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Abstract Gait disorders represent a therapeutic challenge
in Parkinson’s disease (PD). This study investigated the
efficacy of 4-week action observation training (AOT) on
disease severity, freezing of gait and motor abilities in PD,
and evaluated treatment-related brain functional changes.
25 PD patients with freezing of gait were randomized into
two groups: AOT (action observation combined with
practicing the observed actions) and “Landscape” (same
physical training combined with landscape-videos obser-
vation). At baseline and 4-week, patients underwent
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clinical evaluation and fMRI. Clinical assessment was
repeated at 8-week. At 4-week, both groups showed
reduced freezing of gait severity, improved walking speed
and quality of life. Moreover, AOT was associated with
reduced motor disability and improved balance. AOT
group showed a sustained positive effect on motor dis-
ability, walking speed, balance and quality of life at
8-week, with a trend toward a persisting reduced freezing
of gait severity. At 4-week vs. baseline, AOT group
showed increased recruitment of fronto-parietal areas dur-
ing fMRI tasks, while the Landscape group showed a
reduced fMRI activity of the left postcentral and inferior
parietal gyri and right rolandic operculum and supra-
marginal gyrus. In AOT group, functional brain changes
were associated with clinical improvements at 4-week and
predicted clinical evolution at 8-week. AOT has a more
lasting effect in improving motor function, gait and quality
of life in PD patients relative to physical therapy alone.
AQOT-related performance gains are associated with an
increased recruitment of motor regions and fronto-parietal
mirror neuron and attentional control areas.

Keywords Parkinson’s disease - Action observation - Gait
disorders - Freezing of gait - Functional MRI

Introduction

Evidence is accumulating that gait disorders in patients
with Parkinson’s disease (PD), including freezing of gait
(FoG), are caused by a complex interplay between motor,
cognitive and affective factors, rather than being pure
motor phenomena [1, 2]. FoG represents a major thera-
peutic challenge in Parkinson’s disease (PD), and non-in-
vasive approaches such as physical activity have received
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much attention in the last decades [3]. Attentional strate-
gies and cueing, aimed to provide compensatory methods
for the production of efficient gait patterns, are used by
patients successfully to overcome mild FoG [3]. Other
rehabilitative strategies combine group exercise and
treadmill training with auditory and visual cues [3].

Among attentional strategies, action observation training
(AQOT) (i.e., the systematic observation of actions followed
by their imitation) is a top-down rehabilitation approach
exploiting the “mirror” mechanism and its potential role in
motor recovery through motor learning consolidation [4]. It
is a well-known notion in neurophysiology that the obser-
vation of actions performed by others, after being processed
in the visual system, are directly mapped onto observers’
mirror neuron system (MNS), which is an observation-ex-
ecution matching system located in frontal and parietal
lobes firing both when a person observes another individual
performing a motor act and when he/she performs an
identical or similar action [5]. As well as having a role in
action understanding, the MNS also modulates the motor
behaviour of the observer being involved in motor learning
and the building of motor memory [6]. AOT has been
successfully applied during stroke rehabilitation [4]. Only a
few studies have successfully exploited AOT in PD
improving autonomy in daily activity [7], increasing finger
movement rate at spontaneous pace [8], and reducing the
number of FoG episodes [9].

This prospective study aims at investigating the efficacy
of 4 week (W4) AOT on disease severity, FoG and motor
functional abilities in patients with PD-FoG. Importantly,
we explored brain functional changes following AOT using
functional MRI (fMRI) in combination with foot movement
execution, motor imagery (MI), and action observation
(AO) tasks. We hypothesized that AOT would positively
influence the motor performance and gait of PD-FoG
patients through a reorganization of motor representations
at central level and fronto-parietal attentive networks.

Methods
Sample

Twenty-five consecutive, right-handed outpatients with idio-
pathic PD were recruited at the Movement Disorders Unit,
Department of Neurology, San Raffaele Scientific Institute in
Milan according to the following inclusion criteria: (1)
occurrence of FoG [i.e., item 3 of the FoG Questionnaire
(FoG-Q) [10] =2, and at least two of the following: obser-
vation of FoG by an experienced neurologist, the participant’s
verbal account of whether he/she had experienced FoG, the
recognition of typical FoG in the patient’s experience when
this was identified and described to him/her by a physician];

(2) disease duration >5 years; (3) Hoehn and Yahr scale
(H&Y) [11] <4; (4) stable dopaminergic medication regimen
for at least 4 weeks; (5) no long-acting medications such as
sustained-release dopamine agonists; (6) no levodopa-in-
duced FoG; (7) no dementia (Mini-Mental Status Examina-
tion score [MMSE] [12] >24); (8) no depressive symptoms
(Beck Depression Inventory [13] <9); and (9) no significant
head tremor. At study entry, patients underwent clinical,
motor functional and neuropsychological evaluations and
MRI scan. Nineteen age- and sex-matched, right-handed,
healthy controls (10 women/9 men; age 66 £ 8 years, range
55-81 years) were recruited among non-consanguineous
relatives, institute personnel and by word of mouth, and per-
formed neuropsychological and MRI assessments at baseline.
Patients and controls were excluded if they had: medical ill-
nesses or substance abuse that could interfere with cognition;
any (other) major systemic, psychiatric or neurological ill-
nesses (including musculoskeletal and visual disturbances);
(other) causes of gait impairment such as severe arthrosis or
neuropathy; brain damage at routine MRI, including lacunae
and extensive cerebrovascular disorders. Local ethical stan-
dards committee on human experimentation approved the
study protocol and all subjects provided written informed
consent prior to study participation.

Neuropsychological assessment

The neuropsychological assessment was performed by an
experienced neuropsychologist blinded to participants’
allocation and other evaluation findings. Global cognitive
functioning was evaluated with the MMSE [12]; memory
function with verbal and spatial span [14], Rey auditory
verbal learning test [15], and Rey’s Figure Delayed Recall
Test [16]; executive functions with the Phonemic and
Semantic Fluency [17], and the fluency indices (controlling
for individual variations in motor disabilities) [18], Ten
Point Clock Drawing Test [19], and Modified Card Sorting
Test [20]; attention and working memory functions with
digit span backward [21], attentive matrices [22], and Trail
Making Test [23]; language with the confrontation naming
subtests of the battery for the assessment of aphasic dis-
orders (BADA) [24] and the Token Test [25]; visuospatial
abilities with the Rey’s Figure Copy Test [16] and the
visual spatial subtests of the Addenbrooke’s Cognitive
Examination Revised [26] Mood was evaluated with the
Beck Depression Inventory [13]. Scores on neuropsycho-
logical tests were age, sex, and education corrected using
normative values.

Treatment

At the time of enrolment, patients were randomly assigned
to the experimental (labelled “AOT”) or control (labelled
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“Landscape”) groups by an allocation concealment pro-
cedure. The allocations were reported in sheets put in
numbered and closed envelopes, opened by a blinded
researcher. The list of assignation was generated by a
computerized random-number generator. All patients
underwent a 60-min physical therapy training (24 min of
observation and 36 of imitation), during their ON time, for
3 sessions a week for 4 weeks (12 sessions), as previously
described [9]. During each training session, two video clips
showing strategies useful in circumventing FoG episodes
[9] and lasting 6 min, were presented twice. Overall, sub-
jects in the AOT group were presented six video clips,
repeated each week. The complexity of actions progres-
sively increased and auditory cues were associated to the
movements. The specific content of each video clip was
reported previously [9]. To ensure proper attention during
the video clip presentation, patients were explicitly asked
to concentrate on how the actions were performed and were
not allowed to practice any movement. After each video
clip observation, patients were asked to imitate for 8 min
the observed actions repetitively and accurately at the beat
of the auditory cues. PD patients in the Landscape group
matched the experimental protocol, with the only exception
that during each training session they watched video clips
containing sequences of static pictures of landscapes
without any living representations for the same time length
[9]. During training sessions, patients in the Landscape
group performed the same movements/actions used for the
AOT group in the same order and amount of time, fol-
lowing the physical therapist’s instructions. Patients in both
groups were continuously encouraged and corrected by the
therapist during action performance. The treatment of both
groups was performed by two physiotherapists with
expertise in AOT.

Clinical outcomes

Patients underwent clinical, motor functional and neu-
ropsychological evaluations during ON time before the
physical therapy program (TO), and clinical and motor
functional visits at the end of the 12 training sessions (W4)
and 4 weeks later (W8). Clinical evaluation was performed
by an experienced neurologist, blinded to participants’
allocation and motor functional and MRI findings, and
assessed disease severity with the Unified Parkinson’s
Disease Rating Scale (UPDRS) III [27] and the HY scale
[11], FoG severity with the FoG-Q [10] and UPDRS II FoG
score, and quality of life with the 39-item PD questionnaire
(PDQ-39) [28]. UPDRS scores and H&Y scales were also
obtained during OFF time, before MRI. A motor functional
evaluation was performed by a blinded, experienced
physical therapist and included the Berg Balance Scale
(BBS) [29], and the 10 m walking test (10 M-WT) [30].
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During the training period and for the subsequent 4 weeks,
participants were allowed to continue their ordinary motor
activities; however, they were asked not to practice or
undertake any specific physical therapy and no change in
medication was permitted.

MRI acquisition

Using a 3.0 Tesla Philips Intera scanner, MRI scans were
obtained between 12 AM and 1 PM during OFF time, i.e.,
at least 12 h after their regular evening dopaminergic
therapy administration, to mitigate the pharmacological
effects on neural activity. fMRI was obtained using a T2*
weighted echo planar imaging sequence with the following
parameters: echo time (TE) = 30 ms, repetition time
(TR) = 3700 ms (foot movement execution task) or
2500 ms (motor imagery and action observation tasks), flip
angle = 85°, field of view (FOV) = 240 x 240 mm,
matrix = 128 x 128, 168 sets of 30 axial slices, slice
thickness = 4 mm, acquisition time = 7 min. Subjects
were scanned during three conditions: (1) foot movement
execution, (2) MI; and (3) AO. All the stimuli were built
using Presentation 13.0 Build 01.23.09 (http://www.neu
robs.com).

The following structural brain sequences were also
acquired: T2-weighted spin echo (TR = 3500 ms; echo
time TE = 85 ms; echo train length = 15; flip angle =
90°;, 22 contiguous, S5-mm-thick, axial slices; matrix
size = 512 x 512; FOV = 230 x 184 mmz); fluid-atten-
uated inversion recovery (TR = 11 s; TE = 120 ms; flip
angle = 90°; 22 contiguous, 5-mm thick, axial slices;
matrix size = 512 x 512; FOV = 230 mm?); and 3D T1-
weighted fast field echo (TR = 25 ms, TE = 4.6 ms, flip
angle = 30°, 220 contiguous axial slices with voxel
size = 0.89 x 0.89 x 0.8 mm, matrix size = 256 x 256,
FOV = 230 x 182 mm?). All slices were positioned to
run parallel to a line that joins the most inferoanterior and
inferoposterior parts of the corpus callosum.

fMRI tasks

During the foot movement execution task, participants
were asked to move their feet alternately in dorsal and
plantar flexion at a frequency of 0.5 Hz according to an
auditory stimulus and with their eyes closed. The task was
performed with the knees supported by a soft wedge and
flexed of about 30°, and to avoid any bias due to different
amplitude of the movement the subjects were asked to
reach with their insteps a fixed wood bar. In this way, the
dorsal flexion was about 90° for all the subjects. A block
design (ABAB) was used, in which the activation A
(lasting 18.5 s) corresponded to the dorsal and plantar
flexion, while during the resting period B (lasting 18.5 s)
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subjects were asked to maintain their eyes closed. To
ensure correct task performance, subjects were monitored
visually by an observer inside the scanner room during
scanning. Tasks were performed equally well by all the
subjects.

During the MI task, subjects were asked to imagine
themselves performing three actions exacerbating FoG,
i.e., starting and stopping walking in a narrow hallway,
turning around 360° in a small radius, and going through a
doorway. MI task was performed with eyes open and while
subjects were asked to navigate first-person videos of
realistic environments such as a narrow corridor, a small
room and a sliding door, respectively. Participants were
instructed to focus their attention on their body and to
imagine moving the body parts involved in the task. During
the AO task, subjects were asked to observe third-person
videos representing a person performing the same three
actions, in the same environments, presented during the MI
task. A block design (ABAB) was used, in which activation
periods (A) alternated with resting-state periods (B). Each
block consisted of a video which lasted 20 s followed by a
15 s rest period where the frame of the subsequent video
was displayed. The start of a new trial was indicated by a
green arrow, while the stop was indicated by a red hand.
The order of presentation of videos was fully randomized
within both MI and AO runs. Cushions were used to avoid
head motion.

Before scanning, participants were familiarized with the
experimental conditions and the various different videos.
During the rest period, an operator anticipated to the sub-
ject the task he/she should perform.

fMRI analysis

Changes in blood oxygenation level dependent (BOLD)
contrast associated with the performance of the tasks were
assessed on a pixel-by-pixel basis, using the general linear
model and the theory of Gaussian fields [31]. FMRI data
were analysed using the statistical parametric mapping
(SPMS8) software. Prior to statistical analysis, all images
were realigned to the first one to correct for subject motion,
spatially normalized into the standard space of SPM, and
smoothed with a 10-mm, 3D-Gaussian filter. None of the
study participants were excluded from analysis because of
motion artefacts. Linear mixed effects models showed no
significant group effect at TO (p = 0.40) and W4 (p = 0.45)
for the maximal translational component (mm) of motion
(controls = 1.51 £ 0.55, max 3.14; AOT group =
1.48 £+ 0.68, max 3.78; Landscape group = 1.53 + 0.65,
max 3,57). Similarly, no significant group effect at TO
(p = 0.16) and W4 (p = 0.13) was found for the maximal
rotational (degree) component (controls = 0.02 £ 0.02,
max 0.12; AOT group = 0.02 + 0.02, max 0.10;

Landscape group = 0.02 &+ 0.01, max 0.06). In each sub-
ject, a first-level design matrix, where motion parameters
were used as regressors of non-interest, was built. Then,
specific effects were tested applying appropriate linear
contrasts (i.e., BOLD changes occurring during MI, AO,
and the feet movement were assessed in each subject).
Significant hemodynamic changes for each contrast were
assessed using ¢ statistical parametric maps (SPMt).

Statistical analysis

Demographic, clinical and cognitive variables at TO were
compared between groups with ANOVA models. In each
group, longitudinal linear generalized models for repeated
measures were used to assess the change of clinical data
and motor functional performance over time. Differential
effect of training over time was assessed including into the
models the group X time interaction term. SAS Release
9.3, SAS Institute, Cary, NC, USA, was used.

One-sample 7 tests [p < 0.05, family wise error (FWE)
corrected for multiple comparisons] in SPM were used to
assess the average fMRI activity during each task in each
group. A second-level random effect analysis was per-
formed to assess differences between groups at the TO visit
(controls vs. PD-FoG groups, and Landscape vs. AOT).
Intra-group changes over time were evaluated using paired
t tests in the ‘Landscape’ group and ‘AOT’ group sepa-
rately. Multiple linear regression models were used to
assess the correlation between fMRI changes and those
clinical outcomes showing significant changes at W4 and
W8. A mask including sensorimotor, basal ganglia, MNS/
fronto-parietal networks was created from the AAL brain
atlas [32] and applied to the SPM dataset using WFU
Pickatlas [33]; in particular the brainstem, precentral,
postcentral and paracentral gyri, supplementary motor area
(SMA), inferior frontal gyrus, inferior parietal lobule (an-
gular and supramarginal gyri), superior parietal gyrus,
lingual gyrus, fusiform gyrus, basal ganglia (putamen,
caudate, globus pallidus, thalamus) and cerebellum bilat-
erally were included. Significant results within the mask
were recognized at p < 0.001 uncorrected at the voxel
level but only clusters passing a small volume correction
(SVC) for multiple comparisons (10 mm radius, cut off
value for significance p < 0.05) were reported.

Results
Baseline characteristics
Patients were randomized into the Landscape (N = 13) and

AOT (N = 12) groups (Table 1). Both patient groups were
in the moderate stage of the disease and presented with a

@ Springer
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Table 2 Neuropsychological findings in healthy controls and PD-FoG patients stratified according to treatment groups

Healthy controls PD ‘Landscape’ group PD ‘AOT’ group p p p ‘AOT’ vs.
‘Landscape’  ‘AOT’ ‘Landscape’
vs. HC vs. HC
N 19 13 12 - - -
Education (years) 11.0 + 3.6 (5.0-18.0) 11.4 £ 3.7 (5.0-18.0) 10.9 + 5.2 (5.0-18.0) 0.80 0.95 0.80
MMSE 292+ 1.0 27.9 + 1.8 (25.0-30.0) 27.5 + 2.0 (24.0-30.0) 0.03 0.01 0.50
(27.0-30.0)
Memory
Digit span 6.0 + 0.8 (3.8-7.3) 5.8 £ 0.7 (4.5-6.8) 5.6 £ 0.9 (4.5-7.6) 0.32 0.19 0.73
RAVLT, imm 46.1 £ 9.1 423 £ 10.7 (27.0-63.0) 36.6 = 7.0 (28.0-46.3) 0.26 0.01 0.12
(30.0-64.3)
RAVLT, recall 9.6 + 3.0 (30.0-64.3) 9.0 + 2.5 (4.6-13.5) 74 + 2.0 (4.9-10.1) 0.45 0.02 0.13
Rey’s figure recall 204 + 6.5 (8.8-31.3) 13.6 £ 3.7 (8.0-19.5) 144 + 4.2 (9.0-21.8) 0.001 0.003 0.71
Language
Token test 32.0 £ 2.0 30.3 + 2.5 (25.8-33.8) 29.5 + 2.6 (24.0-33.0) 0.06 0.01 0.41
(28.8-35.8)
BADA, 294 +1.3 28.8 + 1.7 (26.0-30.0) 29.4 £+ 1.3 (25.0-30.0) 0.21 0.21 0.97
confrontation (25.0-30.0)
naming, nouns
BADA, 273 £ 1.7 26.5 + 1.9 (22.0-28.0) 26.3 + 2.1 (22.0-28.0) 0.24 0.15 0.78
confrontation (21.0-28.0)
naming, actions
Executive functions
Digit span, 4.6 + 1.0 (3.1-7.2) 4.1+ 1.1 (2.2-5.7) 43 + 0.5 (2.9-4.9) 0.17 0.49 0.57
backward
TMT-BA 474 + 56.3 101.3 £ 65.7 88.6 + 74.1 (0-242.0) 0.03 0.09 0.63
(3.6-234.1) (25.5-231.0)
Semantic fluency 447 + 6.3 419 + 10.2 (22.0-56.0) 41.8 £ 7.1 (32.0-54.0) 0.33 0.32 0.98
(36.0-56.0)
Phonemic fluency 377+ 7.7 33.3 + 9.4 (21.0-50.0) 33.0 + 9.0 (22.046.0) 0.17 0.15 0.92
(17.0-51.0)
MCST, categories 3.5 £ 1.9 (0-6.0) 2.5 +£ 2.0 (0-6.0) 22 + 1.4 (0-4.0) 0.15 0.07 0.69
MCST, 7.6 + 9.5 (0.8-38.2) 12.5 + 11.5 (0-40.3) 15.5 £ 11.2 (4.5-45.3) 0.22 0.06 0.48
perseverations
Visuospatial functions
Rey’s figure copy 351 +£23 273 £ 6.1 (9.5 £ 33.0) 27.0+5.1(16.3-34.0) <0.001 <0.001 0.87
(28.0-38.8)
ACE-R-VS 15.4 + 0.90 13.9 + 1.7 (10.0-16.0) 14.0 + 2.1 0.01 0.02 0.90
(13.0-16.0) (10.0 £ 16.0)
Attention
Attentive matrices 499+ 173 41.3 £ 8.5 (22.3-53.3) 499 + 7.3 (25.8-55.3)  0.005 0.002 0.48
(37.8-60.0)
Mood
BDI 3.3 £ 3.2 (0-13.0) 4.2 + 4.4 (0-14.0) 4.8 + 4.0 (0-13.0) 0.48 0.27 0.69

Values are means + standard deviations (range). Scores on neuropsychological tests were age, sex, and education corrected using normative
values (see text for further details)

ACE-R-VS Addenbrooke’s Cognitive Examination Revised-Visuospatial subtest, BADA battery for the assessment of aphasic disorders, BDI
Beck depression inventory, MCST Modified Card Sorting Test, MMSE Mini mental state examination, RAVLT Rey Auditory Verbal Learning
Test, TMT Trail Making Test

dopamine-responsive FoG. Compared to healthy controls,
PD-FoG patients performed worse on tests assessing
visuospatial abilities, problem solving, shifting attention
and verbal comprehension (Table 2). Fourteen PD-FoG

patients had mild cognitive impairment [34] (6 patients in
the Landscape group: 3 single-domain, 3 multi-domain; 8
patients in the AOT group: 6 single-domain, 2 multi-do-
main). At TO, no difference in demographic, clinical, motor
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Fig. 1 fMRI patterns of activations on a rendered brain in healthy
controls (HC) and Parkinson’s disease patients with freezing of gait
(PD-FoG) during the execution of the foot movement task (a), the

functional and neuropsychological characteristics was
detected between PD groups (Tables 1, 2). All participants
of the Landscape group completed the study. In the AOT
group, one patient was not able to perform W4 and W8
visits, and another subject did not complete the W8 eval-
uation for personal reasons unrelated to the AOT treatment.

Clinical outcomes

After training (W4), the AOT group showed reduced FoG
severity (i.e., FoG-Q and UPDRS II FoG score OFF) and
improved UPDRS III ON, and PDQ39, BBS and 10 M-WT
scores (Table 1), while the ‘Landscape’ group showed a
reduced FoG severity (FoG-Q), decreased PDQ39 score,
improved walking abilities and a trend toward an improved
BBS score (Table 1). At W8, 10 M-WT improvement was
confirmed in both groups, while positive effects on UPDRS
III ON, PDQ39 and balance scores were maintained in
AQT group only. At W8, AOT group also showed a trend
toward a reduced FoG severity. The treatment x time
interaction analysis showed an effect on the UPDRS III ON

@ Springer

motor imagery task (b), and the action observation task (c) at baseline
(TO) (one-sample ¢ tests, p < 0.05 family wise error corrected for
multiple comparisons). Colour bars denote T values

score in the AOT vs. the Landscape group at W4
(p = 0.03), with a trend toward a significant improvement
at W8 (p = 0.07).

fMRI results

PD-FoG vs. controls at TO During the performance of all
the three tasks (foot movement, MI, AO), healthy controls
showed activation of the primary motor cortex, SMA,
inferior dorsolateral frontal cortex, inferior and superior
parietal gyri and cerebellum bilaterally (Fig. 1). During the
execution of the foot movement task, healthy controls also
showed an activity of the postcentral gyrus bilaterally,
while during the MI and AO tasks there was also a
recruitment of the visual cortex (Fig. 1). PD patients
showed a broadly similar but less distributed topographical
patterns of activation (Fig. 1). During the foot movement
execution task, PD patients showed a reduced activity of
the right superior parietal and left supramarginal gyri and
an increased activity of the lingual gyrus bilaterally and
right cerebellum (crus I) relative to healthy controls
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PD-FoG<HC

Fig. 2 fMRI differences in Parkinson’s disease patients with freezing
of gait (PD-FoG) relative to healthy controls (HC) at baseline (TO)
during the foot movement task (a), the motor imagery task (b), and

(Fig. 2a; Table 3). During MI, PD-FoG patients relative to
controls showed a reduced activity of the SMA bilaterally,
right paracentral lobule, precentral gyrus [Brodmann area
(BA) 6], and supramarginal gyrus, and an enhanced
activity of the rolandic operculum bilaterally and left pre-
central gyrus (BA4) (Fig. 2b; Table 3). During AO, PD-
FoG patients showed reduced activity relative to controls
of the SMA, precentral gyrus (BA6), and head of the
caudate nucleus bilaterally, and left putamen and rolandic

PD-FoG<HC

the action observation task (c). Results are shown on axial sections of
the Montreal Neurological Institute standard brain. Colour bars
denote T values

operculum, while they showed an enhanced activity of the
lingual gyrus bilaterally (Fig. 2¢c; Table 3).

AOT vs. Landscape patients at TO. No differences were
observed.

Landscape group: W4 vs. TO. After 4 weeks of training,
the Landscape group showed a reduced activity of the left
postcentral gyrus and right rolandic operculum during the
foot movement execution task (Fig. 3a; Table 3), and a
reduced recruitment of the left inferior parietal lobule (IPL)
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Landscape W4<TO

Fig. 3 fMRI patterns of changes at Week 4 versus baseline (T0) in the
‘Landscape’ and ‘Action observation training’ (AOT) groups of Parkin-
son’s disease patients with freezing of gait (PD-FoG) during the foot

Fig. 4 The figure shows the regions where fMRI changes at week 4
(W4) relative to baseline (TO) correlated with clinical changes at W4
and week 8 (W8) in the ‘Action observation training’ (AOT) group of
Parkinson’s disease patients with freezing of gait. a Correlation
between the increased recruitment of the left inferior frontal gyrus
(IFG) during the motor imagery task and the decreased Unified
Parkinson’s Disease Rating scale (UPDRS) III score at W4 relative to
TO. b Correlation between the increased recruitment of the right
precentral gyrus during the foot movement task at W4 relative to TO
and the decreased UPDRS III score at W8 relative to TO. Results are
shown on axial sections of the Montreal Neurological Institute
standard brain (colour bar denotes T values). L left
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Landscape
W4<TO0

movement task (a), the motor imagery task (b), and the action observation
task (¢). Results are shown on axial and sagittal sections of the Montreal
Neurological Institute standard brain. Colour bars denote T values

and right supramarginal gyrus during the MI task (Fig. 3b;
Table 3). No fMRI changes occurred during the AO task.

AOT group: W4 vs. TO. After 4 weeks of training, the
AOT group showed: an increased activity of the left
superior/inferior parietal and right precentral (BA6) gyri
during the foot movement execution task (Fig. 3a;
Table 3); an increased recruitment of the left inferior
frontal gyrus during the MI task (Fig. 3b); and an increased
activity of the right rolandic operculum during the AO task
(Fig. 3c; Table 3).

PD-FoG at W4 vs. controls During the foot movement
execution task, the Landscape group showed a reduced
activity of the cerebellar vermis and an increased activity
of the right cerebellar lobule 6 relative to healthy controls,
while the AOT group compared with controls showed a
reduced activity of the cerebellar vermis and cerebellar
lobule 4-5 bilaterally (Supplementary Figure A; Table 4).
During MI, PD Landscape patients relative to controls
showed a reduced activity of the precentral gyrus bilater-
ally, left SMA, and right IPL, and an enhanced activity of
the right middle occipital gyrus (Supplementary Figure B;
Table 4). During MI, PD AOT patients compared with
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Table 3 fMRI patterns of activation in patients with PD-FoG relative to healthy controls at baseline (left panel), and fMRI changes after training

in Landscape and AOT PD-FoG groups

TO Area BA «x y z T

W4 vs. TO Area BA x y z T

Foot movement

PD <HC R SPG 2 32 —48 58 4.65 PD Landscape W4 <TO L PostG 43 —-64 -8 20 10.20
R RolOperc 48 62 —4 12 754
L SuprG 3 —58 24 42 399 L SPG 2 =36 —46 60 9.62
PD AOT W4 >T0 LIPL 40 52 —40 50 6.21
PD > HC R Cereb Crus I 40 —74 24 498 R PrecG 6 30 —16 56 5.60

R LingG 18 10 —98 —10 4.13

L LingG 18 —-10 —-88 —10 4.13

Ml

PD < HC R ParacG 4 12 —40 56 4.60 PD Landscape W4 <TO L IPL 40 —42 —-46 40 5.62
R SuprG 40 62 34 30 4.17 R SuprG 39 54 —-54 36 438
R PrecG 6 38 -8 52 386 PD AOT W4 >T0 L IFG 45 —44 28 14 584

50 0 28 3.80

R SMA 6 4 -—16 62 3.83

L SMA 6 -4 —16 62 3.83

PD > HC R RolOperc 48 48 —14 12 456

L RolOperc 48 —48 —14 12 4.39

L PrecG 4 —40 24 60 3.79

AO

PD < HC L Putamen -26 -8 —6 488 PDAOT W4 >T0 R RolOperc 48 58 —6 10 5.14

L PrecG 6 —38 -8 44 458

—52 0 22 432

R PrecG 6 32 —16 54 4.14

38 —10 44 3.62

L RolOperc 48 —44 =2 10 4.03

L Caudate —-12 18 14 3.93

R Caudate 14 14 18 3.70

R SMA 6 12 =20 60 4.34

L SMA 6 —14 2 52 3.53

PD > HC R LingG 17 -6 -78 —6 5.00

L LingG 17 10 -82 0 4.84

X, y, and z are coordinates in the Montreal Neurological Institute space

AO action observation, BA Brodmann area, Cereb cerebellum, HC healthy controls, /FG inferior frontal gyrus, /PL inferior parietal lobule, L left,
LingG lingual gyrus, MI motor imagery, ParacG paracentral gyrus, PostG postcentral gyrus, PrecG precentral gyrus, R right, RolOperc rolandic
operculum, SMA supplementary motor area, SPG superior parietal gyrus, SuprG supramarginal gyrus, 70 time 0, W4 after 4 weeks of training

controls showed a reduced activity of the right IPL, and an
increased recruitment of the left middle occipital gyrus
(Supplementary Figure B; Table 4). No differences were
observed between patients and controls during the AO task.

Clinical outcomes vs. fMRI changes (Table 5) In the
AQOT group, a decreased UPDRS III score at W4 was
associated with an increased recruitment of the left inferior
frontal gyrus performing the MI task (r = —0.91) (Fig. 4a)
at W4 relative to TO. A decreased UPDRS III at W8 in the
AOT group correlated with an increased recruitment of the
right precentral gyrus during the foot movement task at W4
relative to TO (r = 0.97) (Fig. 4b). No correlations were
found in the Landscape group.

Discussion

The purpose of this study was to test whether AOT is more
effective than physical therapy alone in alleviating disease
severity and disabling symptoms, including FoG, in PD-
FoG patients and to investigate the effects of AOT on brain
fMRI activations. The current findings indicate that both
the Landscape and AOT groups showed decreased FoG
severity, improved walking speed and quality of life after
4 weeks of treatment, but the AOT group showed a further
effect on motor (UPDRS III) and balance deficits after
training. More importantly, only the AOT group showed a
positive effect on motor impairment, walking speed,
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T?b.le S Cgrrelatlons between Clinical variable Timepoint fMRI task (W4 |1  Area BA «x y z T value

clinical variables and fMRI vs. TO)

activation changes in the AOT -

PD-FoG group UPDRS I w4 MI | LIFG 45 -36 34 12 626
UPDRS III W4 AO 1 L SMA 6 —6 8 52 8.23
UPDRS I W38 Foot movement | R PrecG 4 40 —-16 66 15.13
UPDRS III W4 Foot movement | R SMA 6 12 —-16 64 9.56

x, y, and z are coordinates in the Montreal Neurological Institute space

1 = positive correlation, | = negative correlation, AO action observation, BA Brodmann area, /FG inferior
frontal gyrus, L left, MI motor imagery, PrecG precentral gyrus, R right, SMA supplementary motor area,
T0 time 0, UPDRS 111 Unified Parkinson’s Disease Rating Scale, W4 week 4, W8 week 8

balance and quality of life after a short-term follow-up
(W8), with a trend toward a persisting reduced FoG
severity.

The major strength of our study is the use of fMRI to
explore the functional correlates of training. PD-FoG
patients compared to controls at baseline showed a pattern
of altered functional recruitment involving basal ganglia,
motor and premotor cortices, MNS and visual cortex dur-
ing foot movement, MI and AO tasks [35, 36]. After
4 weeks of AOT, PD-FoG patients showed an increased
recruitment of premotor and inferior parietal regions
(fronto-parietal MNS) during the foot movement execution
as well as an increased activation of the inferior frontal
cortex during both MI and AO tasks. These findings are
confirmed by the comparison between fMRI activity at W4
in PD patients and healthy controls, showing a partial
“normalization” of baseline findings. Our findings are in
line with those previously obtained during an object
manipulation task in patients with chronic stroke after AOT
[37]. Importantly, the increased recruitment of the left
inferior frontal gyrus during MI correlated with clinical
improvement after treatment and the increased activity of
motor and premotor areas during the foot movement task
correlated with an improvement of UPDRS III score at the
short-term follow-up (W8). Taken together, these findings
suggest that the enhanced recruitment of the motor network
and MNS following AOT is likely to be the functional
correlate of clinical and motor improvement in PD-FoG
patients.

Several studies have consistently shown that AOT is an
effective way to learn or enhance the performance of
specific motor skills (observational learning). MNS plays a
role in action understanding, imitation learning of novel
complex actions, and internal rehearsal of actions [5]. Our
fMRI findings showed that the AOT increased the activation
of areas of motor network and MNS, such as the premotor
cortex, inferior frontal gyrus and IPL, which are known to be
engaged both during the observation of actions that are part
of the motor repertoire of the observer [38] and also in
acquiring new motor skills [6]. Therefore, AOT potentially

enhanced motor learning and facilitates the building of a
motor memory in our PD-FoG patients [39].

Additionally, we found that AOT is associated with an
increased recruitment of regions closely overlapping with
the fronto-parietal control network involved in controlled
attention and goal-directed processing in response to
shifting environmental contingencies [40], suggesting that
training intervention enhanced the engagement of exter-
nally focused attention. We also observed an increased
recruitment of the SPG, a region that is reliably activated
during attention-demanding task [40]. Clinically, it is well
known that focused attention and external stimuli can help
PD patients overcome FoG episodes [3]. A previous fMRI
study assessing the neural basis of attention to action
compared with simple execution in PD showed that these
patients failed to enhance the attention-related activation of
SMA and parietal cortex, and that there was a functional
disconnection between the prefrontal cortex and the SMA
and premotor cortex relative to controls [41]. AOT, cueing
actions, may have reinforced the connections between
fronto-parietal cortices, thus allowing subjects to better
perform actions in context [4]. Another possibility is that
FoG is a conflict-resolution deficit evident in situations
requiring a response decision and exacerbated by FoG-re-
lated executive dysfunction (i.e., the “cognitive model” of
FoG) [1, 2]. Executive function deficits have also been
shown to worsen implicit motor learning in PD-FoG,
suggesting an imbalance between automatic and controlled
response selection processes [2, 42]. Previous neuroimag-
ing findings confirmed these models [43]. Using virtual
reality and MI paradigms, previous task-based fMRI
studies of PD-FoG patients suggested that FoG is associ-
ated with a functional decoupling between coordinated
motor and cognitive neural networks [36, 44]. In addition,
two studies investigated resting state fMRI networks in PD-
FoG patients [45, 46] showing an altered functional con-
nectivity in locomotor [46], attention-related fronto-pari-
etal [45], and visual occipito-temporal [45] systems.
Enhancing fronto-parietal cortical activations, AOT may
have contributed to favour the external and attention-
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demanding control thus alleviating the severity of gait
disturbances in our patients.

In the Landscape group, fMRI showed a different pat-
tern of functional changes after training. These patients
showed a practice-related decrease of activation of brain
regions implicated in somatosensory and attentional con-
trol. One may speculate that this pattern of changes reflects
a shift from more controlled to automatic forms of task
performance [47]. However, as discussed previously, there
are indications that this may be not efficacious over time in
PD-FoG patients, as they took advantage of controlled
rather than automatic motor behavior in overcoming the
FoG episodes [1, 2]. Clinical findings in the Landscape
group are in line with this hypothesis since we found some
benefits after 4 weeks which are not sustained at the short-
term follow-up.

Our study is not without limitations. First, the sample is
relatively small. Second, one might question the use of
AOT which requires high level cognitive processing in PD-
FoG patients as the link between frontal lobe dysfunction
and gait disorders is established [1, 2]. However, our
patients showed only mild executive deficits relative to
controls and were able to follow the training protocol.
Certainly, an important gap in our experiment is whether
the benefits of AOT are still evident in patients with
dementia and later stages of PD. Third, we cannot conclude
that AOT is specific for FoG as PD patients without FoG
were not included. Fourth, participants’ ability for MI was
not tested at study entry using appropriate questionnaire.
Fifth, since walking is not feasible during fMRI, we
assessed brain activity while subjects observe or image
walking and during foot movement execution task. How-
ever, walking requires an integrated cortical, subcortical,
and spinal sensorimotor network, which can be missed, at
least partially, by our tasks. Novel computer paradigms,
including virtual reality, can improve the capacity of fMRI
to identify the neural correlates of gait rehabilitation.
Finally, in the present study the training was applied for a
relatively short time period (4 weeks) with a relatively
short-term follow up (additional 4 weeks). Future studies
should investigate the effects of longer therapy in larger
patient populations.

In conclusion, this study provides evidence that 4-week
AQT is a non-invasive, non-pharmacological and cost-ef-
fective treatment with a more lasting effect in improving
motor function, gait (including FoG) and quality of life in
PD-FoG patients relative to physical therapy alone. Using
fMRI, we also showed that AOT-related performance gains
are associated with an increased recruitment of motor
regions and fronto-parietal MNS. It is likely that future
development of AOT will benefit from knowing how the
brain changes with therapy. Further investigations are
needed to identify the long term effects of the AOT in PD.
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