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Motor imagery is the ability to mentally simulate a movement without executing it. Previous investi-
gations have reported a deterioration of this ability during complex arm movements in aged adults. In
the present study, we aimed to extend these findings by investigating the temporal features of imagined
precision gait in healthy elderly adults. Locomotion is a unique example of imagined movement because
it involves simulated full-body movement and the concurrent updating of environmental spatial infor-
mation. Nine young and nine older adults actually or mentally walked (walking distance: 5 m) along three
paths having different widths (15 cm, 25 cm, and 50 cm). The narrowest path required balance control and
accurate foot placement. We used the mental chronometry paradigm, notably the temporal similarity
between actual and imagined movements, as an indicator of the accuracy of the motor imagery process.
Our findings indicated that while motor imagery ability was preserved in the young group whatever the
width of the path, it was significantly deteriorated in the elderly group. Aged adults systematically over-
estimated the duration of imagined movements with respect to those of executed movements. Moreover,
paths width negatively influenced the motor imagery performances in the elderly group. We assume that
motor imagery decline may reflect functional changes in the aging brain, and could be a clinical tool to
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detect deteriorations in motor planning and prediction in aged adults.
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Motor imagery is a mental process during which a subject
internally simulates a movement without any correspond-
ing motor output. Neurophysiological studies have reported
that similar neural networks are recruited during imag-
ined and executed motor actions [5,7,9,18,29]. Furthermore,
psychophysical experiments have shown that imagined
and executed movements preserve the same spatiotempo-
ral characteristics, suggesting thus that covert and overt
stages of actions share similar motor representations
[4,6,14,18,20,21].

Similar temporal features between executed and imagined
movements are provided by internal forward models that are
engaged in both physically executed and mentally simulated motor
actions [3,6,21,31]. Forward internal models mimic the causal flow
of the physical process by predicting the future sensorimotor state
(e.g. position, velocity) given the efferent copy of the motor com-
mand and the current state. During motor imagery, precise timing
information for the movement being imagined is provided by the
sensorimotor predictions of the internal forward model on the basis
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of the correctly prepared, but blocked motor commands. Although
strong temporal similarities characterize executed and imagined
movements in young adults, a progressive weakness of this tem-
poral relationship has been observed in aged adults. In general,
elderly adults underestimate imagined arm movements compared
to their executed counterparts [22,23,27,28]. Temporal impreci-
sion in motor imagery increases when the motor task involves
high spatiotemporal (i.e., spatial accuracy associated to high arm
movement velocity) and/or dynamic (arm motion against inertial
loads) constraints. We have previously proposed that the decline
in motor imagery ability in the elderly could be explained by the
fact that predictive models lose their accuracy with advance in
age [22,23,27,28]. In the current study, we wanted to validate
this hypothesis and to expand our previous results. Since earlier
investigations have mainly examined upper arm movements in the
elderly [22,23,27,28], here we investigated walking movements.
Locomotion is a unique example of imagined movement because
it involves simulated full-body movement and the simultaneous
update of environmental spatial information. We asked young and
aged adults to actually walk and to imagine walking along three
different paths. Each path had a different width which determined
the spatial constraint, and thus the task complexity. As our general
hypothesis is that there is a general decline in motor imagery abil-
ity in elderly, we expected that motor imagery performance will
be poorer in aged subjects. We further expected that the motor
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imagery performance in the elderly will be inversely related to the
increase in task difficulty.

Eighteen adults participated in the present study after giving

their written consent. The regional ethics committee of Burgundy
(C.E.R.) approved the experimental protocol which was carried out
in agreement with legal requirements and international norms
(Declaration of Helsinki, 1964). Participants were divided into two
different groups according to their age: (i) the young group (n=9;
3 males and 6 females; mean age: 25.542.5), and (ii) the elderly
group (n=9; 3 males and 6 females; mean age: 71.443.2). All par-
ticipants were in good health, with normal or corrected vision, and
did not present any neurological, muscular or cognitive disorders.
The elderly participants were all retired, had a regular physical
activity (~1.5h 2 days per week, approved by a medical doctor)
and at least one daily cognitive activity (reading newspapers, cross-
words or literature). Their cognitive capacities were also evaluated
by means of the mini mental state examination test (all scores >28).
All participants received complete information about the experi-
mental procedures, but none of them was informed of the aim of
the experiment.

The experiment took place in a sound-isolated room which
was temperature regulated (22+2°C), and illuminated with
homogeneous white light. The ground was smooth and plain.
Three walking paths were drawn on the ground, and two lines,

drawn perpendicularly to these paths, indicated the starting and
the finishing areas (walking distance, 5m). Path widths deter-
mined the level of spatial constraints (widths: 15cm, 25cm,
and 50 cm). The narrowest path required an accurate feet place-
ment, that is, one foot in front of the other. This spatially
constraint locomotion implies, notably in aged people, the preser-
vation of equilibrium and the mobilization of important cognitive
resources [2,11,17,26,32]. The other paths, from the broader- to
the broadest path, progressively allowed the adoption of a normal
gait.

Participants were standing upright behind the starting line;

their arms were hanging along the body, and their feet were paral-
lel and slightly apart (see Fig. 1). They were requested to physically
or to mentally walk through the different paths. We took care to
limit the risks of falling, notably in aged participants, by propos-
ing locomotion at a natural self-selected speed. Participants were
further asked to physically or mentally perform the task very pre-
cisely, i.e., without walking on the lines limiting the paths. They
were informed that if they walked on the lines during an executed
movement, the trial would be cancelled and performed again. Due
to this restriction, a small number of trials were repeated. Precisely,
10 trials (2.7% of the total number of trials) were repeated by the
young group and 12 trials (representing 3.3% of the total number
of trials) were repeated by the elderly group. After each executed
trial, the participants came back to the starting area by walking
outside the paths. For the imagined trials, we emphasized to the
participants that they must feel themselves performing the task
(motor imagery in a first person perspective) rather than watching
themselves doing it (visual or external imagery). All the participants
verbally reported at the end of the experiment that they imagined
walking at a first person perspective, and that they respected the
requirements for spatial accuracy. In this condition, the participants
were motionless at the starting position, and imagined themselves
walking through the path. Vision was allowed in order to facilitate
the visualization of the path.

Each participant performed 12 trials in each experimental con-
dition; that is a total of 72 trials (12 trials x 2 movement conditions
(executed, imagined) x 3 path widths (15,25, and 50 cm)). The trials
were accomplished at two different sessions (36 trials per ses-
sion) separated by a time interval of 48 h. During each session,
executed and imagined trials were presented to the participants
at two different blocks: the executed block (EB) and the imagined
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Fig. 1. Motor task. The participants were standing upright behind a start line (S),
in front of one of the three paths: the broadest path (width=50cm), the middle
path (width =25 cm) or the narrowest path (width=15cm). They had to walk or to
imagine walking (distance 5 m) through the paths from the start (S) to the finish line

(F).

block (IB). Within each block, the three paths were randomly pre-
sented to the participants. In the first session, the IB was performed
before the EB, while in the second session the EB was performed
before the IB. Five minutes separated the two blocks. Further-
more, when a participant performed 10 consecutive trials, he (she)
rested for ~1 min to avoid physical and mental fatigue. In order
to familiarize themselves with the experimental protocol, all par-
ticipants performed one executed and one imagined trial in each
path. No information concerning their temporal performance was
given to the participants during the practice or the experimental
trials.

The duration of executed and imagined trials was recorded by
means of an electronic stopwatch (temporal resolution: 10 ms).
Before each trial, the participants remained immobile at the start-
ing position. After a variable temporal interval, between 2 and 3 s,
an auditory cue was given as the starting signal for each executed
or imagined trial and the experimenter started the temporal acqui-
sition. After this cue, the participants started walking, or imagined
walking, through the path. When the participants’ shoulders phys-
ically or mentally crossed the vertical plane of the finishing line,
they verbally indicated (by saying “stop”) the end of the trial to
the experimenter who stopped the temporal acquisition. The time
that had elapsed between the auditory cue and the end of the trial
corresponded to the movement duration.

For each participant we calculated the average durations of
executed and imagined movements for each path separately. To
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Table 1
Executed and imagined movement durations.
Path 1 Path 2 Path 3
Executed
Elderly 5.25(+0.26) 5.54 (+0.33) 6.18 (+0.44)
Young 5.67 (+£0.38) 5.68(+0.38) 5.02 (+0.44)
Imagined
Elderly 7.15 (£1.04) 8.37 (£1.51) 10.00 (+1.86)
Young 5.41 (£0.37) 5.67 (+0.38) 6.18 (+0.51)

The average movement durations (s) and standard errors (£SE) are presented for
each group (young, elderly), movement condition (executed/imagined) and path
width (path 1: 50 cm; path 2: 25 cm; path 3: 15cm).

examine participants’ imagery performance, we calculated an
index of performance (IP):

MDg — MDy
IP = —MD; x 100

The IP is defined as the difference between the average duration
of executed movements (MDg in the formula; n=12) and the aver-
age duration of imagined movements (MD; in the formula; n=12).
In order to account for inter-individual differences in movement
duration, we divided for each participant this value by the aver-
age executed movement duration (MDg). The IP index indicates
whether subjects overestimate (negative values) or underestimate
(positive values) movement durations during motor imagery. An
index near to zero would indicate a good imagery performance.
However, this index could mask differences between imagined and
actual movement durations. This is notably the case, if some sub-
jects underestimate and others overestimate movement durations
during motor imagery. In order to provide a more complete analy-
sis of motor imagery performance, we also calculated the absolute
IP (Ipabs )

The variables did not show normal distributions (Shapiro-Wilk
W-test), and therefore, we used non-parametric tests. We per-
formed Mann-Whitney U-tests for between-group comparisons
(young versus aged), and Wilcoxon tests for within-group com-
parisons (path width: 15, 25, and 50; session: I-E versus E-I). The
level of significance was p <0.05.

Table 1 illustrates the average durations (+SE) for the exe-
cuted and imagined walking movements. Durations of executed
movements did not statistically differ between the two groups for
the three path widths (for all comparisons, p>0.5). For the young
group, executed and imagined walking durations were equiva-
lent, and did not differ with path width (for all comparisons,
p>0.1). However, this was not the case for the elderly group. Imag-
ined walking was significantly longer than actual walking for the
three locomotor paths (p <0.02 for all comparisons). Furthermore,
in the aged group, both imagined and actual walking durations
increased when locomotor path widths decreased (p <0.05 for all
comparisons). These results are reflected in the analysis of the IP
(see Fig. 2). Elderly adults significantly overestimated the duration
of imagined movements. This was not the case of young adults,
whose imagined movement durations were near to zero, indicat-
ing good imagery performance (p<0.01 for all the comparisons
between young and elderly). In addition, IP values for the aged
group significantly increased when path width decreased (p < 0.05).
We did not find any modulation of the IP with the path width
for the young group (p>0.05 for all comparisons). The values of
IP,,s were significantly greater for the elderly compared to the
young group (p <0.01 for all path widths). In addition, IP,,s values
increased when path width decreased for the aged group (on aver-
age, 31.70+£12.18, 43.174+15.72, and 54.32 +16.77 for the 50 cm,
25 cm and 15 cm widths, respectively; p < 0.05 for all comparisons).
We did not find any modulation of the IP,,¢ values according to the
path width for the young group (on average, 6.24 +1.67,7.71 + 1.83
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Fig. 2. Index of performance (IP). The average (+standard error) IPs, indicating the
normalized difference between the executed and the imagined movement dura-
tions, are illustrated for each group (young, elderly) and path widths (P1, P2, P3).
The stars (*) represent significant differences (p <0.05).

and 9.22 4-4.04 for the 50 cm, 25 cm and 15 cm widths, respectively;
p>0.05 for all comparisons).

In the current study, we explored motor imagery of normal and
precision gait in young and elderly adults. By comparing the tem-
poral features of executed and imagined walking, we found that
isochrony was not respected in aged participants. Furthermore,
the decline in the quality of imagined walking, investigated by the
index of motor imagery performance (IP and IP,,), was increased
when the spatial precision required to perform the task increased.
These findings indicate that motor imagery ability is significantly
deteriorated in the elderly.

We found that walking times increased from the broader to
the narrower path in the aged group. This finding corroborated
previous results which showed that normal ageing influences pos-
tural control and body equilibrium [12,16,19], and may suggest that
movement control could be more challenging for aged people when
walking on a narrow path. We observed that imagined movement
times were also affected by the path width. This result indirectly
supports our claim that elderly adults internally simulated, in a
first person perspective, their walking movements by taking into
account the spatial constraints of the task. However, they overes-
timated these constraints because imagined walking times were
significantly longer than actual walking times. It seems, therefore,
that elderly people cannot make accurate predictions of their body
motion in a particular context.

In addition to the finding presented above on actual and imag-
ined locomotion, other behavioural tasks have led to similar
conclusions. Chronometric data suggests that the timing of actual
and imagined arm pointing movements is dissimilar in elderly
subjects. Pointing to spatial targets of different widths or making
reaching movements in a changing gravito-inertial context signifi-
cantly affected the timing of imagined arm movements [22,23,28].
Taken together, these findings may suggest an alteration of internal
models of action in the elderly.

The neural control of gait requires interactions between loco-
motor rhythm generation, balance control, and adaptation of the
movements to the environmental context. The act of imagined
walking is especially interesting for a broad understanding of motor
imagery because it extends beyond body-part movement requiring
the representation and updating of environmental space. Imag-
ined walking in young adults requires the activation of several
brain areas. Malouin et al. [13] have reported the activation of the
precuneus and dorsal premotor cortex bilaterally, the left dorsolat-
eral prefrontal cortex, the left inferior parietal lobule, and finally
the right posterior cingulate cortex. These structures are part of a
well-documented neural network [9] associated with visuo-spatial
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processing of motor actions in space, the planning of sequential
movements and their motor simulation from a first person per-
spective. Bakker et al. [1], by exploring brain activity during motor
imagery of precision gait in young adults, found that the activity
and the inter-regional couplings between bilateral superior pari-
etal lobule, the dorsal precentral gyri, and the right superior middle
occipital gyrus were modulated by the degree of spatial accuracy
of the imagined gait, i.e., when subjects imagined walking along
a narrow path requiring accurate positioning of each foot. Up to
now, data reporting brain activation during simulated actions in
elderly subjects do not exist. It would be interesting to compare
imaging with psychophysical data in elderly people. The existing
data, regarding brain activation in elderly people during actual
hand movements, led us to speculate that our behavioural find-
ings related to imagined actions could be attributed to structural
and functional changes that occur with age at the level of the
CNS (for review see [24,25]). Underactivation and overactivation of
brain areas are the most prominent functional changes, suggesting
non-selective brain activation, compensation or dedifferentiation
processes within the aging brain [8,10,15,24,30]. The alteration
of the time processing of imagined actions in elderly adults is in
congruence with the current vision of the aging mind. It further
proposes a progressive decline on the generation and control of
intended but not executed actions in the aging brain. However,
at present, it is hard to affirm that these results indicate a direct
effect of normal aging on internal predictive models. Normal aging
influences cognitive and motor abilities in latter life, and, therefore,
could also influence predictive processes [24,25]. The finding that
motor imagery deteriorates with age has also clinical implications.
We propose that motor imagery could be an interesting tool for the
timely detection of a decline in motor planning and prediction in
elderly subjects.
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