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Abstract: This study aims to investigate the effects of dual-task physical–cognitive the training
on body balance (BB), gait performance (GP), lower limb muscle strength (LEMS), and cognitive
performance (CP) in a group of cognitively normal older adult women (n = 44; 66.20 ± 4.05 years).
Of these, 22 were randomly allocated to the dual-task training (DT) group, and 22 participated in the
control group (CG). Assessments were performed at baseline, after 12 weeks of intervention, and at
the end of 12 weeks of follow-up, using the following instruments: Timed Up & Go (TUG), Timed
Up & Go manual (TUGm), Timed Up & Go cognitive (TUGc), Balance Test (TEC), sit-to-stand test
(STS), and verbal fluency test (VF). After 12 weeks of DT training, participants showed a significant
time × group interaction in all motor assessments (BB, GP, LEMS), as well as in three cognitive
tests (VF-grouping, VF-exchange, VF-total). No time–group interaction effect was indicated for the
VF-category test. At all evaluation times, CG members maintained constant physical and cognitive
performance. We conclude that 12 weeks of physical–cognitive DT training was effective in promoting
BB, GP, and LEMS, as well as CP in cognitively normal older adult women, with lasting effects up to
12 weeks after the intervention.

Keywords: aging; older adult; postural control; gait; falls; dual task; vulnerability; verbal fluency

1. Introduction

Aging brings a series of biological, psychological, and functional changes [1], making
the individual more vulnerable to a series of changes in their health status [2,3]. Thus,
compared to young and adult individuals, older adults tend to have functional disabilities
and limitations [4], making it difficult to perform their activities of daily living (ADLs)
in an agile way [5]. Among the alterations that the natural aging process entails are
gait performance (GP) [6,7] and body balance (BB) [8,9]. In advanced age, the adequate
performance of both motor capacities is essential for the individual to independently
perform ADLs free from accidents, including falls [8,10]. In this context, cognition plays
an important role since motor functions (i.e., gait and balance) are regulated by neural
pathways [11,12]. Moreover, deficits in the functioning of the nervous system can limit the
recruitment of motor units [13], increasing the risk of falls. Muscle strength plays a strong
role during aging; in the clinical area, its close relationship with cognitive performance is
often assessed by handgrip strength, serving as a biomarker of cognitive impairment [14].
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Cognitive changes caused by aging are characterized by a reduction in synaptic density
and the dendritic arborization of cortical neurons [15], which leads to structural changes in
the brain (i.e., decreased white matter volume). In turn, these modifications consequently
reduce cognitive performance (CP). CP is a comprehensive term, and one of its components
is the executive functions (EFs), defined as a set of integrated cognitive skills necessary
for the control and regulation of common everyday actions, such as thoughts, emotions,
and conflicts [16]. Low EF performance restricts the domain of tasks that require working
memory, conceptual reasoning, attention, visual and spatial scanning, as well as verbal
fluency skills [17,18]. In practice, the impairment of EFs impairs neuronal transmission,
predisposing the older adult to lapses mainly in areas of the prefrontal cortex [19], reflecting
negatively on the mechanisms responsible for GP [20,21] and BB [22]. It is worth mentioning
that, even in cognitively healthy older adults, small structural and functional changes in
the brain can affect the performance of EFs [18,23,24].

The relationship between motor tasks such as GP and BB with cognition is controlled
by muscle modulation processes, known as muscle synergy [25]. Due to physiological aging,
sensory and motor organs undergo gradual changes, which require adapted synergies
from the body for proper functioning. For this reason, older adults have a more cautious
motor control [26], which is a response to the barriers that both the environment and motor
coordination itself impose on the brain [27]. Depending on the older adult individual,
the task of walking at an adequate speed, simultaneously coordinating the reciprocal
swing of the arms with the extension/stabilization of the pelvis and ankles, can be a
great challenge [28,29]. In general, changes in CP make older adults more vulnerable to
managing complex activities [30], especially those involving dual-tasking (DT) [31]. DT is
defined as the ability to simultaneously perform two or more concurrent tasks [32]. Solving
different tasks at the same time requires a preserved CP to process perceptual, motor, and
cognitive mechanisms in an integrated way [33]. Therefore, a low CP may increase the
risk of delayed motor control responsible for GP [34,35], as well as partial inhibition of
the functioning of the visual, somatosensory, and vestibular systems, responsible for BB
regulation [36].

In the clinical area, the use of simultaneous tasks that compete for limited resources
(i.e., dual-task interference) is presented as a strategy to identify cognitive deficits [37,38].
In turn, physical–cognitive DT training proved to be a much more effective measure
than simple task training to improve GP and BB in the older adult population [39,40].
Therefore, physical–cognitive DT training was also found to be effective in preventing
falls [41,42]. When it comes to falls, it is worth noting that aging also changes the strength
level of the lower extremity musculature (LEMS). This degenerative process is defined
as sarcopenia, which consists of the natural loss of muscle mass [43]. Changes occur at
cellular, neural, metabolic, and hormonal levels, causing a loss of type II muscle fibers,
which in turn generates weakness and low muscle power [44]. Proper LEMS performance
is a prerequisite for maintaining an upright posture [45]. Furthermore, adequate levels of
LEMS are essential for the execution of a fast and safe gait [46,47].

In general, a low CP and GP [48,49], BB [50], and LEMS [46] are factors for increased
risk of falling. In the older adult population, falls are responsible for injuries, fractures,
and days of hospitalization [51], with possible future restrictions of mobility [52], which
may hinder the individual’s independence. Moreover, falls are one of the leading causes of
death among older adults [53]. The literature also highlights that falls are more prevalent
among women [52,54]. Although review and meta-analysis studies have highlighted the
benefits of the DT methodology as a useful strategy to activate brain structures [42,55] and
concomitantly GP and BB [56,57], as well as LEMS [44], there are still gaps, in addition to
the fact that definitive conclusions were limited by the lack of studies that have investigated
the reciprocal effects between all the variables [58,59]. Thus, to date, no studies have
specifically examined the effects of physical–cognitive DT training on GP, BB, LEMS, and
cognitive vulnerability in a population of cognitively normal older adult women.
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The purpose of this study was to examine the effect of a 12-week physical–cognitive
DT training program on GP, BB, LEMS, and cognition in a group of cognitively normal
older adult women. We hypothesized that, after 12 weeks of intervention, members of
the physical–cognitive DT training would indicate better performance in all tests. In turn,
comparatively, members of the DT group would present better results in the evaluations
after 12 weeks of follow-up than members of the control group. We justify the single
inclusion of older adult women in the study because both in Brazil, as well as in the city
where this investigation was carried out, there is a multifaceted phenomenon called the
feminization of aging [60]. Thus, in Brazilian cities, the number of women (age ≥ 60 years)
tends to be higher than that of men [61]. Another peculiarity is that it has been proven that
there is a higher risk of falling among women [62].

2. Materials and Methods

This is a randomized experimental study with a double-blind design. Those respon-
sible for the evaluations in all phases of the study were blinded. After assessments of all
participants at baseline (T1), study members were randomly assigned (1:1) into a dual-task
(DT) or control (CG) group. Single-sequence randomization was generated by a web-based
search randomizer (www.randomizer.org (accessed on 30 July 2018), conducted by an in-
vestigator blinded to both study objectives and recruitment. The effectiveness of a 12-week
DT training intervention was determined by post-intervention (T2) assessments. Finally,
12 weeks after the end of the intervention, follow-up assessments (T3) were performed to
detect the potential long-term effects of DT training on the variables of interest. The study
was carried out between October 2018 and March 2019. Members of the DT and CG group
were instructed to perform only their daily activities during the follow-up period.

2.1. Sample Size

Sample size and power calculations were performed with G* Power3, based on a
previous study. Thus, a priori repeated measure ANOVA suggested that a total sample size
of 44 was needed to reach 0.80% power to detect the interaction effect size of 0.20 at the
0.05 level of significance. Considering possible sample loss, 50 individuals were evaluated
and allocated into the two groups in the proportion of 1:1.

2.2. Participants and Eligibility

Participants were recruited through dissemination in WhatsApp, Facebook, radio,
and older adult groups in the city. Initially, the intention was to include individuals of
both sexes, however, 98% of those interested were women. Thus, the investigation was
composed exclusively of older women. It is worth noting that in Brazil, the location
of this investigation, a multifaceted phenomenon called the feminization of aging has
been observed [60]. Thus, the number of older adult women (≥60 years) is greater than
that of men [63]. Consequently, Brazilian women also present a higher risk of falling
than men [62], which strengthens the execution of this investigation. Thus, the inclusion
criteria adopted were: (1) sex: women; (2) age: 60–79 years; (3) Berg Balance Scale: score
>52 (out of 56) [64]; (4) ability to walk without aids for 10 min at a minimum speed of
1 m/s; and (5) Mini-Mental State Examination scores: score of 20 points (out of 30) for
participants were illiterate, 24 points for those with one to four years of education, and
26.5 points for older adults with five or more years of education [65]. Exclusion criteria
were: cardiovascular, musculoskeletal, or severe neurological diseases (such as Parkinson’s
and multiple sclerosis); significant hearing or visual impairment; and participation in a
regular strength, balance, or dual-task training program 6 months before the start of the
study. All participants were informed about the objectives and risks of the study and
signed the consent form before any evaluation was applied, according to the Declaration of
Helsinki. Participants received no financial compensation.

www.randomizer.org
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2.3. Intervention
2.3.1. Dual-Task Training

DT physical–cognitive training was structured based on the principle of variable prior-
ity, when the focus of attention is divided between two or more tasks [33,56]. Thus, motor
tasks (gait and balance) were associated with cognitive strategies (internal interference
factors). Our training protocol was presented in a previous study [66]. Table 1 presents
the set of activities carried out in the physical–cognitive dual-task training. DT group
underwent activities twice a week (60 min/section). The training protocol was performed
in a fitness room (20 × 20 m). The activities were accompanied by a team of trained profes-
sionals in the area of Physical Education and Physiotherapy. A training section had three
phases: (1) warm-up (10 min): supervised walking exercises on a flat surface, general joint
mobilization, and stretching exercises; (2) DT training (40 min): performance of exercises
(i.e., balance and gait) to simulate daily actions with risk of falling, associated with the
simulation of actions that prioritized the exchange and transfer of tasks; and (3) return to
calm (10 min): relaxation and breathing exercises were performed with participants lying
on the floor.

Table 1. Description of training components and task specificity.

Focus Training Tasks

Gait (a) walking with short and wide steps, on the heels and tiptoes, on the back

Static balance
(a) biped, semi-tandem, tandem, single leg stance, weight on feet (hip and ankle postural stabilization

strategies);
(b) careful inclusion of switching between open and closed eyes.

Dynamic balance
(a) walking in different directions on a soft, unstable, or reduced surface (hip and ankle postural stabilization

strategies);
(b) inclusion of arm movements outside the center of pressure.

Cognitive task

(a) calculations and countdown (100, 97, 94, 91, 89, . . . );
(b) verbal fluency (name fruits, people, or cities starting with different letters of the alphabet);

(c) memorization (memorizing a sequence of 3–5 different words and after reproducing);
(d) visual tasks and word spelling (i.e., reaction time: react as quickly as possible), talking with colleagues.

The training load was implemented by the progression of tasks, more specifically,
through the variation in motor exercises and increased difficulty of cognitive tasks. This
strategy was modified every two weeks, more specifically, after four training sessions. Thus,
we seek to intensify neuroplasticity, reducing the interference of competitive demands
at the neural level, and favoring the exercise of allocation simultaneously from two or
more tasks. Table 2 describes the set of strategies used to increase the load of gait and
balance exercises. Moreover, we include two strategies to strengthen the social component,
as well as the adherence of participants to training: (1) the offer of activities through a
DT circuit formed by five stations, and (2) the distribution of participants in groups of
5–6 individuals. Next, the groups performed the tasks for 8 min (march, balance) in each of
the five seasons. We emphasize that the procedures for diversification and combination
of tasks at the stations (Table 1), as well as the progression of the task load (Table 2), were
also intended to differentiate the set of DT training exercises from the tasks required in the
motor tests.

2.3.2. Education Control Group

The CG activities consisted of a set of thematic workshops developed by the interdisci-
plinary team of the University of Third Age. The activities were under the responsibility
of professionals from different areas (Physical Education, Medicine, Pharmacy, Nursing,
Physiotherapy, History, Literature, English, Politics, Sociology, Informatics, and Arts). The
methodology used was guided by the pedagogical principles of permanent education
specific to the adult older population [67]. These activities valued the meeting with the
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exchange of information. The activities took place twice a week (60 min sessions). During
all stages of the study, the CG received no physical or cognitive training and was instructed
to continue its usual activities. Throughout the study (24 weeks), members of the CG were
not notified of any adverse event, including falls.

Table 2. Strategies to increase DT training load during gait and balance tasks.

Focus Strategies for Progression

Gait

(a) slow or fast, with short or wide steps, on the heels or on the tip of the feet, forward, backwards, low or high
level, diagonals, overtake obstacles;

(b) perform curves and/or turns (180◦, 360◦);
(c) combine with the manipulation of objects, or take objects on the floor;

(d) sensory input: impaired vision, enhancement of somatosensory integration.

Static balance (a) variation in the demand of hip and/or ankle strategies;
(b) variation in surfaces: soft/hard, stable/unstable, wide/reduced.

Dynamic balance
(a) walk combined with arm movements outside the pressure center (COP);

(b) backward gait;
(c) surface change: soft/hard, stable/unstable, wide/reduced.

Cognitive task

(a) progressive increase in the difficulty of counting/memorization tasks;
(b) order/sequence of numbers/words;

(c) variation in response time;
(d) alternation of task length;

(e) Stroop tasks (i.e., an alternating combination of incongruent and congruent tasks).

2.4. Control of Procedures and Adherence

Members of both groups attended at least 75% of training sessions [68]. The DT
group indicated 94% adherence to the training over 12 weeks, and participants in the CG
group had 92% participation in the thematic workshops. Once a month, participants in
both groups were asked about their satisfaction with the activities. The strategies used to
maintain the adherence of all participants to the study during the follow-up period were
as follows: (1) weekly contact via WhatsApp or by phone and (2) sending three booklets
with cultural and health information. All participants were instructed not to perform any
type of physical or cognitive training during the 24 weeks of the study; therefore, they
were instructed to just continue with their daily activities. Throughout the entire study, no
adverse events, including falls, were accounted for.

2.5. Outcome Measures

Before randomization, participants answered a standardized questionnaire to collect
sociodemographic data (e.g., age, education), history of falls, medications, and comor-
bidities. Secondly, anthropometric data (weight, height) were collected, and the Body
Mass Index (BMI) was determined. Finally, we used the Mini-Mental State Examination
(MMSE) [65], considering the following scores: 20 points for participants who were illiter-
ate; 25 points for individuals with an education between 1 and 4 years; 26.5 points for those
aged 5 to 8 years; 28 points for 9 to 11 years of education; and 29 points for those with more
than 11 years of education. The data for this investigation were collected by duly trained
team examiners with experience in applying motor and cognitive tests.

2.5.1. Primary Outcomes

The instruments used in this study are part of the list of tests commonly applied to
assess mobility [69], examine the sensory functions of static and dynamic balance [70],
predict the risk of falls due to muscle weakness [Power et al., 2014], and assess cognitive
functions [71]. The primary outcome was defined by spatiotemporal variables, conventional
TUG (TUG), manual TUG (TUGm), and cognitive TUG (TUGc); the assessment of static
and dynamic BB was obtained by the postural balance test (TEC) and the assessment of
the underlying cognitive structure of phonemic fluency and semantic memory functions
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was obtained through the verbal fluency test (VF). Regarding the gait assessment, in all
three tests, participants were instructed to get up from a chair (seat height 40–50 cm), walk
3 m in front of them, turn around in a cone, walk back to the chair, and sit down. The time
for each test was recorded using a 0.01 s precision timer. The measurement started when
the participant’s back left the chair and ended when the participant returned to sit with
their back touching the chair. A practical test was performed for each TUGm test, and the
order of evaluation of the three tests was randomized. The assumed final score was the
average time between two attempts. The gait assessment in dual-task conditions includes
the TUGm and TUGc tests [72].

In the TUGm, participants were asked to travel the 3 m-round trip carrying a paper
tray (25 cm in diameter) with a dominant hand. On the tray, there was a glass (6.9 cm
in diameter and 8.4 cm high) containing 200 mL of water (1 cm below the edge). In the
TUGc, the patients were instructed to repeat the days of the week in reverse order, starting
on Sunday.

The performance of static and dynamic balance was evaluated by the Gleich Gewich-
sttest, validated by Wydra [73] with the independent German population (n = 306), pre-
senting a test–retest reliability of 0.78 (α Cronbach = 0.92). The test was presented to the
Portuguese-speaking community as the TEC-Body Balance Test [74]. The TEC test has
14 tasks—7 assess static balance and 7 assess dynamic balance. Six tasks examine the per-
formance of the sensory regulation system with an emphasis on vision and eight assess the
performance of the vestibular and somatosensory systems. The test score is dichotomous,
so the individual receives one (1) point for each task achieved and zero (0) for those not
completed. The risk of falling for women (60–79 years) is determined by the performance
≤ 4 tasks.

The VF test examined the phonemic fluency and semantic memory system’s ability
to strategize, organize, process, and retrieve information stored in long-term memory [75].
Participants were asked to recall, in one minute, the largest number of known animal
names. The performance analysis process was as follows: (1) VF-total: the total score
of named animals (60 s); (2) VF-category: the number of categories formed, that is
to say, the evocation of animal names representing a particular semantic subcategory;
(3) VF-grouping: the number of groupings performed; and (4) VF-exchange: the number
of exchanges performed. Other results related to the executive functions arising from the
training protocol of the present study were previously presented [66].

2.5.2. Secondary Outcomes

LEMS was performed using the sit-to-stand (STS) test [76]. During the performance
of the STS, participants were asked to be barefoot to eliminate possible footwear effects.
Thus, the participants were instructed to sit in a chair (12-inch high) with their arms placed
at their sides. Participants were asked, after a signal, to stand up as quickly as possible
without any help from the arms, and then return to a fully seated position, repeating this
action as many times as possible for 30 s. The evaluation was performed three times: the
mean scores were used for data analysis. In addition to providing information on lower
limb strength, the STS informs the subject’s ability to transfer their center of gravity (COG)
from a sitting position to a standing position.

2.6. Covariates

Considering possible confounding factors, the analyses were controlled by a set of
variables recognized as a potential for falls among the older adult population, namely: sex
and age [77,78], and years of education [79,80]. For the analysis, this confounding factor
was inserted as a continuous variable. Other covariates were the number of falls in the last
12 months [81], the number of different types of medications consumed daily [82,83], and
comorbidities [84,85]. All this information was obtained through face-to-face interviews.
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2.7. Statistical Analysis

Normality was tested with the Shapiro–Wilk test. Categorical variables (medications,
education, and comorbidities) were presented by several cases, and the frequency was
analyzed using the chi-square test. Considering that all scalar variables (age, BMI, falls,
MMSE, BB, GP, VF) presented a normal distribution, they were acquired through means
and standard deviations and were analyzed using the t-test for independent samples, while
categorical data were analyzed using the chi-square test. The estimation of between- and
within-group differences at baseline, post-training, and 12-week follow-up was performed
by three-way repeated measures ANOVA. For this purpose, we considered the intervention
DT versus CG as a factor between groups, and the measurement of time as a factor within
the group (2 × 3 comparison). Data processing took place after checking all assumptions
(homoscedasticity and normal distribution).

Using partial eta-square, intergroup effect sizes were calculated according to the
following categorization: small (ηp

2 = 0.01), medium (ηp
2 = 0.06), and large (ηp

2 = 0.14) [86].
Therefore, we included ANOVA (Bonferroni post hoc) analyses to control for the possible
locus of significant difference between two assessment times. These analyses were adjusted
for confounding factors (i.e., age, years of education, falls, medications, and comorbidities).
The significance level adopted was p < 0.05. Data analysis was performed using Statistical
Package for the Social Sciences (SPSS) version 24.0.

3. Results

Seventy-five people were selected for the study (Figure 1). Of these, fifty met the
inclusion criteria and were randomized. Finally, 25 people were allocated to each of the 2
groups. The analyses presented refer to 44 subjects (DT = 22, GC = 22) who completed the
24 weeks of the study.
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Figure 1. Study design and flow of participants.

3.1. Sample Characteristic

Forty-four women participated in the study (66.20 ± 4.05 years). No significant differ-
ence between the groups was found in the baseline assessments (p > 0.05) (Table 3). There
was an average level of education between 3 and 4 years. According to the total MMSE
score, preserved cognitive performance was observed in both groups (25.30 ± 2.68 points).
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The daily consumption of medication varied between 1 and 2 types, and the history of
falls in the last 12 months was low (0.16 ± 0.37). Among the comorbidities, the highest
prevalence was verified for rheumatism (72.7%), diabetes mellitus, visual acuity, hearing,
osteoporosis, and hypertension (50.0%). All results at baseline showed a significance level
of p > 0.050.

Table 3. Main characteristics of participants in the baseline.

Variable Dual-Task (n = 22) Control Group (n = 22) p-Value

Age (years) 66.14 ± 4.15 66.27 ± 4.04 0.913
BMI (kg/m2) (n) 27.68 ± 3.93 28.18 ± 4.67 0.703

Falls (12 months) (n) 0.27 ± 0.19 0.185 ± 0.21 0.132
Medication n (%) 0.161

1–4 types 20 (90.9%) 19 (86.3%)
>4 types 2 (9.0%) 3 (13.6%)

Education n (%) 0.574
1–4 years 3 (13.6) 4 (18.1)
≥5 years 19 (86.3) 18 (81.8)

MMSE (n) 25.27 ± 1.38 25.32 ± 3.57 0.688
Comorbidities n (%)

Diabetes Mellitus
Yes (f) 4 (18.1) 18 (81.8) 0.545

Hypertension
Yes (f) 9 (40.9) 13 (59.0) 0.680

Visual acuity
Yes (f) 20 (90.9) 2 (9.0) 0.761

Hearing 0.550
Yes (f) 11 (50.0) 12 (54.5)

Labyrinthitis
Yes (f) 4 (18.1) 2 (9.0) 0.079

Osteoporosis
Yes (f) 14 (63.6) 8 (36.3) 0.294

Rheumatism 0.488
Yes (f) 6 (27.2) 16 (72.7)

Note: Data are expressed as mean (M) ± standard deviation (SD) or frequency (f); kg = Kilograms;
cm = centimeters; MMSE = Mini-Mental State Examination; BMI = Body Mass Index; kg/m2 = kilograms/square
meter; p < 0.005 = Mann–Whitney U test.

3.2. Descriptive Statistics
3.2.1. Gait, Body Balance, and Lower Extremity Muscle Strength

The comparative results obtained by both groups in the motor assessments at baseline,
post-tests, and follow-up are presented in Table 3. Conventional TUG showed significant
time–effect differences [F(2.96) = 9.043, p = 0.006, ηp

2 = 0.698] and a significant group × time
interaction [(2.96) = 10.470, p < 0.001, ηp

2 = 0.768] (see Figure 2A). According to the post hoc
analysis adjusted for possible confounders (i.e., age, years of education, falls, medications,
and comorbidities), members of the DT group showed significant results between T1 and
T2 (p < 0.001) and from T2 to T3 (p < 0.001). Regarding gait in the dual-task condition, the
TUGm indicated significant time–effect differences [F(2.96) = 10.638, p = 0.008, ηp

2 = 0.652]
and a significant group × time interaction [F(2.96) = 8.321, p < 0.001, ηp

2 = 0.745]. Post
hoc analysis adjusted for confounders (i.e., age, years of education, falls, medications,
and comorbidities) indicated significant results between T1 and T2 (p < 0.001), and from
T2 to T3 (p < 0.001). TUGc pointed significant time–effect differences [F(2.96) = 8.695,
p = 0.021, ηp

2 = 0.622] and a significant group × time interaction [F(2.96) = 9.452, p = 0.014,
ηp

2 = 0.738. Therefore, the post hoc analysis adjusted for confounders (i.e., age, years of
education, falls, medications, and comorbidities) showed significant results from T1 to T2
(p < 0.001) and from T2 to T3 (p < 0.001). The largest effect size generated by dual-task
physical–cognitive training was indicated in the BB test. Our analysis showed a significant
time–effect difference [F(2.96) = 10.143, p < 0.001, ηp

2 = 0.939] and group × time interaction
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[F(2.96) = 11.125, p < 0.001, ηp
2 = 0.989] (see Figure 2B). Specifically, in the DT group, the

post hoc analysis adjusted for confounders (i.e., age, years of education, falls, medications,
and comorbidities) pointed toward significant results from T1 to T2 (p < 0.001) and from T2
to T3 (p = 0.032). Finally, for LEMS, we found a significant effect on time [F(2.96) = 11.024,
p = 0.000, ηp

2 = 0.892] and a significant group × time interaction [F(2.96) = 12.108, p = 0.000,
ηp

2 = 0.934]. According to the post hoc analysis adjusted for confounders (i.e., age, years of
education, falls, medications, and comorbidities), members of the DT group showed sig-
nificant results from T1 to T2 (p < 0.001), and a significant result from T2 to T3 (p < 0.001).
Meanwhile, CG members maintained their performance unchanged over 24 weeks (Table 4).

Int. J. Environ. Res. Public Health 2023, 20, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 2. Results of the time × group interaction analysis, according to the groups. (A) Single gait 
performance by the TUG test; (B) performance of static and dynamic balance by the TEC test; seg. = 
seconds. 

3.2.2. Cognition 
Concerning the result of the VF-total, there were significant time–effect differences 

[F(2.96) = 6.301, p = 0.018, ηp2 = 0.334] and significant group × time interactions [F(2.96) = 
9.754, p = 0.000, ηp2 = 0.388] (see Table 3 for an overview). According to post hoc analysis 
adjusted for confounders (i.e., age, years of education, falls, medications, and 
comorbidities), members of the DT indicated significant results from T1 to T2 (p ≤ 0.001), 
and from T2 to T3 (p < 0.001). The VF-category did not show any significant time–effect 
differences on time [F(2.96) = 4.622, p = 0.079, ηp2 = 0.282] and in the analysis of the group 
× time interaction [F(2.96) = 4.109, p = 0.145, ηp2 = 0.298]. VF-grouping showed significant 
time–effect differences [F(2.96) = 6.482, p = 0.032, ηp2 = 0.196] and group × time interactions 
[F(2.96) = 6.278, p = 0.038, ηp2 = 0.214]. Post hoc analysis adjusted for confounding factors 
(i.e., age, years of education, falls, medications, and comorbidities) indicated significant 
results from T1 to T2 (p = 0.024) and from T2 to T3 (p = 0.018). Finally, the VF-exchange 
pointed toward significant time–effect differences [F(2.96) = 8.781, p = 0.002, ηp2 = 0.189] 
and a significant group × time interaction [F(2.96) = 8.253, p = 0.012, ηp2 = 0.247]. Post hoc 
analysis adjusted for confounding factors (i.e., age, years of education, falls, medications, 
and comorbidities) showed significant results from T1 to T2 (p ≤ 0.001) and from T2 to T3 
(p ≤ 0.001) (Table 3). 

4. Discussion 
This study investigated the effects of a 12-week dual-task physical–cognitive training 

on gait performance, balance, lower extremity muscle strength, and cognitive 
performance in a group of cognitively normal older adult women compared to a control 
group, who participated only in educational activities. Our two assumptions were 
confirmed. First, we found that DT training was able to generate significant time–group 
interaction effects after the 12-week intervention on the performance of BB, GP, LEMS, 
and EFs, except for the VF-category. Second, members of the DT training also reported 
better results on these same variables at the end of the 12-week follow-up. Thus, our 
findings were in line with previous investigations that showed concurrent physical–
cognitive training as being capable for neutralizing age-related deterioration in physical 
and cognitive functions [87,88].  

A strength of our study was the training protocol. When it comes to DT training, the 
type of exercise applied is decisive for the creation of internal interference factors [88]. A 
systematic review study highlighted that the effectiveness of a DT training program 
depends on the exercise load [42]. Therefore, factors such as task intensity and duration 
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3.2.2. Cognition

Concerning the result of the VF-total, there were significant time–effect differences
[F(2.96) = 6.301, p = 0.018, ηp

2 = 0.334] and significant group × time interactions
[F(2.96) = 9.754, p = 0.000, ηp

2 = 0.388] (see Table 3 for an overview). According to post
hoc analysis adjusted for confounders (i.e., age, years of education, falls, medications, and
comorbidities), members of the DT indicated significant results from T1 to T2 (p ≤ 0.001),
and from T2 to T3 (p < 0.001). The VF-category did not show any significant time–effect
differences on time [F(2.96) = 4.622, p = 0.079, ηp

2 = 0.282] and in the analysis of the group
× time interaction [F(2.96) = 4.109, p = 0.145, ηp

2 = 0.298]. VF-grouping showed significant
time–effect differences [F(2.96) = 6.482, p = 0.032, ηp

2 = 0.196] and group × time interactions
[F(2.96) = 6.278, p = 0.038, ηp

2 = 0.214]. Post hoc analysis adjusted for confounding factors
(i.e., age, years of education, falls, medications, and comorbidities) indicated significant
results from T1 to T2 (p = 0.024) and from T2 to T3 (p = 0.018). Finally, the VF-exchange
pointed toward significant time–effect differences [F(2.96) = 8.781, p = 0.002, ηp

2 = 0.189]
and a significant group × time interaction [F(2.96) = 8.253, p = 0.012, ηp

2 = 0.247]. Post hoc
analysis adjusted for confounding factors (i.e., age, years of education, falls, medications,
and comorbidities) showed significant results from T1 to T2 (p ≤ 0.001) and from T2 to T3
(p ≤ 0.001) (Table 3).
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Table 4. Results between the dual-task and control groups for gait, balance, lower extremity muscle strength, and cognitive performance.

Variable
Dual-Task Control Group Time Time * Group

(Baseline) (12 Weeks) (24 Weeks) (Baseline) (12 Weeks) (24 Weeks)
F p ηp

2 F p ηp
2

n = 22 n = 22 n = 22 n = 22 n = 22 n = 22

Gait
TUG (s) 9.10 ± 1.88 6.52 ± 0.79 6.98 ± 1.17 9.28 ± 1.59 9.74 ± 1.59 9.88 ± 1.31 9.043 0.006 0.698 10.470 <0.001 0.768

TUGm (s) 9.68 ± 2.14 6.74 ± 0.89 7.66 ± 1.32 9.55 ± 1.46 9.82 ± 1.26 9.94 ± 1.21 10.638 0.008 0.652 8.321 <0.001 0.745
TUGc (s) 11.14 ± 2.43 9.31 ± 0.86 9.78 ± 1.41 11.18 ± 2.25 11.25 ± 1.53 11.10 ± 1.78 8.695 0.021 0.622 9.452 0.014 0.738
Balance

TEC 3.00 ± 2.5 12.00 ± 2.7 9.00 ± 3.1 3.00 ± 2.0 3.00 ± 2.4 3.00 ± 2.0 10.143 <0.001 0.939 11.125 <0.001 0.989
Muscle strength

LEMS 11 ± 4.2 20 ± 3.1 16 ± 4.3 11 ± 3.4 11 ± 3.5 11 ± 3.2 11.024 <0.001 0.892 12.108 <0.001 0.934
Cognition

VF-Total (n) 15.00 ± 3.7 b,c 20.00 ± 4.0 19.00 ± 3.1 15.00 ± 2.9 16.00 ± 3.2 15.00 ± 2.7 6.301 0.018 0.334 9.754 <0.001 0.388
VF-Category 4.10 ± 0.91 5.14 ± 1.26 4.80 ± 0.80 4.11 ± 1.07 4.20 ± 0.83 4.00 ± 0.63 4.622 0.079 0.282 4.109 0.145 0.298
VF-Grouping 1.16 ± 1.17 b,c 3.84 ± 1.58 3.21 ± 1.41 1.22 ± 1.20 1.28 ± 1.24 1.21 ± 1.11 6.482 0.032 0.196 6.278 0.038 0.214
VF-Exchange 0.60 ± 1.26 b,c 1.60 ± 1.75 c 1.30 ± 1.83 0.64 ± 1.44 0.80 ± 1.80 0.70 ± 1.03 8.781 0.002 0.189 8.253 0.012 0.247

Note: Values are presented as mean (M) ± standard deviation (SD); s = second; TUG = Timed Up & Go; TUGm = Timed Up & Go (manual); TUGc = Timed Up & Go (cognitive);
TEC = Balance Test; LEMS = c; VF = Verbal Fluency; p < 0.005 = Repeated measures two-way ANOVA; b,c p < 0.050 = Bonferroni’s post hoc test (b = considering, significant difference
baseline with 24 weeks; c = considering, significant difference 12 weeks with 24 weeks); η2 = Cohen d (effect size).
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4. Discussion

This study investigated the effects of a 12-week dual-task physical–cognitive training
on gait performance, balance, lower extremity muscle strength, and cognitive performance
in a group of cognitively normal older adult women compared to a control group, who
participated only in educational activities. Our two assumptions were confirmed. First,
we found that DT training was able to generate significant time–group interaction effects
after the 12-week intervention on the performance of BB, GP, LEMS, and EFs, except for the
VF-category. Second, members of the DT training also reported better results on these same
variables at the end of the 12-week follow-up. Thus, our findings were in line with previous
investigations that showed concurrent physical–cognitive training as being capable for
neutralizing age-related deterioration in physical and cognitive functions [87,88].

A strength of our study was the training protocol. When it comes to DT training,
the type of exercise applied is decisive for the creation of internal interference factors [88].
A systematic review study highlighted that the effectiveness of a DT training program
depends on the exercise load [42]. Therefore, factors such as task intensity and duration
are critical, which include increasing levels of difficulty, as well as the proper planning
of prioritizing task specificity. In this sense, our results showed that the set of motor and
cognitive tasks as well as the progression strategies were able to stimulate the sharing
of complex neural networks in different regions of the brain [89]. Therefore, the training
program was able to reduce the interference of competitive demands generated by motor
and cognitive tasks, increasing the ability of DT group members to allocate attention
between two or more tasks performed simultaneously [90]. Another positive point of the
applied training was the reciprocal benefits for the GP [91], BB control [92], LEMS [44], as
well as the efficiency of the functions cognitive [42].

It is noteworthy that although the performance of the CG members on all outcome
variables (T2 and T3 assessments) was lower than the results of the DT group, except for
BB, their performance levels were adequate for an age group between 60 and 79 years. In
our study, while DT group members indicated an improvement in gait performance in
a single task, motor dual task, and cognitive dual task, CG participants maintained gait
speed in the three different conditions unchanged. Walking is a complex task that requires
a mutual work of the sensorial and cognitive systems [93]. Changes in speed (slowness)
during the simultaneous execution of two or more different tasks (motor and cognitive)
reflect an increase in the cost of the dual task [94,95]. Thus, a walking speed below 1.0 m/s
is considered abnormal [95].

In this study, the benefits of DT training became more evident after the follow-up
period, when lasting effects (retention gains: ∆ = T3 − T1) were revealed. Thus, members
of the DT group indicated in the gait condition a single task (gain of 23.3%), motor dual
task (gain of 20.9%), and cognitive dual task (gain of 12.2%). Similar results of DT training
in GP among older adults have also been reported in previous experimental studies [58].
In a randomized controlled trial conducted with cognitively normal older adults (n = 37,
60–75 years) that compared the effects of six weeks of single-task and dual-task training
on gait and cognitive performance, the DT training group indicated better GP (i.e., speed,
cadence, step length) in single-gait conditions and with dual-task interference [91].

In the present study, the greatest power effect revealed by DT training was observed
in the BB test. The improvement in balance control can be attributed to the set of tasks
experienced by the older adults in the DT group, which improved the functioning of the
sensory system organs responsible for regulating postural control (i.e., visual, auditory, and
somatosensory systems). Thus, over 24 weeks, while the CG members maintained their
balance performance unchanged, those who participated in the DT training increased the
efficiency of this motor skill by up to 300.0% from T1 to T2, and were able to retain the
gains (∆ = T3 − T1) by up to 200% after follow-up. Our findings are in line with previous
studies [96,97], showing that training based on DT principles was able to significantly
benefit the postural control of cognitively healthy older adults.
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The improvement in the BB performance was in agreement with a previous review
study [98], since the applied DT protocol benefited neurocognitive functions responsible
for mechanisms underlying postural control. Among them, sensory organs such as muscle
and joint proprioceptors (somatosensory system) were responsible for capturing postural
information before sending the information to the brain [99,100], including graviceptors
located in the trunk [101]. In turn, the vestibular system, fundamental for trunk flexion
and extension actions, as well as sensitive to angular and linear acceleration of the head
position (gravity), was also benefited [102]. Another stimulated sensorial organ was the
optic nerve, which is an auxiliary in postural stability actions and a determinant to identify
obstacles in the planning of the set of trajectories during gait [103].

Another positive effect of DT training was for LEMS. With aging, there is a gradual
loss of related muscle strength that can compromise performance in ADLs, even reducing
perceived quality of life [104]. Extremely low levels of muscle strength are increasing the
frailty of the older adult population [105]. For this reason, their participation in resisted
physical training is advised [44]. Thus, individuals may become used to transferring
physical gains from training to ADL [106]. In a study that evaluated the effects of gait self-
efficacy and lower limb physical function on DT performance (n = 195, 60–79 years), greater
self-efficacy for LEMS was found in the DT condition [107]. Furthermore, performance on
DT tasks was predictive of safe street crossing. In an observational study carried out with
1705 community-dwelling older adults (70 years old), an association was found between
low quadriceps strength and self-reported functional limitation [108]. Thus, our results
showed that while CG members maintained constant LEMS performance for 24 weeks,
those who integrated DT training increased performance by up to 81.1% from T1 to T2
and were able to retain strength gains (∆ = T3 − T1) by up to 45.4% after follow-up. The
findings are significant, confirming the benefits of DT training as a possible strategy to
counteract strength losses resulting from sarcopenia and/or physical inactivity among
older adults [43].

Regarding cognition—more specifically, a subcomponent of executive functions, which
is verbal fluency—we found that, except for the VF category, while the cognitive perfor-
mance of the CG members remained unchanged over 24 weeks, the members of the DT
training indicated improvement in the performance of phonemic fluency and semantic
memory functions. The effective gain can be verified after follow-up through retention
effects (∆ = T3 − T1) of up to 26.6%, 176.7%, and 116.6%, respectively, in the categories
VF-total, VF-category, and VF-grouping. The literature has highlighted the benefits of phys-
ical exercise under the principles of DT to increase the cognitive reserve of the older adult
population [94,109]. Through gait and balance tasks associated with cognitive strategies, it
was possible to create challenges capable of promoting the neural plasticity of the members
of the DT group.

It is worth noting that, based on the MMSE test, all of our study population had a
preserved cognitive state. Therefore, they experienced natural aging [110]. However, even
among cognitively healthy older adults, having a preserved capacity for building clusters
and semantic exchanges is fundamental, since physiological aging generates different
degrees of deficits in the frontal neural pathways, of which are responsible for the per-
formance of working memory, mental flexibility, deviation of attention, visual processing
speed, and exploration [111]. Thus, based on the results of the three VF subtests and on the
total VF score, it was possible to verify that the applied training protocol was effective for
the performance of verbal memory (temporal lobe), capacity for procedural change (frontal
lobe), and cognitive flexibility [112]. All of these functions are crucial to the effectiveness of
cognitive flexibility [93].

The present study has some limitations. First, findings from the present study can
only be generalized to a specific group of older adult women, and only for those who
meet the same selection criteria adopted in this investigation. Second, considering that
the cognitive and motor tests were applied three times over a period of six months, it is
possible that some participants memorized the tasks, generating bias in the results. Third,
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neuroimaging techniques were not added to further monitor the neural changes caused by
DT training. Thus, it must be considered that it is possible that the clinical instruments used
did not offer an in-depth analysis of the underlying brain mechanisms that benefited from
DT training. Fourth, the levels of complexity, specificity, and prioritization of the motor
and cognitive task limit the comparability with previous studies. Thus, the effect sizes
generated by our physical–cognitive DT training protocol may vary considerably from
those presented by other studies. Fifth, the use of only one cognitive test is a limitation of
this investigation. Therefore, it is suggested that future studies, in addition to the verbal
fluency test, add other instruments to verify the effects of physical–cognitive DT training
on executive functions. The measure can broaden the understanding of the underlying
mechanisms of neural plasticity generated by this type of training. Finally, it is encouraged
to carry out a longitudinal follow-up of the evaluated population in order to state more
precisely the effects of DT training and natural aging on GP, BB, LEMS, and EFs.

5. Conclusions

The findings provided evidence for the effectiveness of 12 weeks of dual-task physical–
cognitive training in counteracting age-related changes in gait performance (single- and
dual-task conditions), also improving static and dynamic balance performance, and increas-
ing lower limb strength. A strong point of our study was the non-requirement of expensive
equipment in the training protocol, which also ensured the participants’ adherence over
the 12 weeks. In turn, admitting that physiological aging is responsible for changes in
cognitive functions, enhancing the loss of autonomy and vulnerability of the individual,
DT training proved to be capable of inducing neural plasticity (i.e., search and retrieval of
data, ability for organization, self-regulation, and operational memory). Our results can
serve as a reference for new investigations focused on the prevention of falls in cognitively
normal older adult women.
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1. Dziechciaż, M.; Filip, R. Biological psychological and social determinants of old age: Bio-psycho-social aspects of human aging.

Ann. Agric. Environ. Med. 2014, 21, 835–838. [CrossRef] [PubMed]
2. Ayeni, A.; Sharples, A.; Hewson, D. The association between social vulnerability and frailty in community dwelling older people:

A systematic review. Geriatrics 2022, 7, 104. [CrossRef] [PubMed]

https://doi.org/10.5604/12321966.1129943
https://www.ncbi.nlm.nih.gov/pubmed/25528930
https://doi.org/10.3390/geriatrics7050104
https://www.ncbi.nlm.nih.gov/pubmed/36286207


Int. J. Environ. Res. Public Health 2023, 20, 5498 14 of 18

3. Clegg, A.; Young, J.; Iliffe, S.; Rikkert, M.O.; Rockwood, K. Frailty in elderly people. Lancet 2013, 381, 752–762. [CrossRef]
[PubMed]

4. Guidet, B.; de Lange, D.W.; Boumendil, A.; Leaver, S.; Watson, X.; Boulanger, C.; Szczeklik, W.; Artigas, A.; Morandi, A.;
Andersen, F.; et al. The contribution of frailty, cognition, activity of daily life and comorbidities on outcome in acutely admitted
patients over 80 years in European ICUs: The VIP2 study. Intensive Care Med. 2020, 46, 57–69. [CrossRef]

5. Costenoble, A.; Knoop, V.; Vermeiren, S.; Vella, R.A.; Debain, A.; Rossi, G.; Bautmans, I.; Verté, D.; Gorus, E.; De Vriendt, P. A
comprehensive overview of activities of daily living in existing frailty instruments: A systematic literature search. Gerontologist
2021, 61, e12–e22. [CrossRef]

6. Hirono, T.; Ikezoe, T.; Yamagata, M.; Kato, T.; Umehara, J.; Yanase, K.; Nakao, S.; Tsuboyama, T.; Tabara, Y.; Matsuda, F.; et al.
Age-related changes in gait speeds and asymmetry during circular gait and straight-line gait in older individuals aged 60–79
years. Geriatr. Gerontol. Int. 2021, 21, 404–410. [CrossRef]

7. Hamacher, D.; Liebl, D.; Hödl, C.; Heßler, V.; Kniewasser, C.K.; Thönnessen, T.; Zech, A. Gait stability and its influencing factors
in older adults. Front. Physiol. 2019, 9, 1955. [CrossRef]

8. Fasano, A.; Plotnik, M.; Bove, F.; Berardelli, A. The neurobiology of falls. Neurol. Sci. 2012, 33, 1215–1223. [CrossRef]
9. Forbes, P.A.; Chen, A.; Blouin, J.-S. Sensorimotor control of standing balance. In Handbook of Clinical Neurology; Elsevier:

Amsterdam, The Netherlands, 2018; Volume 159, pp. 61–83. ISBN 9780444639165.
10. Hu, K.; Zhou, Q.; Jiang, Y.; Shang, Z.; Mei, F.; Gao, Q.; Chen, F.; Zhao, L.; Jiang, M.; Ma, B. Association between frailty and

mortality, falls, and hospitalization among patients with hypertension: A systematic review and meta-analysis. Biomed Res. Int.
2021, 2021, 2690296. [CrossRef]

11. Amboni, M.; Barone, P.; Hausdorff, J.M. Cognitive contributions to gait and falls: Evidence and implications. Mov. Disord. 2013,
28, 1520–1533. [CrossRef]

12. Montero-Odasso, M.; Almeida, Q.J.; Burhan, A.M.; Camicioli, R.; Doyon, J.; Fraser, S.; Li, K.; Liu-Ambrose, T.; Middleton, L.;
Muir-Hunter, S.; et al. SYNERGIC TRIAL (SYNchronizing Exercises, Remedies in Gait and Cognition) a multi-Centre randomized
controlled double blind trial to improve gait and cognition in mild cognitive impairment. BMC Geriatr. 2018, 18, 93. [CrossRef]

13. Clark, B.C.; Manini, T.M.; Wages, N.P.; Simon, J.E.; Clark, L.A. Voluntary vs electrically stimulated activation in age-related
muscle weakness. JAMA Netw. Open 2019, 2, e1912052. [CrossRef]

14. Shaughnessy, K.A.; Hackney, K.J.; Clark, B.C.; Kraemer, W.J.; Terbizan, D.J.; Bailey, R.R.; McGrath, R. A narrative review of
handgrip strength and cognitive functioning: Bringing a new characteristic to muscle memory. J. Alzheimer’s Dis. 2020, 73,
1265–1278. [CrossRef]

15. Raz, N. Ageing and the Brain. In ELS; Wiley: Hoboken, NJ, USA, 2003.
16. Rabinovici, G.D.; Stephens, M.L.; Possin, K.L. Executive Dysfunction. Contin. Lifelong Learn. Neurol. 2015, 21, 646–659. [CrossRef]
17. Harada, C.N.; Natelson Love, M.C.; Triebel, K.L. Normal cognitive aging. Clin. Geriatr. Med. 2013, 29, 737–752. [CrossRef]
18. Oschwald, J.; Guye, S.; Liem, F.; Rast, P.; Willis, S.; Röcke, C.; Jäncke, L.; Martin, M.; Mérillat, S. Brain structure and cognitive

ability in healthy aging: A review on longitudinal correlated change. Rev. Neurosci. 2019, 31, 1–57. [CrossRef]
19. Kolb, B.; Gibb, R. Principles of Neuroplasticity and Behavior. In Cognitive Neurorehabilitation; Stuss, D.T., Winocur, G., Robertson,

I.H., Eds.; Cambridge University Press: Cambridge, UK, 2015; pp. 6–21. ISBN 9781316529898.
20. Yogev-Seligmann, G.; Hausdorff, J.M.; Giladi, N. The role of executive function and attention in gait. Mov. Disord. 2008, 23,

329–342. [CrossRef]
21. Toots, A.T.M.; Taylor, M.E.; Lord, S.R.; Close, J.C.T. Associations between gait speed and cognitive domains in older people with

cognitive impairment. J. Alzheimer’s Dis. 2019, 71, S15–S21. [CrossRef]
22. Buracchio, T.J.; Mattek, N.C.; Dodge, H.H.; Hayes, T.L.; Pavel, M.; Howieson, D.B.; Kaye, J.A. Executive function predicts risk of

falls in older adults without balance impairment. BMC Geriatr. 2011, 11, 74. [CrossRef]
23. Ng, K.K.; Lo, J.C.; Lim, J.K.W.; Chee, M.W.L.; Zhou, J. Reduced functional segregation between the default mode network and the

executive control network in healthy older adults: A longitudinal study. Neuroimage 2016, 133, 321–330. [CrossRef]
24. Watson, N.L.; Rosano, C.; Boudreau, R.M.; Simonsick, E.M.; Ferrucci, L.; Sutton-Tyrrell, K.; Hardy, S.E.; Atkinson, H.H.; Yaffe, K.;

Satterfield, S.; et al. Executive function, memory, and gait speed decline in well-functioning older adults. J. Gerontol. Ser. A Biol.
Sci. Med. Sci. 2010, 65, 1093–1100. [CrossRef] [PubMed]

25. Ivanenko, Y.P.; Cappellini, G.; Dominici, N.; Poppele, R.E.; Lacquaniti, F. Modular control of limb movements during human
locomotion. J. Neurosci. 2007, 27, 11149–11161. [CrossRef]

26. Baggen, R.J.; van Dieën, J.H.; Van Roie, E.; Verschueren, S.M.; Giarmatzis, G.; Delecluse, C.; Dominici, N. Age-related differences
in muscle synergy organization during step ascent at different heights and directions. Appl. Sci. 2020, 10, 1987. [CrossRef]

27. Alizadehsaravi, L.; Bruijn, S.M.; Muijres, W.; Koster, R.A.J.; van Dieën, J.H. Improvement in gait stability in older adults after ten
sessions of standing balance training. PLoS ONE 2022, 17, e0242115. [CrossRef] [PubMed]

28. Fukuchi, C.A.; Fukuchi, R.K.; Duarte, M. Effects of walking speed on gait biomechanics in healthy participants: A systematic
review and meta-analysis. Syst. Rev. 2019, 8, 153. [CrossRef]

29. Phinyomark, A.; Petri, G.; Ibáñez-Marcelo, E.; Osis, S.T.; Ferber, R. Analysis of big data in gait biomechanics: Current trends and
future directions. J. Med. Biol. Eng. 2018, 38, 244–260. [CrossRef]

30. Ruffieux, J.; Keller, M.; Lauber, B.; Taube, W. Changes in standing and walking performance under dual-task conditions across
the lifespan. Sport. Med. 2015, 45, 1739–1758. [CrossRef]

https://doi.org/10.1016/S0140-6736(12)62167-9
https://www.ncbi.nlm.nih.gov/pubmed/23395245
https://doi.org/10.1007/s00134-019-05853-1
https://doi.org/10.1093/geront/gnz147
https://doi.org/10.1111/ggi.14150
https://doi.org/10.3389/fphys.2018.01955
https://doi.org/10.1007/s10072-012-1126-6
https://doi.org/10.1155/2021/2690296
https://doi.org/10.1002/mds.25674
https://doi.org/10.1186/s12877-018-0782-7
https://doi.org/10.1001/jamanetworkopen.2019.12052
https://doi.org/10.3233/JAD-190856
https://doi.org/10.1212/01.CON.0000466658.05156.54
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.1515/revneuro-2018-0096
https://doi.org/10.1002/mds.21720
https://doi.org/10.3233/JAD-181173
https://doi.org/10.1186/1471-2318-11-74
https://doi.org/10.1016/j.neuroimage.2016.03.029
https://doi.org/10.1093/gerona/glq111
https://www.ncbi.nlm.nih.gov/pubmed/20581339
https://doi.org/10.1523/JNEUROSCI.2644-07.2007
https://doi.org/10.3390/app10061987
https://doi.org/10.1371/journal.pone.0242115
https://www.ncbi.nlm.nih.gov/pubmed/35895709
https://doi.org/10.1186/s13643-019-1063-z
https://doi.org/10.1007/s40846-017-0297-2
https://doi.org/10.1007/s40279-015-0369-9


Int. J. Environ. Res. Public Health 2023, 20, 5498 15 of 18

31. Beurskens, R.; Bock, O. Age-related deficits of dual-task walking: A review. Neural Plast. 2012, 2012, 131608. [CrossRef]
32. McIsaac, T.L.; Lamberg, E.M.; Muratori, L.M. Building a framework for a dual task taxonomy. Biomed Res. Int. 2015, 2015, 591475.

[CrossRef]
33. Bayot, M.; Dujardin, K.; Tard, C.; Defebvre, L.; Bonnet, C.T.; Allart, E.; Delval, A. The interaction between cognition and motor

control: A theoretical framework for dual-task interference effects on posture, gait initiation, gait and turning. Neurophysiol. Clin.
2018, 48, 361–375. [CrossRef]

34. Holtzer, R.; Epstein, N.; Mahoney, J.R.; Izzetoglu, M.; Blumen, H.M. Neuroimaging of mobility in aging: A targeted review.
J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2014, 69, 1375–1388. [CrossRef]

35. Kueper, J.K.; Lizotte, D.J.; Montero-Odasso, M.; Speechley, M. Cognition and motor function: The gait and cognition pooled index.
PLoS ONE 2020, 15, e0238690. [CrossRef]

36. Viswanathan, A.; Sudarsky, L. Balance and gait problems in the elderly. In Handbook of Clinical Neurology; Elsevier: Amsterdam,
The Netherland, 2012; Volume 103, pp. 623–634.

37. Bayot, M.; Dujardin, K.; Dissaux, L.; Tard, C.; Defebvre, L.; Bonnet, C.T.; Allart, E.; Allali, G.; Delval, A. Can dual-task paradigms
predict Falls better than single task?—A systematic literature review. Neurophysiol. Clin. 2020, 50, 401–440. [CrossRef]

38. Lee, H.; Sullivan, S.J.; Schneiders, A.G. The use of the dual-task paradigm in detecting gait performance deficits following a
sports-related concussion: A systematic review and meta-analysis. J. Sci. Med. Sport 2013, 16, 2–7. [CrossRef]

39. Ghai, S.; Ghai, I.; Effenberg, A.O. Effects of dual tasks and dual-task training on postural stability: A systematic review and
meta-analysis. Clin. Interv. Aging 2017, 12, 557–577. [CrossRef]

40. Li, K.Z.H.; Roudaia, E.; Lussier, M.; Bherer, L.; Leroux, A.; McKinley, P.A. Benefits of cognitive dual-task training on balance
performance in healthy older adults. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2010, 65, 1344–1352. [CrossRef]

41. Muir-Hunter, S.W.; Wittwer, J.E. Dual-task testing to predict falls in community-dwelling older adults: A systematic review.
Physiother 2016, 102, 29–40. [CrossRef]

42. Wollesen, B.; Wildbredt, A.; van Schooten, K.S.; Lim, M.L.; Delbaere, K. The effects of cognitive-motor training interventions on
executive functions in older people: A systematic review and meta-analysis. Eur. Rev. Aging Phys. Act. 2020, 17, 9. [CrossRef]

43. Marzetti, E.; Calvani, R.; Tosato, M.; Cesari, M.; Di Bari, M.; Cherubini, A.; Collamati, A.; D’Angelo, E.; Pahor, M.;
Bernabei, R.; et al. Sarcopenia: An overview. Aging Clin. Exp. Res. 2017, 29, 11–17. [CrossRef]

44. Ishigaki, E.Y.; Ramos, L.G.; Carvalho, E.S.; Lunardi, A.C. Effectiveness of muscle strengthening and description of protocols for
preventing falls in the elderly: A systematic review. Braz. J. Phys. Ther. 2014, 18, 111–118. [CrossRef]

45. Lacroix, A.; Kressig, R.W.; Muehlbauer, T.; Gschwind, Y.J.; Pfenninger, B.; Bruegger, O.; Granacher, U. Effects of a supervised
versus an unsupervised combined balance and strength training program on balance and muscle power in healthy older adults:
A randomized controlled trial. Gerontology 2016, 62, 275–288. [CrossRef] [PubMed]

46. Muehlbauer, T.; Gollhofer, A.; Granacher, U. Associations between measures of balance and lower-extremity muscle
strength/power in healthy individuals across the lifespan: A systematic review and meta-analysis. Sport. Med. 2015, 45,
1671–1692. [CrossRef] [PubMed]

47. Shin, S.; Valentine, R.J.; Evans, E.M.; Sosnoff, J.J. Lower extremity muscle quality and gait variability in older adults. Age Ageing
2012, 41, 595–599. [CrossRef] [PubMed]

48. Ambrose, A.F.; Paul, G.; Hausdorff, J.M. Risk factors for falls among older adults: A review of the literature. Maturitas 2013, 75,
51–61. [CrossRef]

49. Montero-Odasso, M.; Speechley, M.; Muir-Hunter, S.W.; Sarquis-Adamson, Y.; Sposato, L.A.; Hachinski, V.; Borrie, M.; Wells, J.;
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55. Teraz, K.; Šlosar, L.; Paravlić, A.H.; de Bruin, E.D.; Marusic, U. Impact of motor-cognitive interventions on selected gait and
balance outcomes in older adults: A systematic review and meta-analysis of randomized controlled trials. Front. Psychol. 2022,
13, 837710. [CrossRef]

56. Silsupadol, P.; Shumway-Cook, A.; Lugade, V.; van Donkelaar, P.; Chou, L.S.; Mayr, U.; Woollacott, M.H. Effects of single-task
versus dual-task training on balance performance in older adults: A double-blind, randomized controlled. Arch. Phys. Med.
Rehabil. 2009, 90, 381–387. [CrossRef]

https://doi.org/10.1155/2012/131608
https://doi.org/10.1155/2015/591475
https://doi.org/10.1016/j.neucli.2018.10.003
https://doi.org/10.1093/gerona/glu052
https://doi.org/10.1371/journal.pone.0238690
https://doi.org/10.1016/j.neucli.2020.10.008
https://doi.org/10.1016/j.jsams.2012.03.013
https://doi.org/10.2147/CIA.S125201
https://doi.org/10.1093/gerona/glq151
https://doi.org/10.1016/j.physio.2015.04.011
https://doi.org/10.1186/s11556-020-00240-y
https://doi.org/10.1007/s40520-016-0704-5
https://doi.org/10.1590/S1413-35552012005000148
https://doi.org/10.1159/000442087
https://www.ncbi.nlm.nih.gov/pubmed/26645282
https://doi.org/10.1007/s40279-015-0390-z
https://www.ncbi.nlm.nih.gov/pubmed/26412212
https://doi.org/10.1093/ageing/afs032
https://www.ncbi.nlm.nih.gov/pubmed/22417983
https://doi.org/10.1016/j.maturitas.2013.02.009
https://doi.org/10.1111/jgs.15341
https://doi.org/10.3389/fnagi.2019.00133
https://doi.org/10.1016/j.archger.2017.07.011
https://doi.org/10.1016/j.injury.2011.12.001
https://doi.org/10.1136/ip.2004.005835
https://doi.org/10.3389/fpsyg.2022.837710
https://doi.org/10.1016/j.apmr.2008.09.559


Int. J. Environ. Res. Public Health 2023, 20, 5498 16 of 18

57. Liebherr, M.; Schubert, P.; Schiebener, J.; Kersten, S.; Haas, C.T. Dual-tasking and aging-About multiple perspectives and possible
implementations in interventions for the elderly. Cogent Psychol. 2016, 3, 1261440. [CrossRef]

58. Falbo, S.; Condello, G.; Capranica, L.; Forte, R.; Pesce, C. Effects of physical-cognitive dual task training on executive function
and gait performance in older adults: A randomized controlled trial. Biomed Res. Int. 2016, 2016, 5812092. [CrossRef]

59. Plummer, P.; Zukowski, L.A.; Giuliani, C.; Hall, A.M.; Zurakowski, D. Effects of physical exercise interventions on gait-related
dual-task interference in older adults: A systematic review and meta-analysis. Gerontology 2016, 62, 94–117. [CrossRef]

60. Cepellos, V.M. Feminization of aging: A multifaceted phenomenon beyond the numbers. Rev. Adm. Empres. 2021, 61, e20190861.
[CrossRef]

61. IBGE-Brazilian Institute of Geography and Statistics. Projection of the Population of Brazil by Sex and Age: 2000–2060. Available
online: https://ww2.ibge.gov.br/home/estatistica/populacao/projecao_da_populacao/2013/default.shtm (accessed on 23
January 2023).

62. Noce Kirkwood, R.; de Souza Moreira, B.; Mingoti, S.A.; Faria, B.F.; Sampaio, R.F.; Alves Resende, R. The slowing down
phenomenon: What is the age of major gait velocity decline? Maturitas 2018, 115, 31–36. [CrossRef]

63. IBGE-Brazilian Institute of Geography and Statistics IBGE Releases Estimate of the Population of Municipalities for 2020.
Available online: https://agenciadenoticias.ibge.gov.br/agencia-sala-de-imprensa/2013-agencia-de-noticias/releases/28668-
ibge-divulga-estimativa-da-populacao-dos-municipios-para-2020 (accessed on 10 March 2023).

64. Silsupadol, P.; Lugade, V.; Shumway-Cook, A.; van Donkelaar, P.; Chou, L.-S.; Mayr, U.; Woollacott, M.H. Training-related
changes in dual-task walking performance of elderly persons with balance impairment: A double-blind, randomized controlled
trial. Gait Posture 2009, 29, 634–639. [CrossRef]

65. Brucki, S.; Nitrini, R.; Caramelli, P.; Bertolucci, P.H.; Okamoto, I.H. Suggestions for utilization of the mini-mental state examination
in Brazil. Arq. Neuropsiquiatr. 2003, 61, 777–781. [CrossRef]

66. Nascimento, M.d.M.; Maduro, P.A.; Rios, P.M.B.; Nascimento, L.d.S.; Silva, C.N.; Kliegel, M.; Ihle, A. Effects of 12 weeks of
physical-cognitive dual-task training on executive functions, depression, sleep quality, and quality of life in older adult women:
A randomized pilot study. Sustainability 2022, 15, 97. [CrossRef]

67. Nascimento, M.d.M.; Ramos, L.S.; Gomes, A.V.T.M.; Maia, N.J.S. Health education at a university open to the elderly: The
experience of medical students. REVASF 2020, 10, 55–83.

68. Sherrington, C.; Tiedemann, A.; Fairhall, N.; Close, J.C.T.; Lord, S.R. Exercise to prevent falls in older adults: An updated
meta-analysis and best practice recommendations. NSW Public Health Bull. 2011, 22, 78–83. [CrossRef] [PubMed]

69. Soubra, R.; Chkeir, A.; Novella, J.-L. A systematic review of thirty-one assessment tests to evaluate mobility in older adults.
Biomed Res. Int. 2019, 2019, 1354362. [CrossRef] [PubMed]

70. Nascimento, M.D.M.; Silva, P.S.T. Sensory assessment of balance and estimation of the risk of falling in old women practicing
Pilates mate. Arq. Ciências Saúde 2020, 27, 11. [CrossRef]

71. Martins, N.I.M.; Caldas, P.R.; Cabral, E.D.; Lins, C.C.D.S.A.; Coriolano, M.d.G.W.d.S. Cognitive assessment instruments used in
elderly Brazilians in the last five years. Cien. Saude Colet. 2019, 24, 2513–2530. [CrossRef]

72. Shumway-Cook, A.; Brauer, S.; Woollacott, M. Predicting the probability for falls in community-dwelling older adults using the
timed up & go test. Phys. Ther. 2000, 80, 896–903.

73. Wydra, G. Bedeutung, diagnose und therapie von gleichgewichtstörung. Motorik 1993, 16, 100–107.
74. Nascimento, M.; Coriolano Appell, H.-J. Teste de equilíbrio corporal (TEC) para idosos independentes. Rev. Port. Cienc. Desp.

2012, 12, 72–82.
75. Brucki, S.M.D.; Rocha, M.S.G. Category fluency test: Effects of age, gender and education on total scores, clustering and switching

in Brazilian Portuguese-speaking subjects. Braz. J. Med. Biol. Res. 2004, 37, 1771–1777. [CrossRef]
76. Rikli, R.E.; Jones, C.J. Development and validation of criterion-referenced clinically relevant fitness standards for maintaining

physical independence in later years. Gerontologist 2013, 53, 255–267. [CrossRef]
77. Khow, K.S.; Visvanathan, R. Falls in the aging population. Clin. Geriatr. Med. 2017, 33, 357–368. [CrossRef]
78. Öhlin, J.; Ahlgren, A.; Folkesson, R.; Gustafson, Y.; Littbrand, H.; Olofsson, B.; Toots, A. The association between cognition and

gait in a representative sample of very old people-the influence of dementia and walking aid use. BMC Geriatr. 2020, 20, 34.
[CrossRef]

79. Hsu, C.L.; Nagamatsu, L.S.; Davis, J.C.; Liu-Ambrose, T. Examining the relationship between specific cognitive processes and
falls risk in older adults: A systematic review. Osteoporos. Int. 2012, 23, 2409–2424. [CrossRef]

80. Verghese, J.; Holtzer, R.; Lipton, R.B.; Wang, C. Quantitative gait markers and incident fall risk in older adults. J. Gerontol. Ser. A
Biol. Sci. Med. Sci. 2009, 64, 896–901. [CrossRef]

81. Gillain, S.; Boutaayamou, M.; Schwartz, C.; Dardenne, N.; Bruyère, O.; Brüls, O.; Croisier, J.-L.; Salmon, E.; Reginster, J.-Y.;
Garraux, G.; et al. Gait symmetry in the dual task condition as a predictor of future falls among independent older adults: A
2-year longitudinal study. Aging Clin. Exp. Res. 2019, 31, 1057–1067. [CrossRef]

82. Gandelman, J.; Ureste, P. Meta-analysis of the Impact of Nine Medication Classes on Falls in Elderly Persons. In Essential Reviews
in Geriatric Psychiatry; Springer International Publishing: Cham, Switzerland, 2022; Volume 169, pp. 15–19.

83. Helgadóttir, B.; Laflamme, L.; Monárrez-Espino, J.; Möller, J. Medication and fall injury in the elderly population; do individual
demographics, health status and lifestyle matter? BMC Geriatr. 2014, 14, 92. [CrossRef]

https://doi.org/10.1080/23311908.2016.1261440
https://doi.org/10.1155/2016/5812092
https://doi.org/10.1159/000371577
https://doi.org/10.1590/s0034-759020210208
https://ww2.ibge.gov.br/home/estatistica/populacao/projecao_da_populacao/2013/default.shtm
https://doi.org/10.1016/j.maturitas.2018.06.005
https://agenciadenoticias.ibge.gov.br/agencia-sala-de-imprensa/2013-agencia-de-noticias/releases/28668-ibge-divulga-estimativa-da-populacao-dos-municipios-para-2020
https://agenciadenoticias.ibge.gov.br/agencia-sala-de-imprensa/2013-agencia-de-noticias/releases/28668-ibge-divulga-estimativa-da-populacao-dos-municipios-para-2020
https://doi.org/10.1016/j.gaitpost.2009.01.006
https://doi.org/10.1590/S0004-282X2003000500014
https://doi.org/10.3390/su15010097
https://doi.org/10.1071/NB10056
https://www.ncbi.nlm.nih.gov/pubmed/21632004
https://doi.org/10.1155/2019/1354362
https://www.ncbi.nlm.nih.gov/pubmed/31321227
https://doi.org/10.17696/2318-3691.27.1.2020.1587
https://doi.org/10.1590/1413-81232018247.20862017
https://doi.org/10.1590/S0100-879X2004001200002
https://doi.org/10.1093/geront/gns071
https://doi.org/10.1016/j.cger.2017.03.002
https://doi.org/10.1186/s12877-020-1433-3
https://doi.org/10.1007/s00198-012-1992-z
https://doi.org/10.1093/gerona/glp033
https://doi.org/10.1007/s40520-019-01210-w
https://doi.org/10.1186/1471-2318-14-92


Int. J. Environ. Res. Public Health 2023, 20, 5498 17 of 18

84. Bao, W.; Hu, D.; Shi, X.; Sun, L.; Zhu, X.; Yuan, H.; Yang, Y.; Zhang, Y.; Zhao, Y.; Hu, C.; et al. Comorbidity increased the risk of
falls in chinese older adults: A cross-sectional study. Int. J. Clin. Exp. Med. 2017, 10, 10753–10763.

85. Bherer, L. Cognitive plasticity in older adults: Effects of cognitive training and physical exercise. Ann. N. Y. Acad. Sci. 2015, 1337,
1–6. [CrossRef]

86. Cohen, J. Eta-squared and partial eta-squared in fixed factor ANOVA designs. Educ. Psychol. Meas. 1973, 33, 107–112. [CrossRef]
87. Amato, P.P.; Kyvelidou, A.; Sternad, D.; Najafi, B.; Villalobos, R.M.; Zurakowski, D. Training dual-task walking in community-

dwelling adults within 1 year of stroke: A protocol for a single-blind randomized controlled trial. BMC Neurol. 2012,
12, 129.

88. Al-Yahya, E.; Dawes, H.; Smith, L.; Dennis, A.; Howells, K.; Cockburn, J. Cognitive motor interference while walking: A
systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2011, 35, 715–728. [CrossRef] [PubMed]

89. Chu, Y.-H.; Tang, P.-F.; Peng, Y.-C.; Chen, H.-Y. Meta-analysis of type and complexity of a secondary task during walking on the
prediction of elderly falls. Geriatr. Gerontol. Int. 2013, 13, 289–297. [CrossRef] [PubMed]

90. Smith, E.; Cusack, T.; Blake, C. The effect of a dual task on gait speed in community dwelling older adults: A systematic review
and meta-analysis. Gait Posture 2016, 44, 250–258. [CrossRef] [PubMed]

91. Tasvuran Horata, E.; Cetin, S.Y.; Erel, S. Effects of individual progressive single- and dual-task training on gait and cognition
among older healthy adults: A randomized-controlled comparison study. Eur. Geriatr. Med. 2021, 12, 363–370. [CrossRef]

92. Agmon, M.; Belza, B.; Nguyen, H.Q.; Logsdon, R.; Kelly, V.E. A systematic review of interventions conducted in clinical or
community settings to improve dual-task postural control in older adults. Clin. Interv. Aging 2014, 9, 477. [CrossRef]

93. Sheridan, P.L.; Solomont, J.; Kowall, N.; Hausdorff, J.M. Influence of executive function on locomotor function: Divided attention
increases gait variability in Alzheimer’s disease. J. Am. Geriatr. Soc. 2003, 51, 1633–1637. [CrossRef]

94. Wollesen, B.; Voelcker-Rehage, C. Differences in cognitive-motor interference in older adults while walking and performing a
visual-verbal stroop task. Front. Aging Neurosci. 2019, 10, 426. [CrossRef]

95. Smith-Ray, R.L.; Hughes, S.L.; Prohaska, T.R.; Little, D.M.; Jurivich, D.A.; Hedeker, D. Impact of cognitive training on balance and
gait in older adults. J. Gerontol. B. Psychol. Sci. Soc. Sci. 2015, 70, 357–366. [CrossRef]

96. Gobbo, S.; Bergamin, M.; Sieverdes, J.C.; Ermolao, A.; Zaccaria, M. Effects of exercise on dual-task ability and balance in older
adults: A systematic review. Arch. Gerontol. Geriatr. 2014, 58, 177–187. [CrossRef]

97. Nematollahi, A.; Kamali, F.; Ghanbari, A.; Etminan, Z.; Sobhani, S. Improving balance in older people: A double-blind randomized
clinical trial of three modes of balance training. J. Aging Phys. Act. 2016, 24, 189–195. [CrossRef]

98. Varela-Vásquez, L.A.; Minobes-Molina, E.; Jerez-Roig, J. Dual-task exercises in older adults: A structured review of current
literature. J. Frailty Sarcopenia Falls 2020, 5, 31–37. [CrossRef]

99. Goble, D.J.; Brar, H.; Brown, E.C.; Marks, C.R.; Baweja, H.S. Normative data for the balance tracking system modified clinical test
of sensory integration and balance protocol. Med. Devices Evid. Res. 2019, 12, 183–191. [CrossRef]

100. Song, Q.; Zhang, X.; Mao, M.; Sun, W.; Zhang, C.; Chen, Y.; Li, L. Relationship of proprioception, cutaneous sensitivity, and
muscle strength with the balance control among older adults. J. Sport Health Sci. 2021, 10, 585–593. [CrossRef]

101. Osoba, M.Y.; Rao, A.K.; Agrawal, S.K.; Lalwani, A.K. Balance and gait in the elderly: A contemporary review. Laryngoscope
Investig. Otolaryngol. 2019, 4, 143–153. [CrossRef]

102. Khan, S.; Chang, R. Anatomy of the vestibular system: A review. NeuroRehabilitation 2013, 32, 437–443. [CrossRef]
103. Chen, Y.-C.; Huang, C.-C.; Zhao, C.-G.; Hwang, I.-S. Visual effect on brain connectome that scales feedforward and feedback

processes of aged postural system during unstable stance. Front. Aging Neurosci. 2021, 13, 679412. [CrossRef]
104. Oswald, F.; Wahl, H.-W.; Schilling, O.; Nygren, C.; Fange, A.; Sixsmith, A.; Sixsmith, J.; Szeman, Z.; Tomsone, S.; Iwarsson, S.

Relationships between housing and healthy aging in very old age. Gerontologist 2007, 47, 96–107. [CrossRef]
105. Li, R.; Xia, J.; Zhang, X.I.; Gathirua-Mwangi, W.G.; Guo, J.; Li, Y.; McKenzie, S.; Song, Y. Associations of muscle mass and strength

with all-cause mortality among us older adults. Med. Sci. Sport. Exerc. 2018, 50, 458–467. [CrossRef]
106. Liu, C.; Shiroy, D.M.; Jones, L.Y.; Clark, D.O. Systematic review of functional training on muscle strength, physical functioning,

and activities of daily living in older adults. Eur. Rev. Aging Phys. Act. 2014, 11, 95–106. [CrossRef]
107. Ehlers, D.K.; Banducci, S.E.; Daugherty, A.M.; Fanning, J.; Awick, E.A.; Porter, G.C.; Burzynska, A.; Shen, S.; Kramer, A.F.;

McAuley, E. Effects of gait self-efficacy and lower-extremity physical function on dual-task performance in older adults. Biomed
Res. Int. 2017, 2017, 8570960. [CrossRef]

108. Hairi, N.N.; Cumming, R.G.; Naganathan, V.; Handelsman, D.J.; Le Couteur, D.G.; Creasey, H.; Waite, L.M.; Seibel, M.J.; Sambrook,
P.N. Loss of muscle strength, mass (Sarcopenia), and quality (Specific Force) and its relationship with functional limitation and
physical disability: The concord health and ageing in men project. J. Am. Geriatr. Soc. 2010, 58, 2055–2062. [CrossRef] [PubMed]

109. Koch, I.; Poljac, E.; Müller, H.; Kiesel, A. Cognitive structure, flexibility, and plasticity in human multitasking—An integrative
review of dual-task and task-switching research. Psychol. Bull. 2018, 144, 557–583. [CrossRef] [PubMed]

110. Sokołowski, A.; Tyburski, E.; Sołtys, A.; Karabanowicz, E. Sex differences in verbal fluency among young adults. Adv. Cogn.
Psychol. 2020, 16, 92–102. [CrossRef]

https://doi.org/10.1111/nyas.12682
https://doi.org/10.1177/001316447303300111
https://doi.org/10.1016/j.neubiorev.2010.08.008
https://www.ncbi.nlm.nih.gov/pubmed/20833198
https://doi.org/10.1111/j.1447-0594.2012.00893.x
https://www.ncbi.nlm.nih.gov/pubmed/22694365
https://doi.org/10.1016/j.gaitpost.2015.12.017
https://www.ncbi.nlm.nih.gov/pubmed/27004667
https://doi.org/10.1007/s41999-020-00429-5
https://doi.org/10.2147/CIA.S54978
https://doi.org/10.1046/j.1532-5415.2003.51516.x
https://doi.org/10.3389/fnagi.2018.00426
https://doi.org/10.1093/geronb/gbt097
https://doi.org/10.1016/j.archger.2013.10.001
https://doi.org/10.1123/japa.2014-0286
https://doi.org/10.22540/JFSF-05-031
https://doi.org/10.2147/MDER.S206530
https://doi.org/10.1016/j.jshs.2021.07.005
https://doi.org/10.1002/lio2.252
https://doi.org/10.3233/NRE-130866
https://doi.org/10.3389/fnagi.2021.679412
https://doi.org/10.1093/geront/47.1.96
https://doi.org/10.1249/MSS.0000000000001448
https://doi.org/10.1007/s11556-014-0144-1
https://doi.org/10.1155/2017/8570960
https://doi.org/10.1111/j.1532-5415.2010.03145.x
https://www.ncbi.nlm.nih.gov/pubmed/21054284
https://doi.org/10.1037/bul0000144
https://www.ncbi.nlm.nih.gov/pubmed/29517261
https://doi.org/10.5709/acp-0288-1


Int. J. Environ. Res. Public Health 2023, 20, 5498 18 of 18

111. Varjacic, A.; Mantini, D.; Demeyere, N.; Gillebert, C.R. Neural signatures of Trail Making Test performance: Evidence from
lesion-mapping and neuroimaging studies. Neuropsychologia 2018, 115, 78–87. [CrossRef] [PubMed]

112. Yuan, P.; Raz, N. Prefrontal cortex and executive functions in healthy adults: A meta-analysis of structural neuroimaging studies.
Neurosci. Biobehav. Rev. 2014, 42, 180–192. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neuropsychologia.2018.03.031
https://www.ncbi.nlm.nih.gov/pubmed/29596856
https://doi.org/10.1016/j.neubiorev.2014.02.005

	Introduction 
	Materials and Methods 
	Sample Size 
	Participants and Eligibility 
	Intervention 
	Dual-Task Training 
	Education Control Group 

	Control of Procedures and Adherence 
	Outcome Measures 
	Primary Outcomes 
	Secondary Outcomes 

	Covariates 
	Statistical Analysis 

	Results 
	Sample Characteristic 
	Descriptive Statistics 
	Gait, Body Balance, and Lower Extremity Muscle Strength 
	Cognition 


	Discussion 
	Conclusions 
	References

