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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 Il 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 debilitatmgt®ms of Idiopatic Parkinson
Disease. Particularly freezing of gait is defined as theilitg to initiate gait or to manage nar-
row space- or direction-related challenges of gait, thassiasing the risk of fallsl}2] and
reducing quality of life in Idiopatic Parkinson Diseaseigats [3]. Particularly, functional
Magnetic resonance Imaging (fMRI) studies have shown tieazing in Parkinsde Disease
(PD) is related to dysfunction within fronto-parietal regs (], within the pre-supplementary
motor area and the anterior insula in response to concucogmitive and motor task$],
within fronto-parietal regions, basal ganglia (caudateleus, globus pallidus, subthalamic
nucleus) and the mesencephalic locomotor region durirfgeing a virtual reality taskdq].
Moreover, gait imagery tasks have shown decreased adtiviiie supplementary motor area
and increased activity in the mesencephalic locomotooreigi PD patients with freezing, as
compared to those without freezingd]. The executive attention network and the visual net-
work connectivity has been found to be significantly difiet in PD patients with freezing as
compared to PD patients without freezing and contr@lsilhus, there is currently strong evi-
dence that alterations of the peripheral afferent inputg@rtheir central processing alter-
ations (i.e. sensory-motor integration) influence moteadility in patients with PD10, 11].

Resting state functional MRl is currently widely used tadstgpontaneous fluctuations of
the Blood Oxygen Level Dependent (BOLD) signal while thegtis at rest12], thus also fit-
ting for people who are unable or have difficulty in perforgiunctional tasks13]. High tem-
poral coherence of the spontaneous BOLD signal fluctuatioong different brain areas is
interpreted as a measure of functional connectivity betweese areas and has led to the iden-
tification of brain functional networkslf]. Analysis of functional brain networks and related
connectivity measures has been obtained to explain nomnfidi-19 and motor p, 20-25
deficits and to define their neural correlates in PD. Thaseiss have shown alterations of
brain connectivity in early-stage drug-naive PD patief®s]6] and in patients at advanced
stage of the disease with cogniti&/] and severe motoi2g] impairments.

To date, the effects of rehabilitation and exercise on baefivity have been poorly explored
in patients with PD, but fMRI is considered of value to meadie effects of rehabilitation
strategies in PDZ9).
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It has been reported that mechanical stimulation of thes sifline feet improves gait per-
formance in PD30-31]. Quantitative measures of gait analysis parameters Hneversto
increase step length and gait velocity together with auttinsympathetic modulation in PD
patients 24h after automatic mechanical peripheral stitiari (AMPS) BZ). More recently,
PD patients have shown improvement of their ability to penfehe Timed Up and Go Test
after AMPS B3] and clinical benefits are maintained up to 10 days aftetdstdreatment4].

Thus, AMPS is emerging as a new and promising technique toawggposture and gait
symptoms in PD, but mechanisms or neural correlates uridgitg effects are currently
unknown. The modulation of brain activity after AMPS haserdseen investigated. The aim
of this work was to investigate whether and which measuf@BlC 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 Litstfor Research and Medical
Care, IRCCS San Raffaele, Rome, Itabi (ProtocqlS2 Protocdl. The experimental protocol
was designed as a double-blind sham-controlled crossduétnal to test the acute modula-
tion of brain functional connectivity in PD patients afteMRS (Fig 1) (ClinicalTrials.goviD:
NCT01815281; seBl Clinical Trials Pilo). All procedures were explained, adequate under-
standing was tested and written informed consent was adatdiom the participants in accor-
dance with the declaration of Helsinki. Data were colleatecbmpliance with GCP (Good
Clinical Practice) and following the ALCOA (Attributableegible, Contemporaneous, Origi-
nal and Accurate) algorithm. The TREND checklist was acdshed E1 TREND Checkligt

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

Double-blind sham-controlled crossover pilot trial

RECRUITMENT

11 patients with Idiopathic Parkinson
Disease

Clinical data &
demographics

Sham or Effective Plantar Mechanical Stimulation

(randomized cross-over)

UPDRS Il score & brain MRI
(within 30 minutes)

Image Post-processing

Statistical Analysis
(fMRI final analyses n = 7)

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

0i:10.1371/journal. pone.0137977.9001
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Patients and clinical assessment

From September 15th to October 30th 2013, we investigat@atidnts (6 women and 5 men)
with a diagnosis of PD according to the clinical diagnostitecia of the United Kingdom Par-
kinsoris disease Society Brain Bank. Inclusion criteria were: £)a@5 years or older; 2) a
Hoehn & Yahr (H&Y) stage equal or less than 3.0in an ON st3atstiBjects able to walk
autonomously or with minimal assistance for a distance of&€ers in OFF state (12 h with-
out antiparkinsonian treatment); 4) antiparkinsoniaatirent at a stable and optimized daily
dosage during the 4 weeks prior to the study; 5) absence afidim@rgic long-lasting residual
effects. Exclusion criteria were: 1) Dementia establisbrethe basis of the Mini-Mental State
examination (corrected score27); 2) history or presence of peripheral sensory neurgpath
3) any peripheral neurological or musculoskeletal condiithat may alter balance and/or
gait; 4) lower limb injuries in the previous 6 months; 5) bistof neurosurgery or orthopaedic
surgery; 6) history of epilepsy; 7) any drug treatment thayater cognitive and/or motor
performance; 8) history of depression or other psychidisorders; 9) absolute contraindica-
tions for MRI; 10) evidence of small vessel ischemic disessiggestive findings of secondary
parkinsonism on morphological MRI images.

Patients underwent brain MR examination as outpatientseceived clinical examination
in a dedicated room beside the MRI magnet site. All patiemtewcanned twice in the same
morning (between 8.30 am and 12.00 am), immediately befodea30 min after sham or
effective AMPS. Before and after each scanning sessiominpetrformance was measured out-
side the scanner according to the Unified Parkinson's BésRating Scale (IIl) score by an
experienced neurologist (G.S. or M.F.D.) who was blindethopatientsreatment status. To
avoid potential residual effect between stimulationsgiam and the effective trial on the
same patient were conducted with a time delay of at least & Batients were randomly
selected to first undergo either effective AMPS (n = 6) omst{a = 5) stimulation. All data
were collected in OFF state (after a 12h withdrawal of amtikihson medication). Motor
severity was assessed by using the motor subscale of theoneisorders Society Unified
Parkinsors Disease Rating Scale (MDS-UPDRS part III).

Automatic Mechanical Peripheral Stimulation Treatment

Effective and sham Automatic Mechanical Peripheral Statioh (AMPS) trials were con-
ducted by means of a dedicated electro-medical device (@amiedical Technologies SA,
Switzerland) Fig 2). The system consists in feet supports (left and righit) A) with electri-

cal motors that activate metallic stimulators having a ideth2 mm tip; the motor-activated
stimulators apply a mechanical pressure in two specifiasaoéeach foot. The AMPS treat-
ment consists in the application of a pressure via roundedikttion tips in the four areas to
be stimulated (two in each foot, corresponding to the hedldedbig toe and at the first meta-
tarsal jointFig 2B and 2(. The pressure is applied in a range of0.3 N/mnt in each point,
one after the other; the pressure of stimulation, withid sange, is set for each subject upon
appearancauring application of the stimulasfthe monosynaptic reflex in the Tibialis
Anterior muscle, identified by detection of a liminaris ¢raction. Once the pressure value has
been set using this procedure, the value is recorded to dsterithe AMPS. The treatment
consists in 4 cycles, whereas cycle means the sequentiallation of the 4 target areas for the
duration of 6 seconds each, with no intervals in betweersegunently a single cycle has dura-
tion of 24 seconds, while the overall treatment including foycles lasts 96 seconds. The trials
were conducted in an isolated room to keep the treatmerd tithe clinicians and neuro-
radiologists involved in the studaf].
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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/jounal.pone.0137977.9g002

The sham stimulation was provided using the same devideagtilo give effective AMPS,
with the same stimulation protocol and therapy cycle, apglin the same pressure stimula-
tion points using the same steel stick for the AMPS stimatatHowever, attached in the steel
stick point was positioned a rigid plastic circle with a dieter (12mm); thanks to this, the
induced pressure was hence lower and the surface contget figg 2D). Sham stimulation
does not trigger the reflex withdrawal of the stimulated faed was used to eliminate con-
founding effects of brain activation induced by periphénal not effective stimulation. No
other procedures were conducted due to the full compliaftteegatients to the interven-
tions. We did not report any adverse event or unintendedtéffeeach of the study
conditions.

fMRI data acquisition

Imaging data were acquired using a Siemens 1.5-T MAGNETOBhw (Siemens, Erlangen,
Germany) whole body scanner equipped with a 12-elemergriediHead Matrix coil, as part
ofthe standard system configuration. A morphological SPRAGE T1 weighted sequence
was acquired to improve registration of functional imadés= 1900ms, TE = 3.37ms,
T1=1100ms, flip angle = 15°, FOV = 256mmx192mm, NEX = 1, matri256x192, 1.00x1.00
mm?in-plane resolution, horizontal slices with slice thickaef 1.3 mm and no gap. Axial

fluid attenuated inversion recovery (FLAIR) T2 weightedrsevas used to exclude the presence
of small vessel ischemic disease and other supra- or iefrestial brain lesions: TR 8000 ms,

TE 102 ms, Tl 3650 ms, matrix 256 x 256, FOV 26 x 30 cm, slicelidss 3 mm.
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Whole brain functional scans were acquired in 25 contigweoiad slices approximately par-
allel to the anterior-posterior commissure plane withriles/ed multi-slice T2echo-planar
imaging according to the following parameters: TR = 3.56 Tis= 50 ms, field of view = 22
cm, flip angle = 90°, voxel size = 3.4 x 3.4 x 3 mm, slice thickne 3 mm, no inter-slice gap.
For each participant, a total of 80 volumes during 4.50 mireveequired. fMRI scanning was
carried out in darkness, and the participants were eXglinstructed to relax, think of nothing
in particular, not to fall asleep and stay as much still asipeswith their eyes closed. At the
end ofthe MR examination, all participants were asked atiwit feelings during the scan
and the tendency to sleep during the scanning. None of thecsslfell asleep or reported sig-
nificant feelings during the scans.

Data Pre-Processing and functional connectivity analysis

Single-subject preprocessing was carried out using FEMRIFExpert Analysis Tool), Ver-
sion 6.00, part of FSL v 5.0.4 (FMRIBSoftware Librarynttp://fsl.fmrib.ox.ac.uk/f3l Prestatis-
tical processing consisted of motion correction using MIBHL] 35|, brain extraction using
BET [36] and spatial smoothing using a Gaussian kernel of full-vatthalf-maximum
(FWHM) of 8 mm. Large signal drifts (due to scanner inst#ieti or systemic physiological
fluctuations) were attenuated by applying a high-passiiig cut-off, set at 150 seconds#
39. Registration to high resolution structural and/or stamdspace images was carried out
using FLIRT [35, 40). EPI volumes were registered to the individaatructural scan using
FLIRT_BBR (Boundary-Based Registration) todl]. Registration from high resolution struc-
tural to standard space was then further refined using FMi&linear registration42, 43.

Resting state functional connectivity (RSFC) analysiseeasied out using a seed-ROI
based approachip, 44-46. Based on previous evidence of local functional alteradiof rest-
ing state fMRI measurements in ParkinsBDisease patientd]], we explored the changes of
functional connectivity with the supplementary motor gi®slA), primary sensory-motor
cortices (as on the FSLimplemented Harvard-Oxford Cdr8tactural Atlas) 1g], cerebel-
lum (as on the MNI Structural Atlas), and basal ganglia @eftl right nucleus striatum or left
and right globus pallidus or left and right thalamu)][ Regions of Interest (ROIs) positioned
on these areas were used as the seeds for resting statefiahctinnectivity. Basal ganglia
ROls were labeled and calculated from each sulsjeath resolution T1-weighted structural
scan using FMRIB integrated registration and segmentation tool (FIRST]) part of FSL.
To be more restrictive in ROIs segmentation, we chose atrarpinclusion threshold of 30%
for the primary sensory-motor cortices and cerebellum arothly 5% for the SMA (in an
attempt to include both SMA proper and pre-SMA componemsw to be altered from
resting state studies conducted on patients with Parkis fisease)47, 51]. An expert neuro-
radiologist (CCQ) visually inspected the chosen ROIs ireotd validate anatomical corre-
spondence. EPI-to-standard registration parametersmenged and used to report all seed-
ROls to individual subject space, applying both linear and-finear transformation matrices
from standard and high resolution space. Mean BOLD timesefieach native space seed-
ROI were obtained and used to define the reference timeeaafter which a correlation anal-
ysis between each reference time course and the signaleimee s each voxel within the
acquired whole-brain image set was computed.

Seeds of cerebro-spinal fluid (CSF) and white matter (WM)evedso individually defined
in the lateral ventricles and in the centrum semi-ovale @fudhctional EPl images, and their
time courses were added, as non-interest covariate (raglsanto the voxel-wise correlation
analyses, to remove for non-neural contributions to theB®ignal and enhance specificity

[52.
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Analyses were conducted both without and with inclusion leé&d motion parameters
into the voxel-wise correlation analysis to control foreeff of transient head motion of
patients on our result$§).

Z-score functional connectivity (FC) maps were generateedich subject by displaying alll
those voxels whose time series were correlated with thersgimh (p< 0.05). Maps of individ-
ual FC differences for pre- and post-effective AMPS (treatith and pre- and post-sham con-
ditions were initially obtained and entered in respectighbr-level one-sample t-test analyses
using FEAT (cluster level $0.05 corrected for family wise errefFWE) to investigate for the
mean effect of PMS and sham conditions on FC, separatelyn, Beecond higher-level analy-
sis was conducted performing a paired T-test between mapdividual FC differences in
effective and sham conditions. Higher level analyses wangex! out using the FLAME
(FMRIB's Local Analysis of Mixed Effects) mixed-effects i, stage 194-56). Z-statistic
images were set using clusters determined®223 and a corrected cluster significance thresh-
old of p< 0.05 [57]. Anatomical localization of significant clusters wasatsished according
to the Harvard-Oxford cortical and subcortical structatidses and the Juelich Histological
Atlas included in the FSLH(ttp://www.fmrib.ox.ac.uk/fsl/data/atlas-descriptghtm). Clinical
scores before an after sham or effective AMPS were testéutinét Wilcoxon-signed rank test
for paired data by means of the SPSS software package 19.0.

Results
Patients

The 11 patients enrolled in the study were randomly assigmadham or effective AMPS
according to the cross-over desigrg1). Patients showed a clinical akinesia/rigidity subtype
in 72% (8/11) while a tremor subtype was present in the remg@i28% (3/11) of the patients.
All the patients were right-handed and at least 12 h OFF ratidit. Demographic and clinical
parameters are presentedliable 1(S1 DatabageThe clinical evaluation before and after
experimental sessions showed a statistically significaptovement of the UPDRS 111 scale
(p < 0.001) after effective AMPS but not after sham stimulatipr=(0.87). The total Postural
Instability Gait Disturbances (PIGD) UPDRS sub-scoreifigantly improved after effective
AMPS both with and without the inclusion of the 3.11 (freggiscore. However, the tremor
and the rigidity sub-scores were not affected by effectiMPS. Sham stimulation did not
induce significant modifications in any of the clinical nsaaes. Table

Amongthe 11 patients, 7 (4 female, 3 men) were included fdRIfthalyses of resting state
functional connectivity. The exclusion of four particigamvas necessary because of the follow-
ing reasons: one patient showed a large arachnoid cystahatd anatomical distortion; three
patients had at least one fMRI session with movement atgdfaat significantly flawed data
pre-processing and impeded intra- and inter-subject chioreand registration. The 7 patients
included in the fMRI study showed a clinical akinesia/riggicgubtype in 86% (6/7) while a
tremor subtype was present in the remaining 14% (1/7) of tliempts. In this subgroup of
patients included for resting state functional connetstithe effective AMPS consistently
improved the UPDRS Il score and the PIGD sub-score (withitrout freezing) whereas
there were not significant changes of the tremor and rigalib-scores.

Changes of Functional Connectivity in the Resting State

One sample t-test analyses showed significart)(p5, FWE corrected) differences of RSFC
with the selected seed regions following effective AMP Siatton sham conditions. Group
differences were always oriented toward a significantease of connectivity. Reduction of
connectivity was not found with any of the seed regions. Tiraary sensory-motor cortex
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Table 1. Demographic and clinical parameters of patients with Parkinson’s disease before and after effective AMPS and sham stimulation.

Parameter

Age (years)
Gender (M/F)
DD (years)
H&Y stage
MMSE

Side (R/L)
LEDD (mg/day)

UPDRS Il OFF
medication
Tremor
subscore®

PIGD subscore”

PIGD sub score
with no freezing
Rigidity
subscore®

Pre-Effective Post-Effective

Stimulation Stimulation
mean + SD mean £ SD
62.27 £ 7.94 (range, 49-75)

5/6

7.50 +2.22 (range, 4-10)

2.32 £ 0.25 (range, 2.00-2.50)
29.55 £ 0.82 (range, 28-30)

714
789 + 123 (range, 580—1000)
30.55 + 6.95% 19.27 + 6.36%
32.14 + 7.58* 21.14 + 7.10*
2.91 +3.50* 2.18 + 2.44%
2.92 +4.11* 1.57 + 2.57*
6.18 + 3.49% 3.09 + 2.38%
7.43 + 3.46* 4.00 + 2.45*
5.36 +2.87% 2.64 +2.06%
6.43 + 2.88* 3.43+2.15%
6.36 +2.58% 4.64 +2.87*%
6.71 + 3.09* 5.43 + 3.41*

Effective
Stimulation P-
value

<0.001* 0.016*
0.578" 0.704*
0.025* 0.053*
0.019% 0.047*

0.153% 0.474*

Pre-Sham
Stimulation
mean + SD

27.27 +8.04%
28.71 + 9.69*

3.45 +3.27*
3.14 + 3.80*
4.55 +2.02*
5.14 + 1.95*
3.91+1.76*
4.43+1.72%

5.64 + 2.20%
5.86 + 2.54*

Post-Sham
Stimulation
mean £ SD

27.82 +7.21%
29.57 + 8.06*

3.73 +3.29%
3.29 + 3.82*
5.09 + 2.38"
571 +2.21*
4.27 +1.95%
4.86 + 1.95*

5.45 + 2.34%
5.57 + 2.37*

Sham

Stimulation P-

value

0.868" 0.860*
0.847% 0.945*
0.569% 0.618*
0.651% 0.670*

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).
& 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.

¢ 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.

00i:10.137Ljournal.pone.0137977.1001

showed significantly stronger connectivity with the lefpgrior parietal lobule and the left lat-
eral occipital cortex (superior division) (t-testSyple 2andFig 3). The second higher level
analysis to test the specific changes induced by the effestimulation after ruling out sub-
threshold effects of sham stimulation did not show sigaificchanges of connectivity (mixed

model).

The nuclei striati demonstrated significant increase of@tivity with a region that
included the right lateral occipital cortex (inferior diion) 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-ROls 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
8/19
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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.

00i:10.137Ljournal.pone.0137977.9003

gyrus after effective but not after sham stimulation (t€e6 able 2andFig 3). The second
higher level analysis confirmed significant increase ofroectivity of the nucleus striatum with
the right lateral occipital cortex and the cuneal corfext{le 3andFig 4) (mixed model).
Moreover, both t-test and the mixed model showed increasectibnal connectivity at rest
between the nuclei striati and the right temporal pole (@stband3, Figs3 and4).

The cerebellum showed significantly stronger connegtivith the right lateral occipital
cortex and the right occipital fusiform gyrus after effeetbut not after sham stimulation
(Table 2andFig 3). The second level analysis confirmed significantly higtennectivity
induced by the effective stimulation with the right cerédoetortex crus | (i.e. intraregional
connectivity) and the right lateral occipital corté&aple 3andFig 4).

Afurther analysis that comprised the cerebellum subregienmis, right hemisphere and
left hemisphere confirmed increase of functional conwiggtiboth with first-level (t-tests) and
second-level (mixed model) analyses after effective dttian. Vermis showed increase of
connectivity with the left lateral occipital cortex and tleé fusiform gyrus. Left and right

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 | 34 -84 -30 3.79
doi:10.1371/journal.pone.0137977.t003
PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 9/19
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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

cerebellar hemisphere considered separately both shaweshse of connectivity with the
right lateral occipital cortex and the right cerebellumsct{Table 4andFig 5).

The supplementary motor area, globi pallidi and thalamiditldemonstrate above thresh-
old changes of functional connectivity both on effectivelaham conditions.

Results (Tables and Figures) obtained without inclusicine6 head motion parameters as
nuisance variables are presented as Supplementaryfiledsults

Discussion

In the current study, we explored the acute modulation ofe¢kting state functional connectiv-
ity following one session of automatic mechanical periphstimulation in patients with Parkin-
soris disease. Due to their established role in the pathopbgsiof Parkinson Disease, we chose
the sensory-motor cortex, the supplementary motor aredatsal ganglia and the cerebellum as
“seed$to investigate effects on the brain functional connegtisitrest P5, 58-60.

Our results indicate that the pressure controlled mechbstinulation on two specific
points of both feet increases brain functional connegtaitrest with the selected regions and
that the effect is stable with the nucleus striatum and thebeflum after inclusion of sub-
threshold not significant effects following sham stimidat The recruitment of a constellation

Table 4. Local maximain 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 | 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 | 34 -84 -30 3.90
Left Cerebellum Hemisphere Right Lateral Occipital Cortex Right Fusiform gyrus 951 46 -76 -12 3.64
Right Crus | 36 -80 -30 3.75
doi:10.1371/jourmal.pone.0137977.6004

PLOS ONE | DOI:10.1371/journal.pone.0137977 October 15, 2015 10/19



. @
@ : PLOS ‘ ONE Automatic Mechanical Peripheral Stimulation and Parkinson 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

of specific brain regions and the enhancement of their fanat connectivity dynamics might
be the basis for the acute improvement of posture and gaptms observed in Parkinsen
Disease patients after effective AMPS].

Primary Sensory-Motor Cortex Functional Connectivity

Effective AMPS acutely induced consistent increase ofsttfumctional connectivity of the pri-
mary sensory-motor cortices with the left superior patietaule and the left lateral occipital
cortex. These areas are known to be involved in sensory+maatbvisuo-spatial integration
and processind[l]. Particularly, the left primary motor cortex, the left pBMA and the left
superior parietal lobule have shown significantly coneetglifference of neural activity in
Parkinsors Disease OFF patients against healthy controls on a reatatamalysis of func-
tional neuroimaging studies on the motor control of PamkirsDiseased?]. In this respect,

as compared with inconsistency on the direction of diffeesrof other fronto-parietal areas,
the left SPL consistently shows increased BOLD sighal agpered to controls during the exe-
cution of different externally specified motor-tasks canttd on Parkinsda Disease OFF
patients, thus suggesting that SPL plays a compensat@rihat is not dependent on the
motor task in Parkinsda Disease patients. Indeed, the increased functional ctivibyethat

we observed after effective plantar stimulation also sstggdat SPL activity may be modu-
lated by external peripheral stimuli. It is striking thaigether with SPL, also the lateral occipi-
tal cortex (LOC) showed a stronger functional connectiaftgr effective stimulation. The
LOC plays a well-known role on object recognitiodBF64], is included in the patterns of brain
atrophy in Parkinsos Disease patients with freezing of gdif] and, as such, the modulation
of its connectivity after peripheral stimulation might gugpt the hypothesis of a crucial role of
parietal regions on visuo-spatial integration in patievith Parkinsors Disease.
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Basal Ganglia Functional Connectivity

At the level of the basal ganglia, we observed a significaotdase of RSFC of the nucleus stria-
tum but not of the thalami and the globi pallidi after effeetAMPS. The regions of increased
coherence with the nucleus striatum comprised the righpidatfusiform gyrus and the right
lateral occipital cortex. These areas are specializedctmgreze placesdo), faces p7] and

objects p3. The putamen projects to the cortical motor areas, inolgthe SMA, via the glo-
bus pallidus §8]. In Parkinsors Disease, the dopamine uptake is reduced in the striatum and
particularly in the putamer6p]. The putamen has shown decreased regional homogeneity in
patients with Parkinsds Disease as compared to controls in the resting s2&tafid meta-
analysis on functional neuroimaging data show that therpatais indeed the nucleus whose
decreased function consistently correlates with motdcitiein Parkinsors Disease OFF
patients §2). The putamen is involved in the planning of self-initiatatself-paced move-
ments [/(] and the anterior striatum is involved, together with phMASin the preparation

and updating of plans of future actions that are under valydontrol [/1]. On this respect it

is interesting that functional modulation after effecthdPS showed increased connectivity
of the striatum with areas that are part of the ventral vipuatessing stream but not with
brainstem-cerebellum or executive motor fronto-pariataas as expectedq, 59). The

nucleus striatum also showed a stable increase of fun¢gonaectivity after AMPS with the
right temporal lobe, an area that is interchangeably naméetticate what is functionally
known as anterior temporal lobé7]. The anterior temporal lobefunction has been explored
in many studies from which one of the most recognized modéss so calledsemantic hub
theory [73]. On this basis the anterior temporal lobe could act as aimadtal semantic hub
where information from different sensory (visual, sometm®ry and auditory) modalities
converges]3]. In this context, the lateralization of the increased cehee consistently
observed between the nucleus striatum and the right antenigporal lobe rather than the left
one would fit well with the emerging evidence that in concgppknowledge the right anterior
temporal lobe is specialized for visual recognition wheitbe left one is specialized for the pro-
cess of lexical accesg4, 75]. Previous studies have shown that: i. there is decreasBil digti-
vation of the visual pathway in ParkinssiDisease in the absence of clinically relevant visual
symptoms [ €]; ii. patients with Parkinso's Disease rely on visual cues to control locomotion
[77,78]; iii. Parkinsoris Disease patients with freezing of gait show reduced rgstate con-
nectivity at the right occipito-temporal gyrus in respecParkinsors Disease patients without
freezing of gait §]. Thus, our results support the idea that visuo-spatiabretion significantly
impact on motor execution in Parkinsemisease patients and its function may be modulated
by peripheral stimulation. Moreover, the lack of changeh@cortico-basal ganglia motor
loop connectivity suggests that functional pathways hffié than those dependent on the
dopaminergic systen®], 62, 79 are modulated after AMPS.

Cerebellum Functional Connectivity

The functional connectivity of the cerebellum increasedragffective AMPS. The effect

involved again the right occipital fusiform gyrus and thghtilateral occipital cortex. The con-
nectivity between primary motor, pre-motor, supplemepiaotor cortices and cerebellum

has shown to be disrupted in ParkinsoDisease patients compared to controls during perfor-
mance of self-initiated movements. In that paper, Wu etsd. showed that, while striatum-
cortical and striatum-cerebellar connections are weakeanBarkinsors Disease patients, cor-
tico-cerebellar connections are strengthened and may@asage for nigro-striatal dysfunc-
tion [58]. We observed modulation of functional connectivity begwehe cerebellum and

areas of the visual ventral processing system, thus suggésat peripheral stimulation may
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have a facilitating effect on the function of compensatogaa. Moreover, the mixed model
showed an intra-regional cerebellar increased conntgotiith the right crus | that was con-
firmed even when left and right cerebellum hemispheres separately tested as seed regions
of interest. Clusters of significantly increased conndgtafter stimulation were located at the
level of the paravermal lobules, functionally known as éithe spino-cerebellum. The spino-
cerebellum receives extensive sensory inputs from theatdookimns of the spinal cord and
sends efferent fibers to the cerebellar deep nuclei toiategensory-motor information and
allows anticipation of body position during movement in edfforward mannerd(]. More-
over, according to the somatotopic organization of thesgierebellum, the paravermal inter-
mediate areas, as we observed, are involved in the contiegénd arms movements.

The cerebellum physiologically enters into action wherpareng or executing movements
[81], and is also involved in generating accurate timing of palfed movements§f)]. fMRI
studies have consistently showed increased activatidmeiearebellum of patients with Par-
kinsoris Disease OFF medication during the performance of motks {&3] and in the rest-
ing state in patients with akinesia/rigidityd]. Analysis of connectivity based on the graph
theory has shown increased connectivity degrees in thedefbellum, together with the left
premotor cortex and left parietal cortex in patients OFF icetbn, partially normalized by
administration of levodopa{].

Parkinsors Disease patients have shown recruitment of cerebelluitatd increase
movement velocity as a mechanism of compensation for basalig dysfunction§5-86).
However, the idea of a compensatory function of the cenaimei still under debate and
physiopathological mechanisms such as the inability tdibhctivity secondary to abnormal
basal ganglia function cannot be ruled o8if{388]. Nevertheless, our observation of increased
connectivity of the cerebellum supports the hypothesisoafabellar compensatory effect in
Parkinsors Disease and that AMPS may facilitate these neural citcuits

Effective versus Sham Plantar Mechanical Stimulation

The sham stimulation did not yield significant changes ottional connectivity with any of
the chosen seed ROIs. However, to correct for any sub-thlesffects induced by sham stim-
ulation, we performed direct comparisons of functionalreeetivity in the effective and sham
conditions using a repeated-measures mixed-effects mbd@dbund a stronger level of con-
nectivity with the nuclei striati and the cerebellum, but mith the sensory motor cortex, the
supplementary motor area and basal ganglia. Particulbgyunctional connectivity of the
nuclei striati was significantly stronger with the rightdeal occipital cortex and with the right
temporal pole while the cerebellum showed stronger coivitgéhtra-regionally in the right
crus | and again with the right lateral occipital cortex. Saatter findings reflect the net result
of connectivity changes after effective stimulation. Témslysis confirmed intra-regional func-
tional coupling in the paravermal cerebellum and betweercénebellum and the ventral
visual processing, especially the lateral occipital carpl

Moreover, the nuclei striati showed consistent functiaoalpling with the same areas dis-
cussed above and, following AMPS, stronger connectivity fsand between the nuclei striati
and the cuneal cortex, which is also known to be involvedsnai processing.

Interpretational Issues

The main limitation of the present pilot study is the smaltrher of subjects included, further
restricted for the fMRI analyses. However, the resultsreffievel (datasets number = 14) and
second-level (datasets number = 28) analyses were cartsasté were confirmed with and
without inclusion of 6 head motion parameters in the anslysithe current study we
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explored functional connectivity with a seed-ROI basedrepph using the brain regions
known to be the most involved in Parkinson Disease physiapagy as seeds. However, a
data driven approach is needed to obtain information ontioimal brain networks without a
priori hypotheses. Moreover, false negative results mag bacurred in this study and trials
conducted on large groups of patients are necessary tafullgrstand the complex effects of
peripheral stimulation on brain functional connectivityest.

Despite our seed ROIs were bilateral, significant diffeesnof functional connectivity
showed lateralization to the left side for the cerebellunmis and the primary sensory motor
cortex and to the right side for the nucleus striatum andoaditen hemispheres. In the case of
the visual ventral pathway, the lateralization may be éxplhby the well-known right hemi-
sphere predominance of visuospatial skills in the humaim j84]. As it regards the right lat-
eralization of the effect in the cerebellum, we currentlydiaot an unequivocal explanation: 1.
the right side of the cerebellum is strongly connected Withdontralateral left sensory-motor
pathway and its function could be preferentially moduldigdhe plantar stimulation in this
group of right-handed patients; 2. lack of changes on thsitdé of the cerebellum could be a
false negative result due to the small size of the sampléh8ranechanisms of cerebellar func-
tional asymmetry may exis[.

In the future, our investigation will be aimed to increase sample size of ParkinstaDis-
ease patients undergoing AMPS and to explore the effedeqfdéripheral stimulation on
healthy control subjects.

Conclusions

In conclusion, our results showed a consistent effect of 8MR increasing resting state func-
tional connectivity (RSFC) of brain regions involved inwgsspatial integration and process-
ing, in sensory-motor integration and anticipation of bpdgition during movements. These
effects are associated with improvement of the ability toate voluntary movements of the
lower limbs in Parkinsois Disease patients OFF medication, thus suggesting thatSAives
have arole in rehabilitative protocols by facilitating ioraompensatory pathways to manage
symptoms such as akinesia.
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