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Abstract Dual task-related changes in gait are consid-
ered as a sensitive and a specific marker of adverse
effects of cognitive impairment on the highest levels of
gait control. No study has examined the longitudinal
association between gait performance while dual
tasking and the occurrence of cognitive decline. This
study aims to examine the association of stride time
parameters (i.e., mean value and coefficient of variation
(CoV)) during single and dual tasking with the occur-
rence of cognitive decline in non-demented older com-
munity dwellers. A total of 56 non-demented commu-
nity dwellers were recruited in a longitudinal prospec-
tive cohort study. Mini-Mental Status Examination
(MMSE) scores at baseline assessment and at 5-year

follow-up assessment, andmean value and CoVof stride
time at self-selected usual pace, while usual walking and
dual tasking (i.e., counting backward and verbal fluency
task) at baseline assessment were recorded. Variation
(i.e., delta) of MMSE score from baseline to follow-up
assessment as well as of stride time parameters from
single to dual task was used as outcomes. Worse stride
time values were reported while dual tasking compared
to single tasking (P < 0.03). An increase of mean value,
CoV, and delta of CoVof stride timewas associated with
an increased delta MMSE while performing verbal flu-
ency task (P < 0.05). Worsening stride time parameters
while performing a verbal fluency task at baseline as-
sessment was associated with decline in MMSE score
during the 5-year follow-up period in this sample of
older community dwellers.

Keywords Epidemiology.Gait disorders/ataxia .Motor
control . Dementia

Introduction

Over the past 10 years, an accumulation of data high-
lights the evidence that a strong relationship exists be-
tween gait and cognition in two specific ways (Beauchet
et al. 2016; Allali et al. 2016; Seidler et al. 2010). First,
an association has been identified with the changes in
gait performance while dual tasking (Zijlstra et al. 2008;
Chu et al. 2013; Montero-Odasso et al. 2012). The
principle of dual task gait paradigm is to compare per-
formance under routine conditions (i.e., walkingwithout
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distractions) with performance under a challenging
dual task condition (i.e., simultaneously executing an
attention-demanding task) (Zijlstra et al. 2008).
Changes in gait performance while dual tasking are
usually interpreted as the interference due to compet-
ing demands for cognitive resources needed for both
tasks (Montero-Odasso et al. 2012; Beauchet et al.
2009). Individuals with early cognitive decline such
as mild cognitive impairment (MCI) have demon-
strated high stride time variability, particularly under
dual task conditions (Montero-Odasso et al. 2014;
Beauchet et al. 2014). Second, a recent meta-
analysis reported that low gait performance predicts
the occurrence of dementia (Beauchet et al. 2016).
The uniqueness of the association between gait and
cognition is that it does not rely on a complex neu-
ropsychological evaluation or laboratory investiga-
tions. Thus, it is easy to apply gait measure to predict
outcomes in clinical scenarios while maintaining low
costs among large populations. It also provides new
perspectives in the field of secondary prevention of
dementia, which is key to developing public health-
related policies to counter the impressive growth of
dementia.

No study has examined the longitudinal association
between gait performance while dual tasking and the
occurrence of cognitive decline. Dual task-related
changes in gait are considered as a sensitive and a
specific marker of adverse effects of cognitive impair-
ment on the highest levels of gait control (Zijlstra et al.
2008; Chu et al. 2013; Montero-Odasso et al. 2012;
Beauchet et al. 2009). Increased stride time (i.e., gait
cycle duration) variability is also considered as the best
biomarker to detect the consequences of cognitive
impairment on the highest levels of gait control,
high variability reflecting abnormal control and gait
instability (Montero-Odasso et al. 2012; Beauchet
et al. 2014; Montero-Odasso et al. 2014). Thus, we
hypothesized that an increased stride time variability
while dual tasking could be associated with the
occurrence of cognitive decline in non-demented
older adults. This study aims to examine the associ-
ation of stride time parameters (i.e., mean value and
coefficient of variation (CoV)) during single and
dual tasking with the occurrence of cognitive de-
cline in non-demented older community dwellers.
Establishing the predictive value of gait parameters
for cognitive decline could have various clinical
implications in terms of prevention and management

of dementia, and will improve our understanding of
the cognitive substrates of the highest level of gait
control.

Material and methods

Participants

A total of 56 non-demented older community dwellers
(mean age 68.9 ± 0.5 years; 46.4% female) from the
BPROgnostic indicator OF cardiovascular and cerebro-
vascular events^ (PROOF) cohort were included in this
prospective observational cohort study after having giv-
en their written informed consent for research. Sampling
and data collection procedures of the PROOF study
have been described elsewhere in details (Barthelemy
et al. 2007). The subset of participants included in the
current study was participants who received a baseline
gait analysis and who had a 5-year follow-up assessment
after the initial gait analysis. Inclusion criteria for the
present analysis were at PROOF baseline assessment:
age ≥ 65 years; absence of chronic conditions influenc-
ing gait variability (e.g., extrapyramidal rigidity of the
upper limbs, neurological and psychiatric diseases, severe
medical conditions affecting walking, inability to walk
15 min unassisted), no dementia; andMini-Mental Status
Examination (MMSE) score at baseline and at 5-year
follow-up assessment (mean 4.8 ± 0.7 years). The num-
ber of participants required for this study has been calcu-
lated using a free sample size calculator (http://www.
sample-size.net/) and using the following characteristics:
type I error α (two-tailed) = 0.050, type II error β = 0.20
and standard deviation S(Δ) = 1.30. The calculated
number of participants was n = 53.

Clinical assessment

A full-standardized medical examination and quantita-
tive gait assessment were performed in all participants at
baseline and 5 years later (mean 4.8 ± 0.7 years). Mean
value andCoV (CoV= (standard deviation/mean) × 100)
of stride time were recorded at self-selected usual pace,
while usual walking and dual tasking, using the
SMTEC® footswitches system (SMTEC®, Sport &
Medical Technologies SA, Nyon Switzerland). This
system is highly reliable for measuring gait in non-
demented and demented older adults (Beauchet et al.
2011; Beauchet et al. 2008). It includes a pair of
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innersoles fitted inside the participant’s shoes. Each
innersole contains two independent footswitches, one
placed at the heel and another at the toe, which are
linked to a portable data recorder worn at the waist.
Two different cognitive tasks were used: an arithmetic
task (i.e., counting backward out loud starting from 50)
and a verbal fluency task (i.e., enumerating out loud as
many animal names as possible). These two tasks are
attention-demanding tasks but involve different cogni-
tive domains. The verbal fluency task relies on the
semantic memory, whereas the counting backward task
depends on working memory (Beauchet et al. 2005).
The semantic and working memory domains may be
affected separately or together at the onset of cognitive
impairment caused by dementia likely Alzheimer dis-
ease or vascular dementia (Waldemar et al. 2007). Fur-
thermore, it has been reported that the counting back-
ward and verbal fluency tasks may worsen gait perfor-
mances differently in cognitively healthy individuals,
counting backward having a greater impact on gait
variability compared to verbal fluency (Beauchet et al.
2005). There is no previous study that had examined,
which changes in gait due to these two cognitive tasks
are related to cognitive decline. Gait assessment was
performed according to the European guidelines for
spatio-temporal gait analysis in older adults (Kressig
and Beauchet 2006). Briefly, participants were asked
to walk at in a quiet, well-lit corridor wearing their
own footwear. The participants performed one trial per
walking condition. To avoid acceleration and decelera-
tion effects, participants started walking one meter be-
fore reaching the 20-m walkway and completed their
walk 1 m beyond it. The range of the time of ambulation
was between 17 and 22 s (walking speed ranges be-
tween 0.9 and 1.2 m/s), and number of steps was be-
tween 9 and 14. Age, sex, height (cm), weight (kg), the
number of drugs taken daily and educational level eval-
uated with the number of years of schooling and cate-
gorized by high school level (i.e., yes or not) were
recorded.

Ethics

Participants in the study were included after having
given their written informed consent for research. The
study was conducted in accordance with the ethical
standards set forth in the Helsinki Declaration (1983).
Saint-Etienne local Ethical Committee, France, ap-
proved the study protocol.

Statistics

The participants’ characteristics were summarized using
means and standard deviations or frequencies and per-
centages, as appropriate. For the current analysis, vari-
ation in MMSE score, called delta MMSE, was calcu-
lated from the formula (MMSE at baseline − MMSE at
5-year follow-up period / (MMSE at baseline + MMSE
at 5-year follow-up period) / 2) × 100. Similar methods
were used to calculate the variation (i.e., delta) of stride
time parameters from single to dual task: (dual
task − single task / (dual task + single task) / 2) × 100.
Comparisons were performed with non-parametric
Wilcoxon test. Uni- and multivariable linear regressions
were performed to examine the association between
change in MMSE score (i.e., delta MMSE used as
dependent variable); and each stride time parameter
(i.e., mean value, CoV, and delta used as independent
variable) while usual walking and while dual tasking,
adjusted on participant’s baseline characteristics. P
values less than 0.05 were considered as statistically
significant. All statistics were performed using SPSS
(version 23.0; SPSS, Inc., Chicago, IL).

Results

Table 1 shows the participant’s baseline characteristics.
There was a significant increase in mean value and CoV
of stride time while dual tasking (P < 0.001 for back-
ward counting and verbal fluency task) compared to
usual walking. There was also a significant increase in
mean value and CoV of stride time while performing
verbal fluency task (P < 0.001 for mean and P = 0.029
for CoV) compared to counting back. The delta of CoV
of stride time while counting backward (P < 0.001) and
while performing the verbal fluency task (P < 0.001)
was higher compared to the delta of mean value. MMSE
score at 5-year follow-up assessment was significantly
lower than MMSE score at baseline assessment
(P < 0.001). The univariable linear regressions showed
that increased CoV of stride time (P = 0.011) and in-
creased delta CoVof stride time (P = 0.037) (i.e., worst
gait performance) while performing the verbal fluency
task were associated with increased delta MMSE (i.e.,
worst cognitive performance) (Table 2). The multiple
linear regressions showed that increased mean value of
stride time (i.e., worst gait performance) was associated
with increased delta MMSE (i.e., worst cognitive
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performance) while usual walking (P = 0.041) and while
performing the verbal fluency task (P = 0.049). In addition,
while performing the verbal fluency task, increased CoV
(P = 0.010) and increased delta CoV of stride time
(P = 0.040) (i.e., worse gait performance) were associated
with increased delta MMSE.

Discussion

The main findings of this study show that worsening
stride time parameters while performing a verbal fluen-
cy task at baseline assessment, and in particular CoVof
stride time was associated with decline in MMSE score

Table 1 Participants’ characteristics (n = 56)

Value [95%CI]

Baseline characteristics

Age (years), mean ± SD 68.9 ± 0.5 [68.7; 69.0]

Female, n (%) 26 (46.4) [33.0; 60.0]

Body mass index (kg/m2), mean ± SD 27.5 ± 15.5 [23.3; 31.6]

Number of drugs taken daily, mean ± SD 2.1 ± 1.7 [1.6; 2.5]

Educational levela, n (%) 34 (60.7) [48.0;47.0]

Stride time characteristics at baseline

Usual walking

Mean value (ms), mean ± SD 1072.6 ± 94.3 [1047.3; 1097.8]

CoV, mean ± SD 1.9 ± 0.9 [1.7; 2.1]

Walking while counting backwardb, mean ± SD

Mean value (ms) 1190.6 ± 150.4f [1150.5; 1230.8]

CoV (%) 2.9 ± 1.4f [2.5; 3.3]

Deltac mean value (%) 18.4 ± 15.8 [14.1; 22.6]

Deltac CoV (%) 37.1 ± 50.3g [23.6; 50.6]

Walking while performing a verbal fluency taskd

Mean value (ms), mean ± SD 1266.0 ± 193.1f,h [1214.3; 1317.8]

CoV, mean ± SD 3.7 ± 2.6f,h [3.0; 4.4]

Deltac mean value (%) 28.5 ± 18.4 [23.3; 33.2]

Deltac CoV (%) 48.6 ± 61.4g [32.2; 65.1]

MMSE score (/30), mean ± SD

At baseline 29.0 ± 1.1 [28.7; 29.3]

At 5-year follow-up period 28.3 ± 1.5i [27.9; 28.7]

Deltae (%) 2.8 ± 4.9 [1.5; 4.1]

CI confidence interval, SD standard deviation, CoV coefficient of variation, MMSEMini-Mental Status Examination
a High school and over
b From 50
c Calculated from the formula (dual task − single task / (dual task + single task) / 2) × 100
d Enumerating animal names
e Calculated from the formula (MMSE at baseline − MMSE at 5-year follow-up period / MMSE at baseline + MMSE at 5-year follow-up
period) / 2) × 100
f Comparison with usual walking condition based on non-parametric Wilcoxon test with P value significant (i.e., < 0.05)
g Comparison with delta mean value of stride time based on non-parametric Wilcoxon test with P value significant (i.e., < 0.005)
h Comparison with counting backward condition based on non-parametric Wilcoxon test with P value significant (i.e., < 0.05)
i Comparison with MMSE score at baseline based on non-parametric Wilcoxon test with P value significant (i.e., < 0.05)
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during the 5-year follow-up period in the sample of older
community dwellers recruited for the study.

To the best of our knowledge, this study is the first to
report that dual task-related increase in stride time mean
value and variability predicts cognitive decline. Cogni-
tion and locomotion are two human abilities controlled by
the brain (Beauchet et al. 2016; Allali et al. 2016; Seidler
et al. 2010; Zijlstra et al. 2008). Their decline is highly
prevalent with physiological and pathological aging, and
is greater than the simple sum of their respective preva-
lence, suggesting a complex age-related interplay be-
tween cognition and locomotion (Beauchet et al. 2016;
Allali et al. 2016; Seidler et al. 2010). Both declines in
cognition and locomotion are associated and the temporal
nature of their association has been unclear for a long
time (Beauchet et al. 2016; Seidler et al. 2010). Recently,
a systematic review and meta-analysis has provided evi-
dence that poor gait performance predicts dementia,

suggesting that low gait performance is the first symptom
of dementia (Beauchet et al. 2016). Our results under-
score a specific association between increased stride time
variability while dual tasking and decline in MMSE
score. An increase in stride time variability reflects a poor
gait performance and gait instability (Montero-Odasso
et al. 2012; Beauchet et al. 2009). For instance, an asso-
ciation with high gait variability and falls in older adults
has been previously reported (Maki 1997). Thus, our
results are consistent with the recent meta-analysis. How-
ever, compared to previous studies, which have only
examined gait performance while single tasking (i.e.,
usual walking), we reported in the present study changes
in gait while dual tasking. These dual task-related gait
changes underscore that impaired higher levels of gait
control, demonstrated with increased gait variability
while performing a verbal fluency task, predict cognitive
decline. Dual task-related gait changes have previously

Table 2 Uni and multivariable linear regressions showing the
association between change in Mini-Mental Status Examination
score during the 5-year follow-up period (dependent variable) and

stride time parameters (i.e., mean value, coefficient of variation,
and delta; independent variable) adjusted on participant’s baseline
characteristics (n = 56)

Stride time parameters at baseline assessment Delta MMSEa

Unadjusted Fully adjusted
ß [95CI%] (P value) ß [95CI%] (P value)

Usual gait

Mean value − 0.003 [− 0.017;0.011] (0.634) 0.021 [0.001; 0.042] (0.041)

CoV − 0.359 [− 1.773; 1.055] (0.613) − 0.191 [− 1.607; 1.226] (0.778)

Counting backwardsb

Mean value 0.003 [− 0.006; 0.011] (0.544) 0.009 [0.000; 0.019] (0.056)

CoV 0.809 [− 0.117; 1.735] (0.085) 0.846 [− 0.117; 1.808] (0.084)

Deltac mean value 0.055 [− 0.028; 0.137] (0.192) 0.055 [− 0.027; 0.137] (0.183)

Deltac CoV 0.017 [− 0.009; 0.043] (0.199) 0.016 [− 0.009; 0.042] (0.209)

Verbal fluency taskd

Mean value 0.003 [− 0.004; 0.009] (0.467) 0.007 [0.000; 0.015] (0.049)

CoV 0.630 [0.152; 1.108] (0.011) 0.628 [0.156; 1.099] (0.010)

Deltac mean value 0.046 [− 0.025; 0.117] (0.200) 0.052 [− 0.019; 0.123] (0.145)

Deltac CoV 0.022 [0.001; 0.043] (0.037) 0.021 [0.001; 0.041] (0.040)

β coefficient of regression beta corresponding to an increase or a decrease in MMSE score, CI confidence interval, CoV coefficient of
variation, MMSEMini-Mental Status Examination
a Calculated from the formula (MMSE at baseline −MMSE at 5-year follow-up period / (MMSE at baseline + MMSE at 5-year follow-up
period) / 2) × 100
b From 50
c Calculated from the formula (dual task − single task / (dual task + single task) / 2) × 100
d Enumerating animal names; adjusted models are adjusted on age, sex, body mass index, number of drugs daily taken, educational level
coded as a binary variable (i.e., high school and over), and MMSE at baseline assessment

P-value significant (i.e., <0.05) indicated in italic
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been identified as a good predictor of adverse clinical
outcomes, such as falls (Beauchet et al. 2009). Our study
highlights a new aspect, which is related less to gait
decline and more to cognitive decline. It suggests that
the association of gait and cognitive impairment,
which are highly prevalent with physiological and
pathological aging, exceed the simple sum of their
respective prevalences and evokes a complex age-
r e l a t ed in te rp l ay be tween cogn i t i on and
locomotion.

The second main finding of this study is that wors-
ening of stride time parameters while performing the
verbal fluency task at baseline was especially associ-
ated with the occurrence of cognitive decline. Two
complementary explanations can be suggested. First,
verbal fluency task provoked the highest increase in
gait variability in the sample of individuals. It could be
suggested that it overloads brain capacities due to its
higher level of cognitive resources in comparison to
counting backwards and, thus, may be more sensitive
to detect an early abnormality (Seidler et al. 2010;
Zijlstra et al. 2008; Montero-Odasso et al. 2012;
Beauchet et al. 2009; Montero-Odasso et al. 2014;
Beauchet et al. 2014). The second explanation may
be related to the type of cognitive decline. Alzheimer
disease (AD) is the main cause of dementia (World
Alzheimer Report 2015). It has been previously re-
ported that abnormal performance in this specific task
was associated with the occurrence of AD (Fagundo
et al. 2008). Thus, we suggested that this cognitive
task may be more difficult to perform while walking
compared to counting backward in early stages of the
disease that leads to greater gait variability. Further-
more, as the highest value of the coefficient of regres-
sion, which shows the strength of the association
between delta in MMSE and gait performance, has
been reported with the CoVof stride time, it could be
suggested that this gait characteristic represents the
best measure to predict cognitive decline.

It is also important to consider that the deltas of stride
parameters provide additional information regarding the
association of the parallel gait and cognitive declines.
Actually, only the delta of CoV of stride time, but not of
the mean value of stride time, has been associated with the
delta of MMSE (β = 0.022 while counting backward and
β = 0.021 while performing the verbal fluency task) in our
study. This result suggests that the change in CoV is more
sensitive to change in cognition than the change in mean
value. This finding is another illustration of the interest of

studying variability of gait parameters that is considered as
a marker of cerebral control of gait (Hausdorff 2005).

Our study also shows that increased mean values of
stride time (i.e., worse gait performance) while usual
walking were positively associated with increased delta
MMSE (i.e., worst cognitive performance). This result
may be due to the strong relationship between mean
value of stride time and gait speed. As gait speed has
been previously related to cognitive decline (Dubost
et al. 2006), it could be suggested that mean value of
stride time reflects low gait speed and, thus, has the
same value in term of prediction of cognitive decline.
A similar result has been reported with mean value of
stride time while performing the verbal fluency task but
this association may be taken with cautious as the P
value was at the border of the significance (i.e., 0.049).

Although the strength of this study was designed to
specifically examine a strong a priori hypothesis, some
limitations need to be considered. First, due to the small
number of participants and because this study is the first
to demonstrate an association between greater stride
time variability (i.e., worse performance) while dual
tasking and decline in global cognitive functioning, the
results should be taken with caution and confirmed on a
higher number of individuals in a following longitudinal
study. Second, the duration of the dual task condition
was short compared to the duration of a cognitive task
performed during a neuropsychological assessment. In-
deed, the duration of verbal fluency task ranges between
1 and 2 min. It could be suggested that a shorter time
leads to a relative better performance in terms of enu-
merated animal names or figures compared to the clas-
sical condition of testing because the difficulty of task
increase with time; that could influence dual task-related
gait performance. Third, walking speed may influence
gait variability but there is a non-linear relationship
between stride time variability and walking speed, with
greater variability at slow walking speeds (0.2–0.6 m/s)
compared to moderate walking speeds (0.8–1.4 m/s)
(Heiderscheit 2000). All participants of our study had
a normal walking speed between 0.9 and 1.2 m/s. Thus,
the effect of walking speed is unlikely and limited.
Fourth, we do not have an extended clinical and/or
neuropathological confirmation of the disease status of
the participants at 5-year follow-up assessment.

In conclusion, this study found that increased stride
time values, and in particular variability while performing
a verbal fluency task at baseline assessment, were asso-
ciated with decline in cognitive performance during the
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follow-up period. These results confirm the strong rela-
tionship between gait and cognitive decline, and thus
open new perspective in terms of prediction of dementia.
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