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Abstract

Background

Assessment of changes in higher levels of gait control with aging is important to better
understand age-related gait instability, with the perspective to improve the screening of indi-
viduals at risk for falls. The comparison between actual Timed Up and Go test (aTUG) and
its imagined version (iTUG) is a simple clinical way to assess age-related changes in gait
control. The modulations of iTUG performances by body positions and motor imagery (MI)
strategies with normal aging have not been evaluated yet. This study aims 1) to compare
the aTUG time with the iTUG time under different body positions (i.e., sitting, standing or
supine) in healthy young and middle age, and older adults, and 2) to examine the associa-
tions of body positions and Ml strategies (i.e., egocentric versus allocentric) with the time
needed to complete the iTUG and the delta TUG time (i.e., relative difference between
aTUG and iTUG) while taking into consideration clinical characteristics of participants.

Methods

A total of 60 healthy individuals (30 young and middle age participants 26.6+7.4 years, and
30 old participants 75.0+4.4 years) were recruited in this cross-sectional study. The iTUG
was performed while sitting, standing and in supine position. Times of the aTUG, the iTUG
under the three body positions, the TUG delta time and the strategies of Ml (i.e., ego repre-
sentation, defined as representation of the location of objects in space relative to the body
axes of the self, versus allocentric representation defined as encoding information about
body movement with respect to other object, the location of body being defined relative to
the location of other objects) were used as outcomes. Age, sex, height, weight, number of
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drugs taken daily, level of physical activity and prevalence of closed eyes while performing
iTUG were recorded.

Results

The aTUG time is significantly greater than iTUG while sitting and standing (P<0.001),
except when older participants are standing. A significant difference is reported between
iTUG while sitting or standing and iTUG while supine (P<0.002), higher time being reported
in supine position. The multiple linear regressions confirm that the supine position is associ-
ated with significant increased iTUG (P<0.04) and decreased TUG delta time (P<0.010),
regardless of the adjustment. Older participants use the allocentric Ml while imagining TUG
more frequently than young and middle age participants, regardless of body positions
(P<0.001). Allocentric Ml strategy is associated with a significant decrease iniTUG (P =
0.037) only while adjusting for age. A significant increase of iTUG time is associated with
age (P<0.026).

Conclusions

Supine position while imagining TUG represents a more accurate position of actual perfor-
mance of TUG. Age has a limited effect on iTUG performance but is associated with a
change in MI from ego to allocentric representation that decreases the iTUG performances,
and thus increases the discrepancy with aTUG.

Introduction

Motor imagery (MI) is defined as mentally simulating a given action without its execution [1].
MI is used to examine motor control in clinical studies and to identify the functional brain net-
works involved while performing a motor task in functional brain imaging studies [2-6]. For
clinical use, MI performance is assessed using the mental chronometry approach in which the
time course of the mental operation is compared to the time course of the performed action
[1]. This approach has shown that MI retains many of the properties, in terms of temporal reg-
ularities, programming rules and biomechanical constraints, which are observed in the corre-
sponding real action when it comes to execution [1-6]. MI is used as a technique to enhance
motor learning and to improve rehabilitation in patients with neurological disorders like
stroke [7,8]. More recently, the mental chronometry approach of MI has been used to assess
gait impairment in older adults [7]. A better understanding of factors, which may influence
MI performance, is required to develop an appropriate clinical test assessing gait impairment
in an older population.

The assessment of gait characteristics in older adults has enhanced our understanding of
the pathophysiological mechanisms of gait disorders, which is helpful in developing preventive
and curative interventions [7-12]. The actual Timed Up and Go (aTUG) test is a broadly used
test in geriatric and neurological settings to examine gait impairment [9]. This test provides an
objective and standardized gait assessment by measuring the time required for standing up,
walking 3 meters, turning, walking back and sitting down [9]. An imagined version of the
aTUG, called imagined TUG (iTUG), has been developed to clinically evaluate the highest lev-
els (i.e., cortical) of gait control [7,8,10-12]. An increase in iTUG and an increase in TUG
delta time, which is the relative difference between aTUG and iTUG, have been shown with
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aging, thereby demonstrating that older adults execute the iTUG faster than the aTUG com-
pared to younger adults [8]. This age-related change in performance has been related with an
impaired lower-limb proprioception; this impairment being significantly associated with
decreased iTUG and increased delta TUG [13]. It has also been suggested that this lower tem-
poral correspondence between executing and imaging gait with aging is related to change in
the functional brain networks involved in the gait control [9-12]. All these results underline
that the ability to appropriately ambulate in the environment and thus to safely navigate, may
be affected with aging as navigation mainly depends on the highest levels of gait control
[14,15].

Human navigation depends on both egocentric (i.e., representation of the location of
objects in space relative to the body axes of the self) and allocentric (i.e., encoding information
about body movement with respect to other object, the location of body being defined relative
to the location of other objects) representations of the environment [14,15]. Thus, two main
MI related strategies compete to imagine the body’s displacement in the space, which are
based on allocentric and egocentric spatial encoding [14-21]. Clinically, it is possible to deter-
mine the MI strategies used by asking questions about the engagement of an individual in
their gait. For example, do patients observe their environment scrolling while walking (egocen-
tric MI strategy) or do they observe themselves as the person walking (allocentric MI strategy)
[14-21]. The influences of both MI strategies on the performances of the iTUG in healthy indi-
viduals have not yet been studied.

Previous publications have shown that mental rotation of body parts (i.e., cognitive task in
which individuals imagine moving a given body part from its actual posture to that of the
same observed or imagined body part may be carried out through a sort of inner simulation
[22-25]. These studies underscore that the representation of the body in the brain is continu-
ously updated with regard to peripheral factors such as position or movement of the body. To
date, there is no study which has examined the effect of body position on performances of MI
of gait.

Normal aging is associated with a decline in gait performance due to changes in the periph-
eral and central nervous systems [2]. In particular, functional brain imaging studies using MI
have reported increased multisensory cortical activation with aging [3-6]. Those results under-
score that older adults utilize a gait control, which involves more cognitive resources while
imagining compared to young adults. These age-related changes in brain activation have been
interpreted as a compensatory mechanism [3,4]. It refers to an additional activation that coun-
teracts age-related decline of brain function and supports successful performance, or as a
dedifferentiation mechanism, which reflects age-related difficulties in recruiting specialized
neural mechanisms not relevant to task performance [5]. Thus, due to this increased multisen-
sory cortical control of gait that increases with aging and the related central reorganization, it
could be suggested that human navigation strategies (i.e., egocentric and allocentric) as well as
body positions (i.e., sitting, standing or supine) while imaging TUG may influence the iTUG
performance.

Previous results underscored that proprioception influences iTUG performance, suggesting
that a condition of realization close to the condition of the actual test could provide similar
proprioceptive information and, thus, improve performance. Therefore, we formulated the
overall hypothesis that an iTUG condition similar to aTUG (i.e., allocentric MI strategy com-
bined with standing position) could decrease the discrepancy between iTUG and aTUG per-
formances, particularly in older adults compared to younger adults. Thus, we hypothesized,
first, that the iTUG time in sitting and supine position but not iTUG time in standing position
would be different than the aTUG time. Second, we hypothesized that the lowest TUG delta
time could be observed while comparing aTUG and iTUG in standing position. Third, we
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hypothesized that allocentric strategy and age could be associated with increased iTUG time
and decreased TUG delta time (i.e., better concordance between iTUG and aTUG), whereas
sitting and supine position would be associated with decreased iTUG time and increased
TUG delta time while adjusting on all clinical characteristics of participants. We had the
opportunity to test these hypotheses using the baseline assessment of a randomized clinical
trial designed to examine the effect of imagined gait on performed gait (trial registration num-
ber NCT02120144). This study aims 1) to compare the aTUG time with the iTUG time under
different body positions (i.e., sitting, standing or supine) in healthy young and middle age, and
older adults, and 2) to examine of the associations of body positions and MI strategies (i.e.,
egocentric versus allocentric) with the time needed to complete the iTUG and the delta TUG
time, while taking into consideration all clinical characteristics of the participants.

Material and methods
Participants

Between June to November 2014, 60 individuals (mean age + standard deviation 50.8+25.1
years with 48.3% women) were recruited in the “Effect of observation plus imagination of gait
on stride variability in young and older adults” (OBI) study. Participants were recruited in the
community-dwelling population of Angers (France) via poster campaign at Angers University
and Angers Health Examination Centers (HEC). This center is a structure of the French health
insurance that offers a free and full medical examination. The volunteers returned a phone call
to manifest their intention to participate in the study and to evaluate exclusion criteria. The eli-
gibility criteria were: age 20 years and over, adequate understanding of French, absence of cog-
nitive decline (i.e., Mini Mental Status Examination score 30/30) [26] or any neurological and
psychiatric diseases, absence of extrapyramidal rigidity of the upper limbs, the presence of
severe medical conditions affecting walking, inability to walk 15 minutes unassisted and no
acute medical illness in the past month. A total of 30 young and middle age (i.e., aged from 20
to 58 years old) individuals, who were students at Angers University or nurses at Angers uni-
versity hospital (France), and 30 old (i.e., aged from 70 to 87 years old) healthy individuals
without any moderate or severe morbidity were included after having provided their written
informed consent.

Clinical assessment

All included participants underwent a complete clinical examination in the Division of Geriat-
rics at Angers University Hospital. Information was gathered about age, sex, height (cm),
weight (in kg), number of drugs taken daily and physical activity (defined as at least one hour
recreational physical activity, such as walking, gymnastics, cycling, swimming or gardening,
per week for the past month or more). Body mass index (BMI, in kg/m?*) was calculated based
on anthropometry measurements (i.e., weight in kilograms and height in meters).

Gait assessment

This study used the TUG test described by Podsiadlo and Richardson [9]. Participants were
asked to perform the TUG at their self-selected normal speed in a well-lit environment, using
their walking aid if needed. They all completed one trial for both the aTUG and the iTUG in
that order: performing the TUG, then, imaging the TUG while sitting in a chair, while stand-
ing and while in supine position. The three imagined conditions were performed in a random-
ized order after the completion of aTUG. Times for each condition were recorded with a
stopwatch to the nearest 0.01 second. Before testing, a trained evaluator gave standardized
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verbal instructions regarding the test procedure. Participants were seated, allowed to use the
armrests to stand up and instructed to walk three meters, turn around, walk back to the chair
and sit down. The stopwatch was started on the command “ready-set-go” and stopped as the
participant sat down. Participants were instructed to imagine TUG and to say “stop” out loud
when they were finished. They were asked to describe the strategy used: meaning doing the
TUG (egocentric condition) or watching them while performing TUG (allocentric condition).
To determine the MI strategy used by the participant two standardized questions with a binary
answer (i.e., yes versus no) were asked: 1) Did you engage yourself in the action like seeing the
environment scrolling while walking? 2) Have you seen yourself performing the test like
observing yourself as a person doing the test? Two concordant answers (i.e., one yes and one
no) defined the strategy used. All participants used the same MI strategy, regardless of the
body position while imagining TUG. They could choose to do the iTUG with their eyes
opened or closed and this condition was recorded. The stopwatch was started on the command
“ready-set-go” and stopped when the subject pronounced the word “stop”.

Outcomes

The main outcome variables were: 1) the mean + SD of the time to completion for both the aTUG
and iTUG while sitting, standing and supine; 2) the mean + SD of the TUG delta time, which was
calculated according to the following the formula: [(QTUG—ITUG) / [(aTUG +iTUG/ 2)]] x
100; 3) the type of MI strategy (i.e., egocentric versus allocentric), and 4) the mean + SD of the
participants’ age and the age group category (young and middle age participants versus old partic-
ipants. In addition, covariates were: sex; the mean + SD of weight, height, BMI number of drugs
taken daily; the prevalence of physically active participants and the prevalence of participants clos-
ing their eyes during imagining TUG.

Ethics

The study was conducted in accordance with the ethical standards set forth in the Helsinki Dec-
laration (1983). Participants in the study were included after obtaining their written informed
consent for the study. The Angers local Ethical Committee approved the study protocol.

Statistics

The participants’ characteristics are summarized using means and standard deviations or fre-
quencies and percentages, as appropriate. For the current analysis, participants are separated
into 2 groups based on age, as follows: young and middle age, and old participants. There was
no outlier when considering the outcomes. First, in order to examine whether there were any
difference between groups for all characteristics, comparisons were performed using unpaired
t-test, Mann-Whitney or Chi-square test, as appropriate. P-values less than 0.0027 for
between-group comparisons are considered as statistically significant because of the multiple
comparisons (n = 18). Second, to test the hypothesis that the iTUG time in sitting and supine
positions but not in standing position could be different to the aTUG time within each group
of participants, intra-group comparisons were performed using paired t-test, Wilcoxon test
and Friedman test, as appropriate. P-values less than 0.0023 while comparing the aTUG and
iTUG times were considered as statistically significant because of the multiple comparisons
(n =21). Third, to test the hypothesis that the lowest TUG delta time could be observed while
comparing aTUG and iTUG in standing position, a similar approach was used with P-values
less than 0.0041 considered as statistically significant because of the multiple comparisons

(n = 12). Fourth, to complete the two previous analysis, a two-way ANOVA with a repeated
measure design (iTUG and TUG delta time used as dependent variables in two separated
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models) and the 3 body positions (standing, sitting, lying) and their interaction term was per-
formed. Fifth, to test the hypothesis that allocentric strategy and age could be associated with
increased iTUG time and decreased TUG delta time, whereas sitting and supine positions
would be associated with decreased iTUG time and increased TUG delta time, multiple linear
regressions were performed. These regression models examined the association between the
iTUG (dependent variable) and body positions as well as MI strategies (independent variables)
adjusted for participant’s characteristics (i.e., sex, BMI, number of medication taken daily,
physical activity and eyes closed). Four models were examined: model 1 examines body posi-
tions, MI strategies and age adjusted for the participants’ characteristics (i.e., sex, BMI, number
of medication taken daily, physical activity and prevalence of eyes closed) separately, model 2
is adjusted for age (young and middle age participants used as reference) and MI strategies
(egocentric representation used as reference), model 3 is adjusted for age (young participants
used as reference) and body positions (standing position used as reference), and model 4 is
adjusted for age, MI strategies and body positions. All models are adjusted for the participants’
characteristics. Similar analyses have been performed with delta TUG as dependent variable.
All statistics were performed using SPSS (version 23.0; SPSS, Inc., Chicago, IL).

Results

The mean age and the number of drugs taken daily are significantly different between groups;
older adults took more drugs compared to younger adults (P<0.001, S1 Table). There is a trend
for an increased BMI (P = 0.010), aTUG (P = 0.045) and iTUG (P = 0.075) times and a decreased
height (P = 0.044) in older compared to young participants. Older participants use the egocen-
tric strategy less frequently compared to their young and middle age counterparts, regardless of
body positions (P<0.001). Most of participants keep their eyes open while imagining TUG.
They use the same MI strategy for all conditions of iTUG and there is no difference between
groups (P = 0.739). As shown in S1 Fig, regardless of the category of participants (i.e., total popu-
lation, young participants and old participants), aTUG time is significantly longer than iTUG
while sitting and standing (P<0.001), except when older participants are standing. In this last
case, there was only a trend (P = 0.011). There is no significant difference between aTUG and
iTUG while supine, as well as, between iTUG while sitting and iTUG while standing, regardless
of the group of participants (i.e., total population, young and middle age participants, older
participants). A significant difference is reported between iTUG while sitting or standing and
iTUG while supine (P<0.002), higher time being reported in supine position. Comparisons
between sitting and standing for delta TUG are non-significant, regardless of the group consid-
ered, whereas all other comparisons is significant (P<0.001; S2 Fig). In addition, the two-way
ANOVA with a repeated measure design showed that the body positions have a significant effect
on iTUG (F = 21.1 with P<0.001) and TUG delta time (F = 25.3 with P<0.001). There was no
interaction between the body positions and age (F = 0.2 with P = 0.830 for iTUG; F = 0.6 with

P =0.529 for delta TUG). As shown in S2 Table, multiple linear regressions show a significant
increase of iTUG time with age (P<0.026). Allocentric MI strategy is associated with significant
decrease in iTUG (P = 0.037) while taking into consideration age, whereas there is a trend

(P = 0.058) while taking into consideration age and body position. Supine position is associated
with an increase in iTUG (P<0.031), regardless the adjustment. Only supine position is associ-
ated with a significant decrease of delta TUG (<0.010) (S3 Table).

Discussion

The findings show that iTUG performance is mainly influenced by body position. Supine posi-
tion is associated with an increased iTUG time and a decreased delta TUG time. In addition,
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older participants more frequently use the allocentric MI strategy, which is a MI strategy asso-
ciated with a decreased iTUG time. Furthermore, age is associated with an increased iTUG
time. Thus, the best strategy and position, to minimize the discrepancy between aTUG and
iTUG, which suggests appropriate gait control, are the egocentric strategy and the supine posi-
tion, regardless of age.

The study shows a body position-related change in iTUG performance. The supine body
position demonstrates to have the closest performance between iTUG and aTUG. This result
is unexpected. We hypothesized that the standing position would be the best body position to
imaging TUG, as it is the closest position than that used for the condition of aTUG. Our results
show the opposite as the supine position is the most distant position of aTUG. Our a priori
hypothesis is partly supported by our findings: in the comparison between sitting and standing
position, the performance during standing position is closer to aTUG than a sitting position.
However, the fact that supine position represents the most accurate body position compared
to sitting and standing remains difficult to interpret: Additional sensory information due to
sitting and standing position may lead to a saturation of the brain’s ability to correctly imagine
gait [3,4]. The supine position may be considered as a relative deprivation condition compared
to sitting and standing positions when imagined movement is gait, thereby allowing older
adults to better focus on gait imagination without the “interference” of afferent sensory signals
[4]. This result underlines that the supine position allows a more accurate mental chronometry
performance than the other positions, and thus indirectly reinforces the validity of fMRI stud-
ies focusing on mental imagery, as participants during fMRI protocols have to remain supine
in the scanner. In addition, this result opens the perspective to use the supine position as a
reference body position for the assessment of intervention in individuals with mobility
impairment in older adults. However, to the best of our knowledge, it is the first time that this
result is reported and there were a few number of participants in the study. Thus, there is a
need for further studies to confirm this possibility.

Young and old participants differ in their strategy of representation of displacement in the
space during iTUG in our study. While the young participants use an egocentric representa-
tion, the older prefer the allocentric representation [27]. Safe gait navigation depends on ego-
centric information about a person’s position relative to the environment as well as allocentric
information-which is related to the position of other objects relative to each other in the envi-
ronment [14-16]. Tolman was the first to link a specific cognitive map to a certain spatial envi-
ronment (analogous to a cartographic map) such as the position of an object within that
environment could be derived from reference to at least two other landmarks [16]. More
recently, a broad consensus regarding the involvement of specific brain structures in this cog-
nitive map has been defined [14-29]. Neuropsychological studies of vision and action have
demonstrated that egocentric coding is associated with the parietal cortex and that allocentric
coding is associated with the temporal cortex [18-21]. It is well established that healthy aging
is associated with changes in behavior, neuroanatomical, and functional brain metrics [30,31].
An association between poor gait performance and smaller volume of the parietal lobe was
previously found in healthy older adults when using the mean values of gait parameters as the
outcomes measures [31-33]. Specifically, both shorter steps and longer double support time
were associated with smaller grey matter of the right superior and bilateral inferior parietal
lobules. More recently, we demonstrated an association between greater gait stride time vari-
ability-a biomarker of cortical gait control—and lower parietal grey matter volume [34]. We
can suggest that age-related changes in the parietal cortex alters the regulation of our coordi-
nates in relationship to the surrounding environment with subsequent change in the strategy
of displacement representation while iTUG. This “shift” to allocentric representation with
aging has important implications in the field of mental imagery: fMRI aging studies focusing
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on mental imagery of locomotion should include the effect of this “shift” in the interpretation
of their findings.

The last result of this study is that aging is only associated with increased iTUG time. This
result can be best explained by the fact that the iTUG time depends on the aTUG time. In our
study, the aTUG time was greater in older participants compared to younger, therefore the
iTUG time was also greater in older participants compared to younger. This closed relation-
ship between aTUG and iTUG times explains the interest of examining delta TUG time, which
is relatively different, thus providing an adjustment on mean performance of both TUG condi-
tions [7]. However, as underscored in our results, one limitation in the use of delta TUG time
is its higher variability compared to the iTUG time. This point has been previously reported
and is related to the way to calculate this outcome [7,8].

This study is not without limitations. First, the small number of participants may limit the
generalization of the results. Furthermore, this limitation leads to an inability to compare the
MI strategies between the body positions. Second, the participants were not tested for their
ability to imagine by a standardized questionnaire like the Vividness of Visual Imagery Ques-
tionnaire (VVIQ) [35]. Usually, only individuals with a good ability to imagine (i.e., at least
mean rating 3 on the VVIQ rating scale) are included in the study using MI of gait. However,
the possible variation of the MI ability in the studied sample is probably low as all participants
are healthy. The variation of this ability is caused by diseases [36]. In addition, Berger & Gau-
nitz [37] underscored that assessing MI ability before a test had no effect on the test perfor-
mance. Indeed, in their study they showed that participants rated as good imagers did not
perform differently from those rated as poor imagers. Third, the age range of young and mid-
dle age participants is high: the oldest individual is 58 years old, which is at the border of the
World Health Organization’s definition of older adult [38]. However, all the participants are in
good health. Fourth, the cross-sectional design of our study does not afford causal inferences.
Fifth, we do not control the choice of participants to close their eyes. It has been suggested that
imagination improves with eyes closed [6], because it has been reported that eye closure ani-
mates the sensory systems [39]. Sixth, participants perform trials as per iTUG condition,
which may decrease the statistical power of our study. We made this choice because iTUG is a
clinical tool targeting the geriatric population. Thus, worse health conditions of this popula-
tion are a limitation when repeating the iTUG conditions due to possible exhaustion and
attention deficits.

Conclusion

The results showed significant effects of body positions, MI strategies and age on iTUG per-
formances, body position having the greatest impact. Supine position while imagining TUG
represents a more accurate position of actual performance of TUG. Age has a limited effect on
iTUG performance but is associated with a change in MI from ego to allocentric represen-
tation, which decreases the iTUG performances, and thus increases the discrepancy with
aTUG.

Supporting information

S1 Table. Characteristics of participants separated into 2 groups according to their age
(n=60).

(DOCX)

S2 Table. Multiple linear regressions showing the association between the iTUG (depen-
dent variable) and body positions as well as motor imagery strategies (independent
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variables) adjusted for participant’s characteristics (n = 60).
(DOCX)

§3 Table. Multiple linear regressions showing the association between the delta TUG. *
(dependent variable) and body positions as well as motor imagery strategies (independent var-
iables) adjusted for participant’s characteristics (n = 60).

(DOCX)

S1 Fig. Comparison of the Timed Up and Go performances under different body positions
and categories of populations (n = 60). *: Intra-group comparisons based on Friedman test;
t: Intra-group comparisons based on paired-t-test; P significant <0.0023 due to the multiple
comparisons (n = 21).

(TTF)

S2 Fig. Comparison of the delta time Timed Up and Go under different body positions
and categories of populations (n = 60). *: Intra-group comparisons based on Friedman test;
t: Intra-group comparisons based on paired-¢-test; P significant <0.0041 due to the multiple
comparisons (n = 12).

(TIF)

S1 File. S1_OBI_DataBase_Width_Excel.
(XLSX)

Acknowledgments

We acknowledge all participants included in the present study.

Author Contributions

Conceptualization: Olivier Beauchet.

Data curation: Olivier Beauchet.

Formal analysis: Olivier Beauchet, Cyrille P. Launay, Gilles Allali.

Funding acquisition: Olivier Beauchet.

Investigation: Olivier Beauchet, Jennifer Gautier.

Methodology: Olivier Beauchet, Cyrille P. Launay, Jennifer Gautier, Gilles Allali.
Project administration: Olivier Beauchet, Jennifer Gautier.

Supervision: Gilles Allali.

Validation: Gilles Allali.

Writing - original draft: Olivier Beauchet, Cyrille P. Launay, Jennifer Gautier, Gilles Allali.

Writing - review & editing: Cyrille P. Launay, Harmehr Sekhon, Julia Chabot, Elise J. Levin-
off, Gilles Allali.

References
1. Jeannerod M.; Decety J. Mental motor imagery: a window into the representational stages of action.
Current opinion in neurobiology. 1995; 5(6):727—732 PMID: 8805419

2. Seidler RD, Bernard JA, Burutolu TB, Fling BW, Gordon MT, Gwin JT et al. Motor control and aging:
links to age-related brain structural, functional, and biochemical effects. Neurosci Biobehav Rev. 2010;
34(5):721-733. https://doi.org/10.1016/j.neubiorev.2009.10.005 PMID: 19850077

PLOS ONE | https://doi.org/10.1371/journal.pone.0191513 March 15,2018 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191513.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191513.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191513.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191513.s006
http://www.ncbi.nlm.nih.gov/pubmed/8805419
https://doi.org/10.1016/j.neubiorev.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/19850077
https://doi.org/10.1371/journal.pone.0191513

@° PLOS | ONE

Mental imagery, aging and gait

10.

11.

12

13.

14.

15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

Zwergal A, Linn J, Xiong G, Brandt T, Strupp M, Jahn K. Aging of human supraspinal locomotor and
postural control in fMRI. Neurobiol Aging. 2012; 33(6):1073-1084. https://doi.org/10.1016/j.
neurobiolaging.2010.09.022 PMID: 21051105

la Fougere C, Zwergal A, Rominger A, Forster S, Fesl G, Dieterich M et al. Real versus imagined loco-
motion: a [18F]-FDG PET-fMRI comparison. Neuroimage. 2010; 50(4):1589—-1598. https://doi.org/10.
1016/j.neuroimage.2009.12.060 PMID: 20034578

Heuninckx S, Wenderoth N, Swinnen SP. Systems neuroplasticity in the aging brain: recruiting addi-
tional neural resources for successful motor performance in elderly persons. J Neurosci. 2008; 28
(1):91-99. https://doi.org/10.1523/JNEUROSCI.3300-07.2008 PMID: 18171926

Jahn K, Deutschlander A, Stephan T, Strupp M, Wiesmann M, Brandt T. Brain activation patterns during
imagined stance and locomotion in functional magnetic resonance imaging. Neuroimage. 2004; 22
(4):1722-1731. https://doi.org/10.1016/j.neuroimage.2004.05.017 PMID: 15275928

Beauchet O, Annweiler C, Assal F, Bridenbaugh S, Herrmann FR, Kressig RW et al. Imagined Timed
Up & Go test: a new tool to assess higher-level gait and balance disorders in older adults? J Neurol Sci.
2010; 294(1-2):102—-106. https://doi.org/10.1016/j.jns.2010.03.021 PMID: 20444477

Beauchet O, Launay CP, Sejdi¢ E, Allali G, Annweiler C. Motor imagery of gait: a new way to detect
mild cognitive impairment? J Neuroeng Rehabil. 2014; 11:66. https://doi.org/10.1186/1743-0003-11-66
PMID: 24742021

Podsiadlo D, Richardson S. The timed "Up & Go": a test of basic functional mobility for frail elderly per-
sons. J Am Geriatr Soc 1991; 39(2):142—148. PMID: 1991946

Beauchet O, Allali G, Montero-Odasso M, Sejdi¢ E, Fantino B, Annweiler C. Motor phenotype of decline
in cognitive performance among community-dwellers without dementia: population-based study and
meta-analysis. PLoS One. 2014; 9(6):€99318. https://doi.org/10.1371/journal.pone.0099318 PMID:
24911155

Lallart E, Jouvent R, Herrmann FR, Beauchet O, Allali G. Gait and motor imagery of gait in early schizo-
phrenia. Psychiatry Res. 2012; 198(3):366—370. https://doi.org/10.1016/j.psychres.2011.12.013 PMID:
22445069

Allali G, Laidet M, Assal F, Beauchet O, Chofflon M, Armand S et al. Adapted timed up and go: a rapid
clinical test to assess gait and cognition in multiple sclerosis. Eur Neurol. 2012; 67(2):116—120. https://
doi.org/10.1159/000334394 PMID: 22236807

Beauchet O, Launay CP, Fantino B, Allali G, Annweiler C. Respective and combined effects of impair-
ments in sensorimotor systems and cognition on gait performance: a population-based cross-sectional
study. PLoS One. 2015; 10(2):e0125102

Mou W, McNamara TP, Rump B, Xiao C. Roles of egocentric and allocentric spatial representations in
locomotion and reorientation. J Exp Psychol Learn Mem Cogn. 2006; 32(6):1274—1290. https://doi.org/
10.1037/0278-7393.32.6.1274 PMID: 17087583

Andersen RA., Snyder LH., Bradley DC Xing J. Multimodal representation of space in the posterior pari-
etal cortex and its use in planning movements. Annual Review of Neuroscience; 1997; 20:303-330.
https://doi.org/10.1146/annurev.neuro.20.1.303 PMID: 9056716

Bryant DJ Tversky B. Mental representations of perspective and spatial relations from diagrams and
models. J Exp Psychol Learn Mem Cogn 1999; 25(1):137—156. PMID: 9949712

Tolman EC. Cognitive maps in rats and men. Psychological Review. 1948; 55(4):189—-208. PMID:
18870876

Milner AD, Goodale MA. The visual brain in action. 2006 Oxford: Oxford UP.

Milner AD, Goodale MA. Two visual systems re-viewed. Neuropsychologia 2008; 46(3):774—785.
https://doi.org/10.1016/j.neuropsychologia.2007.10.005 PMID: 18037456

Goodale MA, Haffenden A. Frames of reference for perception and action in the human visual system.
Neurosci Biobehav Rev 1998(2); 22:161-172. PMID: 9579308

Chen Y, Monaco S, Byrne P, Yan X, Henriques DY, Crawford JD. Allocentric versus egocentric repre-
sentation of remembered reach targets in human cortex. J Neurosci. 2014; 34(37):12515-12526
https://doi.org/10.1523/JNEUROSCI.1445-14.2014 PMID: 25209289

lonta S, Perruchoud D, Draganski B, Blanke O. Body context and posture affect mental imagery of
hands. PLoS One. 2012; 7(3):e34382. https://doi.org/10.1371/journal.pone.0034382 PMID: 22479618

lonta S, Blanke O. Differential influence of hands posture on mental rotation of hands and feet in left and
right handers. Exp Brain Res. 2009; 195(2):207-17. https://doi.org/10.1007/s00221-009-1770-0 PMID:
19326106

lonta S, Fourkas AD, Fiorio M, Aglioti SM. The influence of hands posture on mental rotation of hands
and feet. Exp Brain Res. 2007; 183(1):1-7 https://doi.org/10.1007/s00221-007-1020-2 PMID:
17643238

PLOS ONE | https://doi.org/10.1371/journal.pone.0191513 March 15,2018 10/11


https://doi.org/10.1016/j.neurobiolaging.2010.09.022
https://doi.org/10.1016/j.neurobiolaging.2010.09.022
http://www.ncbi.nlm.nih.gov/pubmed/21051105
https://doi.org/10.1016/j.neuroimage.2009.12.060
https://doi.org/10.1016/j.neuroimage.2009.12.060
http://www.ncbi.nlm.nih.gov/pubmed/20034578
https://doi.org/10.1523/JNEUROSCI.3300-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171926
https://doi.org/10.1016/j.neuroimage.2004.05.017
http://www.ncbi.nlm.nih.gov/pubmed/15275928
https://doi.org/10.1016/j.jns.2010.03.021
http://www.ncbi.nlm.nih.gov/pubmed/20444477
https://doi.org/10.1186/1743-0003-11-66
http://www.ncbi.nlm.nih.gov/pubmed/24742021
http://www.ncbi.nlm.nih.gov/pubmed/1991946
https://doi.org/10.1371/journal.pone.0099318
http://www.ncbi.nlm.nih.gov/pubmed/24911155
https://doi.org/10.1016/j.psychres.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22445069
https://doi.org/10.1159/000334394
https://doi.org/10.1159/000334394
http://www.ncbi.nlm.nih.gov/pubmed/22236807
https://doi.org/10.1037/0278-7393.32.6.1274
https://doi.org/10.1037/0278-7393.32.6.1274
http://www.ncbi.nlm.nih.gov/pubmed/17087583
https://doi.org/10.1146/annurev.neuro.20.1.303
http://www.ncbi.nlm.nih.gov/pubmed/9056716
http://www.ncbi.nlm.nih.gov/pubmed/9949712
http://www.ncbi.nlm.nih.gov/pubmed/18870876
https://doi.org/10.1016/j.neuropsychologia.2007.10.005
http://www.ncbi.nlm.nih.gov/pubmed/18037456
http://www.ncbi.nlm.nih.gov/pubmed/9579308
https://doi.org/10.1523/JNEUROSCI.1445-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25209289
https://doi.org/10.1371/journal.pone.0034382
http://www.ncbi.nlm.nih.gov/pubmed/22479618
https://doi.org/10.1007/s00221-009-1770-0
http://www.ncbi.nlm.nih.gov/pubmed/19326106
https://doi.org/10.1007/s00221-007-1020-2
http://www.ncbi.nlm.nih.gov/pubmed/17643238
https://doi.org/10.1371/journal.pone.0191513

@° PLOS | ONE

Mental imagery, aging and gait

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

Shenton JT, Schwoebel J, Coslett HB. Mental motor imagery and the body schema: evidence for propri-
oceptive dominance. Neurosci Lett. 2004; 370(1):19-24. https://doi.org/10.1016/j.neulet.2004.07.053
PMID: 15489010

Folstein MF, Folstein SE, McHugh PR. "Mini-mental state".A practical method for grading the cognitive
state of patients for the clinician. J Psychiatr Res 1975; 12(3):189-198. PMID: 1202204

Lithfous S, Dufour A, Blanc F, Després O. Allocentric but not egocentric orientation is impaired during
normal aging: an ERP study. Neuropsychology. 2014; 28(5):761-71. https://doi.org/10.1037/
neu0000084 PMID: 24749730

Gottlieb J. From thought to action: the parietal cortex as a bridge between perception, action, and cogni-
tion. Neuron 2007; 53(1):9-16. https://doi.org/10.1016/j.neuron.2006.12.009 PMID: 17196526

Bennett IJ, Madden DJ. Disconnected aging: Cerebral white matter integrity and age-related differences
in cognition. Neuroscience 2014; 276:187—-205 https://doi.org/10.1016/j.neuroscience.2013.11.026
PMID: 24280637

Ferreira LK, Busatto GF. Resting-state functional connectivity in normal brain aging. Neurosci Biobehav
Rev 2013; 37(3):384—400. https://doi.org/10.1016/j.neubiorev.2013.01.017 PMID: 23333262

Rosano C, Brach J, Longstreth WT Jr, Newman AB. Quantitative measures of gait characteristics indi-
cate prevalence of underlying subclinical structural brain abnormalities in high-functioning older adults.
Neuroepidemiology 2006; 26 (1):52—60. https://doi.org/10.1159/000089240 PMID: 16254454

Rosano C, Aizenstein HJ, Studenski S, Newman AB. A regions-of-interest volumetric analysis of mobil-
ity limitations in community-dwelling older adults. J Gerontol A Biol Sci Med Sci 2007; 62(9):1048—1055.
PMID: 17895446

Rosano C, Aiznstein H, Brach J, Longenberger A, Studenski S, Newman AB. Special article: gait mea-
sures indicate underlying focal gray matter atrophy in the brain of older adults. J Gerontol A Biol Sci
Med Sci 2008; 63(12):1380—1388. PMID: 19126852

Beauchet O, Annweiler C, Celle S, Bartha R, Barthélémy JC, Roche F. Higher gait variability is associ-
ated with decreased parietal gray matter volume among healthy older adults. Brain Topogr. 2014; 27
(2):293-295. https://doi.org/10.1007/s10548-013-0293-y PMID: 23681340

Marks DF. Visual imagery differences in the recall of pictures. Br. J. Psychol 1973; 64(1):17—24. PMID:
4742442

Friesen CL, Bardouille T, Neyedli HF, Boe SG. Combined Action Observation and Motor Imagery Neu-
rofeedback for Modulation of Brain Activity. Front Hum Neurosci. 2017; 10:692. https://doi.org/10.3389/
fnhum.2016.00692 PMID: 28119594

Berger GH, Gaunitz SC. Self-rated imagery and vividness of task pictures in relation to visual memory.
Br J Psychol. 1977; 68(3):283-288. PMID: 890216

http://www.who.int/healthinfo/survey/ageingdefnolder/en/

Marx E, Stephan T, Nolte A, Deutschlander A, Seelos KC, Dieterich M et al. Eye closure in darkness
animates sensory systems. Neuroimage. 2003; 19(3):924-934. PMID: 12880821

PLOS ONE | https://doi.org/10.1371/journal.pone.0191513 March 15,2018 11/11


https://doi.org/10.1016/j.neulet.2004.07.053
http://www.ncbi.nlm.nih.gov/pubmed/15489010
http://www.ncbi.nlm.nih.gov/pubmed/1202204
https://doi.org/10.1037/neu0000084
https://doi.org/10.1037/neu0000084
http://www.ncbi.nlm.nih.gov/pubmed/24749730
https://doi.org/10.1016/j.neuron.2006.12.009
http://www.ncbi.nlm.nih.gov/pubmed/17196526
https://doi.org/10.1016/j.neuroscience.2013.11.026
http://www.ncbi.nlm.nih.gov/pubmed/24280637
https://doi.org/10.1016/j.neubiorev.2013.01.017
http://www.ncbi.nlm.nih.gov/pubmed/23333262
https://doi.org/10.1159/000089240
http://www.ncbi.nlm.nih.gov/pubmed/16254454
http://www.ncbi.nlm.nih.gov/pubmed/17895446
http://www.ncbi.nlm.nih.gov/pubmed/19126852
https://doi.org/10.1007/s10548-013-0293-y
http://www.ncbi.nlm.nih.gov/pubmed/23681340
http://www.ncbi.nlm.nih.gov/pubmed/4742442
https://doi.org/10.3389/fnhum.2016.00692
https://doi.org/10.3389/fnhum.2016.00692
http://www.ncbi.nlm.nih.gov/pubmed/28119594
http://www.ncbi.nlm.nih.gov/pubmed/890216
http://www.who.int/healthinfo/survey/ageingdefnolder/en/
http://www.ncbi.nlm.nih.gov/pubmed/12880821
https://doi.org/10.1371/journal.pone.0191513

