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Abstract

Background: Due to its high prevalence in dual-task paradigms, freezing of gait in Parkinson’s disease is thought to be associated
with dysexecutive syndrome and attentional disorders. However, the role of specific attentional disorders in patients with freezing
of gait is still unclear.

Objective: Here, we sought to specifically determine which basic attentional modalities are impaired in patients with freezing
of gait.

Methods: Seventy-eight parkinsonian patients performed a computer-controlled reaction-time paradigm designed to measure
the different attentional subcomponents, controlled for visuospatial processing and motor participation.

Results: The freezer (n=42) and non-freezer (n=36) groups were matched for age, educational level, MMSE and Mattis
Dementia Rating Scale. There were no intergroup differences in simple reaction times, whereas choice reaction times were
higher in the freezer group than in the non-freezer group for divided attention (p =0.023).

Conclusions: At equivalent levels of overall cognitive efficiency, freezer patients showed a greater slowdown than non-freezer

patients with a specific impairment in divided attention.
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INTRODUCTION

Freezing of gait (FoG) is defined as a sudden,
brief and involuntary motor block, despite the inten-
tion to walk [1]. It has a major impact on quality of
life [2, 3] and increases the risk of falls [4]. Several
studies have sought to identify the determinants of
FoG in Parkinson’s disease (PD) [1, 5] with motor
and cognitive or interplaying (overload) hypotheses
[6, 7]. Amboni et al.’s “cognitive hypothesis™ [8] was
based on the correlation between the severity of FoG
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on one hand and poor ability to resist interference
(i.e. conflicting instructions) on the other. Hypotheses
concerning the pathogenesis of FoG include impair-
ments of executive functions (such as set-shifting,
response inhibition) and attention [9]. These hypothe-
ses are supported by the observation that (i) FoG
occurs preferentially during attentional-costing tasks
and (ii) patients with FoG are more impaired in exec-
utive function tasks. A pathophysiological model of
FoG [6] suggested that cognitive or emotional inputs
could temporary overload the motor pathways via the
basal ganglia loops and thus account for the paroxys-
mal motor block observed during FoG. Rapid overload
in patients with FoG is very prominent during dual-task
paradigms [10, 11]. However, the mechanism of this
overload has not yet been completely elucidated, since
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dual-task paradigms usually engage several attentional
modalities that interfere with executive function [9].
Due to overlap between attention and executive func-
tion [12], attentional impairment in PD patients with
FoG requires better characterization. In particular, it
is necessary to precisely determine the role of cog-
nition in this gait disorder, with a view to better
understanding the neural substrates and improving
rehabilitation [13]. In this regard, different aspects of
attention have been explored: regulation of external
factors [14], orienting [15], focusing [16], set-shifting
[16—18], conflict resolution [19], error monitoring [20]
and maintaining/disengaging attention [21]. Neverthe-
less, the specific nature of impairments in the various
attentional components has not been systematically
assessed in PD patients with FoG, previous studies
investigating either a specific component either using
more complex tasks involving executive functions.

The present study was based on Van Zomeren
and Brouwer’s model [22], which is widely used in
psychology to differentiate between different atten-
tional subcomponents. As shown in Fig. 1, the model
combines attentional processes in two dimensions:
(i) intensity, with vigilance and sustained atten-
tion, and (ii) selectivity, with focused attention and
divided attention. Selectivity allows the subject to
ignore irrelevant stimuli on two levels; focused atten-
tion takes account of only one stimulus dimension
(colour, size, shape, etc.), whereas divided attention
considers at least two relevant stimulus dimensions.
Lastly, an executive component called the supervisory
attentional system [23] manages attention in com-
plex, novel, non-automated or conflicting situations.
A schematic representation of successive steps and lev-
els of complexity of visuospatial attention is presented
in Supplemental data.

Van Zomeren and Brouwer’'s model

Alert (phasic/tonic)

Intensity
/ \' Vigilance / Sustained attention
AXIS
\ Focalized attention
Selectivity

Divided attention

Supervisory attentional system

Fig. 1. Attentional modalities schematised.

Objectives and hypotheses

The main objective of the present study was to
investigate the nature of attentional disorders in PD
patients with FoG by using a paradigm based on Van
Zomeren and Brouwer’s model. We sought to compare
performance levels in patients with and without FoG
under different attentional conditions. On the basis
of previous studies in which gait disturbances in PD
patients were exacerbated during dual-task paradigms
that involved sustained and divided attention [24],
we hypothesized that patients with FoG (referred to
henceforth as “FoG patients”) would perform less
well in specific attentional modalities (namely in
divided attention or mental flexibility conditions) than
patients without FoG (referred to henceforth as non-
FoG patients).

METHODS
Experimental design and task

We assessed the patients’ performance in a
computer-controlled reaction time (RT) paradigm
designed to measure the different attentional subcom-
ponents while controlling for visuospatial processing
(via uniform central presentation) and motor partici-
pation (via a single-key response). The task has been
described by Dujardin et al. [25]. The patients were
assessed in an ecological “on” state after administra-
tion of their usual anti-parkinsonian medication(s).

Participants were seated in front of a 15-inch colour
monitor. They were instructed to fix a grey square
(2.5 x 2.5 cm) in the centre of the screen and to press
the response key with their preferred hand as soon as
the target stimulus appeared. The task comprised five
levels:

- A simple RT task, intended to measure processing
speed.

- A go/no-go choice RT task, intended to measure
single-stimulus discrimination.

- A one-dimensional, focused-attention choice RT
task, intended to assess attention on a one-
dimensional stimulus. Subjects were instructed
to ignore the distracters (green rectangles) and
respond as in the go/no go RT task, i.e. by press-
ing the response key as quickly as possible when
the central square turned blue, regardless of the
number of distracters.

- A two-dimensional, divided-attention choice RT
task, intended to assess attention between two
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stimulus dimensions. Subjects were instructed to
respond as quickly as possible only when a blue
square appeared surrounded by two green rectan-
gles.

- Analternating choice RT task, intended to measure
the flexibility of attention allocation. In the first
phase of the task (30 trials), the instructions were
the same as in the focused condition. Then, the
instructions changed; the subjects were instructed
to consider only the number of rectangles and to
respond as quickly as possible when there were 2
rectangles (regardless of the color of the square).

The mean RT (in ms), the number of misses and the
number of false alarms were recorded for each con-
dition (except for the simple RT condition, in which
false alarms were not possible). The test session lasted
45 minutes. The stimuli remained on the screen for 2 s
at most or until a response was recorded during that
time. Each level of the assessment was preceded by a
practice block. The simple RT condition was always
performed first. To limit order effects, the order of
presentation of the four other conditions was counter
balanced.

All participants gave their informed consent to
participation in the study. The study protocol was
approved by the local independent ethics committee.

Population

Seventy-eight patients with PD (diagnosed accord-
ing to accepted international criteria [26]) were
recruited by the Department of Neurology and Move-
ment Disorders. The FoG and non-FoG groups were
constituted according to the patients’ responses to item
3 of Giladi’s FoG questionnaire [27]. All included
patients suffered from ‘off-drug’ FoG [28], defined
according the clinical response of FoG with levodopa
administration. All patients performed a FoG trajec-
tory [11] composed of gait initiation, turning, going
through narrow passages and performing dual tasks.
We determined a FoG trajectory score based on the
duration of FoG episodes during the FoG trajectory: 1
point for a brief episode of FoG (<10s), 2 points for
a moderate episode (10-30s) and 3 points for a long
episode (>305s).

Demographic and disease-related variables were
collected during an ad hoc clinical interview. All
patients were also assessed with the following instru-
ments: part III of the Unified Parkinson’s Disease
Rating Scale (UPDRS), the FoG questionnaire [27],
the Mini Mental State Examination (MMSE) and the

Mattis Dementia Rating Scale. The levodopa equiva-
lent daily dose was calculated [29]. The main exclusion
criteria were the presence of neurological or psychi-
atric disorders other than PD or an MMSE of 25 or
less.

Statistical analyses

As distributions were not Gaussian, the demo-
graphic and clinical data from the FoG and non-FoG
groups were compared by applying a Mann-Whitney
test (for continuous variables) or a chi-squared test
(for categorical variables). For RT data, the RTs’
coefficients of variance and accuracy (omissions and
false alarms), that were normally distributed, analy-
ses of covariance (ANCOVAs) were performed with
group (FoG, non-FoG) as a between-group factor and
with confounding factors as covariates (namely dis-
ease duration and deep brain stimulation (DBS), which
are strongly associated with FoG [1]). Because disease
duration and levodopa therapy were highly correlated,
we used only one of these two parameters (the one
that had the more robust association with RT data) as
a covariable.

A Greenhouse-Geisser correction was applied when
the assumption of sphericity did not hold. To explore
putative associations between FoG characteristics
and RTs, Spearman’s correlation coefficient was
calculated.

The threshold for statistical significance was set to
p<0.05 in all cases. All analyses were performed with
SPSS® for Windows® software (version 16.0, IBM
Inc., Armonk, NY, USA).

RESULTS
Population

The demographic and clinical characteristics of the
two PD groups are summarized in Table 1. Inter-
group comparisons did not reveal any differences in
terms of age, duration of formal education or global
cognitive efficiency. The FoG group had a longer dis-
ease duration and a higher levodopa equivalent daily
dose, relative to the non-FoG group (p <0.05). The
prevalence of DBS was also higher in the FoG group
(»<0.05). Thus, disease duration and the presence of
DBS were included as covariates in subsequent statis-
tical analyses. The levodopa equivalent daily dose was
notincluded in the covariates because it correlated with
disease duration (rho=0.421, p <0.05).
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Table 1
Demographic, clinical and attentional characteristics of the two PD groups and statistical comparisons
FoG group Non-FoG group Statistical results p
N 42 36
Demographical data
Age (in years) 61.9(£8.7) 59.3(£9.7) Z=-—1.33 0.184
Sex-ratio (male/female) 17/25 23/13 x2=0.23 0.039
Duration of formal education (in years) 11.2(£3.4) 11.1(£3.3) Z=-0.17 0.863
Mini Mental State Examination (/30) 28 (+1.6) 28.1(£2.0) Z=-0.55 0.586
Mattis Dementia Scale (/144) 137.1(£5.1) 137.5(x5.7) Z=-0.61 0.543
Disease Characteristics
Disease duration (in years) 14.3(+7.3) 4.2 (+5.5) Z=-6.07 <0.001
LEDD (mg daily) 970 (+566) 565 (+=903) Z=—-447 <0.001
Deep brain stimulation (yes/no) 26/16 3/33 x2=-0.55 <0.001
UPDRS 3 On drug (/108) 25.5(£11.1) 22.8(£9.2) 7Z=—1.22 0.221
FoG Characteristics
FoG-Questionnaire (/24)* 13.2(£3.9) 1.4(£2.1) Z=-754 <0.001
FoG trajectory On drug® 3.8(+4.8) 0.0 (£0.0) Z=-5.75 <0.001
Attentional Parameters
Simple reaction time (in msec) 363 (+89) 303 (£ 58) Z7.=-3.55 <0.001
Go-no go reaction time (in msec) 530 (£ 116) 460 (+ 64) Z=-2.57 0.010
Focused reaction time (in msec) 555 (+123) 479 (+£70) 7Z=-2.89 0.003
Divided reaction time (in msec) 637 (=122) 532 (+93) Z=-3.81 <0.001
Alternating reaction time (in msec) 635 (+148) 534 (£ 100) Z=-3.35 <0.001

Data are quoted as the mean (standard deviation). Significant differences between the two groups are marked in
bold. *from Giladi et al. (2000). PFoG trajectory score was based on the duration of FoG episodes during the FoG
trajectory: 1 point for a brief episode of FoG (<10s), 2 points for a moderate episode (10-30s) and 3 points for a

long episode (>30s).

The two groups of patients did not differ in terms of
the UPDRS motor score in the “on” state (p =0.22). In
contrast, the groups differed for variables that directly
reflected the FoG phenomenon, such as the FoG ques-
tionnaire score (p < 0.05) and the FoG trajectory score
(»<0.05).

Attentional raw data

The mean (SD) performance levels of the two groups
under the five conditions of the computer-controlled
RT paradigm are shown in Table 1. In the absence of
adjustment, RTs were higher in the FoG group than
in the non-FoG group (p<0.05) for all attentional
modalities.

When disease duration and DBS were considered
as covariates in ANCOVAs (Table 2), the only signifi-
cant difference between the FoG and non-FoG groups
concerned the RTs in the divided-attention condition
(»p=0.02). There were no intergroup differences in
RTsunder the other conditions (p > 0.05). Furthermore,
there were no intergroup differences in the accuracy of
responses (p>0.05 for all conditions).

Attentional RTs were correlated with FoG vari-
ables: FoG-questionnaire score and FOG-trajectory
score (Table 3).

In Supplemental data, the specific effect of DBS in
the subgroup of patient with FoG is also shown.

DISCUSSION

The present study sought to accurately define the
attentional failure observed in PD patients with FoG
(relative to those without FoG). By assessing perfor-
mance in different attention modalities in the same
individuals, we were able to show that patients with
FoG displayed longer RTs than those without (what-
ever the modality of the attention task).

In view of the literature data [15-19], we could
have expected to see extensive attentional failure in
patients with FoG (caused by an increase in atten-
tional cost as the task increased in complexity). In
such a case, the RTs should have lengthened progres-
sively from the simple RT to the go/no go choice
RT, the focused-attention choice RT (with distractor
inhibition), the divided-attention choice RT (with a
need to take account of two attributes) and, lastly, the
alternating choice RT. This was indeed the case when
disease duration and DBS were not taken into account.
When taking into account these covariates, this
slowing of information processing was only observed
in the divided-attention condition. There were no inter-
group differences in the accuracy of responses.
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Table 2

383

Attentional results: means (standards deviations) and statistical results after adjustment on disease
duration and deep brain stimulation

FoG group Non-FoG group P

Speed of Processing

Simple reaction times 361.62 (£ 89.61) 302.99 (£ 57.94) 0.193
Go-no go reaction times 529.04 (£ 118.16) 459.75 (£ 64.23) 0.088
Focused reaction times 552.52 (£ 124.58) 478.66 (£ 69.73) 0.128
Divided reaction times 634.45 (£ 123.44) 531.98 (£ 93.00) 0.023
Alternating reaction times 631.55 (£ 150.27) 534.30(£99.74) 0.099
Accuracy of Responses

Go-no go omissions 0.33(£1.03) 0.19(£0.47) 0.982
Focused omissions 0.55 (£ 1.56) 0.08 (£0.28) 0.557
Divided omissions 0.21(£0.52) 0.08 (£0.37) 0.824
Alternating omissions 1.02 (£ 1.83) 0.50(£1.52) 0.304
Go-no go false alarms 0.31(£0.75) 0.17(£0.38) 0.914
Focused false alarms 0.26 (£0.59) 0.22(£0.54) 0.552
Divided false alarms 0.88 (£ 1.47) 0.92 (£ 1.83) 0.351
Alternating false alarms 0.88 (£ 1.74) 0.61(£0.87) 0.713

Significant differences between the two groups are marked in bold. Reaction times are given in

msec.

Table 3

Spearman correlation coefficients (on the first line) and significance (on the second line) between FoG parameters and reaction times. Significant
correlations are marked in bold

Simple RT Go-no go RT Focused RT Divided RT Alternating RT Power of attention RT
FoG-Questionnary (/24) 0.3998 0.3157 0.3250 0.4019 0.3531 0.4033
0.0003 0.0049 0.0037 0.0003 0.0015 0.0003
FoG trajectory On drug 0.4018 0.3402 0.3385 0.3705 0.3013 0.3727
0.0003 0.0025 0.0026 0.0009 0.0077 0.0008

RT: reaction times. Significant correlations are marked in bold.

FoG: A failure of divided attention?

The presence of an impairment in divided attention
distinguished between patients with FoG and those
without. Importantly, our results clarified the role of
attention in FoG and evidenced the specific role of
divided-attention impairment in patients with FoG,
which had not been possible with dual-task paradigms
[9, 15, 21]. Indeed, dual-task paradigms involve the
combined use of working memory and executive
functions. In our present task, the patient had to simul-
taneously select two features of the stimulus before
taking a decision (rather than having to cope with two
different motor tasks). In fact, the motor involvement
in our paradigm was low since the subjects had only to
press a single response button. Moreover, the divided
attention condition did not constitute a dual task.
Hence, in a simple task with a single encoding modal-
ity (a visual modality, in the present study), PD patients
with FoG processed concomitant information more
slowly than patients without FoG — highlighting an
early failure in simultaneous processing. These results
increase knowledge of the mechanisms involved in

the dual-task deficit in freezers. Usually, the explana-
tion for dual-task difficulties in PD is that previously
automated procedures (generally for motor activity,
such as gait) are impaired by basal ganglia deficiency
and are replaced by components controlled by the
supervisory attentional system [23]. Here, the basic
impairment in simultaneous two-stimulus integration
(with no involvement of complex motor programs)
suggests that patients with FoG have difficulty process-
ing several simultaneous streams of data (rather than
choosing relevant data - as in the flexibility task, where
two orders had to be memorised simultaneously). Our
results in patients with FoG suggest that their impair-
ment in divided-attention tasking is located upstream
of the high planning/regulating functions that are usu-
ally involved in dual-task impairments. The partial
respect of their capacities in the flexibility task plead
for a effective central executive [32] and a location of
their impairment in divided-attention tasking even fur-
ther upstream than the previously described limitation
of attentional allocation.

However, this early impairment in processing sev-
eral information concomitantly is probably greater
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when the patients with FoG have to deal with two
different tasks at the same time (as is often the case
in activities of daily living), with regard to capacity-
sharing theories and a spectrum of prioritization [33].

FoG: An impairment of attention distribution?

Focused attention and mental flexibility were rel-
atively unaffected in patients with FoG. This finding
suggests that the necessary attentional resources are
available but are poorly recruited. By considering
attention simply as the sum of distinct subunits or mod-
ules (thus explaining limited attentional capacity) [34]
in which several components run distinct processes
and are functionally distinct [35], freezers are able to
perform each correctly in an alternating choice RT con-
dition (in which attention is alternately allocated to the
number of squares and to their colour). That means that
the sum of units is unaffected in freezers. However,
when patients with FoG had to recruit all resources at
the same time (in order to integrate information con-
cerning the number and the colour of the squares), an
impairment was observed. Although patients with FoG
appear to have the same resources as patients without
FoG and to be able to allocate attention to each single
task, there does appear to be a difference in distribution
of resources when required. Difficulty coping with sev-
eral features at the same time might be a central feature
of FoG and might be related to failure of the supervi-
sory attentional system [23] or an overload in parallel
processing of stimuli [31].

It is interesting to consider why this impairment
could be particularly deleterious for freezers patients.
Indeed, divided attention usually enables better explo-
ration of the environment than focalized attention
because the former is thought to involve “zoom lens”
visuospatial attention [36]. When the subject fixes a
single location in space, signal discrimination at that
location is more difficult because all the signals have to
be treated simultaneously by the same channel. Hence,
the discrimination of incongruent sensory signals at
this single, monitored location is more difficult because
separation of the stimulus’ independent components is
more complex. In divided attention tasks, the presen-
tation of several modalities or locations enables the
subject to independently select stimuli “in parallel”,
which thus increases the overall amount of available
resources. Processing two instructions in parallel is
a means of recruiting separate pools of attentional
resources [37]; this is especially true for the simulta-
neous processing of stimuli from different modalities
[38]. In this respect, the specific impairment in

increasing attentional resources to process con-
comitant data (which appears to be crux of the
divided-attention problem in patients with FoG) is par-
ticularly disabling; patients with FoG are capable of
focusing their attentional resources but not distributing
them between several parallel input streams.

Prioritization, interference resistance and
accuracy

In both groups, the trade-off between speed and
accuracy tended to reflect a lengthening of the RT
and the maintenance of accuracy under all attentional
conditions. Indeed, there were few false alarms and
omissions in either group. Interestingly, a parallel can
be drawn with the “posture second” strategy described
by Bloem et al. [39], in which PD patients’ behaviour
was marked by a preference for cognitive accuracy
over motor performance. In divided-attention tasks
with different inputs, the patient spontaneously consid-
ers cognitive aspects and does not prioritize the motor
aspect, what was also noted in our results although the
present study’s motor task was not very challenging.
It reflects the poor central processing capacity [32] in
patients with PD. Indeed, patients with PD are known
to process tasks sequentially, in order to avoid system
overload [30]. Here, patients with and without FoG
displayed the same prioritization strategy and resisted
interference to a similar extent, as evidenced by rel-
atively unaffected performance in a focused attention
task. The patients with FoG did not appear to be more
impaired in information selection or filtering because
the ability to inhibit a motor response (low number
of false alarms and results in a “go-no go” task) or
neglect a distractor (in a focused attention task) was
unaffected; this may be due to the up-regulation of
prefrontal dopaminergic receptors involved in resis-
tance interference [40]. Previously, conflict resolution
impairment was noted in freezers patients [19, 41]
when they had to cope simultaneously with incon-
gruent and relevant stimuli. Our results suggest that
executive control is deficient in freezers, but also sim-
ply processing several features on a single stimulus at
a same time.

What about neural substrates?

Our results agree with current hypotheses on FoG.
Indeed, neuroimaging data revealed increased activ-
ity in the posterior parietal cortex when monitoring
two modalities at different locations, while no spe-
cific region was recruited in the focused attention
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conditions [37]. In the same manner, in an object
recognition divided attention paradigm the bilateral
intraparietal sulcus was involved and correlated with
attentional performance [42]. This region allows in-
parallel processing when attention is spatially divided,
referring to the cortical hypotheses of the origin of the
FoG phenomenon [36] and explaining why the inte-
gration of external stimuli to drive movement is so
deficient in freezers [43]. The frontoparietal regions
of the cognitive control network [44], involved in the
FoG phenomenon [45] also seems a good candidate
for this low-level attentional discrimination processing
(see Supplemental Figure).

Limitations

We performed a descriptive, cross-sectional study;
further prospective follow-up studies are needed to
establish whether early failure of divided attention in
PD could predict the occurrence of FoG. Attentional
tasks were performed in the “on drug” state and so
the mean levodopa equivalent daily dose was higher
in the FoG group. This may explain the comparable
processing speed but may have modified attentional
performance. We deliberately chose to test patients in
the “on-drug” condition, in order to reflect ecological
processing conditions.

Furthermore, it is important to keep in mind that
the two groups were different: even with adjustment
of analyses for disease duration and DBS, freezers
patients had generally more advanced disease and
could suffer from more diffuse lesions whose atten-
tional results could also reflect. Concerning the others
potential bias, we did not include levodopa therapy
as a covariate because of the redundancy with disease
duration. However, it could partly explain our results
in ecological situation [46, 47]. Finally, the subgroup
analysis highlighted the weight of DBS in the impair-
ment in divided attention inside the FoG group. All
these factors related to PD progression could impact
attentional performance and act as a confounding fac-
tor in the evaluation of FoG [48].

In previous research [25], a specific impairment in
mental flexibility in patients with PD was described.
This impairment is critical for attention failure. How-
ever, mental flexibility does not appear to be factor that
most strongly discriminates between PD patients with
FoG and those without.

Usually, neuropsychological tests are performed in
on drug condition as in this study, in order to reduce
interference due to the akinesia or slowness. Because
the off-FoG mainly occurs when the levodopa level

decreased, the specific evaluation of attentional per-
formance at this time would be very helpful, for
example related to the levodopa pharmacokinetics. The
limiting factor would be the necessity to take into
account non-motor fluctuations (depression, anxiety
or apathy) frequent in such circumstances and that
could also interfere with attentional performance and
trigger the FoG phenomenon [49]. Further studies are
necessary to better apprehend the interplay between
therapies, cognitive and affective aspects in the FoG
occurence [7].

CONCLUSION AND PERSPECTIVES

Our study helped to determine the nature of atten-
tion failure in PD patients with FoG. These findings
may explain why the influence of attention on gait
is so ambivalent. For instance, focusing attention on
walking enables the partial correction of disorders by
modulating the voluntary step length. However, per-
forming an attention-requiring double task worsens
gait. The ability to focus attention appears to be unaf-
fected in PD patients with FoG; this observation may
explain the beneficial effect of single, external cues. In
contrast, attention resources distribution was impaired
in PD patients with FoG, which explains the worsening
of walking and FoG during dual-task paradigms.

Current rehabilitation involves educative cognitive
training [3, 50-53]. According to our results, cognitive
training could specifically focus on treating simultane-
ous information or enlarge the bottleneck before more
complex executive considerations, as soon as basic
attentional features integration is deficient.
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