pre-processing and impeded intra- and inter-subject correction and registration. The 7 patients
included in the fMRI study showed a clinical akinesia/rigidity subtype in 86%(6/7) while a
tremor subtype was present in the remaining 14% (1/7) of the patients. In this subgroup of
patients included for resting state functional connectivity, the effective AMPSconsistently
improved the UPDRSIII score and the PIGD sub-score (with or without freezing) whereas
there were not significant changes of the tremor and rigidity sub-scores.

Changes of Functional Connectivity in the Resting State
One sample t-test analyses showed significant (p< 0.05, FWE corrected) differences of RSFC
with the selected seed regions following effective AMPSbutnot on sham conditions. Group
differences were always oriented toward a significant increase of connectivity. Reduction of
connectivity was not found with any of the seed regions. The primary sensory-motor cortex
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showed significantly stronger connectivity with the left superior parietal lobule and the left lat-
eral occipital cortex (superior division) (t-tests) (Table 2andFig 3). The second higher level
analysis to test the specific changes induced by the effective stimulation after ruling out sub-
threshold effects of sham stimulation did not show significant changes of connectivity (mixed
model).

The nuclei striati demonstrated significant increase of connectivity with a region that
included the right lateral occipital cortex (inferior division) and the right occipital fusiform

Table 2. Local maxima in clusters of significantly (p < 0.05, FWE corrected) higher resting-state temporal correlation with the BOLD signal of the
seed-ROIs after one session of AMPS.

Pre- vs. Effective AMPS Cluster location Cluster size (voxels) MNI x MNI y MNI z Z score

Primary Sensory-Motor Cortex Left Superior Parietal Lobule 709 -26 -54 48 3.53

Left Lateral Occipital Cortex

Nucleus Striatus Right Lateral Occipital Cortex, inferior 698 32 -72 -10 3.25

Right Occipital Fusiform Gyrus

Right Temporal Pole 649 -42 8 -22 3.15

Cerebellum Right Lateral Occipital Cortex 846 42 -80 -12 3.90

Right Occipital fusiform gyrus

doi:10.1371/journal.pone.0137977.t002

Table 1. Demographic and clinical parameters of patients with Parkinson’s disease before and after effective AMPS and sham stimulation.

Parameter Pre-Effective
Stimulation
mean ± SD

Post-Effective
Stimulation
mean ± SD

Effective
Stimulation P-

value

Pre-Sham
Stimulation
mean ± SD

Post-Sham
Stimulation
mean ± SD

Sham
Stimulation P-

value

Age (years) 62.27 ± 7.94 (range, 49–75)

Gender (M/F) 5/6

DD (years) 7.50 ± 2.22 (range, 4–10)

H&Y stage 2.32 ± 0.25 (range, 2.00–2.50)

MMSE 29.55 ± 0.82 (range, 28–30)

Side (R/L) 7/4

LEDD (mg/day) 789 ± 123 (range, 580–1000)

UPDRS III OFF
medication

30.55 ± 6.95#

32.14 ± 7.58*
19.27 ± 6.36#

21.14 ± 7.10*
<0.001# 0.016* 27.27 ± 8.04#

28.71 ± 9.69*
27.82 ± 7.21#

29.57 ± 8.06*
0.868# 0.860*

Tremor
subscorea

2.91 ± 3.50#

2.92 ± 4.11*
2.18 ± 2.44#

1.57 ± 2.57*
0.578# 0.704* 3.45 ± 3.27#

3.14 ± 3.80*
3.73 ± 3.29#

3.29 ± 3.82*
0.847# 0.945*

PIGD subscoreb 6.18 ± 3.49#

7.43 ± 3.46*
3.09 ± 2.38#

4.00 ± 2.45*
0.025# 0.053* 4.55 ± 2.02#

5.14 ± 1.95*
5.09 ± 2.38#

5.71 ± 2.21*
0.569# 0.618*

PIGD sub score
with no freezing

5.36 ± 2.87#

6.43 ± 2.88*
2.64 ± 2.06#

3.43 ± 2.15*
0.019# 0.047* 3.91 ± 1.76#

4.43 ± 1.72*
4.27 ± 1.95#

4.86 ± 1.95*
0.651# 0.670*

Rigidity
subscorec

6.36 ± 2.58#

6.71 ± 3.09*
4.64 ± 2.87#

5.43 ± 3.41*
0.153# 0.474* 5.64 ± 2.20#

5.86 ± 2.54*
5.45 ± 2.34#

5.57 ± 2.37*
0.853# 0.831*

Acronyms: M: male; F: female; DD: disease duration; H&Y: Hoehn and Yahr; MMSE: Mini-Mental State Examination; Side: Symtom-dominant side; LEDD:

L-dopa equivalent daily dose; UPDRS: Unified Parkinson’s Disease Rating Scale; PIGD: Postural Instability Gait Disturbances
# Data from the total group of patients (n = 11)

* Data from the group of patients eligible for fMRI analysis (n = 7).
a Tremor sub score represents the sum of the UPDRS items in OFF condition: 3.15, 3.16, 3.17 e 3.18.
b PIGD subscore represents the sum of the UPDRS items in OFF condition: 3.9, 3.10, 3.11, 3.12, 3.13, 3.14.
c Rigidity subscore represents the sum of the UPDRS items in OFF condition: 3.3.

Statistically significant P-values (p < 0.05) are presented in bold.

doi:10.1371/journal.pone.0137977.t001

Automatic Mechanical Peripheral Stimulation and Parkinson Disease

PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 8 / 19



gyrus after effective but not after sham stimulation (t-tests) (Table 2andFig 3). The second
higher level analysis confirmed significant increase of connectivity of the nucleus striatum with
the right lateral occipital cortex and the cuneal cortex (Table 3andFig 4) (mixed model).
Moreover, both t-test and the mixed model showed increased functional connectivity at rest
between the nuclei striati and the right temporal pole (Tables2 and3, Figs3and4).

The cerebellum showed significantly stronger connectivity with the right lateral occipital
cortex and the right occipital fusiform gyrus after effective but not after sham stimulation
(Table 2andFig 3). The second level analysis confirmed significantly higher connectivity
induced by the effective stimulation with the right cerebellar cortex crus I (i.e. intraregional
connectivity) and the right lateral occipital cortex (Table 3andFig 4).

A further analysis that comprised the cerebellum subregions vermis, right hemisphere and
left hemisphere confirmed increase of functional connectivity both with first-level (t-tests) and
second-level (mixed model) analyses after effective stimulation. Vermis showed increase of
connectivity with the left lateral occipital cortex and theleft fusiform gyrus. Left and right

Fig 3. Z-statistic images showing clusters of significantly increased RSFC (p < 0.05, cluster-level FWE
corrected) after one session of effective AMPS of the primary sensory motor cortex (a), the nuclei
striati (c) and the cerebellum (d), overlaid onto a MNI-registered anatomical 3D-T1 volume. Seed
regions of interest are red-coloured in the panels on the left. MNI coordinates (x, y, z) of the maximal Z-scores
are presented in Table 2. Coronal and axial views follow the neurological convention.

doi:10.1371/journal.pone.0137977.g003

Table 3. Local maxima in clusters of significantly (p < 0.05, FWE corrected) stronger connectivity in the effective AMPS vs. sham stimulation.

Effective vs. Sham Cluster location Cluster size (voxels) MNI x MNI y MNI z Z score

Nucleus Striatus Right Lateral Occipital Cortex 558 12 -84 32 3.12

Cuneal Cortex

Right Temporal Pole 637 -48 4 -24 3.42

Cerebellum Right Lateral Occipital Cortex 857 46 -78 -12 3.60

Right Crus I 34 -84 -30 3.79

doi:10.1371/journal.pone.0137977.t003
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cerebellar hemisphere considered separately both showed increase of connectivity with the
right lateral occipital cortex and the right cerebellum crus I (Table 4andFig 5).

The supplementary motor area, globi pallidi and thalami didnot demonstrate above thresh-
old changes of functional connectivity both on effective and sham conditions.

Results (Tables and Figures) obtained without inclusion ofthe 6 head motion parameters as
nuisance variables are presented as Supplementary file (S1 Results).

Discussion
In the current study, we explored the acute modulation of theresting state functional connectiv-
ity following one session of automatic mechanical peripheral stimulation in patients with Parkin-
son’s disease. Due to their established role in the pathophysiology of Parkinson Disease, we chose
the sensory-motor cortex, the supplementary motor area, the basal ganglia and the cerebellum as
“seeds” to investigate effects on the brain functional connectivity at rest [25, 58–60].

Our results indicate that the pressure controlled mechanical stimulation on two specific
points of both feet increases brain functional connectivity at rest with the selected regions and
that the effect is stable with the nucleus striatum and the cerebellum after inclusion of sub-
threshold not significant effects following sham stimulation. The recruitment of a constellation

Fig 4. Z-statistic images showing clusters of significantly increased RSFC (p < 0.05, cluster-level FWE
corrected) in the effective AMPS vs. sham stimulation for the nuclei striati (a) and the cerebellum (b).
Seed regions of interest are red-coloured in the panels on the left. MNI coordinates (x, y, z) of the maximal Z-
scores are presented in Table 3. Coronal and axial views follow the neurological convention.

doi:10.1371/journal.pone.0137977.g004

Table 4. Local maxima in clusters of significantly (p < 0.05, FWE corrected) stronger connectivity with cerebellum subregions (vermis, right cere-
bellum hemisphere, left cerebellum hemisphere). a. higher temporal correlation after one session of AMPS (pre- vs. post-effective stimulation); b. effec-
tive vs. sham plantar stimulation.

Pre- vs. Effective AMPS Cluster location Cluster size (voxels) MNI x MNI y MNI z Z score

Vermis Left Lateral Occipital Cortex Left Fusiform gyrus 1158 -44 -70 -10 3.84

Right Cerebellum Hemisphere Right Lateral Occipital Cortex 1331 52 -62 -6 3.94

Right Crus I 34 -74 -34 3.88

Left Cerebellum Hemisphere Right Lateral Occipital Cortex 797 22 -86 -6 3.95

Effective vs. Sham Cluster location Cluster size (voxels) MNI x MNI y MNI z Z score

Vermis Left Lateral Occipital Cortex 753 -40 -88 -4 3.27

Right Cerebellum Hemisphere Right Lateral Occipital Cortex 584 44 -86 -12 3.33

Right Crus I 34 -84 -30 3.90

Left Cerebellum Hemisphere Right Lateral Occipital Cortex Right Fusiform gyrus 951 46 -76 -12 3.64

Right Crus I 36 -80 -30 3.75

doi:10.1371/journal.pone.0137977.t004
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of specific brain regions and the enhancement of their functional connectivity dynamics might
be the basis for the acute improvement of posture and gait symptoms observed in Parkinson’s
Disease patients after effective AMPS[32].

Primary Sensory-Motor Cortex Functional Connectivity
Effective AMPSacutely induced consistent increase of at rest functional connectivity of the pri-
mary sensory-motor cortices with the left superior parietal lobule and the left lateral occipital
cortex. These areas are known to be involved in sensory-motor and visuo-spatial integration
and processing [61]. Particularly, the left primary motor cortex, the left pre-SMA and the left
superior parietal lobule have shown significantly convergent difference of neural activity in
Parkinson’s Disease OFF patients against healthy controls on a recent meta-analysis of func-
tional neuroimaging studies on the motor control of Parkinson’s Disease [62]. In this respect,
as compared with inconsistency on the direction of differences of other fronto-parietal areas,
the left SPL consistently shows increased BOLD signal as compared to controls during the exe-
cution of different externally specified motor-tasks conducted on Parkinson’s Disease OFF
patients, thus suggesting that SPL plays a compensatory role that is not dependent on the
motor task in Parkinson’s Disease patients. Indeed, the increased functional connectivity that
we observed after effective plantar stimulation also suggests that SPL activity may be modu-
lated by external peripheral stimuli. It is striking that, together with SPL, also the lateral occipi-
tal cortex (LOC) showed a stronger functional connectivityafter effective stimulation. The
LOC plays a well-known role on object recognition [63–64], is included in the patterns of brain
atrophy in Parkinson’s Disease patients with freezing of gait [65] and, as such, the modulation
of its connectivity after peripheral stimulation might support the hypothesis of a crucial role of
parietal regions on visuo-spatial integration in patientswith Parkinson’s Disease.

Fig 5. Z-statistic images showing clusters of significantly increased RSFC (p < 0.05, cluster-level FWE
corrected) after one session of effective AMPS and in the effective vs. sham stimulation for the right
cerebellar hemisphere (a), the left cerebellar hemisphere (b) and the vermis (c). Seed regions of
interest are red-coloured in the panels on the left. MNI coordinates (x, y, z) of the maximal Z-scores
are presented in Table 4. Coronal and axial views follow the neurological convention.

doi:10.1371/journal.pone.0137977.g005
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Basal Ganglia Functional Connectivity
At the level of the basal ganglia, we observed a significant increase of RSFC of the nucleus stria-
tum but not of the thalami and the globi pallidi after effective AMPS. The regions of increased
coherence with the nucleus striatum comprised the right occipital fusiform gyrus and the right
lateral occipital cortex. These areas are specialized to recognize places [66], faces [67] and
objects [63]. The putamen projects to the cortical motor areas, including the SMA, via the glo-
bus pallidus [68]. In Parkinson’s Disease, the dopamine uptake is reduced in the striatum and
particularly in the putamen [69]. The putamen has shown decreased regional homogeneity in
patients with Parkinson’s Disease as compared to controls in the resting state [25] and meta-
analysis on functional neuroimaging data show that the putamen is indeed the nucleus whose
decreased function consistently correlates with motor deficits in Parkinson’s Disease OFF
patients [62]. The putamen is involved in the planning of self-initiatedor self-paced move-
ments [70] and the anterior striatum is involved, together with pre-SMA, in the preparation
and updating of plans of future actions that are under voluntary control [71]. On this respect it
is interesting that functional modulation after effectiveAMPSshowed increased connectivity
of the striatum with areas that are part of the ventral visualprocessing stream but not with
brainstem-cerebellum or executive motor fronto-parietalareas as expected [28, 59]. The
nucleus striatum also showed a stable increase of functional connectivity after AMPSwith the
right temporal lobe, an area that is interchangeably named to indicate what is functionally
known as anterior temporal lobe [72]. The anterior temporal lobe’s function has been explored
in many studies from which one of the most recognized models is the so called“semantic hub”
theory [73]. On this basis the anterior temporal lobe could act as a multimodal semantic hub
where information from different sensory (visual, somatosensory and auditory) modalities
converges [73]. In this context, the lateralization of the increased coherence consistently
observed between the nucleus striatum and the right anterior temporal lobe rather than the left
one would fit well with the emerging evidence that in conceptual knowledge the right anterior
temporal lobe is specialized for visual recognition whereas the left one is specialized for the pro-
cess of lexical access [74, 75]. Previous studies have shown that: i. there is decreased fMRI acti-
vation of the visual pathway in Parkinson’s Disease in the absence of clinically relevant visual
symptoms [76]; ii. patients with Parkinson’s Disease rely on visual cues to control locomotion
[77, 78]; iii. Parkinson’s Disease patients with freezing of gait show reduced resting state con-
nectivity at the right occipito-temporal gyrus in respect to Parkinson’s Disease patients without
freezing of gait [9]. Thus, our results support the idea that visuo-spatial integration significantly
impact on motor execution in Parkinson’s Disease patients and its function may be modulated
by peripheral stimulation. Moreover, the lack of changes inthe cortico-basal ganglia motor
loop connectivity suggests that functional pathways different than those dependent on the
dopaminergic system [60, 62, 79] are modulated after AMPS.

Cerebellum Functional Connectivity
The functional connectivity of the cerebellum increased after effective AMPS. The effect
involved again the right occipital fusiform gyrus and the right lateral occipital cortex. The con-
nectivity between primary motor, pre-motor, supplementary motor cortices and cerebellum
has shown to be disrupted in Parkinson’s Disease patients compared to controls during perfor-
mance of self-initiated movements. In that paper, Wu et al. also showed that, while striatum-
cortical and striatum-cerebellar connections are weakened in Parkinson’s Disease patients, cor-
tico-cerebellar connections are strengthened and may compensate for nigro-striatal dysfunc-
tion [58]. We observed modulation of functional connectivity between the cerebellum and
areas of the visual ventral processing system, thus suggesting that peripheral stimulation may

Automatic Mechanical Peripheral Stimulation and Parkinson Disease

PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 12 / 19



have a facilitating effect on the function of compensatory areas. Moreover, the mixed model
showed an intra-regional cerebellar increased connectivity with the right crus I that was con-
firmed even when left and right cerebellum hemispheres wereseparately tested as seed regions
of interest. Clusters of significantly increased connectivity after stimulation were located at the
level of the paravermal lobules, functionally known as partof the spino-cerebellum. The spino-
cerebellum receives extensive sensory inputs from the dorsal columns of the spinal cord and
sends efferent fibers to the cerebellar deep nuclei to integrate sensory-motor information and
allows anticipation of body position during movement in a feed-forward manner [80]. More-
over, according to the somatotopic organization of the spino-cerebellum, the paravermal inter-
mediate areas, as we observed, are involved in the control oflegs and arms movements.

The cerebellum physiologically enters into action when preparing or executing movements
[81], and is also involved in generating accurate timing of self-paced movements [82]. fMRI
studies have consistently showed increased activation in the cerebellum of patients with Par-
kinson’s Disease OFF medication during the performance of motor tasks [83] and in the rest-
ing state in patients with akinesia/rigidity [25]. Analysis of connectivity based on the graph
theory has shown increased connectivity degrees in the leftcerebellum, together with the left
premotor cortex and left parietal cortex in patients OFF medication, partially normalized by
administration of levodopa [84].

Parkinson’s Disease patients have shown recruitment of cerebellum activity to increase
movement velocity as a mechanism of compensation for basal ganglia dysfunction [85–86].
However, the idea of a compensatory function of the cerebellum is still under debate and
physiopathological mechanisms such as the inability to inhibit activity secondary to abnormal
basal ganglia function cannot be ruled out [87–88]. Nevertheless, our observation of increased
connectivity of the cerebellum supports the hypothesis of acerebellar compensatory effect in
Parkinson’s Disease and that AMPSmay facilitate these neural circuits.

Effective versus Sham Plantar Mechanical Stimulation
The sham stimulation did not yield significant changes of functional connectivity with any of
the chosen seed ROIs. However, to correct for any sub-threshold effects induced by sham stim-
ulation, we performed direct comparisons of functional connectivity in the effective and sham
conditions using a repeated-measures mixed-effects model. We found a stronger level of con-
nectivity with the nuclei striati and the cerebellum, but not with the sensory motor cortex, the
supplementary motor area and basal ganglia. Particularly,the functional connectivity of the
nuclei striati was significantly stronger with the right lateral occipital cortex and with the right
temporal pole while the cerebellum showed stronger connectivity intra-regionally in the right
crus I and again with the right lateral occipital cortex. These latter findings reflect the net result
of connectivity changes after effective stimulation. Thisanalysis confirmed intra-regional func-
tional coupling in the paravermal cerebellum and between the cerebellum and the ventral
visual processing, especially the lateral occipital complex.

Moreover, the nuclei striati showed consistent functionalcoupling with the same areas dis-
cussed above and, following AMPS, stronger connectivity was found between the nuclei striati
and the cuneal cortex, which is also known to be involved in visual processing.

Interpretational Issues
The main limitation of the present pilot study is the small number of subjects included, further
restricted for the fMRI analyses. However, the results of first-level (datasets number = 14) and
second-level (datasets number = 28) analyses were consistent and were confirmed with and
without inclusion of 6 head motion parameters in the analysis. In the current study we
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explored functional connectivity with a seed-ROI based approach using the brain regions
known to be the most involved in Parkinson Disease physiopathology as seeds. However, a
data driven approach is needed to obtain information on functional brain networks without a
priori hypotheses. Moreover, false negative results may have occurred in this study and trials
conducted on large groups of patients are necessary to fullyunderstand the complex effects of
peripheral stimulation on brain functional connectivity at rest.

Despite our seed ROIs were bilateral, significant differences of functional connectivity
showed lateralization to the left side for the cerebellum vermis and the primary sensory motor
cortex and to the right side for the nucleus striatum and cerebellum hemispheres. In the case of
the visual ventral pathway, the lateralization may be explained by the well-known right hemi-
sphere predominance of visuospatial skills in the human brain [89]. As it regards the right lat-
eralization of the effect in the cerebellum, we currently have not an unequivocal explanation: 1.
the right side of the cerebellum is strongly connected with the contralateral left sensory-motor
pathway and its function could be preferentially modulatedby the plantar stimulation in this
group of right-handed patients; 2. lack of changes on the left side of the cerebellum could be a
false negative result due to the small size of the sample; 3. other mechanisms of cerebellar func-
tional asymmetry may exist [90].

In the future, our investigation will be aimed to increase the sample size of Parkinson’s Dis-
ease patients undergoing AMPSand to explore the effects of the peripheral stimulation on
healthy control subjects.

Conclusions
In conclusion, our results showed a consistent effect of AMPSon increasing resting state func-
tional connectivity (RSFC) of brain regions involved in visuo-spatial integration and process-
ing, in sensory-motor integration and anticipation of bodyposition during movements. These
effects are associated with improvement of the ability to initiate voluntary movements of the
lower limbs in Parkinson’s Disease patients OFF medication, thus suggesting that AMPSmay
have a role in rehabilitative protocols by facilitating brain compensatory pathways to manage
symptoms such as akinesia.

Supporting Information
S1 TREND Checklist. TREND Checklist.
(PDF)

S1 Clinical Trials Pilot. Registration of the study from theClinicalTrials.gov
(PDF)

S1 Database. Clinical data.
(XLS)

S1 Protocol. Study protocol approved by theEthical Committee (Italian).
(PDF)

S2 Protocol. Study protocol approved by the Ethical Committee (English).
(PDF)

S1 Results. Additional Results.
(DOC)

Automatic Mechanical Peripheral Stimulation and Parkinson Disease

PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 14 / 19



Acknowledgments
We thank Mario Porta and Antonio Malgaroli for critically reading and comment on the man-
uscript prior to submission.

Author Contributions
Conceived and designed the experiments: CCQ MFD. Performedthe experiments: CCQ MFD
JMM GSCAM FS. Analyzed the data: CP FC CCQ. Contributed reagents/materials/analysis
tools: MG. Wrote the paper: CCQ MFD CP PSCAM FS.

References
1. Bloem BR, Hausdorff JM, Visser JE, Giladi N. Falls and freezing of gait in Parkinson's disease: a review

of two interconnected, episodic phenomena. Mov Disord. 2004; 19(8): 871–84. PMID: 15300651

2. Kerr GK, Worringham CJ, Cole MH, Lacherez PF, Wood JM, Silburn PA. Predictors of future falls in
Parkinson disease. Neurology 2010; 75(2): 116–24. doi: 10.1212/WNL.0b013e3181e7b688 PMID:
20574039

3. Moore O, Peretz C, Giladi N. Freezing of gait affects quality of life of peoples with Parkinson's disease
beyond its relationships with mobility and gait. Mov Disord. 2007; 22(15): 2192–5. PMID: 17712856

4. Bartels AL, Leenders KL. Brain imaging in patients with freezing of gait. Mov Disord. 2008; 23 Suppl 2:
S461–7. doi: 10.1002/mds.21912 PMID: 18668627

5. Shine JM, Matar E, Ward PB, Bolitho SJ, Pearson M, Naismith SL, et al. Differential neural activation
patterns in patients with Parkinson's disease and freezing of gait in response to concurrent cognitive
and motor load. PLoS One 2013b; 8(1): e52602.

6. Shine JM, Matar E, Ward PB, Frank MJ, Moustafa AA, Pearson M, et al. Freezing of gait in Parkinson's
disease is associated with functional decoupling between the cognitive control network and the basal
ganglia. Brain 2013a; 136: 3671–81.

7. Snijders AH, Leunissen I, Bakker M, Overeem S, Helmich RC, Bloem BR, et al. Gait-related cerebral
alterations in patients with Parkinson's disease with freezing of gait. Brain 2011; 134: 59–72. doi: 10.
1093/brain/awq324 PMID: 21126990

8. Peterson DS, Pickett KA, Duncan R, Perlmutter J, Earhart GM. Gait-related brain activity in people with
Parkinson disease with freezing of gait. PLoS One 2014; 9(3): e90634. doi: 10.1371/journal.pone.
0090634 PMID: 24595265

9. Tessitore A, Amboni M, Esposito F, Russo A, Picillo M, Marcuccio L, et al. Resting-state brain connec-
tivity in patients with Parkinson's disease and freezing of gait. Parkinsonism Relat Disord. 2012a; 18(6):
781–7.

10. Abbruzzese G, Berardelli A. Sensorimotor integration in movement disorders. Mov Disord. 2003; 18(3):
231–40. PMID: 12621626

11. Conte A, Khan N, Defazio G, Rothwell JC, Berardelli A. Pathophysiology of somatosensory abnormali-
ties in Parkinson disease. Nat Rev Neurol. 2013; 9(12): 687–97. doi: 10.1038/nrneurol.2013.224 PMID:
24217516

12. Biswal B, Yetkin FZ, Haughton VM, Hyde JS. Functional connectivity in the motor cortex of resting
human brain using echo-planar MRI. Magn Reson Med. 1995; 34(4): 537–41. PMID: 8524021

13. Shimony JS, Zhang D, Johnston JM, Fox MD, Roy A, Leuthardt EC. Resting-state spontaneous fluctua-
tions in brain activity: a new paradigm for presurgical planning using fMRI. Acad Radiol. 2009; 16(5):
578–83. doi: 10.1016/j.acra.2009.02.001 PMID: 19345899

14. Smith SM, Vidaurre D, Beckmann CF, Glasser MF, Jenkinson M, Miller KL, et al. Functional connec-
tomics from resting-state fMRI. Trends Cogn Sci. 2013; 17(12): 666–82. doi: 10.1016/j.tics.2013.09.
016 PMID: 24238796

15. Baggio HC, Sala-Llonch R, Segura B, Marti MJ, Valldeoriola F, Compta Y, et al. Functional brain net-
works and cognitive deficits in Parkinson's disease. Hum Brain Mapp. 2014; 35(9): 4620–34. doi: 10.
1002/hbm.22499 PMID: 24639411

16. Luo C, Chen Q, Song W, Chen K, Guo X, Yang J, et al. Resting-state fMRI study on drug-naive patients
with Parkinson's disease and with depression. J Neurol Neurosurg Psychiatry 2014a; 85(6): 675–83.
doi: 10.1136/jnnp-2013-306237 PMID: 24227759

17. Wen X, Wu X, Liu J, Li K, Yao L. Abnormal baseline brain activity in non-depressed Parkinson's disease
and depressed Parkinson's disease: a resting-state functional magnetic resonance imaging study.
PLoS One 2013; 8(5): e63691. doi: 10.1371/journal.pone.0063691 PMID: 23717467

Automatic Mechanical Peripheral Stimulation and Parkinson Disease

PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 15 / 19



18. Tessitore A, Esposito F, Vitale C, Santangelo G, Amboni M, Russo A, et al. Default-mode network con-
nectivity in cognitively unimpaired patients with Parkinson disease. Neurology 2012b; 79(23): 2226–32.

19. Skidmore FM, Yang M, Baxter L, von Deneen K, Collingwood J, He G, et al. Apathy, depression, and
motor symptoms have distinct and separable resting activity patterns in idiopathic Parkinson disease.
Neuroimage 2013; 81: 484–95. doi: 10.1016/j.neuroimage.2011.07.012 PMID: 21782030

20. Ghasemi M, Mahloojifar A. Disorganization of Equilibrium Directional Interactions in the Brain Motor
Network of Parkinson's disease: New Insight of Resting State Analysis Using Granger Causality and
Graphical Approach. J Med Signals Sens. 2013; 3(2): 69–78. PMID: 24098860

21. Yu R, Liu B, Wang L, Chen J, Liu X. Enhanced functional connectivity between putamen and supple-
mentary motor area in Parkinson's disease patients. PLoS One 2013; 8(3): e59717. doi: 10.1371/
journal.pone.0059717 PMID: 23555758

22. Baudrexel S, Witte T, Seifried C, von Wegner F, Beissner F, Klein JC, et al. Resting state fMRI reveals
increased subthalamic nucleus-motor cortex connectivity in Parkinson's disease. Neuroimage 2011; 55
(4): 1728–38. doi: 10.1016/j.neuroimage.2011.01.017 PMID: 21255661

23. Lewis MM, Du G, Sen S, Kawaguchi A, Truong Y, Lee S, et al. Differential involvement of striato- and
cerebello-thalamo-cortical pathways in tremor- and akinetic/rigid-predominant Parkinson's disease.
Neuroscience 2011 Mar 17; 177: 230–9. doi: 10.1016/j.neuroscience.2010.12.060 PMID: 21211551

24. Helmich RC, Derikx LC, Bakker M, Scheeringa R, Bloem BR, Toni I. Spatial remapping of cortico-stria-
tal connectivity in Parkinson's disease. Cereb Cortex 2010; 20(5): 1175–86. doi: 10.1093/cercor/
bhp178 PMID: 19710357

25. Wu T, Long X, Zang Y, Wang L, Hallett M, Li K, et al. Regional homogeneity changes in patients with
Parkinson's disease. Hum Brain Mapp 2009a; 30(5): 1502–10.

26. Luo C, Song W, Chen Q, Zheng Z, Chen K, Cao B, et al. Reduced functional connectivity in early-stage
drug-naive Parkinson's disease: a resting-state fMRI study. Neurobiol Aging 2014b; 35(2): 431–41.

27. Lebedev AV, Westman E, Simmons A, Lebedeva A, Siepel FJ, Pereira JB, et al. Large-scale resting
state network correlates of cognitive impairment in Parkinson's disease and related dopaminergic defi-
cits. Front Syst Neurosci. 2014; 8: 45. doi: 10.3389/fnsys.2014.00045 PMID: 24765065

28. Hacker CD, Perlmutter JS, Criswell SR, Ances BM, Snyder AZ. Resting state functional connectivity of
the striatum in Parkinson's disease. Brain 2012; 135: 3699–711. doi: 10.1093/brain/aws281 PMID:
23195207

29. Mallio CA, Zobel BB, Quattrocchi CC. Evaluating rehabilitation interventions in Parkinson's disease
with functional MRI: a promising neuroprotective strategy. Neural Regen Res. 2015; 10(5): 702–3. doi:
10.4103/1673-5374.156957 PMID: 26109938

30. Jenkins ME, Almeida QJ, Spaulding SJ, van Oostveen RB, Holmes JD, Johnson AM, et al. Plantar
cutaneous sensory stimulation improves single-limb support time, and EMG activation patterns among
individuals with Parkinson's disease. Parkinsonism Relat Disord. 2009; 15(9): 697–702. doi: 10.1016/j.
parkreldis.2009.04.004 PMID: 19467910

31. Novak P, Novak V. Effect of step-synchronized vibration stimulation of soles on gait in Parkinson's dis-
ease: a pilot study. J Neuroeng Rehabil. 2006; 3: 9. PMID: 16674823

32. Barbic F, Galli M, Dalla Vecchia L, Canesi M, Cimolin V, Porta A, et al. Effects of mechanical stimulation
of the feet on gait and cardiovascular autonomic control in Parkinson's disease. J Appl Physiol (1985)
2014; 116(5): 495–503.

33. Galli M, Kleiner A, Gaglione M, Sale P, Albertini G, Stocchi F, et al. Timed Up and Go test and wearable
inertial sensor: a new combining tool to assess change in subject with Parkinson’s disease after auto-
mated mechanical peripheral stimulation treatment. Int J Eng Innov Technol (IJEIT) 2015; 4(11): 155–
63.

34. Stocchi F, Sale P, Kleiner A, Casali M, Cimolin V, De Pandis MF, et al. Long term effects of automated
mechanical peripheral stimulation on gait patterns of patients with Parkinson’s disease. Int J Rehabil
Res 2015 [Epub ahead of print].

35. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the robust and accurate linear
registration and motion correction of brain images. Neuroimage 2002; 17: 825–841. PMID: 12377157

36. Smith SM. Fast robust automated brain extraction. Hum Brain Mapp 2002; 17: 143–155. PMID:
12391568

37. Filippini N, MacIntosh BJ, Hough MG, Goodwin GM, Frisoni GB, Smith SM, et al. Distinct patterns of
brain activity in young carriers of the APO-ε4 allele. Proc Natl Acad Sci U S A 2009; 106: 7209–14. doi:
10.1073/pnas.0811879106 PMID: 19357304

38. Vanhaudenhuyse A, Noirhomme Q, Tshibanda LJ, Bruno MA, Boveroux P, Schnakers C, et al. Default
network connectivity reflects the level of consciousness in non-communicative brain-damaged patients.
Brain 2010; 133(Pt 1):161:71.

Automatic Mechanical Peripheral Stimulation and Parkinson Disease

PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 16 / 19



39. Makin TR, Filippini N, Duff EP, Henderson Slater D, Tracey I, Johansen-Berg H. Network-level reorga-
nization of functional connectivity following arm amputation. Neuroimage 2015; 114:217–25. doi: 10.
1016/j.neuroimage.2015.02.067 PMID: 25776216

40. Jenkinson M, Smith SM. A Global Optimisation Method for Robust Affine Registration of Brain Images.
Medical Image Analysis 2001; 5: 143–156. PMID: 11516708

41. Greve DN, Fischl B. Accurate and Robust Brain Image Alignment using Boundary- based Registration.
Neuroimage 2009; 48(1): 63–72. doi: 10.1016/j.neuroimage.2009.06.060 PMID: 19573611

42. Andersson JLR, Jenkinson M, Smith S. Non-linear optimisation. 2007a; FMRIB technical report
TR07JA1.

43. Andersson JLR, Jenkinson M, Smith S. Non-linear registration, aka Spatial normalisation. 2007b
FMRIB technical report TR07JA2.

44. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL. A default mode of brain
function. Proc Natl Acad Sci U S A 2001; 98: 676–82. PMID: 11209064

45. Fox MD, Corbetta M, Snyder AZ, Vincent JL, Raichle ME Spontaneous neuronal activity distinguishes
human dorsal and ventral attention systems. Proc Natl Acad Sci U S A 2006; 103: 10046–51. PMID:
16788060

46. Vincent JL, Kahn I, Snyder AZ, Raichle ME, Buckner RL. Evidence for a frontoparietal control system
revealed by intrinsic functional connectivity. J Neurophysiol 2008; 100: 3328–42. doi: 10.1152/jn.
90355.2008 PMID: 18799601

47. Poston KL, Eidelberg D. Functional brain networks and abnormal connectivity in the movement disor-
ders. Neuroimage 2012; 62(4): 2261–70. doi: 10.1016/j.neuroimage.2011.12.021 PMID: 22206967

48. Frazier JA, Chiu S, Breeze JL, Makris N, Lange N, Kennedy DN et al. Structural brain magnetic reso-
nance imaging of limbic and thalamic volumes in pediatric bipolar disorder. Am J Psychiatry 2005; 162
(7): 1256–65. PMID: 15994707

49. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-Berg H, et al. Advances
in functional and structural MR image analysis and implementation as FSL. Neuroimage 2004; 23
(Suppl 1):S208–S219. PMID: 15501092

50. Patenaude B, Smith SM, Kennedy D, Jenkinson M. A Bayesian Model of Shape and Appearance for
Subcortical Brain. Neuroimage 2011; 56(3): 907–22. doi: 10.1016/j.neuroimage.2011.02.046 PMID:
21352927

51. Wu T, Long X, Wang L, Hallett M, Zang Y, Li K, et al. Functional connectivity of cortical motor areas in
the resting state in Parkinson’s disease. Human Brain Mapping 2011a; 32 (9): 1443–57.

52. Tona F, Petsas N, Sbardella E, Prosperini L, Carmellini M, Pozzilli C, et al. Multiple sclerosis: altered
thalamic resting-state functional connectivity and its effect on cognitive function. Radiology 2014; 271
(3):814–21. doi: 10.1148/radiol.14131688 PMID: 24484065

53. Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Spurious but systematic correlations in
functional connectivity MRI networks arise from subject motion. Neuroimage. 2012; 59(3):2142–54.
doi: 10.1016/j.neuroimage.2011.10.018 PMID: 22019881

54. Beckmann CF, Jenkinson M, Smith SM. General multilevel linear modeling for group analysis in FMRI.
Neuroimage 2003; 20: 1052–63. PMID: 14568475

55. Woolrich MW, Behrens TE, Beckmann CF, Jenkinson M, Smith SM. Multilevel linear modelling for
FMRI group analysis using Bayesian inference. Neuroimage 2004; 21: 1732–1747. PMID: 15050594

56. Woolrich MW. Robust Group Analysis Using Outlier Inference. Neuroimage 2008; 41: 286–301. doi:
10.1016/j.neuroimage.2008.02.042 PMID: 18407525

57. Worsley KJ. Statistical analysis of activation images. Ch 14, in Functional MRI: An Introduction to Meth-
ods, eds. P. Jezzard, P.M. Matthews and S.M. Smith; 2001.

58. Wu T, Wang L, Hallett M, Chen Y, Li K, Chan P. Effective connectivity of brain networks during self-initi-
ated movement in Parkinson's disease. Neuroimage 2011b; 55(1): 204–15.

59. Wu T, Wang J, Wang C, Hallett M, Zang Y, Wu X, et al. Basal ganglia circuits changes in Parkinson's
disease patients. Neurosci Lett. 2012; 524(1): 55–9. doi: 10.1016/j.neulet.2012.07.012 PMID:
22813979

60. Esposito F, Tessitore A, Giordano A, De Micco R, Paccone A, Conforti R, et al. Rhythm-specific modu-
lation of the sensorimotor network in drug-naive patients with Parkinson's disease by levodopa. Brain
2013; 136(Pt 3): 710–25. doi: 10.1093/brain/awt007 PMID: 23423673

61. Buneo CA, Andersen RA. The posterior parietal cortex: sensorimotor interface for the planning and
online control of visually guided movements. Neuropsychologia 2006; 44(13): 2594–606. PMID:
16300804

Automatic Mechanical Peripheral Stimulation and Parkinson Disease

PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 17 / 19



62. Herz DM, Eickhoff SB, Løkkegaard A, Siebner HR. Functional neuroimaging of motor control in Parkin-
son's disease: a meta-analysis. Hum Brain Mapp. 2014; 35(7): 3227–37. doi: 10.1002/hbm.22397
PMID: 24123553

63. Malach R, Reppas JB, Benson RR, Kwong KK, Jiang H, Kennedy WA, et al. Object-related activity
revealed by functional magnetic resonance imaging in human occipital cortex. Proc Natl Acad Sci U S
A 1995; 92(18): 8135–9. PMID: 7667258

64. Lerner Y, Hendler T, Ben-Bashat D, Harel M, Malach R. A hierarchical axis of object processing stages
in the human visual cortex. Cereb Cortex 2001; 11(4): 287–97. PMID: 11278192

65. Kostic VS, Agosta F, Pievani M, Stefanova E, Jecmenica-Lukic M, Scarale A, et al. Pattern of brain tis-
sue loss associated with freezing of gait in Parkinson disease. Neurology 2012; 78(6): 409–16. doi: 10.
1212/WNL.0b013e318245d23c PMID: 22282641

66. Epstein R, Kanwisher N. A cortical representation of the local visual environment. Nature 1998; 392
(6676): 598–601. PMID: 9560155

67. Kanwisher N, McDermott J, Chun MM. The fusiform face area: a module in human extrastriate cortex
specialized for face perception. J Neurosci 1997; 17(11): 4302–11. PMID: 9151747

68. Alexander GE, Crutcher MD, DeLong MR. Basal ganglia-thalamocortical circuits: parallel substrates for
motor, oculomotor, "prefrontal" and "limbic" functions. Prog Brain Res 1990; 85: 119–46. PMID:
2094891

69. Brooks DJ, Ibanez V, Sawle GV, Quinn N, Lees AJ, Mathias CJ, et al. Differing patterns of striatal 18F-
dopa uptake in Parkinson's disease, multiple system atrophy, and progressive supranuclear palsy. Ann
Neurol 1990; 28(4): 547–55. PMID: 2132742

70. Cunnington R, Windischberger C, Deecke L, Moser E. The preparation and execution of self-initiated
and externally-triggered movement: a study of event-related fMRI. Neuroimage 2002; 15(2): 373–85.
PMID: 11798272

71. Forstmann BU, Dutilh G, Brown S, Neumann J, von Cramon DY, Ridderinkhof KR et al. Striatum and
pre-SMA facilitate decision-making under time pressure. Proc Natl Acad Sci U S A 2008; 105(45):
17538–42. doi: 10.1073/pnas.0805903105 PMID: 18981414

72. Wong C, Gallate J. The function of the anterior temporal lobe: A review of the empirical evidence. Brain
Res. 2012; 1449:94–116. doi: 10.1016/j.brainres.2012.02.017 PMID: 22421014

73. Rogers TT, Lambon Ralph MA, Garrard P, Bozeat S, McClelland JL, Hodges JR, et al. Structure and
deterioration of semantic memory: a neuropsychological and computational investigation. Psychol.
Rev. 2004; 111(1):205–34. PMID: 14756594

74. Damasio H, Tranel D, Grabowski T, Adolphs R, Damasio A. Neural systems behind word and concept
retrieval. Cognition 2004; 92:179–229. PMID: 15037130

75. Rice GE, Lambon Ralph MA, Hoffman P. The roles of left versus right anterior temporal lobes in con-
ceptual knowledge: an ALE meta-analysis of 97 functional neuroimaging studies. Cereb Cortex 2015
[Epub ahead of print].

76. Cardoso EF, Fregni F, Maia FM, Melo LM, Sato JR, Cruz AC Jr, et al. Abnormal visual activation in Par-
kinson's disease patients. Mov Disord. 2010; 25(11): 1590–6. doi: 10.1002/mds.23101 PMID:
20623771

77. Sage MD, Almeida QJ. A positive influence of vision on motor symptoms during sensory attention
focused exercise for Parkinson's disease. Mov Disord. 2010; 25(1): 64–9. doi: 10.1002/mds.22886
PMID: 19938164

78. Uc EY, Rizzo M, Anderson SW, Qian S, Rodnitzky RL, Dawson JD. Visual dysfunction in Parkinson dis-
ease without dementia. Neurology 2005; 65(12): 1907–13. PMID: 16282276

79. Litvak V, Eusebio A, Jha A, Oostenveld R, Barnes G, Foltynie T, et al. Movement-related changes in
local and long-range synchronization in Parkinson's disease revealed by simultaneous magnetoen-
cephalography and intracranial recordings. J Neurosci 2012; 32(31): 10541–53. doi: 10.1523/
JNEUROSCI.0767-12.2012 PMID: 22855804

80. Thach WT, Bastian AJ. Role of the cerebellum in the control and adaptation of gait in health and dis-
ease. Prog Brain Res 2004; 143: 353–66. PMID: 14653179

81. Purzner J, Paradiso GO, Cunic D, Saint-Cyr JA, Hoque T, Lozano AM, et al. Involvement of the basal
ganglia and cerebellar motor pathways in the preparation of self-initiated and externally triggered move-
ments in humans. J Neurosci 2007; 27(22): 6029–36. PMID: 17537974

82. Dreher JC, Grafman J. The roles of the cerebellum and basal ganglia in timing and error prediction. Eur
J Neurosci 2002; 16(8): 1609–19. PMID: 12405975

83. Wu T, Hallett M. Neural correlates of dual task performance in patients with Parkinson's disease. J Neu-
rol Neurosurg Psychiatry. 2008; 79(7): 760–6. PMID: 18006652

Automatic Mechanical Peripheral Stimulation and Parkinson Disease

PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 18 / 19



84. Wu T, Wang L, Chen Y, Zhao C, Li K, Chan P. Changes of functional connectivity of the motor network
in the resting state in Parkinson's disease. Neurosci Lett. 2009b; 460(1): 6–10.

85. Ballanger B, Baraduc P, Broussolle E, Le Bars D, Desmurget M, Thobois S. Motor urgency is mediated
by the contralateral cerebellum in Parkinson's disease. J Neurol Neurosurg Psychiatry 2008; 79(10):
1110–6. doi: 10.1136/jnnp.2007.141689 PMID: 18356249

86. Palmer SJ, Ng B, Abugharbieh R, Eigenraam L, McKeown MJ. Motor reserve and novel area recruit-
ment: amplitude and spatial characteristics of compensation in Parkinson's disease. Eur J Neurosci
2009; 29(11): 2187–96. doi: 10.1111/j.1460-9568.2009.06753.x PMID: 19490021

87. Mink JW. The basal ganglia: focused selection and inhibition of competing motor programs. Prog Neu-
robiol 1996; 50(4): 381–425. PMID: 9004351

88. Turner RS, Grafton ST, McIntosh AR, DeLong MR, Hoffman JM. The functional anatomy of parkinso-
nian bradykinesia. Neuroimage. 2003; 19(1): 163–79. PMID: 12781736

89. Gotts SJ, Jo HJ, Wallace GL, Saad ZS, Cox RW, Martin A. Two distinct forms of functional lateralization
in the human brain. Proc Natl Acad Sci U S A. 2013; 110(36): E3435–44. doi: 10.1073/pnas.
1302581110 PMID: 23959883

90. Hu D, Shen H, Zhou Z. Functional asymmetry in the cerebellum: a brief review. Cerebellum 2008; 7(3):
304–13. doi: 10.1007/s12311-008-0031-2 PMID: 18418670

Automatic Mechanical Peripheral Stimulation and Parkinson Disease

PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 19 / 19


