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Editorial on the Research Topic

Interventional Strategies for Enhancing Quality of Life and Health Span in Older Adults

Across our lifespan a wide range of factors can influence human health and well-being. Normal
aging is associated with the accumulation of deleterious and undesirable changes, often resulting in
an increased risk of co-morbid diseases and premature mortality. Geriatric syndromes, including
frailty, sarcopenia, and cognitive impairment, are increasing worldwide and there is a growing
need for cost-effective geriatric assessment and management strategies that can be implemented
in a large number of settings. Technologies are playing an important role for the identification
of certain geriatric syndromes, especially for healthcare professionals in the primary care setting.
For example, rapid and feasible tools (e.g., mobile applications) such as the Rapid Geriatric
Assessment (RGA) are now widely used for this purpose (Merchant et al.). While the development
of pharmacological interventions have resulted in major advances in the management of numerous
age-related conditions, there is still an urgent need to offer and develop simple and effective
non-pharmacological interventions with known limited side effects to robustly improve quality
of life (QoL) and independence in older adults. In particular, increased focus on interventional
strategies that enhance both physical and cognitive function in the elderly are critically needed.
It was historically believed that the neural substrates that determined motor and cognitive
function were discrete; however, more recent conceptual frameworks, such as the concepts such
as the “neural reuse theory” suggests it is quite common for neural circuits established for one
purpose (e.g., movement) to be exploited, recycled, and/or redeployed during evolution or normal
development and be put to different uses (e.g., cognition), often without losing their original
functions (Anderson, 2007, 2010). Thus, the neural reuse theory offers an interesting perspective
on the degree of localization of cognitive function, and suggest that portions of the brain that are
involved in motor function are also involved in cognitive function (Anderson, 2007, 2010).

Physical exercise-based strategies have been established for the improvement of detrimental
changes associated with aging, even in animal models (Macit et al.). Unfortunately, most older
adults do not exercise regularly (Tavoian et al.) and some of them are reluctant to even initiate
a program of increased physical activity; therefore, other strategies need be used to prevent the
functional decline in the elderly (Valenzuela et al., 2019). Different exercise programs including

5

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2020.00253
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2020.00253&domain=pdf&date_stamp=2020-09-11
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:bernardofilhom@gmail.com
https://doi.org/10.3389/fnagi.2020.00253
https://www.frontiersin.org/articles/10.3389/fnagi.2020.00253/full
https://www.frontiersin.org/research-topics/9106/interventional-strategies-for-enhancing-quality-of-life-and-health-span-in-older-adults
https://doi.org/10.3389/fmed.2020.00261
https://doi.org/10.3389/fphys.2020.00045
https://doi.org/10.3389/fmed.2019.00236


Bernardo-Filho et al. Interventional Clinical Strategies in Elderly

aerobic training (even at high intensities), strength training
or mixed methods, have been suggested in order to improve
both cardiorespiratory and muscle function in older adults
(Tavoian et al.).

The functional decline described above can affect the ability
to perform activities of daily living in older adults (Malmstrom
et al., 2016; Sañudo et al., 2020) as a result of deterioration in
the sensory systems (i.e., vestibular, visual, somatosensory),
neurocognitive networks/system, and the musculoskeletal
system. Consequently, many older adults are at risk of falling
during daily life. One study in this issue (Dunsky) highlighted
different exercise-based programs used in fall prevention. These
programs challenge the sensory, cognitive, and musculoskeletal
systems while addressing balance constraints, such as orientation
in space, changes in direction, and the speed or height of the
center of mass during static and dynamic situations resembling
ADL. The author suggested that among older adults, programs
that include a combination of dual-task, function-oriented
challenges while controlling balance stimulates the sensory
and neuromuscular control mechanisms, and have been found
to improve static and dynamic stability, as well as a number
of aspects in QoL (Dunsky). In another study, evidence was
presented that traditional dance programs have the potential to
improve the physical fitness and wellbeing of the elderly (Douka
et al.). In this study, a 32 week dance intervention (2 times per
week, for 75min per session) using different intensities, was
reported to improve physical fitness (e.g., handgrip strength,
chair stand, and indices of flexibility) and static balance. Other
articles in this issue: (1) assessed the effects of moderate-
intensity treadmill aerobic training (8 weeks) on redox status
and inflammatory biomarkers and motor performance in rats
with knee osteoarthritis, and noted that motor performance
in all joint function tests was improved and the inflammatory
biomarkers were reduced with exercise (Martins et al.); and
(2) evaluated the effects of adding whole body vibration to
squat training on muscle strength and the plasma levels of
brain-derived neurotrophic factor (BDNF) in elderly woman
with knee osteoarthritis (Simão et al.). Here, improvements in
lower limb muscle performance associated with neuromuscular
adaptations (BDNF plasma levels) were observed. Lastly, one
article described the protocol for an ongoing randomized
control trial investigating the comparative effectiveness for
three different pragmatic exercise intervention approaches
(high-intensity interval cycle training vs. moderate, continues
cycle training vs. progressive resistance exercise) to improve
a comprehensive battery of physical fitness parameters (e.g.,
maximal oxygen consumption, muscular power and strength,
6-min walk distance, fatigue resistance) and body composition
(e.g., fat mass and lean mass) (Tavoian et al.).

On the other hand, cognitive training was also reported
to successfully promote healthy aging (Alnajjar et al.). Recent
studies suggest that computer-based cognitive interventions
could be effective at administering cognitive training for older
adults (Alnajjar et al.). In the same line, Weng et al. explored the
effects of cognitive training on working memory in older adults
with mild cognitive impairment. The authors reported that the

training effects on working memory could also be transferred
to other untrained areas (such as executive function). Moreover,
similar cognitive training strategies were also tested to improve
car driving skills of older adults (Nouchi et al.). After only 6
weeks of training, cognitive functions such as processing speed,
inhibition, and vigor–activity mood, were enhanced in healthy
older people.

The acquisition and retention of motor skills is necessary
for everyday functioning in the elderly and may be critical in
the context of motor rehabilitation. Studies indicate that motor
training closely followed by sleepmay result in better engagement
of procedural (“how to”) memory consolidation processes in the
elderly. Intriguing findings from Gal et al. suggest that evening
(6–9 p.m.) training (multi-session motor practice program over
10 sessions across 3–4 weeks) enhances motor skill learning in
older adults. The results are in line with the notion that motor
training preceding a sleep interval may be better consolidated
into long-term memory in the elderly, and thus result in lower
forgetting rates (Gal et al.).

Other alternative strategies, such as acupuncture, were also
reported to improve brain health, with both neural and vascular
mechanisms being described (Sun et al.). Other newer strategies,
such as exploratory behavior and responsiveness to novelty were
reported to play an important role in maintaining cognitive
function in older adults. In this study, Behforuzi et al. investigated
the short-term test-retest reliability of event-related potential
(ERP) and behavioral responses to novel stimuli in cognitively
normal older adults. Their findings suggested that older adults
may have a characteristic way of processing novelty that appears
resistant to transient changes in their environment or internal
states, which can be indexed during a single testing session.
The establishment of reliable measures of novelty processing will
allow investigators to determine whether proposed interventions
have an impact on this important aspect of behavior (Behforuzi
et al.).

In summary, in this special issue a broad range of
non-pharmacologic, and relatively simple and pragmatically
implementable approaches are presented that aim to increase life
expectancy, promote health and independence, and/or improve
QoL for the elderly via interventional strategies targeting, in part,
the nervous system.
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Regular physical activity is considered one of the most important factors for lifestyle,
for maintaining good health in older ages and increasing life expectancy. Dance is
considered an activity that involves coordinating movements with music, as well as brain
activation because it is constantly necessary to learn and remember new steps. Dance
as a musical-kinetics skill, requires the coordination of body movements with rhythmic
stimuli, developing the adaptability of the movement. One-hundred-thirty (130) elderly
people aged 60 years and over (mean age 67 years old) with an average of 8 years
of education, attended Greek traditional dance sessions for 32 weeks. The frequency
was 2 times per week, for 75 min per session. Dances were selected from all over
Greece with moderate intensity initially. During the program, they had the opportunity
to try with greater intensity dances. At the beginning and after the end of intervention
all the participants were evaluated by the Fullerton Senior Fitness Test for their physical
fitness, the Single Leg Balance and the Handgrip Strength Test. The results showed
a significant improvement in their physical fitness (Chair Stand: T = −5.459, p < 0.001;
Arm Curl: T = −5.750, p < 0.001; Back Scratch: T = −4.648, p < 0.001; Sit and
Reach: T = −4.759, p < 0.001; 2 min Step: T = −5.567, p < 0.001; Foot Up and
Go: T = −8.599, p < 0.001) and at their static balance with eyes open (Balance 1 leg:
T = −4.996, p < 0.001) and Handgrip Strength (Handgrip: T = −3.490, p < 0.001).
Elderly seem to enjoy dancing as an activity while maintaining their functionality. Probably
the elderly in traditional dance cause prosperity in their lives by promoting active aging.

Keywords: greek traditional dance, elderly, physical health, physical function, well-being

INTRODUCTION

The percentage of people aged 60 and over is growing faster worldwide than any other
age group, and the resulting aging population presents challenges and opportunities for
all countries increased due to new social and economic demands. Countries adapting to
this changing demographic, invest in healthy aging to enable people to live longer and
have a healthy life. Healthy Ageing involves creating an environment that allows people to
engage actively throughout their lives. Both the elderly and the environments in which they live
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are diverse, dynamic, changing and playing an important role
in determining the physical and mental ability throughout
a person’s life. In interaction with each other, they possess
incredible possibilities to allow or limit healthy aging (World
Health Organisation, 2018).

The advanced age besides changes in physical fitness,
increases sensitivity to chronic diseases and disabilities, and
reduces the quality of life (Wanderley et al., 2015). In many
studies it has been shown that the combination of exercise
with nutrition is considered effective intervention for elderly
people. Improving or maintaining their nutritional status
combined with exercise is associated with many benefits,
including increased physical fitness and strength, reducing
the incidence of sarcopenia, reducing functional loss and
rehabilitation of musculoskeletal injuries, reducing the risk
of falls and/or their frequency. Also, improving gait and
balance, their quality of life and mortality and morbidity
of diseases by 30% of all causes (Weening-Dijksterhuis
et al., 2011; Cadore et al., 2013). The satisfaction of life
is observed as a basic characteristic of well-being (Fugl-
Meyer et al., 2002), constitutes a provision for physical
health (Dominick et al., 2002) and has gradually entered a
more central in healthcare systems (Fugl-Meyer et al., 2002;
Daig et al., 2009).

Regular physical activity is considered one of the most
important factors for lifestyle, maintaining good health in older
ages and increasing life expectancy (Lee et al., 2012). In surveys
with elderly people, it seems that physical exercise may have
beneficial effects on cognitive (Lautenschlager et al., 2008) and
the physical functions (Villareal et al., 2011). In addition, physical
activity in the elderly is associated with increased survival
(Manini et al., 2006; Stessman et al., 2009). In another study
it seems that physical activity when done regularly, delaying
the reduction of functional abilities associated with aging and
sometimes reverses the loss and morbidity (Nied and Fraklin,
2002). The activities proposed for the elderly should lead to
the improvement or maintenance of physical and mental health
(Stathi et al., 2004).

Alternative categories of exercise programs have been
performed in elderly people (Hui et al., 2009; Sofianidis et al.,
2009). Dance of any type is being used for many years as a
treatment modality. Dance involves elderly people and increases
their motivation (Lima and Vieira, 2007). Furthermore, it has
been shown in investigations that elderly people are excited when
participating in dance programs, thus improving the quality of
life, balance and mobility (Song et al., 2004; Federici et al., 2005).

Dance is considered an activity that offers the involvement
of different senses and connects movement to music with
self-expression and applies different aspects of personality
(Kaufmann, 2011; Studer-Lüthi and Züger, 2012). Music,
which is an important component of dance, improves
physical performance. It’s easier going to start moving,
walking, dancing or to deal with any kind of exercise if
some people choose their favorite music. Reduces fatigue
and increases the levels of psychological stimulation during
exercise (Jing and Xudong, 2008). Kattenstroth et al. (2011)
showed that elderly people dancing on a regular basis have

better balance, postural stability, flexibility and physical
reaction time. Alpert et al. (2009) showed progressive balance
enhancement in the sensory organization test (SOT) in
their study for 13 women aged 52–88 years performing
jazz dance that lasted 15 weeks. Also, Hui et al. (2009)
shown that after 24 sessions for 52 adults aged 68 on
average and trained in low-impact aerobic dancing, the
dancers had improved their dynamic balance in Time
Up-and-Go test, but not their static balance. Moreover,
dance has been proposed as an actual promising program
for the development and improvement of balance and to
prevent falls in the elderly people (American Geriatrics
Society, British Geriatrics Society, and American Academy
of Orthopaedic Surgeons Panel on Falls Prevention, 2001;
Judge, 2003).

Aweto et al. (2012) investigated the effects of dance programs
on patients with hypertension with specific cardiac vascular
conditions. Hackney and Bennett (2014), attempted to evaluate
Parkinson’s disease impact on dance participation as these
patients had mainly mobility problems, with an increased risk
of falls, reducing their quality of life as a result. Tsimaras
et al. (2012) investigated the impact of a Greek dance program
in 13 adults with hearing problems in their aerobic capacity
and muscle tone. After 12 weeks of dance program observed
significant progress in physiological peak parameters such as
oxygen consumption and exhaustion time. Other research with
Greek traditional dance, performed on people with breast cancer,
showed improvement in their physical functioning, satisfaction
with their lives as well as reducing depression symptoms
(Kaltsatou et al., 2011).

The purpose of this study was to investigate the impact of
a Greek traditional dances program on elderly people over the
age of 60. Particularly, to investigate whether Greek traditional
dance as a form of aerobic exercise, could improve the functional
capacity and the well-being of the elderly people.

MATERIALS AND METHODS

Participants
One-hundred-thirty (130) Greek elderly people aged 60 years and
over (mean age 67 years old) with an average span of education
8 years (Q2 = 8, IQR = 6), attended Greek traditional dance
sessions for 32 weeks. The frequency of the intervention was
twice a week, and each session lasted 75 min. The intervention
was performed at the Greek Association of Alzheimer Disease
and Relative Disorders (Alzheimer Hellas) and at the Day Care
Centers of Municipality of Thessaloniki, Greece. During the
program, they had the opportunity to try with greater intensity
dances. In the period of 32 weeks, the maximum number of
sessions to complete the intervention was 64 and the average
presence of the participants was 51 sessions for completing
the intervention.

Moreover, we recruited a control group (20 individuals) that
it is matched to a smaller group of intervention participants
(20 individuals) in demographic and baseline somatometric data.
The control group did not receive any type of training and thus it
was a waiting group.
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For their participation in the research, they had to be in
a good functional and emotional condition and to not participate
in another dance program. Each of them was required to be
examined by a doctor to ensure their participation in a mild
intensity activity. In addition, elderly who have been diagnosed
with hypertension, cardiac and respiratory failure were excluded
from the intervention program. Also, the elderly who did not
complete at least 80% of the total attendance hours of the
program was rejected by this.

Written consent was requested for their participation in
this study, after being given the required explanations for its
purpose. At the beginning and after the end of intervention all
the participants were evaluated for their fitness and functional
capacity by a fitness instructor. Ethical and Scientific Committee
of GAARD approved the protocol of this study. Also, the
participants signed their acceptance of viewing videos and
posting photos related to the traditional dance intervention
program in online and/or print media for scientific purposes and
public information.

Outcome Measures
Physical Assessments
All participants were evaluated both at the beginning of the
intervention and after the end of this to investigate any
improvement caused by the intervention. They were evaluated
on their physical fitness and functional capacity by the Senior
Fitness Fullerton Test. This test is safe, it does not require to use
any special equipment and is used to assess six parameters such
as strength, flexibility, coordination and endurance. Specifically,
the test battery consists of: 30-s chair stand, arm curl, chair
sit-and-reach, back scratch, 2-min step-in-place, and 8-foot
(2.44-m) up and go (Rikli and Jones, 1999). Furthermore, they
were evaluated on their static balance by the Stork Balance test
(Johnson and Nelson, 1969).

Handgrip strength was measured using a hydraulic hand
dynamometer holding the dynamometer in the dominant hand
(Saehan Corp., Masan, Korea). Three trials from the dominant
hand were calculated and used the best for the analysis.
Handgrip strength is expressed in kilograms (kg). Furthermore,
the jumping vertical ability was evaluated by free hand
countermovement jump using OptoJump system (Microgate,
Bolzano, Italy) and the jumping was calculated in centimeters.
Lastly, the body mass index (BMI) was calculated following the
measurement weight and height of each participant.

Greek Traditional Dances
Dances were selected for the intervention in the present
study were from all over Greece (Figure 1) and ranked in
three categories: mild, moderate and high intensity. Further
classification of the dances was carried out in relation to the
complexity and the number of steps, the position of hands, as
well as the intensity of the rhythm. After the integration of
2–3 sessions, most of the dances were selected were considered,
changing progressively and increasing, indicative of the age and
physical abilities of the elderly. Initially, the dances had few
and simple steps, for example, 6-step dances with minimal hand
movement. The increasing difficulty, resulting in the higher

intensity, was applied with dances of more steps, 8–16 steps,
combined with alternations in the movements of the hands and
body of the participants.

Statistical Analysis
Demographics
Demographic data (age, education level, etc.) was first tested
for normality assumption using visual inspection of histograms,
normal Q-Q plots and boxplots, in terms of skewness and
kurtosis as well as using the normality tests (Shapiro-Wilk test)
in order to calculate proper descriptive statistics. Since the age
and the education level of participants were not approximately
normally distributed median and interquartile range were
calculated. The proportion of male/female participants was also
computed. Similar procedures were followed when analyzing
demographic data in a subgroup of intervention participants and
matched controls.

Data
Participants underwent an evaluation of physical fitness both
before and after the intervention. The assumptions of repeated
measures analysis of variance (ANOVA) were not fulfilled
and as such, score differences were computed in two-time
conditions (post-pre) then explored for normality assumption.
Subsequently, we performed Wilcoxon signed-rank tests as the
score differences of the tested parameters were not approximately
normally distributed. Statistical analysis was performed using
the IBM SPSS Statistics (Version 23) and defining setting
the significance level (a) to 0.05. Bonferroni correction was
used to counteract the problem of alpha inflation due to
multiple comparisons.

In the second analysis, we aimed to explore the within
changes in each group as well as the between-group differences.
Initially, we compared the performance of two groups in the
baseline physical assessment performing Mann-Whitney U test
or independent samples t-test depending on the normality
assumption. Subsequently, the assumptions of Mixed Model
ANOVA were not fulfilled and as such, an alternative analysis
design was followed. More precisely, within-group changes were
investigated using Wilcoxon signed-rank tests after grouping
data by the group while between-groups score differences
were compared using Mann-Whitney U test. Moreover, we
performed Bonferroni correction to counteract the problem of
multiple comparisons.

RESULTS

Demographics
Demographic data of 130 elderly participants are described in the
following table (Table 1).

TABLE 1 | Demographic data of elderly participants as age, education years and
gender.

Age
Median, [Q1, Q3]

Education
Median, [Q1, Q3]

Gender
Male/Female

67.00,
[63.00, 71.00]

8.00,
[6.00, 12.00]

23/107
17.69%/82.31%
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The subgroup of the intervention group did not significantly
differ in age, education and BMI relatively to the matched
controls [Age—Dance subgroup: 66.50, (62.00, 73.00), Controls:
65.50, (61.00, 69.50), U = 181.50, p = 0.615; Education—
Dance subgroup: 6.00, (6.00, 11.25), Controls: 6.50, (6.00, 11.25),
U = 184.00, p = 0.643; BMI—Dance subgroup: 29.10 (3.64),
Controls: 27.76 (3.06), t(38) = 1.263, p = 0.214].

Physical Assessments
Planned comparisons of physical assessments test scores in
two-time points (before and after the training) showed that
neither the height (W = −0.258, p = 0.796) and the weight
(W = −0.074, p = 0.941) nor the BMI parameter (W = −0.186,
p = 0.852) changed.

However, the participants’ performance significantly altered
in most of the physical tests tasks (Chair Stand: W = −5.459;
p < 0.001; Sit and Reach: W = −4.759, p < 0.001; Foot Up and
Go:W =−8.599, p< 0.001; Back Scratch:W =−4.648, p< 0.001;
Arm Curl: W = −5.750, p < 0.001; 2 min Step: W = −5.567,
p < 0.001; Balance 1 leg: W = −4.996, p < 0.001; Handgrip:
W =−3.490, p< 0.001) apart from the jump ability (W =−0.954,
p = 0.340; Table 2; Figure 2).

The intervention seems to promote significant improvement
in Chair stand task as test scores after the training were
increased compared to the baseline [pre-training: 16.00, (14.00,
18.00); post-training: 17.00, (15.00, 20.00)]. In more detail,
82 out of 130 participants increased their Chair Stand score,
28 participants did not show any significant change while 20 out
of 130 decreased their performance at the aforestated task.
Thus, a Wilcoxon signed-rank test determined that there was
a statistically significant median increase of 1.00, [0.00, 3.00] in
scores at Chair Stand task.

Similar findings were revealed in Sit and Reach task.
A significant increase of 2.00, [0.00, 5.00] was observed when
comparing test scores at the two-time points [pre-training:
2.00, (0.00, 5.00); post-training: 3.00, (0.00, 8.00)]. More
particularly, 83 out of 130 showed enhanced scores at the
post-training relative to the baseline, 30 participants decreased
their scores while the scores of 17 participants preserved at the
two-time points.

Moreover, a Wilcoxon signed-rank test determined that
there was a statistically significant median decrease of 0.45,
[−0.93, −0.19] in scores at Foot-Up-and-Go task [pre-training:
5.29, (4.64, 5.85); post-training: 4.71, (4.27, 5.17)]. In the

Foot-Up-and-Go task 121, out of 130 participants decreased their
scores and nine participants showed increased score after the
training compared to the baseline. Significant improvement was
observed at the Back and Scratch test as amedian increase of 2.00,
[−1.00, 4.00] [pre-training: −8.00, (−16.25, 2.00); post-training:
−5.00, (−16.00, 3.25)]. Eighty-two participants enhanced their
scores after training, 15 participants preserved their performance
while 33 out of 130 participants showed a decreased in their
scores at the Back and Scratch task.

A significant median increase of 2.00, [0.00, 4.00] was
observed in Arm curl task when comparing scores both before
and after the intervention [pre-training: 24.00, (21.75, 28.00);
post-training: 26.50, (24.00, 30.00)]. Ninety-one participants
increased their Arm Curl scores, 24 participants showed the
opposite finding whereas 15 participants did not change their
performance.Moreover, the intervention seems to promote gains
in 2-min steps in the place as a median enhance of 6.00, [2.00,
13.25] [pre-training: 93.00, (80.75, 106.25); post-training: 99.50,
(85.00, 114.00)]. More precisely, 104 out of 130 participants
improved their performance at the 2-min steps in the place task,
25 participants decreased their scores and only one did not show
any change.

Ninety-nine out of 130 participants improved their balance
as indicated by their enhanced scores at the Balance-1-leg task
after the intervention while 31 decreased their performance
at the same task when comparing the scores at the two
time-points. Furthermore, we observed a significant increase
of 3.79, [0.29, 15.20] after the intervention compared to the
baseline (pre-training: 22.40, [12.02, 56.87]; post-training: 32.44,
[14.99, 60.28]). Additionally, the intervention given seems to
induce positive gains in Handgrip task. Sixty-nine participants
enhanced their performance after the training compared to
the baseline evaluation, 34 had the opposite finding while
27 out of 130 participants remained stable. A significant
increase of 1.00, [−1.00, 4.00] was found in Handgrip scores
comparing participants’ performance both before and after the
training [pre-training: 24.50, (19.75, 30.25); post-training: 26.00,
(20.00, 32.00)].

Although subjects showed an increase in their scores at
the Jump ability [pre-training: 17.48, (8.87, 67.50); post-
training: 20.00, (9.70, 61.25)], score change did not reach
statistical significance.

A summary of the aforementioned results is displayed in
Table 2 and Figure 2.

TABLE 2 | The intervention provoked improvement in almost all the physical fitness parameters.

Physical
fitness

Before training
Median, [Q1, Q3]

After training
Median, [Q1, Q3]

Score change
Median, [Q1, Q3]

Test results

Chair Stand 16.00, [14.00, 18.00] 17.00, [15.00, 20.00] 1.00, [0.00, 3.00] W = −5.459, p < 0.001
Sit and Reach 2.00, [0.00, 5.00] 3.00, [0.00, 8.00] 2.00, [0.00, 5.00] W = −4.759, p < 0.001
Foot Up and Go 5.29, [4.64, 5.85] 4.71, [4.27, 5.17] −0.45, [−0.93, −0.19] W = −8.599, p < 0.001
Back Scratch −8.00, [−16.25, 2.00] −5.00, [−16.00, 3.25] 2.00, [−1.00, 4.00] W = −4.648, p < 0.001
Arm Curl 24.00, [21.75, 28.00] 26.50, [24.00, 30.00] 2.00, [0.00, 4.00] W = −5.750, p < 0.001
2-min step 93.00, [80.75, 106.25] 99.50, [85.00, 114.00] 6.00, [2.00, 13.25] W = −5.567, p < 0.001
Balance-1-leg 22.40, [12.02, 56.87] 32.44, [14.99, 60.28] 3.79, [0.29, 15.20] W = −4.996, p < 0.001
Handgrip 24.50, [19.75, 30.25] 26.00, [20.00, 32.00] 1.00, [−1.00, 4.00] W = −3.490, p < 0.001
Jump ability 17.48, [8.87, 67.50] 20.00, [9.70, 61.25] 1.00, [−3.23, 3.00] W = −0.954, p = 0.340
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FIGURE 1 | Participants in a Greek traditional dance named: Litos and Zonaradikos. They are dancing in the regions of Macedonia and Thrace of Greece.

FIGURE 2 | A summary of intervention-induced changes in different physical fitness components. ∗ indicates the significant improvement in the participants of these
tests after the dance intervention.

In the second analysis we found that the two groups
did not have significant differences in their baseline physical
performance [all p-values (Bonferroni corrected) > 0.05].
Within-group changes were found only in the subgroup of dance
group but not in the controls [in all tasks p-values (Bonferroni
corrected)> 0.05]. Inmore detail, the intervention group showed
significant improvement, when comparing their scores before
and after training, in most tasks of physical assessment such
as the Chair Stand [pre-training: 12.00, (11.00, 13.00); post-
training: 15.00, (14.00, 16.00); W = −3.737; p < 0.001], Arm
Curl [pre-training: 21.00, (19.00, 24.00); post-training: 25.50,

(24.00, 27.00); W = −3.881; p < 0.001], 2-min Step [pre-
training: 74.00, (55.25, 79.00); post-training: 80.00, (66.25, 87.50);
W = −3.119; p = 0.002], Sit and Reach [pre-training: −1.50,
(−7.50, 1.75); post-training: 3.00, (0.00, 5.50); W = −3.163;
p = 0.002], Back Scratch [pre-training: −12.00, (−21.25, 2.75);
post-training: −3.00, (−13.00, 4.75);W = −3.431; p = 0.001] and
Foot Up and Go [pre-training: 6.03, (5.53, 6.73); post-training:
4.91, (4.70, 5.54);W = −3.509; p < 0.001; Figures 3, 4].

Between-group analysis revealed significant differences
in the aforementioned tasks in favor of the dance subgroup.
More precisely, the intervention subgroup showed greater
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FIGURE 3 | Alterations in different physical assessment parameters in a dance subgroup (∗∗∗ denotes p ≤ 0.001, ∗∗ denotes p ≤ 0.010).

FIGURE 4 | Comparison in somatometric data of the control group in two-time conditions (before and after the waiting period).

changes in task scores compared to the control group in
the following tasks: Chair Stand [Dance subgroup: 3.00,
(2.00, 5.00); Controls: 0.00, (−1.00, 0.00); U = 23.50;
p < 0.001], Arm Curl [Dance subgroup: 4.00, (2.00, 6.00);
Controls: 1.00, (−1.00, 1.00); U = 28.00; p < 0.001],
2-min Step [Dance subgroup: 8.00, (2.50, 15.25); Controls:
−3.50, (−9.75, 0.50); U = 60.00; p < 0.001], Sit and
Reach [Dance subgroup: 4.50, (1.00, 8.75); Controls: 0.00,
(−.75, 1.00); U = 80.00; p = 0.001], Back Scratch [Dance
subgroup: 3.00, (1.25, 10.75); Controls: −1.00, (−2.00,
0.00); U = 46.50; p < 0.001] and Foot Up and Go [Dance
subgroup:−0.88, (−1.34,−0.57); Controls:−0.08, (−0.38, 0.21);
U = 47.00; p < 0.001].

DISCUSSION

In the present study, one-hundred-thirty (130) elderly people
participated in an intervention program of Greek traditional
dances to investigate how their physical fitness and functional
capacity were affected, to enable them to have an independent
and autonomous life improving their lifestyle. To assess the

beneficial role of dance, we investigated the effect of an elderly
dance team lasting 32 weeks with a frequency of two times a week
for 75 min each.

The results of the post-intervention evaluations of the elderly
compared to the initial pre-intervention evaluation showed
significant statistical findings. A significant improvement was
observed in the strength of the legs (Chair Stand test), a test
that assesses the ease of climbing the stairs, walking speed
and reduce the risk of falls. This result is consistent with the
results in the Bohannon’s (1995) study, where it is mentioned
that the ability to stand up from the chair is important
because of the correlation that exists with other performance
variables such as balance and falls. Traditional dances with
the different movements that perform the legs, enhance the
strength of the lower limbs resulting in a better balance in
the elderly.

Also, a significant improvement was found in the Sit and
Reach test which is measure lower back and hamstring flexibility
and is important as because tightness in this area is implicated in
lumbar lordosis, lower back pain and forward pelvic tilt as well
as in the Back-Scratch test which assesses the general shoulder
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range of motion by measuring how close the hands can be
brought together behind the back. In the Sit and Reach test
have improved their flexibility by 2.48 cm and in Back-Scratch
test have improved their flexibility by 2.07 cm. These significant
results of our research are supported by the results of the
research by Carvalho et al. (2009), where elderly participated
in a program lasting 8 months and showed an improvement of
17.4% in the Sit and Reach test and 14.5% in the Back-Scratch
test. It should be noted that an important measure for the
prevention of abnormal abilities is considered to be the strength
of the lower limbs, as well as the upper body for performing
daily activities. The different positions of the hands and the
combination of the movement of hands and the rest of the
body that require the traditional dances, improved flexibility
of participants.

Their aerobic endurance after dance intervention seems
to have improved significantly. Some research shows
that improvements in the 2-min test may correspond to
improvements in cognitive function (Tanne et al., 2005; Stanek
et al., 2011). At the Foot Up and Go test, which evaluated
dynamic balance and agility, we found statistically significant
results. Purath et al.’s (2009) study, showed that after an exercise
program with aerobic activity, flexibility, balance and muscle
strength, the time of this test decreased, resulting in improved
dynamic balance, reaction time and the strength of the lower
limbs. According to Duncan and Earhart’s (2014) research, after
a period of 24-months of dance intervention, participants had
significantly reduced their time in this test, indicating that dance
participants had improved over time. This is also observed in
the Hamburg and Clair’s (2004) research, where 36 adults aged
63–86 years increased their balance and standing toe/heel lifts as
well as their speed and rhythm gait.

A statistically significant improvement was observed in
strength by measuring hand grip (in a rate of about 5.5%),
presumably in different gestures ranging from dance to dance,
as well as in the same dance. The studies have reported
the correlation of hand grip with the reduction of health
in the elderly, mainly by linking it to functional disability
(Onder et al., 2005) and mortality (Rantanen et al., 2003; Al
Snih et al., 2004). A small number of studies indicate the
correlation between muscle strength and cognition (Alfaro-
Acha et al., 2006; Buchman et al., 2007). Participants in
traditional dance have improved their time in the test that
evaluate the static balance by about 20%. In a related study by
Melzer et al. (2005), showed that the group who participated
in the three-month balance training program improved its
time by 64% compared to another group that participated in
a strength program. According to Duncan and Earhart (2014),
measurements of static balance showed a steady improvement
in the elderly following dance interventions. Also, Sofianidis
et al. (2009) reported that the Greek traditional dance seems
to be effective in enhancing the static and dynamic balance in
10-weeks intervention.

Keogh et al. (2009) reported that dancing is a type of
physical activity that indicates that this particular activity might
improve older adults’ lower body bone-mineral content and
muscle strength, as well as reduce the prevalence of falls

and cardiovascular health risks. Participating in dance may
allow the elderly to improve their physical function, health
and well-being. Another beneficial advantage is that they can
significantly improve their aerobic capacity, lower body muscle
endurance, strength and flexibility, balance, agility and gait
through the dancing.

Physical activities for the elderly people include both regular
and recreational actions in their daily social life (climbing stairs
or walking) performing various tasks (for people who continue
working), participating in different sports games as well as in
specially designed exercise programs, such as the traditional
dance. Dance beyondmany benefits helps individuals to improve
their body posture. Proper posture improves overall balance
and generally there are positive effects on the body. Bones are
well aligned, the vital organs are properly positioned, and the
muscles, joints and ligaments can function in the way they
should be. Also, good posture contributes to encouraging the
normal functioning of the nervous system and is important
for health and general well-being. Lima and Vieira (2007)
at their research, showed that after a dance intervention,
the elderly had improved skills such as flexibility, balance
and coordination but also improved attitude and control of
their movements.

In a previous research on people over 60 years, showed
that social dance supported efforts to relieve physical and
psychological degradation, provided a strong sense of pleasure
and continuity as well as a vehicle for the changes required by
aging. It also provided a strong sense of community as it allowed
participants to showcase their ‘‘cultural heritage’’ (Cooper and
Thomas, 2002). Another research with 24 older social dancers
(average age 80), showed that after the intervention they had
better balance, walked faster and had a longer mean step with
a more stable pattern during walking with reduced stance
time, longer swing time and shorter double support time
(Verghese, 2006).

Furthermore, dance, in addition to physical activity, combines
the emotion, social interaction, motor coordination and music,
thus creating a thriving environmental condition for individuals.
Through the revival of music and dance, the elderly have the
opportunity to relive the past through the present. Individuals
initiate to understand the meaning of these two, either
individually or as a combination, and are benefiting from the
positive effects on the body and mind. The importance of social
interaction throughmusic places them in a process, so the elderly
can share their passion with others. This interaction with other
people eliminates the feeling of loneliness and enhances their
psychological status. Moreover, it is considered an important fact
that their self-esteem andmood increase as they realized they can
engage in new skills.

This study demonstrates the effects of traditional dance
on people who choose to systematically participate in
organized Greek traditional dance lessons as a means of
exercise. In the analysis of the control group with a small
intervention group, it was observed that in most tests and
particularly in Fullerton’s domains, there was an improvement
in their performance after the intervention, such as the
same was found for all of the 130 participants. However,
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we should consider that one limitation of the study is the
lack of randomization that strengthens the generalization
of our results as well as the small number of control
subjects recruited.

Greek traditional dance is a physical activity that contributes
positively to many factors on the physical health of elderly
people by enhancing the well-being outcomes for elderly people.
Dance, specifically for the elderly, is a very interesting type
of physical activity, because it carries less risk of injury than
many other types of exercise. The Greek traditional dance
for Greek elderly people is particularly important, because it
relates to the tradition, culture, but also their lives. Thus,
it is a physical activity more popular and hence readily
selectable by the elderly, which can equally have beneficial effects
of exercise.

Generally, dance offers a host of physical and mental benefits
to individuals, especially when exercised to protect or improve
their health. As well, exercise and participation in physical
activities are associated with better performance in cognitive
functions. Especially, in our previous study, the intervention
involved dance training with adaptive difficulty and intensity.
The results demonstrated the functional reorganization of
cortical rest networks (Zilidou et al., 2018).

CONCLUSION

Through this research conducted on Greek traditional dances
programs, it is believed that dancing could be defined as
an important and effective tool for the prevention and
the fight against the health problems of the elderly. The
results of this study show that dancing contributes to the
well-being of the elderly with a view of independent and
quality living. Maintaining their physical fitness and functional
capacity at satisfactory levels, lead them to a more qualitative
and independent lifestyle while the risk of various diseases
is reduced.

FUTURE DIRECTIONS

Dance is demonstrating greatly that it improves the elderly’s
functional ability and well-being. Therefore, it is suggested in
a new study to investigate the physical effects of dance by
combining nutritional education and psychological effects and
comparing them with individuals of vulnerable groups such as
patients with Parkinson disease. In Parkinson’s disease, a healthy
diet and exercise are considered important factors to stay healthy
and active while maintaining the satisfactory levels their energy.
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Background: Cognitive training in a laboratory improves car driving skills of older car
drivers. However, it remains unclear whether other types of cognitive training at home
have beneficial effects on driving skills. Using our developed cognitive training games that
can be played on a television with a set-top box in a person’s home, we investigated the
effects of a 6-week cognitive training program on driving skills, which included on-road
evaluation (primary outcome), and cognitive functions and emotional states (secondary
outcome) in older people.

Methods: In this double-blinded randomized control trial (RCT), 60 older licensed drivers
were randomly assigned into one of the two groups: a cognitive training game for
car driving (CTCD) group and an active control cognitive training game (ACT) group.
Participants in the CTCD group played the CTCD (processing speed, dual attention, and
speed prediction) for 20 min in five sessions per week for 6 weeks. Participants in the
ACT group played the ACT (selecting the larger number; selecting a number from largest
to smallest; play a game of rock, article, scissors) for 20 min in five sessions per week for
6 weeks. We measured driving skills, various cognitive functions, and emotional states
before and after the 6-week intervention period.

Results: Our main results showed that compared to the ACT group, the CTCD group
demonstrated improved driving skills (adjusted p = 0.034). Moreover, the CTCD group
demonstrated improved inhibition (stroop, adjusted p = 0.042: reverse Stroop, adjusted
p = 0.043) and processing speed performance symbol search (SS), adjusted p = 0.049;
digit symbol coding (adjusted p = 0.047), compared to the ACT group. The CTCD group
scored higher on vigor–activity mood (adjusted p = 0.041) as measured using the Profile
of Mood State.
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Discussion: This randomized controlled trial provides scientific evidence for the
benefits of the 6-week CTCD program on driving skills and cognitive functions, such
as processing speed, inhibition, and vigor–activity mood, in healthy older people.
Our results suggest that cognitive training is useful to improve the driving skills of
older adults.

Trial registration: This trial was registered at The University Hospital Medical
Information Network Clinical Trials Registry (UMIN 000029769). Registered
31 October 2017, https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=
R000034010.

Keywords: car driving skill, cognitive training, processing speed, inhibition, positive mood

BACKGROUND

An increase in the aging population has led to an increase
in the number of older car drivers worldwide. There is also
an increasing risk of car accidents among older adults. Recent
road safety studies have typically reported that younger and
older car drivers have higher fatal and non-fatal crash risks
than the middle-aged car drivers (McAndrews et al., 2013; Ma
and Yan, 2014). In addition, previous studies have indicated
that older car drivers experience a higher number of car
accidents per unit distance traveled than other age groups
(Li et al., 2003; Lombardi et al., 2017). Age-related cognitive
and physical functional changes are a main factor of car
accidents in the older adults (Anstey et al., 2012). Normal
aging shows declines in several cognitive abilities needed for
driving (Boot et al., 2014). Earlier reports have described
that declines of processing speed, attention, and executive
functions affect safe driving in older adults (Anstey et al.,
2005; Horikawa et al., 2009; Adrian et al., 2011). In fact, car
driving skills of older adults were lower than that of younger
adults (Doroudgar et al., 2017). Nevertheless, driving is an
important activity for older adults to maintain their mental
health (Edwards et al., 2009a) and social relationships in a
community (Dickerson et al., 2007). Older car drivers want to
drive and possess a driver’s license (Yassuda et al., 1997). Thus,
researchers have shown great interest in developing ways to
improve driving skills and reduce crash risks associated with
older drivers.

There are several approaches, such as in-class and on-road
education program, physical training, simulator-based training,
and cognitive training, to improve the driving skills of older
people (Karthaus et al., 2016). The first approach is a post-license
educational program, by which older drivers receive in-call or
on-road education (Stalvey and Owsley, 2003; Owsley et al.,
2004). Such post-license educational programs can increase
awareness and reduce exposure to risky driving situations
(Boot et al., 2014). The second approach is a physical training
program to improve car driving skills. A previous meta-analysis
reported that physical functions are associated with driving
skills in older adults (Mielenz et al., 2017). Therefore, it
is expected that physical training would improve the car
driving skills. For example, the 8-week joint-range-of-motion

physical fitness training program was shown to improve car
driving skills (Ostrow et al., 1992). Another study reported
that a 12-week strength exercise training program improved
car driving skills, measured by on-road evaluation (Marottoli
et al., 2007). However, such education and physical training
programs are not easy to conduct, because these training
programs need specific trainers (e.g., car driving instructors
and psychical therapist). The third approach is a simulator-
based training. Several studies demonstrated that car driving
simulator intervention improved car driving skills and cognitive
functions in the older adults (Casutt et al., 2014b). The advantage
of a simulator-based training is that participants can receive
highly controlled, repeated training with immediate feedback.
However, for older adults, a potential disadvantage of driving
simulators is simulator sickness. A recent study revealed that
older adults are at a high risk for simulator sickness (Matas
et al., 2015). Simulator sickness is a risk factor for the dropout
in studies. The fourth approach—cognitive training—involves
cognitive training programs designed to enhance cognitive
functions and daily behaviors through training tasks and games
related to cognitive functions. Earlier studies have reported
that a decline in cognitive abilities is associated with a decline
in driving ability (Boot et al., 2014). For example, processing
speed and executive function are important for the driving
performance of older adults (Anstey et al., 2005; Horikawa
et al., 2009; Adrian et al., 2011). Therefore, cognitive training
is expected to enhance driving skills by improving cognitive
abilities such as processing speed and executive functions.
Earlier studies have demonstrated improved driving skills and
cognitive functions in healthy older adults after cognitive training
(Nozawa et al., 2015).

In this study, we focused on cognitive training because
it is easy and safe to administer compared to the other
approaches. Some previous studies have reported positive
effects of cognitive training on driving skills (Roenker et al.,
2003; Edwards et al., 2009a,b; Boot et al., 2014; Ross et al.,
2018). Nevertheless, some unclear issues remain. First, cognitive
training for driving skills has been conducted mainly with
trainers (or experimenters) or specific devices or using simulators
at laboratories (Casutt et al., 2014a, 2016; Nozawa et al.,
2015; Hay et al., 2016; Haeger et al., 2018). To reduce costs
related to cognitive training and to extend the outcomes of
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the cognitive training to the society at large, it is necessary
to develop new training methods that can be easily carried
out at home. Second, cognitive training programs in driving
studies have traditionally used a single-domain cognitive training
such as visual processing speed training, like Useful Field of
View (UFOV) training (Ball et al., 1988), and attention training
(Casutt et al., 2016). Generalization of the effects of cognitive
training on driving skill warrants an investigation of whether
other types of cognitive training can improve driving skills.
Third, previous cognitive training studies have usually used a
no-intervention/no-training group for comparison (Ball et al.,
2002; Haeger et al., 2018); alternatively, they have used other
training programs with different devices (Nozawa et al., 2015;
Casutt et al., 2016). Such a study design cannot exclude placebo
effects or other potential factors such as learning new devices
and meeting new people. Moreover, previous studies have not
conducted an randomized control trial (RCT) based on the
CONSORT guidelines (Schulz et al., 2010). An RCT with an
active control group should be used for comparison in order
to obtain evidence for the effects of cognitive training on
driving skills.

In this study, to enhance driving skills, we developed cognitive
training games that can be used with a television (TV)—the most
popular home device. Older adults watch more TV programs
than young adults (Mundorf and Brownell, 1990). In fact,
watching TV is the most common leisure activity among older
adults (Horgas et al., 1998; Strain et al., 2002). Previous cognitive
training studies using a TV reported improved cognitive
functions in older adults (Shatil et al., 2014). Participants can
play all cognitive training games on their own TV at home.
There were three cognitive training games (processing speed,
dual attention, and speed prediction), because the results of the
previous studies indicated that training for multiple domains or
tasks had better benefits than did those that included a single
domain or task training (Cheng et al., 2012; Nouchi et al.,
2012a, 2013). In this study, we selected processing speed, dual
attention, and speed prediction tasks as the cognitive training
games for the following reasons. Driving is a complex and
dynamic activity that involves various cognitive functions. It
is difficult to conclude the core cognitive function involved
in driving. However, existing evidence shows that processing
speed, dual attention, and speed prediction are important for
car driving performance. First, previous studies suggest that
processing speed, divided attention, and speed prediction scores
are correlated with driving skills (Maruyama and Kitamura,
1961; Anstey et al., 2005; Clay et al., 2005; Horikawa et al.,
2009; Adrian et al., 2011; Cuenen et al., 2015). Second, cognitive
training studies using processing speed, divided attention, and
executive functions demonstrated improvements in driving skills
and cognitive functions (Roenker et al., 2003; Nozawa et al.,
2015; Ross et al., 2018). Based on these findings, we developed
a cognitive training program, which included processing speed,
dual attention, and speed prediction.

Additionally, we measured the emotional state of the
participants before and after the intervention period. It has
been reported that subjective emotional states are correlated
with driving skills (Matthews et al., 1996; Garrity and Demick,

2001; Chliaoutakis et al., 2002). Furthermore, cognitive training
can alter emotional states (Takeuchi et al., 2014; Nouchi et al.,
2016a). Therefore, it is important to investigate whether cognitive
training for driving skills can engender change in the emotional
states and examine the relationship between change in emotional
states and improvement in driving skills.

The main purpose of this trial was to investigate the benefits
of TV-based cognitive training on driving skills in a healthy
aging population. Therefore, we conducted a 6-week double-
blinded RCT with two parallel groups: a cognitive training
game for car driving skill (CTCD) group and an active
control cognitive training game (ACT) group. To evaluate
the effects of the developed cognitive training game, we
assessed driving skills using an on-road evaluation test, cognitive
functions, and emotional states. The primary outcome was
driving skill performance. Based on previous studies (Wolinsky
et al., 2013; Nozawa et al., 2015; Ball et al., 2002), we
expected that the developed cognitive training games would
engender improvements in driving skills, cognitive function,
and emotional states of the CTCD group compared to the
ACT group.

METHOD

Randomized Controlled Trial Design and
Setting of This Trial
This RCT was conducted from November 2017 to January
2018 in Sendai, Shiogama, and Kurihama cities, Japan. The
population of each city in 2018 was 1,086,377 in Sendai, 53,399 in
Shiogama, and 67,566 in Kurihama1. The number of older
drivers who possessed a car driver’s license in each city was
113,839 in Sendai, 7,574 in Kurihama, and 12,473 in Shiogama2.
The study protocol was approved by the Ethics Committee of
Tohoku University Graduate School of Medicine. This RCT
was registered at the University Hospital Medical Information
Network (UMIN) Clinical Trial Registry (UMIN000029769).

To assess the benefits of cognitive training on driving
performance of healthy older adults, we conducted a double-
blinded RCT with an active control group. All participants
and testers were blinded to the study hypothesis and the
group membership of participants. The primary outcome was
driving skills, which was assessed by an on-road evaluation.
The secondary outcomes were cognitive functions and
emotional states. The Consolidated Standards of Reporting
Trials (CONSORT) statement3 (see Supplementary Table S1),
was used to report the study structure. The RCT design is
presented in Figure 1.

Participants
First, advertisements were used to recruit 60 participants from
each of the three cities. We displayed the advertisements at
the entrance of the city hall and in small culture schools for
2 weeks. The inclusion and exclusion criteria were printed

1https://www.pref.miyagi.jp/uploaded/attachment/653161.pdf
2http://www.police.pref.miyagi.jp/hp/menkyo/mennkyo_%20toukei.pdf
3http://www.consort-statement.org/home/
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FIGURE 1 | Consolidated Standards of Reporting Trials (CONSORT) diagram.

on the flyers. Sixty-three interested participants contacted the
research group by post or by phone (Figure 1) and participated
in an orientation meeting. During the meeting, one researcher
(RN) explained the study details. We received informed consent
from each participant. The researcher then checked whether
interested participants were eligible to participate in this study.
All participants underwent a cognitive functional screening
assessment using the Mini-Mental State Examination (MMSE;
Folstein et al., 1975) and Frontal Assessment Battery at bedside
(FAB; Dubois et al., 2000). No participant was excluded based on
their MMSE and FAB scores. After excluding three participants
who did not meet the inclusion criterion of medical history,
60 participants were randomly assigned to the CTCD or ACT
group. After the randomization, five participants were excluded
because of their schedule. Based on the intention and treatment

analysis (ITT), we did not recruit another five participants but
imputed the missing data using multiple imputation methods
(please see ‘‘Analysis’’ section). Table 1 presents the baseline
characteristics of all participants [n = 55; 32 men, 23 women;
average age = 72.40 years (SD = 3.80)]. There was no significant
difference in the baseline data between the two groups (two-
sample t-test).

Inclusion and Exclusion Criteria
Based on our previous studies (Nouchi et al., 2012a, 2016a,b;
Nozawa et al., 2015), we used the following inclusion criteria:
(1) right-handed; (2) native Japanese speakers; (3) 65–80 years
of age; (4) not concerned about their own memory functions,
not using medications known to interfere with cognitive
functions (including benzodiazepines, antidepressants, or other
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TABLE 1 | Age, education, driving history, and general cognitive function scores of both groups at baseline.

CTCD group ACT group

Mean SD Mean SD Effect size (d) p-value

Age (years) 71.67 3.62 73.11 3.90 0.74 0.16
Education (years) 12.96 2.01 12.82 2.04 0.10 0.80
Driving license history (years) 44.54 6.11 45.26 6.26 0.29 0.67
Driving skills (on-road evaluation test score) 113.07 11.75 113.82 9.60 0.23 0.80
MMSE (score) 28.93 1.14 28.96 1.07 0.04 0.90
FAB (score) 15.04 1.45 14.89 1.68 0.12 0.74
JART (score) 113.07 11.75 113.82 9.60 0.23 0.80

Group comparison (two sample t-tests) of pre-training scores revealed no significant difference for any measure (p > 0.10). CTCD, Cognitive Training for Car driving Skills group; ACT,
Active control group; MMSE, Mini Mental State Examination; FAB, Frontal Assessment Battery at bedside; JART, Japanese Reading Ability Test.

central nervous agents); (5) no history of diseases known to
affect the central nervous system, including thyroid disease,
multiple sclerosis, Parkinson disease, stroke, diabetes, and severe
hypertension (systolic blood pressure over 180 mmHg, diastolic
blood pressure over 110 mmHg); and (6) daily drivers who have
been possessing a valid driver’s license for over 10 years and drive
more than thrice a week on average. The exclusion criteria were
participants with an MMSE score of less than 26 and FAB score
of less than 12. Participants who participated in other cognition-
related intervention studies were also excluded.

Sample Size
We calculated the sample size using a software (Faul et al.,
2009). The sample size was based on the change in driving skill
score because the primary outcome in this RCT was driving
performance. Previous studies applying cognitive training for
vehicle operation (Nozawa et al., 2015) described a medium
effect size d = 0.47 (vs. no intervention group) and d = 0.55
(vs. active control group) for driving skill. The pre-post
changes in the cognitive training group revealed a large effect
size (d = 1.13). Thus, we expected an effect size between
medium and large (f = 0.35). To calculate the sample size,
we used an analysis of covariance (ANCOVA) model with
pre-intervention driving skill score, sex, and age as covariates,
using a one-tailed test, α = 0.05, and 0.85 power. The estimated
sample size was 60.

Randomization
To randomly assign the 60 interested participants into the CTCD
and ACT groups, we used an online randomization program4.
We stratified participants based on sex because previous
studies reported sex differences in car driving performance
as the primary outcome (Ma and Yan, 2014) and cognitive
function (McCarrey et al., 2016) and emotional states (Boyle,
1989; Masumoto et al., 2016) as the secondary outcomes. We
used blocked randomization (block size: 4) with an allocation
ratio of 1:1.

Overview of the Intervention
Participants were asked to execute the CTCD or ACT protocol at
home for 20 min, at least 5 days per week, for a total of 6 weeks
(at least 30 training days/sessions and at least a total of 10 h for
training). Themaximumnumber of training days was 42 training

4http://www.graphpad.com/quickcalcs/index.cfm

days/sessions (maximum training hours was 14 h). Previous
studies have reported the effects on cognitive performance after
self-administered training for 8–10 h on average (Wadley et al.,
2006; Ball et al., 2013; Wolinsky et al., 2013).

We used an active control group that had the same training
period and a similar training setting. To control for the effects
of new experiences such as doing cognitive tasks on a new
device, we also developed cognitive training games for an active
control group. For the active control group, the difficulty levels
of the games did not change during the intervention period.
Participants simply completed the cognitive training program at
the same level throughout the intervention period. Therefore,
cognitive training for the active control group was not intensive
adaptive training.

The CTCD and ACT training games were played on a TV
with a set-top box at home. We provided the set-top box
(Hikari BOX, NTT west) and controller, which can be connected
to the Internet and enable the user to play a training game
(Figure 2A5). Before the intervention period, the support staff
visited each participant’s home and set up the set-top box, which
already had the CTCD or ACT program installed. Participants
received instructions on how to use the set-top box and play
the training game. All participants played the training game
using their own TV. Training game scores and the training
duration time were recorded by the set-top box, and the data
were automatically transmitted over the internet to our data
server using Secure Sockets Layer (SSL)/Transport Layer Security
(TLS). Therefore, we were able to verify whether participants
completed the training game according to the planned process.
Participants were asked to play the training games alone for about
20 min, at least 5 days per week. They were not allowed to lend
the set-box to anyone else. We examined the trajectory of the
scores in each game to check whether the participant followed
the rule. If someone else other than the participant played the
game, a gap between the scores in the current play and that in the
previous play was observed.We contacted and asked participants
to follow the rules if they did not follow rules. At the end of the
training period, participants reported their subjective feelings of
satisfaction and enjoyment with the training game on a five-point
Likert scale: 1, strongly disagree; 2, disagree; 3, neither agree nor
disagree; 4, agree; and 5, strongly agree. They also confirmed
that they followed the game rules during the intervention period.

5https://www.ntt-west.co.jp/kiki/hikaribox/hb-2000/spec/
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Then, we confirmed that none of the participants broke the rules.
We administered cognitive tests and checked their emotional
states 1 day before and after the 6-week intervention period. The
set-top box and controller were returned immediately after the
completion of the intervention period.

Cognitive Training Game for Car Driving
(CTCD) Group
We developed three driving-related cognitive training games
(processing speed, dual attention, and speed prediction) to be
played on the TV and set-top box (Figure 2A). In the processing
speed training, two signs with two numbers were presented on
the TV screen. Participants were asked to select the sign with
the larger number as quickly as possible (Figure 2B). In the
case shown in Figure 3A, the sign on the right is the correct
choice. In the dual attention training (Figure 2C), participants
were asked to perform two tasks simultaneously. For the first
task, the stimulus (pink colored musical notes) were moved
along a circle. Participants were asked to push the button if
the stimulus hid behind the mark (orange circle with yellow
star). For the second task, when a target (human or obstacle,
see Figure 2D) was approaching, participants were asked to
push the button as quickly as possible if the target was human
but not push the button if the target was an obstacle. In the
speed prediction training (Figure 2E), a target (vehicle or non-
vehicle, Figure 2F) moved through the wall from left to right
on the TV screen. Participants were asked to push the button
when the target came out from the wall but not push the button
if the target was a non-vehicle. After finishing each training
game, game performance and time were recorded automatically
and transmitted to our data server. Therefore, we were able to
check whether participants completed the training game based
on the planned process. To increase the effects of CTCD, we
used an intensive and adaptive training method. The difficulty
(level) of each game increased from level 1 to level 20 based
on participants’ game performance. To enhance the processing
speed elements, we asked the participants to complete all training
games as quickly as possible.We developed the cognitive training
games to resemble actual driving situations. Participants were
asked to play the three training games equally.

Active Control Cognitive Training Game
(ACT) Group (Active Control Group)
We developed three active control cognitive training games
(select the larger number; draw a line from the largest to the
smallest number; play a game of rock, article, scissors) to be
played on the TV and set-top box. In the ‘‘select the large
number’’ game (Figure 3A), participants were asked to select
the larger number from two numbers displayed in different
font sizes. In the case of Figure 3A, the number on the left is
the correct answer (26). In the ‘‘draw a line from the largest
to the smallest number’’ activity, five numbers were presented.
Participants were asked to select the numbers in the descending
order (Figure 3B). As shown in Figure 3B, participants drew
a line through numbers 57, 52, 51, 50, to 47. In the game of
rock, article, scissors, participants were asked to lose to the hand
presented on the computer screen (Figure 3C). In the case shown

in Figure 3C, the correct answer is scissors. To suppress the
elements of processing speed in ACT, we set a fixed time for
the answers. The game did not proceed if participants answered
quickly. We also required the participants to give the correct
answers without rushing. The difficulty level of each game did
not increase during the intervention period. Participants simply
completed the cognitive training at the same level. Therefore,
the ACT was not an intensive adaptive training program. After
finishing each game, the game performance and time were
recorded automatically and were transmitted to our data server.
Participants were asked to play the three training games equally.
Consequently, each training game took approximately the same
amount of time on each training day.

Driving Skill
We measured driving skills using an on-road evaluation test
(Nozawa et al., 2015), which was conducted at a driving school
in Sendai, Japan. All participants used the same car provided by
the driving school. Participants drove a car with a driving school
instructor for 20 min. Participants completed the driving routes
twice. The driving school has a 1.7 km driving course, which
includes several curves, signals, hills, and intersections. It was a
non-public course. None of the participants were familiar with
the routes. To reduce practice and order effects, we prepared four
driving routes. The assignment of the driving routes to test orders
(first test at pre-intervention, second test at pre-intervention, first
test at post-intervention, and second test at post-intervention)
was counterbalanced across participants. Participants did not
drive the same route. The driving routes had eight driving goals,
including a right turn, a left turn, passing a blind intersection
(wherein the driver cannot see or had restricted visibility of
the traffic coming down the intersecting road), an intersection
requiring the driver to stop, change lanes, passing by a stopped
car, curve, and other driving decisions and goals. For each driving
route, participants drove three laps in the 1.7 km driving course
(total 5.1 km). A driving school instructor was seated silently in
the passenger seat during the on-roard evaluation test. During
the driving task, the instructor checked participants’ driving skill
based on the eight driving goals. The on-road evaluation test
had 27 checklist items, and the instructor counted behaviors
related to the checklist items. The counts on each checklist item
were converted into a five-point scale (ranging from 1 to 5).
The maximum score was 135, and the minimum score was
27. A higher score represents better driving skills. The driving
school instructor had enough experience to evaluate the driving
performance of the older adults.

In the pilot study, 20 older adults (mean age = 68.4 years,
SD = 2.1) completed the on-road evaluation test twice. The
second test was conducted 4 weeks after the first test. The
correlation between the two tests was 0.89. The procedure, route,
and contents of the car driving evaluation were similar to those of
the official car driving test in Japan, indicating that this on-road
evaluation test has enough validity.

Cognitive Functions
To examine the effects of CTCD on cognitive functions, we
assessed the scores of processing speed, attention, inhibition,
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FIGURE 2 | Example of cognitive training games for car driving (CTCD). (A) Summary of the intervention setting using the TV and set-top box. (B; processing speed
training) Two signs with two numbers are presented on the TV screen. Then, participants are asked to select the sign with the large number as quickly as possible
(B). In the case shown in (B), the sign on the right is the correct choice. (C,D; dual attention training) Participants are asked to perform two tasks simultaneously. For
the first task panel (C), the stimulus (pink musical notes) moves along a circle. Then, participants are asked to push the button if the stimulus is hidden behind the
mark (orange circle with a yellow star). For the second task, when a target (human or obstacle, see D) is approaching, participants are asked to push the button as
quickly as possible if the target is human or not push the button if the target is an obstacle. In the case presented in (C), participants do not push the button because
the target is an obstacle. (E; speed prediction) A target (vehicle or non-vehicle, F) is moving through the wall from left to right on TV monitor. Participants are asked to
push the button when the target comes out from the wall, but not push the button if the target is a non-vehicle.

short-term memory, working memory, and episodic memory.
Cognitive status was measured using the MMSE and the JART.
It took about 1.5 h to complete all the cognitive tests.

To briefly check the cognitive status, we used the MMSE,
which measures memory, attention, language, and visuospatial
abilities (Folstein et al., 1975). To ascertain participants’ reading
ability and IQ, we used the JART (Matsuoka et al., 2006),
which is a Japanese version of the National Adult Reading Test
(NART). The JART is a reading test consisting of 25 Kanji
(Chinese characters) compound words. The reading stimuli were
randomly printed for reading. Participants were asked to write
the pronunciation of each Kanji compound word.

To assess processing speed, we used digit symbol coding (Cd)
and symbol search (SS) from theWAIS-III (Wechsler, 1997). The
following descriptions of Cd and SS were reproduced from our
earlier report (Nouchi et al., 2012b). ‘‘For Cd, the participants

were shown a series of symbols that were paired with numbers.
Using a key within a 120 s time limit, participants drew each
symbol under its corresponding number. The primary measure
of this test was the number of correct answers. In SS, participants
visually scanned two groups of symbols (a target group and a
search group) and indicated whether either of the target symbols
matched any symbol in the search group. Participants responded
to as many items as possible within a 120 s time limit. The
primary measure of this test was the number of correct answers.’’

To measure attention performance, we conducted the digit
cancellation task (D-CAT). The following descriptions of the
D-CAT are reproduced from our earlier report (Nouchi et al.,
2013). ‘‘The test sheet consists of 12 rows of 50 digits. Each row
contains five sets of numbers 0–9 arranged in random order.
Thus, any one digit would appear five times in each row with
randomly determined neighbors. The D-CAT consists of three
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FIGURE 3 | Example of active control cognitive training (ACT). (A; select large number) Participants are asked to select the larger number from two numbers
presented in different font sizes. In the case shown in (A), the number on the left is the correct answer (26). (B; draw a line from the largest to the smallest number)
Five numbers are presented. Participants selected numbers in the descending order panel (B). In the case shown in (B), the participant drew a line through numbers
57, 52, 51, 50, and 47. (C; rock, paper, scissors) Participants are asked to lose to the hand presented on the computer screen (C). In the case shown in (C), the
correct answer is scissors.

such sheets. Participants were instructed to search for the target
number(s) that had been specified to them and to delete each one
with a slashmark as quickly and as accurately as possible until the
experimenter sent a stop signal. Three trials were conducted, first
with a single target number (6), second with two target numbers
(9 and 4), and third with three (8, 3, and 7). Each trial was given
1 min. Consequently, the total time required for D-CAT was
3 min. For the second and third trials, it was emphasized that all
instructed target numbers should be canceled without omission.
The primary measure of this test was the number of hits (correct
answers). We used only the number of hits in the first trial.’’

To measure inhibition ability of executive functions, we
used a Stroop task (ST) and a reverse Stroop task [rST;
Hakoda and Watanabe, 2004; ‘‘In the ST, in the leftmost of six
columns, a word naming a color was printed in another color
(e.g., ‘red’ was printed in blue letters)]; the other five columns
contain words naming colors. Participants were required to
check the column containing the word naming the color of
the word in the leftmost column. In the reverse ST, in the
leftmost of six columns, a word naming a color was printed
in another color (e.g., ‘red’ was printed in blue letters); the
other five columns were filled respectively, with five different
colors, from which participants were required to check the
column with the color matching the written word in the
leftmost column. In each task, participants were instructed to
complete as many of these exercises as possible in 1 min. The
primary measure for this task was the number of correct items’’
(Nouchi et al., 2012b).

To measure short-term memory and working memory
performance, we used the digit span forward (DS-F) and the
digit span backward (DS-B) tasks, which are the subtests of

the WAIS-III (Wechsler, 1997). The following descriptions of
the DS-F and the DS-B are reproduced from our earlier report
(Nouchi et al., 2012b). ‘‘For the DS-F, participants repeated
numbers in the same order as they were read aloud by the
examiner. For the DS-B, participants repeated numbers in the
reverse order of that presented aloud by the examiner. In both
tasks, the examiner read a series of number sequences which the
participant was required to repeat in either forward or reverse
order.’’ The primary measures of this test were the digit number
length. The maximum digit number length in the DS-F was 8,
and that of the DS-B was 7.

To measure episodic memory, we used the logical memory
(LM) subtest of the WMS-R (Wechsler, 1987): ‘‘LM consists of
two short-paragraph-length stories (Story A and Story B). For the
LM activity, participants were required memorize one of the two
stories. The stories were scored in terms of the number of story
units recalled, as specified in the WMS-R scoring protocol. We
used either Story A or Story B. The primary measure for this task
was the number of correct story units recalled’’ (Nouchi et al.,
2012b). We checked the performances of immediate recall and
delayed recall memory.

Emotional State Measure
To assess the change in emotional state, we used a short
version of the Profile of Mood State Second Edition
(POMS2; Heuchert and McNair, 2012; Yokoyama and
Watanabe, 2015). The POMS2 has 35 items rated on a
5-point scale. These items are divided into POMS, which
has seven subscales with 5-point scales (total 35 items).
The POMS2 can measure the following emotional states in the
prior week: Tension–Anxiety (T–A), Depression–Dejection (d),
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Anger–Hostility (A–H), Vigor–Activity (V), Fatigue–Inertia
(F–I), Confusion–Bewilderment (c), and Friendliness (F).

Analysis
All participants were included based on the intention to treat
(ITT) principle. First, we calculated the change scores in
driving skills, cognitive functions, and emotional states (post-
intervention score minus pre-intervention score). Second, we
imputed missing data using the multiple imputation method
(predictive mean matching, m = 20). All variables of the pre-,
post-, and change scores and participants’ physical information
(age, sex) were included in the data imputation process. We
performed multiple imputations using the function of ‘‘mice’’
in the mice package (van Buuren and Groothuis-Oudshoorn,
2011). Third, using all 20 imputed datasets, we performed
an ANCOVA with permutation tests for all change scores.
We performed permutation tests because they are suitable for
small sample analysis and are distributed freely. We used a
one-tailed test because we had a strong hypothesis that the CTCD
program would have more positive effects than would the ACT
program. In the ANCOVA, the change score was considered
as the dependent variable. The group was considered as the
independent variable. The pre-scores in the dependent variable,
MMSE, age, and sex were used as covariates. All ANCOVAs
with the permutation test were performed using the ‘‘aovp’’
function in the lmPerm package6. Fourth, we combined/pooled
the F values from all results of the 20 imputed datasets using
the ‘‘micombine.F’’ function in the ‘‘miceadds’’ package7. The
method of pooling the F Value was based on previous studies
(van Buuren and Groothuis-Oudshoorn, 2011; Grund et al.,
2016). Finally, we used false discovery rate (FDR) correction
methods to adjust all pooled p values (Benjamini and Hochberg,
2000). All analyses were performed using software (R ver. 3.50).

For the additional analysis, if we detected improvement in
driving skill, we performed a permutation multiple regression
analysis of improvements in driving skills, cognitive functions,
and mood. The additional analysis was intended to elucidate
the relationship between changes in driving skill and changes
in cognitive functions, and changes in moods. The pre-score
in the dependent variable, MMSE score at baseline, age,
and sex were used as covariates. After scaling all imputed
datasets using the ‘‘mids2datlist’’ and ‘‘scale_datlist’’ functions
in the ‘‘miceadds’’ package, we performed permutation multiple
regression analyses using the ‘‘lmp’’ function in lmperm package.
Finally, we combined/pooled all results from the 20 imputed
datasets using Rubin’s rule (Barnard and Rubin, 1999; Rubin,
2004). Significance was inferred for p < 0.05 for multiple
comparison methods.

RESULTS

There was no significant difference in the average number of
training days between CTCD (M = 32.04 days, SD = 2.25) and
ACT (M = 31.57 days, SD = 1.93) groups and in the total

6http://cran.r-project.org/web/packages/lmPerm/index.html
7https://github.com/alexanderrobitzsch/miceadds

training hours between CTCD (M = 10.61 h, SD = 1.19) and ACT
(M = 10.17 h, SD = 1.03) groups. The maximum game levels for
the CTCD group were Game 1 (M = 18.46, SD = 3.50), Game 2
(M = 13.96, SD = 6.42), and Game 3 (M = 11.38, SD = 3.63).
We evaluated participants’ satisfaction and enjoyment after the
intervention using a five-point scale. There was no significant
difference in the average satisfaction scores between CTCD
(M = 3.83, SD = 0.54) and ACT (M = 3.78, SD = 0.43) groups or
and in enjoyment scores between CTCD (M = 3.92, SD = 0.71)
and ACT (M = 3.88, SD = 0.83) groups. There was no significant
difference between the two groups with respect to the measures
at baseline (Table 1). The cognitive functions and emotional
states after the intervention period was shown in Supplementary
Table S2.

Three participants in the CTCD group and two in the ACT
group dropped out during the intervention period because of
their respective schedules. By the intention-to-treat rule, we
imputed missing values of the five participants (please see
‘‘Analysis’’ section). To check the benefits of CTCD on driving
skills, cognitive functions, and emotional state, we performed
a permutation test with ANCOVAs for the change scores
(Tables 2, 3). In terms of driving skill measures, the CTCD group
showed a significant improvement (F(1,469.88) = 7.987, η2 = 0.08,
adjusted p = 0.034). Regarding cognitive abilities, the CTCD
group showed a significant improvement in processing speed
performance with respect to the Cd score (F(1,567.29) = 5.161,
η2 = 0.10, adjusted p = 0.047) and the SS score (F(1,678.65) = 6.63,
η2 = 0.09, adjusted p = 0.049). Furthermore, the CTCD group
showed a significant improvement in inhibition performance
with respect to the rST score (F(1,8006.18) = 5.061, η2 = 0.06,
adjusted p = 0.043) and the ST score (F(1,2360.02) = 3.945,
η2 = 0.06, adjusted p = 0.042). Regarding the emotional state,
the CTCD group showed improvement in the V–A score in
POMS (F(1,655.54) = 4.46, η2 = 0.06, adjusted p = 0.041). There
was no significant difference in other measures. In summary,
the CTCD group demonstrated improvements in driving skills,
two cognitive domains (processing speed and inhibition), and
emotional state (vigor–activity).

Additionally, to investigate the relationships among these
improved skills, we separately performed multiple regression
analyses for the CTCD and ACT groups. The covariates
were age, sex, MMSE at baseline, and the pre-score on the
dependent variable. The results of the CTCD group showed a
significant positive correlation between improved driving skill
and improved Cd score (standardized β = 0.55, t = 2.76,
p = 0.01) and between improvements in driving skills and SS
score (standardized β = 0.63, t = 3.65, p = 0.00). There was no
significant correlation between the improved driving skills or
other improvements. Moreover, no significant result was found
in the multiple regression analyses of the ACT group.

DISCUSSION

We developed new cognitive training games to improve the
driving skills in older adults. The cognitive training games can be
played on a TV using a set-top box. We investigated the benefits
of CTCD on driving skills, cognitive functions, and emotional
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TABLE 2 | Cognitive function and emotional states scores of both groups at baseline.

CTCD group ACT group

Mean SD Mean SD Effect size (d) p-value

Processing speed
Cd (number) 61.48 10.36 58.07 10.70 1.05 0.24
SS (number) 30.81 2.94 29.18 5.13 0.81 0.15

Executive functions (inhibition)
rST (number) 38.85 5.43 36.14 5.75 1.15 0.08
ST (number) 27.41 7.63 23.93 8.02 1.24 0.11

Short-term memory
DS-F (digit number) 5.30 1.03 5.18 1.12 0.11 0.69

Working memory
DS-B (digit number) 4.04 1.13 3.89 0.83 0.15 0.59

Attention
D-CAT (number) 4.04 1.13 3.89 0.83 0.15 0.59

Episodic memory
LM immediate (score) 8.74 4.13 9.07 3.53 0.17 0.75
LM delay (score) 8.26 3.90 8.54 3.71 0.14 0.79

Emotional states
T–A in POMS (score) 4.22 2.36 4.00 3.15 0.13 0.77
D in POMS (score) 1.67 1.98 1.93 2.16 0.18 0.64
A–H in POMS (score) 2.30 2.25 1.68 1.93 0.43 0.28
V in POMS (score) 8.59 4.00 7.64 3.49 0.49 0.35
F_I in POMS (score) 8.59 4.00 7.64 3.49 0.49 0.35
C in POMS (score) 2.41 1.97 2.50 2.40 0.06 0.88
F in POMS (score) 12.00 4.45 11.04 3.83 0.47 0.39

states of healthy older people. Our study revealed three main
findings. First, the results of the on-road evaluation tests showed
that the 6-week CTCD intervention improved participants’
driving skills. Additionally, we found a significant positive
correlation between the change scores of driving skills and the
change scores of processing speed performance. Second, the
CTCD group demonstrated improved cognitive performances in
terms of processing speed measured by Cd and SS and inhibition
performance measured by ST and rST compared to ACT. Third,
CTCD showed improvement in vigor–activity mood, measured
using the POMS. Taken together, the results of this study extend
those of previous studies by demonstrating improvements in
driving skills, cognitive functions, and emotional states. These
findings are discussed below.

The first main finding is that the CTCD program improved
the driving skills of healthy older adults. Our result is consistent
with those of previous studies using cognitive training for
driving skill (Edwards et al., 2009b; Haeger et al., 2018; Ross
et al., 2018). For example, an 8-week cognitive training in a
laboratory showed improvement in driving skills of the older
adults (Nozawa et al., 2015). A unique aspect of the present
study is that our cognitive training programs were conducted
with a TV at home. Almost all cognitive training for driving
skills was conducted at the laboratory with trainers or using
specific devices (Casutt et al., 2014a, 2016; Nozawa et al.,
2015; Haeger et al., 2018). This suggests that driving skills
in older adults can be improved through cognitive training
both at home and at the laboratory. It is important to note
the significance of the change in scores of the car driving
performance. Car driving skills were measured by an on-road
evaluation test. A higher score indicates higher car driving
skills. The average score was 113 (84%) out of 135, indicating

that our participants had good car driving skills. The effect
size (η2) was 0.08, indicating that our intervention had a
medium effect for improvements of car driving skills in healthy
older adults. However, it does not mean that individuals
who scored high in this car driving test are safe drivers.
From the current result, it is difficult to conclude that the
cognitive training can improve car driving safety. Therefore,
in the future, it is important to examine whether cognitive
training reduces car accidents. This study did not verify the
long-term benefits after cognitive training. We measured driving
skills immediately after the training period. Therefore, we
demonstrated immediate training effects of cognitive training on
driving skills. Our short-term cognitive training might not have
long-term benefits for driving skills. To clarify the current results,
future studies should assess long-term benefits using follow up
assessments for several years. It is particularly interesting that we
found a positive correlation between improvements of driving
skills and improvements of cognitive functions, which suggest
that changes in driving skills and cognitive functions share
the same mechanism of performance improvement, which is
discussed later.

The second main result of the present study is that the
CTCD program improved the processing speed and inhibition
of executive functions. For processing speed, previous studies
of cognitive training for driving also showed significant
improvement in processing speed, measured using Cd (Hay
et al., 2016), simple reaction time (Casutt et al., 2014b), and
the composite processing speed score, which combines the
TMT-A and Cd scores (Nozawa et al., 2015). Supporting
the existing evidence, we found improvement in processing
speed as measured by Cd. Additionally, we expanded the
existing evidence for improvement in processing speed,
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TABLE 3 | Change scores of cognitive function and emotional states of both groups.

CTCD group ACT group

Mean SD Mean SD Effect size (η2) adjusted p-value non-adjusted p-value

Car driving skill
On-road evaluation 7.07 11.21 0.10 9.89 0.08 0.034 0.002

Processing speed
Cd (number) 4.48 4.64 0.68 5.56 0.10 0.049 0.010
SS (number) 3.15 3.16 0.79 3.67 0.09 0.047 0.007

Executive functions (inhibition)
rST (number) 4.00 4.88 0.89 5.01 0.06 0.043 0.015
ST (number) 2.70 3.23 0.29 4.48 0.06 0.042 0.012

Short-term memory
DS-F (digit number) 0.00 1.39 0.29 1.01 0.02 0.273 0.156

Working memory
DS-B (digit number) 0.33 0.96 0.21 0.99 0.00 0.323 0.369

Attention
D-CAT (number) 12.37 25.13 11.14 17.79 0.00 0.314 0.381

Episodic memory
LM immediate (score) 0.48 3.32 −0.18 2.84 0.01 0.293 0.209
LM delay (score) 0.33 3.06 −0.32 3.32 0.01 0.277 0.218

Emotional states
T–A in POMS (score) 0.37 2.24 −0.04 2.20 0.01 0.290 0.269
D in POMS (score) 0.15 2.21 0.07 2.39 0.00 0.327 0.420
A–H in POMS (score) 0.30 1.49 −0.07 2.00 0.01 0.286 0.286
V in POMS (score) 2.59 3.20 0.71 3.22 0.06 0.041 0.018
F_I in POMS (score) −0.19 2.62 −0.86 1.96 0.02 0.316 0.143
C in POMS (score) 0.44 1.91 −0.07 2.34 0.01 0.305 0.262
F in POMS (score) −0.59 2.45 0.07 2.79 0.01 0.316 0.203

measured by SS. Nevertheless, it remains unclear whether
cognitive training can improve other processing speed
measures, such as UFOV. Previous studies have demonstrated
that cognitive training for driving skills improves UFOV
(Roenker et al., 2003). To generalize our findings, it is
important to assess cognitive training improvements in
UFOV, if any.

Regarding executive functions, previous studies using
cognitive training for driving skills also showed improvements
in shifting performance of executive functions, measured
using Trail Making Test B (Hay et al., 2016). Our results are
the first to demonstrate an improvement in the inhibition of
executive functions, measured using ST and rST, after a 6-week
cognitive training. It is noteworthy that a previous study using
cognitive training for driving skills (Casutt et al., 2016) failed
to demonstrate an improved inhibition performance, measured
by ST. Several methodological differences exist between the
current study and the previous study (Casutt et al., 2016).
For example, although the previous study’s cognitive training
program focused on only a single cognitive domain such as
attention, our cognitive training focused on multiple cognitive
domains, such as processing speed, inhibition, and attention.
previous studies have reported that multiple domain training
has more benefits than does single-domain training (Cheng
et al., 2012). The evaluation of the performance on the ST
differed between the current study (the number of correct
responses) and the previous study (reaction time). Additionally,
we used the article version of the ST, whereas the previous study
used the PC version of ST along with EEG recordings. These
methodological differences might affect the inconsistent results.

Future studies should use similar administration and scoring
methods for the ST.

The CTCD group in the present study showed no significant
improvement in attention ormemory performance. These results
are consistent with those of previous studies using short-term
cognitive training for driving skills. For attention performance,
previous studies reported no significant improvement in
sustained, selective, or divided attention performance (Casutt
et al., 2014b). However, a long-term intervention study using
cognitive training for driving skills found improvement in the
performance of choice reaction time (Roenker et al., 2003).
One possibility is that the 6-week intervention period is
insufficient to improve the attention performance. For memory
performance, a previous study measured short-term memory
using the Benton Visual Retention test, working memory using
the spatial span test, and episodic memory using the Rey
auditory–verbal learning test (Nozawa et al., 2015). The study
found no significant improvement in the composite memory
score included all memory performance (Nozawa et al., 2015).
In keeping with the findings of previous studies, we found no
significant improvements in other memory measures, such as the
digit span for short-term and working memory performance and
LM for episodic memory. An explanation for this finding is that
memory was not targeted in our cognitive training. In addition,
previous studies of cognitive training for driving skills did not
specifically use memory measures. A few studies have measured
memory performance. Therefore, we cannot infer that cognitive
training for driving skills has no beneficial effects on memory
performance. Future studies should be conducted to measure
multiple memory performance better. It will be possible to verify
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the benefits of cognitive training on driving skills in terms of
memory performance.

Improvements in driving skills, processing speed, and
inhibition are explained by the overlapping hypothesis (Nouchi
and Kawashima, 2014; Nouchi et al., 2016a). The overlapping
hypothesis assumes that driving skills and cognitive functions
will improve with cognitive training when training tasks
and untrained measures share common mental processes
(Nouchi et al., 2016a). Based on the Cattel–Horn–Carroll
(CHC) model (Schneider and McGrew, 2012), behavioral and
mental processes can be divided into three levels, narrow,
broad, and general abilities: ‘‘the broad ability of processing
speed consists of several narrow abilities such as perceptual
speed, rate of test-taking, number facility, reading speed, and
writing speed’’ (Nouchi et al., 2016a). In fact, driving skill
is a general ability that includes some narrow and broad
abilities. Previous studies have reported that driving skills are
correlated with several cognitive functions such as processing
speed (Anstey et al., 2005; Horikawa et al., 2009; Adrian
et al., 2011). Therefore, we infer that driving skills consist
of several broad abilities, such as cognitive processing and
executive functions. In this study, participants were asked to
complete three training tasks (processing speed, dual attention,
and speed prediction) during the 6-week intervention period.
All training tasks involved processing speed and inhibition
components. For example, we asked participants to complete
the training games as quickly as possible. Therefore, processing
speed is a common factor in the completion of all training
tasks. Inhibition processes also play an important role in
selecting appropriate targets of the processing speed game,
by ignoring distractors in the dual attention game, pushing
the button at an appropriate timing in the speed prediction
game, and following the appropriate rules in each training
game. Based on the overlapping hypothesis, improvements in
driving skill, processing speed, and inhibition performance
are sufficient to explain the following notion. Training
games require mental processes including processing speed
and inhibition components. The cognitive training game,
the measurement of driving skills, and the measurements
of cognitive functions shared similar mental process. Mental
processes related to processing speed and inhibition were used
in the training games. Although playing cognitive training
games, these mental processes are expected to be facilitated
and enhanced. Therefore, processing speed and inhibition were
improved directly because all gaming tasks required processing
speed and inhibition processes. Furthermore, driving skills
improved because processing speed and inhibition processes
were involved in the driving skills.

The third main finding of the present study is the
improvement in vigor mood in POMS. A previous study
demonstrated that long-term processing speed training for
healthy older adults leads to reduction of depressive symptoms,
measured by the Center for Epidemiologic Studies Depression
Scale (CES-D; Wolinsky et al., 2009). A short-term cognitive
training study of healthy older adults showed a change in
depressive mood, measured by the POMS (Nouchi et al., 2016a).
However, our study showed no depressive mood reduction. One

explanation for this might be that our participants reported
lower depressive scores at baseline (the average depression
score was less than 2), indicating that our participants did
not experience depressive symptoms. Therefore, we found no
reduction in the depressive mood in this study. However, this
study is the first to demonstrate an improvement in vigor mood
in healthy older adults after a 6-week cognitive training for
driving skills.

A potential mechanism underlying improved vigor mood
might be that the cognitive training functioned as emotional
regulation. A previous study demonstrated that cognitive
tasks reduce negative emotions (Iida et al., 2011, 2012). A
neuroimaging study using cognitive training also found that
brain activity in the insula for emotional stimuli was reduced
during the 4-week cognitive training (Takeuchi et al., 2014).
In addition, several previous studies reported that playing
video games can induce a positive mood (Russoniello et al.,
2009; Granic et al., 2014; Pallavicini et al., 2018). Based on
these findings, we infer that cognitive training might induce
the person to ignore negative experiences and experience
a positive mood in the cognitive training. Participants in
this study experienced positive emotions during the training
because the difficulties in the cognitive training games changed
their game performance. Therefore, vigor emotion increased
following the cognitive training intervention. To generalize
these findings, we need to apply the same intervention to
other populations (young adults or a clinical population).
Moreover, if we could use a neuroimaging technique, such as
functional magnetic resonance imaging (fMRI), we can provide
new insights into the neural basis of emotional states after
cognitive training.

Our study has some advantages over previous studies. First, to
familiarize the general public with cognitive training, developing
user-friendly cognitive training tools is a key step. In this study,
we developed the cognitive training games to be played on a
TV and then presented scientific evidence. Cognitive training
using a TV is an effective and easy approach to conduct cognitive
training for older people at any time because they usually own
a TV at home and know how to operate it. Therefore, we
believe that our study provides a new, useful, and effective tool
for cognitive training. Second, we controlled for the effect of
performing a regular cognitive task using active control games.
In these active control games, participants were asked to do
three cognitive training games that included some cognitive
functions. However, the level of difficulty of the game did not
change, suggesting that doing multiple cognitive training is not
important to improve cognitive performance. An intensive and
adaptive approach, whereby the task difficulty changes based
on participants’ performance, provides more key elements to
improve the performance. To elucidate the key elements of the
CTCD, future studies should be conducted with RCT using
non-adaptive CTCD as an active control group.

This study has some limitations. First, this study investigated
whether a 6-week short-term training can improve driving skills,
cognitive functions, and emotional states of healthy older people.
A cognitive training study of a large sample demonstrated that
the benefits of 1-year processing speed training program were
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observed for 5 years (Willis et al., 2006). It is, therefore, important
to investigate whether the benefits of this intervention program
are lasting. Second, we measured driving skills based on driving
performance at a driving school. This method has several salient
benefits. For example, it can readily control traffic conditions
and measure basic driving skills. Therefore, we can measure
driving skills in the same situation for all participants. However,
it is also important to check driving behaviors in everyday
situations. Future studies should measure driving skills during
several situations, such as a traffic jam or a bad weather condition
or during night-time driving. Generalizing the effects of a
short-term cognitive training program on driving skills requires
further verification of the benefits of the short-term processing
speed training on long-lasting effects and everyday driving
behaviors. Finally, we only evaluated the benefits of cognitive
training on car driving skills, cognitive function, and emotional
state. However, it remains unclear whether our cognitive training
program can improve car driving safety in older adults, which can
reduce car accidents among older adults. Future studies should
investigate these important issues.

CONCLUSION

In conclusion, we developed a TV-based CTCD program and
conducted an RCT to assess the benefits of a 6-week CTCD
on driving skills, cognitive functions, and mood states in
older car drivers. Our study provides scientific evidence that
the CTCD program improves driving skills, processing speed,
inhibition performance, and vigor–activity mood. Our results
extend previous findings which demonstrated the benefits of
cognitive training on driving skills, processing speed, inhibition,
and vigor–activity mood in older people.
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Background: Osteoarthritis of the knee (kOA) is a chronic, progressive, degenerative health 
condition that contributes to the imbalance between the synthesis and destruction of articular 
cartilage. Recently, whole body vibration (WBV) training has been recommended as an 
effective alternative for strength training in elderly people, and various physiological effects 
are obtained in response to exercise performed on a vibratory platform, such as an increase 
in muscle activation and improved muscle performance. However, the effects of WBV 
particularly on the strength of the quadriceps muscle and neuronal plasticity are unknown.

Objective: The aim of this study was to evaluate the effects of adding WBV to squat 
training on the isometric quadriceps muscle strength (IQMS) and the plasma levels of 
brain-derived neurotrophic factor (BDNF) in elderly woman with kOA.

Methods: Fifteen elderly women ≥65 years of age with kOA were randomized into two 
interventions: (1) the vibration group (VG), in which participants performed squat exercise 
training in association with WBV or (2) the exercise group (EG), in which participants 
performed squat exercise training without vibration, for 12 weeks 3×/week.

Results: Compared to the EG group, the VG group demonstrated a significantly greater 
delta (Δ) in IQMS values (IC95% 0.43–7.06; p ≤ 0.05) and in Δ BDNF plasma levels 
(IC95% −32.51 to 4.217; p  ≤  0.05) after the intervention period. There was an 
association between increase of Δ BDNF plasma levels and increase of Δ IQMS 
(β = 0.57; R2 = 0.32; p = 0.03).
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INTRODUCTION

Osteoarthritis (OA) is a chronic, progressive, degenerative disease 
of multifactorial etiology involving biomechanical and genetic 
factors that contribute to the imbalance between the synthesis 
and destruction of articular cartilage (Goldring and Goldring, 
2004) and characterized by arthralgia, stiffness, swelling, and 
decreased muscle strength and functionality (Zacaron et  al., 
2006; Michael et  al., 2010). Osteoarthritis of the knee (kOA) 
is the most common form of OA, affecting approximately 7% 
of people aged 65–70  years and 11.2% of those aged over 
80  years (Marx et  al., 2006). The prevalence and incidence of 
OA differ by gender with females showing a significantly greater 
prevalence and severity of kOA (Srikanth et  al., 2005).

The pain and the increase in intra-articular fluid, which 
are common in kOA, sensitize the capsular mechanoreceptors, 
which activate inhibitory interneurons in the spinal medulla 
and consequently decrease the muscle activation (e.g., the 
quadriceps). This phenomenon is called arthrogenic muscle 
inhibition and can lead to loss of muscle mass and impair 
performance of daily living activities such as walking, climbing 
stairs, and rising from a chair (McNair et  al., 1996; Hautier 
and Bonnefoy, 2007). The reversal of this condition can 
be  achieved by physical exercise. A study of our research 
group (Gomes et al., 2016) showed that the increased physical 
performance in elderly women with kOA may be  related to 
the immunomodulatory effect of exercise. In addition, physical 
exercise induces a cascade of molecular and cellular processes 
that support brain plasticity. In this context, brain-derived 
neurotrophic factor (BDNF) appears to be the most susceptible 
to regulation induced by exercise and physical activity and 
could be  linked to these mechanisms. The BDNF is a 
neurotrophin produced by several tissues, i.e., brain, muscle, 
and kidney, and has been involved with central and peripheral 
molecular processes of energy metabolism and homeostasis, 
development of immature neurons and survival of adult 
neurons, neuronal differentiation, and synaptic plasticity 
(Lindsay, 1994; Knaepen et  al., 2010; Teixeira et  al., 2010). 
Furthermore, it has been speculated about the role of BDNF 
as a myokine. Yu et al. (2017) demonstrated a time-dependent 
upregulation of BDNF in skeletal muscle of rats, which 
apparently is involved in the regeneration after exercise-
induced muscle damage.

Recently, whole body vibration (WBV) training has been 
recommended as an effective alternative for strength training 
in elderly people (Roelants et al., 2004; Bogaerts et al., 2007), 
and various physiological effects are obtained in response to 
acute exercise performed on a vibratory platform, such as 

an increase in muscle activation (Abercromby et  al., 2007), 
improved muscle performance (Cochrane et  al., 2008, 2010). 
During this training modality, the individual stands on a 
platform that generates vertical sinusoidal vibrations. These 
mechanical stimuli are transmitted to the body where they 
stimulate the primary endings of the muscle spindles, which 
in turn activate α-motor neurons, resulting in muscle 
contractions known as tonic vibration reflex (Cardinale and 
Bosco, 2003). The WBV training is a safe, suitable, and 
effective training method and is a potentially feasible 
intervention for those patients who cannot participate in 
conventional strength training. In addition, WBV training 
could yield effects similar to regular strength training (Roelants 
et  al., 2004; Trans et  al., 2009), but with a lower load on 
the affected joint (Trans et  al., 2009). Moreover, the time to 
perform the exercise is less, making it a faster form of training 
(Merriman and Jackson, 2009).

Studies demonstrated improvements on function, gait 
parameters, and quality of life in patients with kOA after a 
training program where WBV was added to squat exercise 
training (Wang et  al., 2016a,b). Our research team also 
demonstrated improvements in the functionality and self-
perception of disease status in elderly subjects with kOA after 
a 12-week training program in which WBV was added to squat 
exercise training (Avelar et  al., 2011). However, to the best of 
our knowledge, only two studies have evaluated the effect of 
WBV training on muscle strength in elderly people with kOA 
(Trans et  al., 2009; Bokaeian et  al., 2016). In these studies, it 
was reported that the WBV-exercise regime on a platform 
increased muscle strength in subjects with kOA. Nevertheless, 
there is a gap in the literature regarding the possible mechanism 
related to the muscle performance improvement in this population. 
Studies suggest that adding WBV training to strengthening 
training may provide a better treatment effects for patients 
with kOA (Park et  al., 2013; Bokaeian et  al., 2016).

Because kOA in older adults contributes to a greater 
deterioration in muscle strength (Marx et  al., 2006) and the 
reduction in muscle strength could be  the result of changes 
in neuromuscular activation (McNair et al., 1996), it is believed 
that the addition of WBV to squat exercise training could 
promote an increase in muscle strength in older women with 
OA (Trans et al., 2009) Therefore, the present study was designed 
to investigate the effects of WBV in addition to squat exercise 
training in elderly women with kOA on the following parameters: 
(1) isometric strength of the quadriceps muscle (IQMS) and 
(2) BDNF plasma levels. Our hypothesis is that the addition 
of WBV to squat exercise training would increase the IQMS 
and the BDNF plasma levels in older women with kOA.

Conclusion: The addition of WBV to squat exercise training improves lower limb muscle 
performance in elderly women with kOA. These findings suggest that the improvement 
in muscle performance is related to neuromuscular adaptations induced by WBV.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT03918291.

Keywords: muscle strength, squat, brain-derived neurotrophic factor, osteoarthritis of knee, whole body vibration
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MATERIALS AND METHODS

Ethical Statement
This study was carried out in accordance with the 
recommendations of the ethical principles for research involving 
humans (Resolution 196-96 of the National Health Council 
of the Brazilian Ministry of Health) and Federal University 
of Jequitinhonha and Mucuri Valleys Ethics Committee. All 
subjects gave written informed consent in accordance with 
the Declaration of Helsinki. The protocol was approved by 
the Federal University of Jequitinhonha and Mucuri Valleys 
Ethics Committee (protocol No. 046/08) and was registered 
in ClinicalTrials.gov (protocol ID: NCT03918291).

Design
This was a randomized, controlled trial in which the variables 
were assessed 24 h before and after a 12-week training program. 
For the allocation of participants, a 1:1 ratio randomization 
was performed using opaque envelopes for allocation concealment. 
To minimize the chance of bias, we used the following methods: 
(1) opaque, sealed, and serial-numbered envelopes; (2) the 
envelopes were opened sequentially after the participant’s name 
and details were written on the envelope; and (3) the envelopes 
were kept in a locked and secure place. The allocation sequence 
was concealed from the researcher enrolling and assessing 
participants. Only one researcher performing the randomization 
was aware of the group assignment.

Subjects
The volunteers were recruited from the physiotherapy clinic 
and medical referrals. To participate in the study, volunteers 
were required to meet the following inclusion criteria: females 
older than 65  years of age, not using hormone replacement 

therapy, and diagnosed with OA in at least one knee in 
accordance with of the American College of Rheumatology 
(Kellgren and Lawrence, 1957). The severity of the kOA was 
classified radiographically according to the Kellgren and Lawrence 
scale (grades 0–4, with 0 being normal and 4 representing 
severe OA). A Grade 2 classification (definite osteophytes and 
possible narrowing of joint space) was used as a cutoff to 
determine knee OA (Hinton et al., 2002; Schiphof et al., 2008). 
Exclusion criteria included the following: no recent knee injury, 
no walking aid requirement, and no rehabilitation procedures 
in the previous 3  months. Volunteers were also excluded if 
they had any orthopedic, neurological, respiratory, or acute 
cardiac diseases or if they had any cognitive deficit as determined 
by the Mini-Mental State Examination (Gomes et  al., 2012).

Of the 125 elderly people screened for eligibility, 15 elderly 
women fulfilled the criteria, had blood sampling collected 
at rest (8:00 a.m.), and then participated in the IQMS test. 
Thereafter, the subjects were allocated into two groups: (1) 
the vibration group, in which participants performed squat 
exercise training in association with WBV (VG; n  =  7) or 
(2) the exercise group, in which participants performed squat 
exercise training without vibration (EG; n  =  8; Figure 1).

Procedures
The clinical and demographic data were collected from the 
participants using an evaluation chart. Prior to the initiation 
of the 12-week intervention program, a blood sample was 
collected at 8:00 a.m. from the volunteers of all groups followed 
by the IQMS evaluation. At 24  h after the intervention period, 
the volunteers of both groups were reassessed. These procedures 
were performed to avoid any circadian rhythm effects on hormonal 
status and the performance of IQMS. The tests were performed 
by an experienced examiner who was blind to the group allocation.

FIGURE 1 | The study flow chart. OA, osteoarthritis; VG, vibration group; EG, exercise group; WBV, whole body vibration.
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The intervention program consisted of performing squat 
exercise training with or without WBV, three times a week 
on alternate days.

Warm-Up
Prior to each training session, the participants warmed up on 
a stationary cycle (Stone Fitness, 2001, Huntertown, United 
States) at 70% of the predicted maximum heart rate for each 
subject’s age (220 – age) and were monitored using a Polar 
heart rate monitor (Polar F4, Kempele, Finland) for 10  min. 
Immediately afterwards, the participants of the VG group were 
placed in a position with their feet 28  cm apart (14  cm to the 
right and 14  cm to the left of the center of the vibration 
stimulus) to ensure that each of the lower limbs received the 
same amount of vibration stimulus and were ready to begin 
the squat exercises on the vibratory platform, while the participants 
of the EG group performed the same procedure without vibration.

Squat Exercises
The intensity of squat exercise training was systematically augmented 
in the VG and EG over the training period by increasing  
the number of repetitions (6  ×  20  s to 8  ×  40  s) and reducing 
the resting time (40–25  s). These parameters were based on the 
study by Avelar et  al. The squat exercise was performed starting 
at approximately 10° of knee flexion and continuing until 60° 
of knee flexion was reached. The 60° angle was measured in 
each volunteer using a universal goniometer prior to initiating 
the exercise series, and a barrier was placed at the gluteal region 
to limit the degree of flexion of the knee. For temporal control 
during the squat, an examiner provided verbal encouragement 
to standardize the length of maintaining the semi full position 
(3  s) and the flexed position (3  s of isometric contraction) of 
the knees in each squat repetition. The participants of both groups 
were placed in position with their feet 28  cm apart.

Whole Body Vibration
For the volunteers in the VG group, a commercial model of 
a vibration platform was used (FitVibe, GymnaUniphy NV, 
Bilzen, Belgium). In this group, acceleration was also increased 
by varying the vibration frequency (35–40 Hz). The mechanical 
stimulation parameters of the vibration consisted of the following: 
frequency of 35–40  Hz, amplitude of 4  mm, and acceleration 
that ranged from 2.78 to 3.26  G. The platform provided a 
vertical sinusoidal vibration. Prior to initiating data collection, 
the platform acceleration values were verified using the Mega 
accelerometer (Acceleration Measuring Kit ZPP1-3D-147BC, 
Southampton, United Kingdom).

To measure acceleration on the horizontal and vertical axes, 
two accelerometers (Acceleration Measuring Kit ZPP1-3D-147BC, 
Southampton, United Kingdom) were fixed at a distance of 14 cm 
from the center of platform vibration. The signal was amplified 
electronically and was stored. This signal was obtained at a 
frequency of 1.000  Hz and was sent for computer analysis. Each 
accelerometer was calibrated using two calibration points, and 
applying zero and gravity, Earth’s gravity being 1  G (9.81  m/s2). 
To obtain the true acceleration values of the platform, the values 

of Earth’s gravity were subtracted along the vertical axis from 
the total signal received so that the acceleration of the platform 
would begin at 0  m/s2. The data were transferred to a computer 
using the Megawin software program, and the mean and maximum 
acceleration of each sample on each axis were analyzed using 
the Matlab software program. Each frequency used was measured 
over 60  s. In the pilot study, interexaminer reliability was found 
to be  high, with a coefficient of variation of 1.05%.

The elderly underwent training on the vibratory platform with 
barefoot to avoid any damping effect due to different footwear 
(Marín et  al., 2009). In addition, a predetermined distance from 
the feet (14 cm to the right and 14 cm to the left of the vibration 
center of the platform) was set to ensure that each of the lower 
limbs received the same amount of vibration stimulus. Moreover, 
with the aim of maintaining control of the body’s center of 
gravity behind the base of the support, the positioning of the 
spine, arms, and head and the type of squat (simulating the 
motion of sitting in a chair) were standardized.

Isometric Quadriceps Muscle Strength
The IQMS was evaluated by the maximal voluntary isometric 
contraction of knee extensors (MVIC) measured using the load 
cell according to the method described by Neves et  al. (2011). 
For this evaluation, the volunteer was positioned in flexion-
extension chair (Home Sport, Master Top model, Belo Horizonte, 
Brazil) and assumed a sitting posture with a straight trunk and 
the hips flexed at 90°. The limb to be  tested was positioned at 
60° of knee flexion (assessed individually by goniometry of the 
knee), and the resistance lever was positioned on the distal leg.

The load cell was properly calibrated and positioned near 
the leg extension perpendicular to the ground for signal 
acquisition during the isometric muscle strength tests (Miotec - 
Biomedical Equipment, Porto Alegre, Brazil). The load cell 
was connected to the software MIOTOOL 400 that transmitted 
the isometric muscle strength values to a computer. The MVIC 
test was performed for 6  s with 1  min between sets and with 
repeating three sets per leg.

Before the test, the volunteers warmed up for 10  min on 
a stationary bicycle (Stone Fitness, 2001, Huntertown, United 
State), which increased the heart rate (HR) to 70% of the 
estimated maximum HR by age, as measured with the use of 
the Polar heart monitors (Polar F4, Kempele, Finland). This 
procedure was performed to reduce the risk of injury during 
the test (Neves et al., 2011). The intra-class correlation coefficient 
(ICC) for IQMS was 0.98 (95% CI: 0.94–0.99).

Analysis of Brain-Derived Neurotrophic  
Factor by ELISA
For plasma processing, 10  ml peripheral blood samples were 
collected from the antecubital vein using aseptic techniques 
and heparin as an anticoagulant. The blood was immediately 
centrifuged twice at 3.000  g for 10  min, and the plasma was 
kept frozen at −70°C until assayed. Plasma BDNF levels were 
measured in duplicate using ELISA kits for BDNF (BDNF 
DuoSet, R&D Systems) according to the manufacturer’s 
instructions; the detection limit was 10  pg/ml.
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Statistical Analysis
The SPSS statistical software program (IBM, Chicago, IL, USA) 
was used for the statistical analyses. All data were expressed as 
means (confidence interval 95%). The Shapiro–Wilk test was used 
to evaluate the normality of the data. Because the dependent 
variables were normally distributed, parametric tests were used 
for the statistical analyses. An independent t-test was performed 
to assess the differences between the means. Thus, we  used the 
delta analysis (pretest-posttest control group design) because 
allowed to verify the magnitude of the variation of the effect of 
the intervention, i.e., how much the addition of WBV contributed 
to squat training (VG) compared to squat training without WBV 
(EG) in the outcomes. The pretest-posttest control group design 
involves the random assignment of units to either a treatment 
or a control group. Successful randomization of units to groups 
in this experimental design, as well as similar between-groups 
anthropomorphic characteristics and outcomes at baseline (pretest), 
ensures that any pre-existing differences between the units in 
the treatment and control groups are due to chance and do not 
reflect systematic differences (Valente and MacKinnon, 2017). The 
correlation between the variables was evaluated using the Pearson 
coefficient. Simple linear regression models were performed to 
predict the BDNF and IQMS variables. Effect size (d) was checked 
in the G*Power program. Effect size conventions for test family 
(t tests) and two independent means: d  =  0.20 (small), d  =  0.50 
(medium), d = 0.80 large. The effect size analysis is an additional 
measure to the traditional statistical test of the null hypothesis 
and aims to verify the clinical significance of the effect found 
and is not limited to dichotomous (significant or not significant) 
results. Thus, with the effect size analysis, it is possible to identify 
whether the observed differences are small, moderate, or large. 
The level of significance was set at p  ≤  0.05 for all the tests.

RESULTS

There were no significant differences between the groups regarding 
demographic and anthropometric data. No significant differences 
were found in the data collected prior to training between-groups, 
thus confirming the baseline homogeneity of the groups (Table 1). All participants in both intervention groups complied with 

the full intervention program. Overall compliance was 99.7% 
in the VG group and 98.6% in the EG group. There was no 
significant difference between the groups with respect to 
compliance (p  =  0.41).

The IQMS data, which were analyzed through the variation 
between the values measured before and after the intervention 
period, i.e., delta (Δ), showed a significant increase in the VG 
group compared to the EG group (IQMS; p  ≤  0.05; effect 
size  =  1.3). After the intervention period, compared to the 
baseline of the study, the IQMS increased on average 2.17  kg 
(+13.48%) in the VG group and decreased on average 1.66  kg 
(−6.53%) in the EG group (Figure 2).

The ∆ BDNF plasma levels demonstrated a significant 
increase in the VG group compared to the EG group (∆ BDNF; 
p  ≤  0.05; effect size  =  1.1) (Figure 3). There was a positive 
correlation between BDNF plasma levels and IQMS (Figure 4). 
The linear regression analysis showed the prediction between 

TABLE 1 | Sample characterization before training.

Characteristics VG (N = 7) EG (N = 8) p

Age (years) 75 (68.5–81.5) 71 (67.7–74.3) 0.06
Body mass (kg) 72.75 (62.2–83.3) 74.24 (65.9–82.6) 0.75
Height (m) 1.58 (1.5–1.6) 1.57 (1.5–1.6) 0.81

Severity of knee OA* (%)
2 3 4 2 3 4

–
29 14 57 50 13 37

IQMS before training (kg) 21.89 (19.5–24.3) 25.25 (21.8–28.7) 0.09
Plasma BDNF 
concentration before 
training (pg/ml)

4,778  
(2952.4–6603.7)

3,043  
(1623.4–4462.6)

0.06

*Classified radiographically according to Kellgren and Lawrence scale.
Data presented as means (confidence interval 95%). *p ≤ 0.05.
IQMS, isometric quadriceps muscle strength; BDNF, brain-derived neurotrophic factor; 
VG, vibration group; EG, exercise group.

FIGURE 2 | The delta (Δ) in isometric quadriceps muscle strength (IQMS) in 
the vibration group (VG) and exercise group (EG). The data are presented as 
the mean and standard error. *VG is significantly different from EG (p ≤ 0.05). 
Data are presented in delta (Δ), i.e., the variation between the values 
measured before and after the intervention period (independent t-test).

FIGURE 3 | The delta (Δ) in brain-derived neurotrophic factor (BDNF) in the 
vibration group (VG) and exercise group (EG). The data are presented as the 
mean and standard error. *VG is significantly different from EG (p ≤ 0.05). 
Data are presented in delta (Δ), i.e., the variation between the values 
measured before and after the intervention period (independent t-test).
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Δ BDNF and Δ IQMS, where the increase in Δ BDNF seems 
to account for 56.9% of the Δ IQMS. Thus, for each increase 
of 1  pg/ml in the Δ BDNF, there will be  an increase of 
0.32 kg in Δ IQMS (standardized regression coefficient = 0.57; 
R square  =  0.32; p  =  0.03).

DISCUSSION

To our knowledge, this was the first randomized study designed 
to determine whether the addition of WBV to squat training 
could improve IQMS and affect the BDNF plasma in elderly 
women with kOA. The results of this study indicated that the 
addition of WBV to squat exercise training improved IQMS 
values and increased plasma BDNF concentrations in the 
studied population.

The increase in IQMS observed when adding WBV to 
squat exercise training in elderly people is consistent with 
previous literature (Roelants et al., 2004; Bogaerts et al., 2007; 
Rees et  al., 2008). The chronic effect of WBV training in 
IQMS is in accordance with the hypothesis that the tonic 
vibration reflex primarily affects the subject’s ability to generate 
high firing rates in high-threshold motor units (Roelants et al., 
2004). In addition, it has been suggested that the recruitment 
thresholds of the motor units during WBV is lower than 
with voluntary contractions, probably resulting in a more 
rapid activation and training of high-threshold motor units 
(Roelants et  al., 2004).

However, it is important to mention that the studies cited 
above (Roelants et  al., 2004; Bogaerts et  al., 2007; Kean et  al., 
2010) were performed by elderly subjects with no history of 
joint damage. kOA appears to lead to a significant reduction 
in quadriceps muscle strength and, consequently, the ability 
to walk, climb stairs, and rise from a chair, especially in elderly 
people. Therefore, it is imperative to study the effect of the 
addition of WBV to squat exercise training in elderly people 
with kOA.

To our knowledge, there is only one study in the literature 
that investigated and demonstrated the effectiveness of WBV 
training on quadriceps muscle strength in individuals with 
kOA compared to a control group (without intervention; Trans 
et  al., 2009). Although our results are in line with this prior 
study, some differences should be  raised. In the study of Trans 
et  al., the intervention group was subjected to solely WBV 
training, and the control group did not participate in any type 
of intervention. However, in the present study, the effects of 
adding WBV to squat training were evaluated. Moreover, in 
our study, there was a standardization of the knee flexion 
angle, and in the study of Trans et  al., the participants flexed 
their knees until the position was self-perceived.

The increase in IQMS in the VG group has a significant 
clinical impact, as the literature indicates that clinically relevant 
minimum change is 2.25  Nm (Kean et  al., 2010). Once 1  kg 
corresponds to 9.81  Nm, the increase of 2.17  kg in IQMS in 
the VG group corresponds to 21.29  Nm (a value close to the 
minimum clinically relevant). In EG group, there was a decrease 
in IQMS. The pain and the increase in intra-articular fluid, 
which are common in kOA, sensitize the capsular 
mechanoreceptors that send signals to medullary inhibitory 
interneurons. These interneurons inhibit alpha motor neurons 
and, consequently, reduce the signals that would be transmitted 
to the muscle groups, especially the quadriceps. This 
phenomenon, called arthrogenic muscle inhibition, is likely 
generated by the abnormal afferent information of the affected 
joint resulting in the decreased activation of the muscles that 
act there (McNair et  al., 1996), progressing to a loss of muscle 
mass, decrease of muscle strength, and physical functioning 
(Sharma et  al., 2003). Furthermore, age-related muscle loss is 
also a result of reductions in the size and number of muscle 
fibers, possibly due to a multifactorial process that involves 
physical inactivity, nutritional intake, oxidative stress, and 
hormonal changes corresponding to a condition known as 
sarcopenia. In addition, marked motoneuron loss and aberrant 
neuromuscular sprouting have been observed in aged mammals 
(Baumgartner et  al., 1999). The reversal of this situation can 
be  achieved by physical exercise that induces a cascade of 
molecular and cellular processes that support neuronal plasticity. 
However, the decrease in IQMS of the EG group demonstrated 
that the intensity of the exercise was not enough to preserve 
muscle mass.

The BDNF has been proposed as an essential neurotrophin 
related to neuronal plasticity (Knaepen et  al., 2010; Teixeira 
et  al., 2010) that plays an important role in old-age survival 
because of its role in preventing neuronal death during stress 
(Schabitz et  al., 2007). The expression profiling of BDNF has 
shown that this neurotrophin is expressed differentially in 
skeletal muscle under various physiological and pathological 
conditions (Chevrel et  al., 2006). Moreover, the expression of 
BDNF mRNA by human skeletal muscle increased after 2  h 
of cycle ergometer exercise (Matthews et  al., 2009).

Therefore, we  proposed in the present study to investigate 
the effect of adding WBV to squat exercise training on BDNF 
plasma concentrations. As a result, a significant increase in 
the VG group compared with the EG group was observed, 

FIGURE 4 | Correlation between the delta (Δ) of the isometric quadriceps 
muscle strength (IQMS) and plasma concentration of brain-derived 
neurotrophic factor (BDNF) in older women with osteoarthritis (OA) of the 
knee. β, standardized regression coefficient; R2, R square (Pearson 
correlation).
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supporting a possible neuromuscular adaptation hypothesis 
arising from this type of intervention in the studied population, 
as neurotrophins and neurotrophin receptors play a role in 
the coordination of muscle innervation and functional 
differentiation of neuromuscular junctions (Chevrel et al., 2006). 
This hypothesis is supported by the positive correlation found 
between plasma level of BDNF and IQMS.

Several studies have demonstrated that BDNF is a protein 
that is produced in skeletal muscle cells, and its expression 
is increased by contraction to enhance fat oxidation in an 
AMPK-dependent fashion, most likely by acting in an autocrine 
and/or paracrine manner within skeletal muscles (Bogaerts 
et  al., 2007; Krabbe et  al., 2009). Thus, an increase in BDNF 
plasma could play an important role in old-age survival because 
of its role in preventing neuronal death during stress (Schabitz 
et  al., 2007). Thus, it seems plausible that the improvement 
in isometric quadriceps muscle strength in the vibration group 
could be  related to an increase in BDNF level.

In the EG group, plasma BDNF levels showed a decrease 
after the intervention period. BDNF is a member of the 
neurotrophic factor family that plays key roles in regulating 
survival, growth, and maintenance of neurons in differentiation 
(Lindsay, 1994) and synaptic plasticity and synaptic 
transmission efficacy (Knaepen et al., 2010), and it is involved 
in muscle regeneration (Sakuma and Yamaguchi, 2011). Of 
the neurotrophins, BDNF, which is considered a contraction-
inducible protein in skeletal muscle (Matthews et  al., 2009), 
appears to be  the most susceptible to regulation by exercise 
and physical activity (Knaepen et  al., 2010; Coelho et  al., 
2012). However, it seems that performing only squatting 
exercises has not induced changes in BDNF plasma levels, 
preventing the degeneration of motoneurons and muscle fiber 
innervations in the elderly with knee OA. Inevitably, this 
study had some inherent limitations. First, the study was 
performed as a single-center trial with a relatively small 
number of participants. However, statistical analyses 
demonstrated a “large” effect size for IQMS (p  ≤  0.05; effect 
size  =  1.1) and BDNF (p  ≤  0.05; effect size  =  1.3). Moreover, 
considering the variability in the BDNF response to exercise 
and the influence of the BDNF polymorphism variant on 
such response, the analysis of only seven plasma BDNF 
samples should be interpreted with caution. Moreover, because 
specific frequency and amplitude were used, the findings of 
this study cannot be  extrapolated to other parameters of 
vibration and cannot be generalized to the elderly population 
since the volunteers were female healthy and sedentary. Last, 
as we  aimed to investigate the addition of WBV to squat 
exercise training, we  have decided not to use a sound that 
mimicked the noise of the vibratory platform in the 
control group.

CONCLUSION

The addition of WBV to squat exercise training improves lower 
limb muscle performance in elderly women with kOA, likely 
by increasing BDNF, suggestive of modulation in neuromuscular 

plasticity. Future studies should be  designed to investigate the 
specific mechanism, including joint analyses.
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1Laboratory of Healthy Cognitive Aging, Department of Neurology, Center for Brain/Mind Medicine, Brigham and Women’s
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Diego, CA, United States, 3Department of Psychology, Linnaeus University, Växjö, Sweden, 4Department of Neurobiology,
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Exploratory behavior and responsiveness to novelty play an important role in maintaining
cognitive function in older adults. Inferences about age- or disease-related differences
in neural and behavioral responses to novelty are most often based on results from
single experimental testing sessions. There has been very limited research on whether
such findings represent stable characteristics of populations studied, which is essential if
investigators are to determine the result of interventions aimed at promoting exploratory
behaviors or draw appropriate conclusions about differences in the processing of novelty
across diverse clinical groups. The goal of the current study was to investigate the
short-term test-retest reliability of event-related potential (ERP) and behavioral responses
to novel stimuli in cognitively normal older adults. ERPs and viewing durations were
recorded in 70 healthy older adults participating in a subject-controlled visual novelty
oddball task during two sessions occurring 7 weeks apart. Mean midline P3 amplitude
and latency, mean midline amplitude during successive 50 ms intervals, temporospatial
factors derived from principal component analysis (PCA), and viewing duration in
response to novel stimuli were measured during each session. Analysis of variance
(ANOVA) revealed no reliable differences in the value of any measurements between
Time 1 and 2. Intraclass correlation coefficients (ICCs) between Time 1 and 2 were
excellent for mean P3 amplitude (ICC = 0.86), the two temporospatial factors consistent
with the P3 components (ICC of 0.88 and 0.76) and viewing duration of novel stimuli
(ICC = 0.81). Reliability was only fair for P3 peak latency (ICC = 0.56). Successive 50 ms
mean amplitude measures from 100 to 1,000 ms yielded fair to excellent reliabilities,
and all but one of the 12 temporospatial factors identified demonstrated ICCs in the
good to excellent range. We conclude that older adults demonstrate substantial stability
in ERP and behavioral responses to novel visual stimuli over a 7-week period. These
results suggest that older adults may have a characteristic way of processing novelty
that appears resistant to transient changes in their environment or internal states, which
can be indexed during a single testing session. The establishment of reliable measures of
novelty processing will allow investigators to determine whether proposed interventions
have an impact on this important aspect of behavior.
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INTRODUCTION

Participating in cognitively stimulating activities has been
associated with a reduced risk of cognitive decline and dementia
(Wilson et al., 2002; Gates et al., 2011; Najar et al., 2019).
There has been a growing number of intervention studies aimed
at engaging individuals in cognitively demanding activities.
Curiosity/exploratory behavior and novelty seeking have been
shown to be one of the driving forces that play an important
role in maintaining cognitive function, learning, and even
longevity in aging populations (Swan and Carmelli, 1996;
Galli et al., 2018; Sakaki et al., 2018). Prior work in our
laboratory has demonstrated that increased responsiveness to
novelty is associated with successful cognitive aging (Daffner
et al., 2006b; Riis et al., 2008). It is critical to establish reliable
measures of novelty processing that will allow investigators to
determine whether proposed interventions have an impact on
this important aspect of behavior.

The process of orienting to and actively exploring novel events
facilitates new learning and is an integral part of adapting to
a rapidly changing environment (Sokolov, 1963; Daffner et al.,
1998; Mesulam, 1998). The neural and behavioral underpinnings
of novelty processing have been investigated using functional
imaging [PET and functional magnetic resonance imaging
(fMRI; Tulving et al., 1996; Opitz et al., 1999; Downar et al.,
2000, 2002; Kiehl et al., 2001a,b; Bunzeck and Düzel, 2006;
Bunzeck et al., 2007, 2010, 2012; Strobel et al., 2008; Blackford
et al., 2010)], magnetoencephalography (Bunzeck et al., 2009;
Naeije et al., 2016), and especially high temporal resolution
event-related potentials (ERPs) that are often measured during
different kinds of oddball paradigms (Näätänen, 1990; Fabiani
and Friedman, 1995; Daffner et al., 1998, 2001, 2003; Friedman
et al., 2001; Polich and Comerchero, 2003; Schomaker and
Meeter, 2014; Kaufman et al., 2016b). Although the N1, P2,
and N2 ERP components have been shown to be elicited by
novel stimuli (Courchesne et al., 1975; Beck et al., 1980; Chong
et al., 2008; Riis et al., 2008; Friedman et al., 2011; Tarbi et al.,
2011; Barry et al., 2013; Schomaker et al., 2014), the novelty
P3 component remains the most commonly employed ERP
marker of novelty processing (Friedman et al., 2001).

The impact of normal aging and different neurological
conditions on novelty processing has been an area of active
investigation (Knight, 1984; Kaipio et al., 1999; Daffner
et al., 2000a,b, 2001, 2003, 2006b; Stevens et al., 2007;
Sokhadze et al., 2009; Ischebeck et al., 2011; Schott et al.,
2015; Kaufman et al., 2016a; Sanjuan et al., 2018). Of
note, inferences about age- or disease-related differences
in neural and behavioral activity are most often based
on results from single experimental testing sessions. There
has been very limited research on whether such findings
represent stable characteristics of the populations studied,
which is essential if investigators are to draw appropriate
conclusions about differences in response to novelty across
diverse clinical groups or to determine the result of interventions
aimed at promoting exploratory behaviors. The current study
focuses on the stability and reliability of behavioral and ERP
responses to novel stimuli in a sample of older adults who

participated in a subject-controlled novelty oddball paradigm, as
described below.

In the traditional version of the novelty oddball task, deviant
stimuli are most commonly used to assess the degree to which
participants are distracted from their assigned task, which is
to identify (and often respond to) designated target stimuli
(Fabiani and Friedman, 1995; Friedman et al., 2001; Polich and
Comerchero, 2003; Kaufman et al., 2016b). Stimulus durations
are fixed. By contrast, in the subject-controlled visual novelty
oddball paradigm, participants determine viewing duration
of stimuli by a button press (Daffner et al., 2006b; Chong
et al., 2008). Viewing duration is used as an index of visual
attention/exploratory behavior, and the P3 amplitude serves
as an index of resources allocated to attentional processing
(Berlyne, 1960; Daffner et al., 1994, 1998, 2000b). In this
version of the paradigm, novel stimuli do not primarily serve
as task-irrelevant distracters, but as potential ‘‘invitations’’ to
explore interesting or salient aspects of one’s environment
(Chong et al., 2008).

Based on investigations of patients with focal neurological
lesions (Daffner et al., 2000a,b, 2003) who participated in a
subject-controlled novelty oddball task, we have proposed that
the prefrontal cortex and posterior parietal cortex reflect two
nodes of a neuroanatomical network for responding to and
processing of novelty (Daffner et al., 2003). The prefrontal cortex
regulates the allocation of attentional resources to potentially
significant events in the environment (Daffner et al., 2000a,b,d,
2003). The posterior parietal cortex is involved in updating one’s
internal model of the environment to account for novel events
(Daffner et al., 2003), a hypothesis consistent with Mesulam’s
schema (Mesulam, 1981, 1990) of the posterior parietal cortex
as a gateway to integrating information to develop a dynamic
internal representation of the environment. Injury to this
frontoparietal network is indexed by disruption of the novelty
P3, which has been strongly linked to diminished attention to
novel stimuli as measured by viewing duration (Daffner et al.,
1998, 2000b,c, 2001). Also of note, we have shown that the
P3 amplitude to novel visual stimuli in this paradigm inversely
correlates with the degree of apathy in neurological patients, as
measured by informant ratings (Daffner et al., 2000b, 2001). In
addition, we have found that cognitively high performing older
adults generate larger novelty P3 responses and spend more
time attending to novel events than their cognitively average
performing peers (Daffner et al., 2006b). Moreover, cognitively
high performing older adults produce a larger P3 response
to novel stimuli than their younger, matched cognitively high
performing counterparts (Daffner et al., 2006a,b), which we have
suggested represents successful compensatory activity adopted
by these older adults.

In summary, the subject-controlled novelty oddball paradigm
has provided an opportunity to examine the relationship
between neural and behavioral responses to novel visual stimuli.
Additionally, results in the lab have been associated with
meaningful real-world behavior, specifically the degree of apathy
displayed by neurological patients. Thus, it appears to be a
promising paradigm to investigate the stability of the response
to novelty in older adults.
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ERP measures exhibit variability that can be due to a
variety of sources (Segalowitz and Barnes, 1993) including
biological and state factors such as arousal (Koshino et al.,
1993), circadian rhythms and seasonal cycles (Deldin et al., 1994;
Huang et al., 2006), exercise and fatigue (Yagi et al., 1999),
sleep deprivation (Morris et al., 1992), and mood (Pierson et al.,
1996; Cavanagh and Geisler, 2006). However, a fundamental
tenant of research in this area is that ERP components
are reliable markers of underlying cognitive operations and
processes (Kappenman and Luck, 2012) that may differ across
clinical populations. If so, ERP results should demonstrate
relative consistency over time. Research in this area has
tended to focus on test-retest reliability of the P3 response
of young adults to target stimuli in the auditory modality
(Sinha et al., 1992; Segalowitz and Barnes, 1993; Kinoshita
et al., 1996; Sandman and Patterson, 2000; Walhovd and Fjell,
2002; Lew et al., 2007), with fewer studies examining this
issue using paradigms in the visual modality (Sinha et al.,
1992; Cassidy et al., 2012; Brunner et al., 2013; Huffmeijer
et al., 2014). These studies have varied in terms of paradigms
used and the intervals between test and retest. In general,
the investigations have demonstrated that P3 latency and
P3 amplitude values in normal individuals are relatively stable,
with no significant differences between test and retest values
at follow-up intervals that have varied between 2 days and
36 months. Test-retest reliability [as measured by Pearson’s
r or intraclass correlation coefficient (ICC)] has ranged from
0.50 to 0.86 for P3 amplitude measures and from 0.40 to
0.88 for P3 latencies (Segalowitz and Barnes, 1993; Kinoshita
et al., 1996; Sandman and Patterson, 2000; Walhovd and
Fjell, 2002; Hall et al., 2006; Lew et al., 2007; Cassidy et al.,
2012). Investigations of test-retest reliability of ERPs in older
adults are particularly sparse (Sandman and Patterson, 2000;
Walhovd and Fjell, 2002). These studies have reported lower
reliability of latency in older individuals than young adults
and greater reliability of amplitude than latency measures
across all ages. No investigations seem to have highlighted
novelty processing.

MATERIALS AND METHODS

Participants
Healthy older subjects were recruited through community
announcements in the Boston metropolitan area. All subjects
provided written informed consent approved by the Partners
Human Research Committee. Brigham and Women’s Hospital,
where the study took place, is part of the Partners Healthcare
system. To be included in this study, participants were required
to be age 65 or older, English speaking, have a Mini-Mental

State Exam (MMSE) (Folstein et al., 1975) score ≥26, an
estimated IQ on the American National Adult Reading Test
(AMNART) (Ryan and Paolo, 1992) ≥90, and score within
2 SDs of age-appropriate means on the short form of the
Boston Naming Test (Kaplan et al., 1983) and on the Logical
Memory Subtest of the Wechsler Memory Scale—Third Edition
(Wechsler, 1997).

Subjects were excluded if they had a history of central nervous
system (CNS) diseases or major psychiatric disorders based on
the Diagnostic and Statistical Manual of Mental Disorders, 4th
edition (DSM-IV) criteria (American Psychiatric Association,
1994), Geriatric Depression Scale (GDS) (Yesavage et al., 1982)
score ≥10, corrected visual acuity worse than 20/50 (as tested
using a Snellen eye chart), severe hearing impairment that
would interfere with their ability to participate in the experiment
or complete neuropsychological testing, a history of medical
conditions that would limit their ability to participate in a
physical exercise program, focal abnormalities on neurological
examination consistent with a CNS lesion or a Clinical Dementia
Rating Scale (Morris, 1993) score of 0.5 or above, based
on interview questions and completion of a questionnaire
by an informant who knew the subject well. See Table 1
for subject demographic information and neuropsychological
test performance.

Experimental Procedure
The experiment consisted of a subject-controlled visual novelty
oddball task that has previously been used to study normal
aging (Daffner et al., 2003; Riis et al., 2009) as well as patients
with focal neurological injury due to a cerebral infarction
(Daffner et al., 2000b, 2003) and patients with mild Alzheimer’s
disease (Daffner et al., 2001). Alternate versions of the task
were presented during two sessions approximately 7 weeks
apart, the order of which varied randomly across subjects.
Stimuli were presented using E-Prime software (E-Prime 2.0,
2012). There were three categories of visual stimuli: frequent
standard stimuli (a triangle)-70% frequency, rare target stimuli
(upside down triangle)-15% frequency, and rare novel stimuli
(randomly drawn from a set of unfamiliar line drawings many
of which came from the collection of drawings that have
been used by Kosslyn et al., 1994 and Kroll and Potter,
1984)-15% frequency (each shown only once). Two-hundred
and forty line drawings, white on black background, were
presented in four blocks of 60, each at the center of a
high-resolution computer monitor. Visual stimuli appeared
one at a time within a fixation box, subtending a visual
angle of ∼3.5 × 3.5◦, which remained on the screen at all
times. Visual stimuli subtended an angle of ∼2.75◦ along their
longest dimension.

TABLE 1 | Subject characteristics.

Age (years) Sex (Male/Female) Education (years) MMSE AMNART GDS

N = 70 Subjects 75.2 (6.5) 18/52 17.7 (2.9) 29.1 (1.2) 122.3 (5.6) 2.8 (2.2)

Values are given as mean (standard deviation). MMSE, Mini Mental State Examination; AMNART, American Adult Reading Test; GDS, Geriatric Depression Scale.
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FIGURE 1 | Illustration of an experimental run.

Subjects controlled viewing duration of stimuli by space bar
press that triggered the onset of the next stimulus. Subjects
also responded to designated targets with a mouse click. All
stimuli were displayed for a minimum duration of 600 ms,
regardless of when the subject pressed the space bar to ensure
that each stimulus was visible when pertinent ERP components
(e.g., P3) were elicited. The interstimulus interval ranged between
800 and 1,200 ms. Stimuli were presented in a pseudorandom
order with the extra constraints that no more than two novel
stimuli were shown successively, and that each block of 60 stimuli
had the same number of standard stimuli and approximately
the same number of target and novel stimuli. Each subject
started the experiment after a series of practice runs that did
not include novel stimuli. See Figure 1 for an illustration of
the experiment.

Between sessions, subjects participated in one of four
randomly assigned, structured programs involving adaptive or
non-adaptive computerized cognitive training (CCT), physical
exercise, or mindfulness meditation. Prior research suggests that
CCT, physical exercise and mindfulness meditation may have
a beneficial impact on cognitive functioning in older adults
(Gates et al., 2011; Gard et al., 2014; Cheng, 2016; Tusch
et al., 2016; Simon et al., 2018). Note that the purpose of
these kinds of interventions has been to influence cognition,
not novelty processing. Each intervention was structurally
similar and conducted in subjects’ homes using interactive,
web-based software over the course of 5 weeks (five sessions
per week, ∼35 min/session). The timing was based on the
computerized Cogmedr (Pearson Education, Inc., Fort Worth,
TX, USA) program that offered an adaptive and non-adaptive
training format. In the adaptive cognitive training program,
task difficulty increased as training proceeded over time.
In the non-adaptive cognitive training program, individuals
participated in the same computerized program but with the
same low-level task difficulty throughout the training period.
In the mindfulness program, subjects participated in a series
of mindfulness training and exercises where the tasks became
increasingly more self-directed over the 5-week period. In the
physical exercise training program participants were involved
in a structured physical exercise program that aimed to
progressively increase their level of activity over the training
period. There was an approximately 1 week delay between

the first ERP session and the start of each intervention and
between the end of the intervention and the second ERP
session. Thus, the duration between the experimental testing
that took place at Time-1 and Time-2 was about 7 weeks
(M = 7.2, SD = 1.2).

ERP Recordings
An ActiveTwo electrode cap (Behavioral Brain Sciences Center,
Birmingham, UK) was used to hold to the scalp a full array
of 128 Ag-AgCl BioSemi (Amsterdam, Netherlands) ‘‘active’’
electrodes, whose locations were based on a pre-configured
montage. Electrodes were arranged in equidistant concentric
circles from 10 to 20 system electrode site Cz. In addition to the
128 electrodes on the scalp, six mini bio-potential electrodes were
placed over the left and right mastoids (and used as references),
beneath each eye and next to the outer canthi of the eyes to check
for eye blinks and vertical and horizontal eye movements. EEG
activity was digitized at a sampling rate of 512 Hz and filtered
offline with a bandwidth of 0.016–100 Hz.

Data Analysis
The focus of this report is on ERP and behavioral responses to
novel visual stimuli.

Behavioral Data
E-Prime software was used to collect the behavioral data.
Viewing durations were calculated by subtracting the stimulus
onset time from the space bar press time. This measure
served as an index of visual attention and exploratory behavior
(Daffner et al., 1992, 2000b).

Average Waveforms
EEG data were analyzed using ERPLAB (Lopez-Calderon and
Luck, 2014) and EEGLAB (Delorme andMakeig, 2004) toolboxes
that operate within the MATLAB framework. Raw EEG data
were resampled to 256 Hz and referenced off-line to the algebraic
average of the right and left mastoids. EEG signals were filtered
using an IIR bandpass filter with a bandwidth of 0.03–40 Hz
(12 dB/octave roll-off). Eye artifacts were removed through
an independent component analysis. Individual channels that
upon visual inspection revealed a consistently different pattern
of activity from surrounding channels were corrected with the
EEGLAB interpolation function. EEG epochs for novel stimuli
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were averaged separately at three midline sites Fz, Cz, and Pz.
The sampling epoch for each trial lasted for 1,200 ms, including
a 200 ms pre-stimulus period that was used to baseline correct
the ERP epochs. Trials were discarded from the analyses if
they contained baseline drift or movement artifacts greater than
90 µV. Only trials with correct responses were included in the
analyses. One of the 71 participants was excluded from further
analyses because of excessively noisy ERP data, leaving a total of
70 participants.

P3 latency was measured as the local positive peak between
400 and 600 ms at midline electrodes Fz, Cz, and Pz in response
to novel and target stimuli. P3 amplitude was measured as the
average voltage between 400 and 600 ms at midline electrodes
Fz, Cz, and Pz. Although the emphasis of this article is on the
P3 response, a time course analysis to novel stimuli also was
carried out by measuring the mean amplitude at Fz, Cz, and Pz
for twenty 50 ms intervals across the entire 1,000 ms information
processing period.

Statistical analysis of averaged ERP and behavioral data
was carried out using IBM SPSS 25.0. In general, ERP
dependent measures for novel and target stimuli were analyzed
using repeated measures analysis of variance (ANOVA),
with time (Time-1 vs. Time-2) and electrode site (Fz, Cz,
and Pz) as the within-subjects variables and intervention
condition (non-adaptive cognitive training, adaptive cognitive
training, physical exercise, mindfulness training) as the between-
subjects variable. The Greenhouse-Geisser correction was
applied to all repeated measures with greater than 1 degree
of freedom.

Principal Component Analysis
In addition to measuring average waveforms at midline
electrodes, we performed a principal component analysis
(PCA) of the data collected at Time-1 and Time-2 to
identify and disentangle the constituent temporal and/or
spatial components for further analysis of stability of ERP
data over time. We used temporospatial PCA, following a
method developed by Dien (2012). PCA is a data-driven
method that decomposes ERP waveforms into their underlying
components and is particularly useful in separating spatially
and/or temporally overlapping components. Temporospatial
PCA takes advantage of this method’s ability to parse
components both temporally and spatially by breaking down
each temporal principal component into a series of spatially
distinct components.

Following the recommendation of Dien (2012), a
temporospatial PCA was conducted on averaged trials for
each individual subject at all 134 electrode sites at Time-1
and Time-2. ERPs to novel, target, and standard stimuli were
included in the analysis to augment variance. Each dataset
consisted of 307 time points between −200 and 1,000 ms.
Utilizing the ERP PCA toolkit 2.38 (Dien, 2010), temporal
PCA followed by a spatial PCA (on each identified temporal
factor) was performed. A parallel test was used to restrict the
number of factors generated for each PCA. The covariance
matrix was used as input, with Kaiser normalization, followed by
Promax rotation.

Intraclass Correlation
ICC represents the consistency of a measure with the time of
testing introduced into the error variance (Shrout and Fleiss,
1979). ICC was used in the analysis of viewing duration, averaged
ERP waves, and PCA components at the two time points.
Per the descriptions and guidelines of different models of ICC
(Shrout and Fleiss, 1979; Koo and Li, 2016), test-retest reliability
was calculated by ICC method using a two-way mixed effect
model with the setting of absolute agreement in SPSS. Since the
values studied represented the average of multiple trials, average
rather than single value ICC measurements are reported. As
per classification of Cicchetti (Cicchetti, 1994), values less than
0.4 are indicative of poor reliability, values between 0.4 and
0.59 indicate fair reliability, values between 0.6 and 0.74 denote
good reliability, and values greater than 0.75 are considered
excellent reliability.

RESULTS

Viewing Duration
Figure 2 illustrates the mean viewing durations in response to
novel stimuli at Time-1 vs. Time-2. Repeated measures ANOVA

FIGURE 2 | Mean [± standard error of the mean (SEM)] viewing duration (in
ms) in response to novel stimuli.
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FIGURE 3 | Topographic maps of the mean amplitude for every other 50 ms interval (beginning 50–100 ms) of novelty processing at Time-1 vs. Time-2 (Note that
the scales are different across the time frames).

was performed for the effect of time (Time-1, Time-2) on
viewing duration. It demonstrated no effect of time, F(1,66) = 0.06,
p = 0.80, partial η2 = 0.0001. The average measure ICC between
viewing duration at Time-1 and Time-2 was 0.81, with a 95%
confidence interval from 0.69 to 0.88, F(69,69) = 5.13, p< 0.001.

Grand Average Waveforms
Novel Stimuli
All the results are collapsed across the four structured programs
since none of the findings were modulated by this between-
subject variable. Figure 3 presents topographic surface potential
maps in response to novel stimuli for Time-1 vs. Time-2 at 50 ms
intervals. Note that the pattern of electrophysiologic response is
very similar across the two time points.

The grand average ERP plots for novel stimuli (Time-1 and
Time-2) at midline electrode sites Fz, Cz, and Pz are presented
in Figure 4. Figure 5 illustrates a bar graph of the mean
P3 amplitude data at midline sites for novel stimuli. Repeated
measures ANOVA for the P3 mean amplitude demonstrated no
effect of time, F(1,69) = 1.19, p = 0.28, partial η2 = 0.02; and no
time × electrode site interaction, F(2,138) = 1.68, p = 0.19, partial

η2 = 0.02. There was an effect of electrode site on P3 mean
amplitude, F(2,138) = 41.6, p < 0.001, partial η2 = 0.38. Post
hoc comparisons using the LSD test indicated that the P3 mean
amplitude at Fz (M = 9.30 µV, SE = 0.65) was smaller than at Cz
(M = 11.02 µV, SE = 0.73), which in turn was smaller than at Pz
(M = 12.40 µV, SE = 0.71). The ICC between P3 mean amplitude
collapsed across midline sites at Time-1 and Time-2 was 0.86,
with a 95% confidence interval from 0.78 to 0.92, F(69,69) = 7.31,
p< 0.001.

Repeated measures ANOVA for P3 peak latency
demonstrated no effect of time, F(1,69) = 1.11, p = 0.30, partial
η2 = 0.02; and no time× electrode site interaction, F(2,138) = 0.18,
p = 0.80, partial η2 = 0.003. There was an effect of electrode site
on P3 peak latency, F(2,138) = 5.00, p = 0.01, partial η2 = 0.07.
Post hoc comparisons using the LSD test indicated that the mean
P3 peak latency was longer at Cz (M = 510 ms, SE = 5.55) than
Fz (M = 497 ms, SE = 5.24). There was no difference between Pz
(M = 504 ms, SE = 5.52) and the other two electrode sites. The
ICC between the average midline P3 peak latency at Time-1 and
Time-2 was 0.56, with a 95% confidence interval from 0.30 to
0.73, F(69,69) = 2.29, p< 0.001.
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FIGURE 4 | Grand average event-related potential (ERP) plots in response to novel stimuli at Fz, Cz, and Pz at Time-1 and Time-2.

Figure 6 depicts the ICCs between the average amplitudes at
Time-1 vs. Time-2 for each 50 ms interval in response to novel
stimuli at Fz, Cz, and Pz. Except for two time frames (0–50 ms at
Cz and 50–100 ms at Pz) the ICCs were significant throughout
the 1,000 ms temporal epoch at midline electrodes. The ICC
reliability ranged from 0.53 to 0.91 between 100ms and 1,000ms,
with the very high reliabilities between 200 ms and 600 ms (ICC
range 0.80–0.91).

Target Stimuli
Although the focus of this study was on novelty processing,
data for target stimuli were also analyzed to help determine
the consistency of response to non-novel visual stimuli. The
grand average ERP plots for target stimuli (Time-1 and Time-
2) at midline electrode sites Fz, Cz, and Pz are presented in
Figure 7. Repeated measures ANOVA for target P3 amplitude
demonstrated no effect of time, F(1,69) = 3.29, p = 0.07,
partial η2 = 0.05; and no time × electrode site interaction,
F(2,138) = 0.57, p = 0.55, partial η2 = 0.008. There was an effect
of electrode site, F(2,138) = 4.40, p = 0.02, partial η2 = 0.06.
Post hoc comparisons using the LSD test indicated that the
mean P3 mean amplitude at Fz (M = 12.65 µV, SE = 0.59)
was smaller than at Cz (M = 13.43 µV, SE = 0.74) and
Pz (M = 13.88 µV, SE = 0.72), with no difference between
the latter two electrode sites. The ICC between P3 mean

amplitude collapsed across midline sites at Time-1 and Time-2
was 0.90, with a 95% confidence interval from 0.84 to 0.94,
F(69,69) = 10.63, p< 0.001.

For P3 latency, repeated measures ANOVA revealed no effect
of time, F(1,69) = 1.22, p = 0.27, partial η2 = 0.01; and no
time × electrode site interaction, F(2,138) = 0.21, p = 0.76, partial
η2 = 0.003. There was an effect of electrode site on P3 peak
latency, F(2,138) = 7.54, p = 0.002, partial η2 = 0.09. Post hoc
comparisons using the LSD test indicated that the mean P3 peak
latency at Pz (M = 493 ms, SE = 5.30) was longer than at Fz
(M = 483 ms, SE = 5.61) or Cz (M = 480 ms, SE = 5.27), with
no difference between the latter two electrode sites. The ICC
between P3 peak latency collapsed across midline sites at Time-1
and Time-2 was 0.78, with a 95% confidence interval from 0.65 to
0.86, F(69,69) = 4.59, p< 0.001.

Novel vs. Target
To determine whether responses to novels differed from those
to targets, the stimuli were compared to each other. Differences
in viewing duration of novel vs. target stimuli were examined.
Repeated measures ANOVA was performed with stimulus type
(novel, target) and time (Time-1, Time-2) as within-subject
variables. There was an effect of stimulus type, F(1,66) = 8.11,
p = 0.006, partial η2 = 0.11, due to longer mean viewing durations
on novels (M = 2,725 ms, SE = 326) than targets (M = 1,852 ms,
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SE = 93.5). There was no effect of time, F(1,3) = 0.63, p = 0.43,
partial η2 = 0.01, and no time × stimulus type interaction,
F(1,66) = 0.08, p = 0.78, partial η2 = 0.001.

To assess P3 amplitude, repeated measures ANOVA was
performed, with stimulus type (novel, target), time (Time-1,
Time-2) and electrode site (Fz, Cz, and Pz) as within-subject
variables. There was an effect of stimulus type, F(1,69) = 23.4,
p < 0.001, partial η2 = 0.25, due to the mean P3 mean
amplitude to targets (M = 13.32 µV, SE = 0.64) being larger
than to novels (M = 10.91 µV, SE = 0.67). There was no
effect of time, F(1,69) = 3.42, p = 0.07, partial η2 = 0.05, and
no time × stimulus type interaction, F(1,69) = 0.09, p = 0.77,
partial η2 = 0.001. There was a stimulus type × electrode site
interaction, F(2,138) = 22.9, p < 0.001, partial η2 = 0.25. As
noted above, the P3 mean amplitude to novel stimuli at Fz
(M = 9.30 µV, SE = 0.65) was smaller than at Cz (M = 11.02 µV,
SE = 0.72), which in turn was smaller than at Pz (M = 12.40 µV,
SE = 0.71). In contrast, the P3 mean amplitude to target
stimuli at Fz (M = 12.65 µV, SE = 0.59) was smaller than

FIGURE 5 | Bar graph of the mean (± SEM) P3 amplitude (in µV) in
response to novel stimuli at Fz, Cz, and Pz at Time-1 and Time-2.

at Cz (M = 13.43 µV, SE = 0.73) and Pz (M = 13.88 µV,
SE = 0.72), with no difference between the latter two
electrode sites.

P3 latency was examined using repeated measures ANOVA,
with stimulus type (novel, target), time (Time-1, Time-2) and
electrode site (Fz, Cz, and Pz) as within-subject variables. There
was an effect of stimulus type, F(1,69) = 9.27, p = 0.003, partial
η2 = 0.12, with P3 latency to novels (M = 504ms, SE = 4.87) being
longer than to targets (M = 486 ms, SE = 5.0). There was no effect
of time, F(1,69) = 0.04, p = 0.84, partial η2 = 0.001. There was also
significant electrode × stimulus type interaction, F(2,138) = 6.61,
p = 0.003, partial η2 = 0.09. Themean P3 peak latency in response
to novel stimuli was longer at Cz (M = 510 ms, SE = 5.55) than
Fz (M = 497 ms, SE = 5.16). There was no difference between
Pz (M = 504 ms, SE = 5.52) and the other two electrode sites.
In contrast, the mean P3 peak latency in response to target at Pz
(M = 493 ms, SE = 5.30) was longer than at Fz (M = 483 ms,
SE = 5.61) or Cz (M = 480 ms, SE = 5.26), with no difference
between the latter two electrode sites.

PCA
A temporospatial PCA of the whole data set yielded 132 factor
combinations [12 temporal factors (TFs), each with 11 spatial
factors (SFs)]. Table 2 illustrates temporospatial factors that each
accounted for >1% of the variance, ordered by the amount of
variance explained by each factor. The table includes the factor
name, peak latency, percentage of the total variance accounted
for, topography at Time-1 and Time-2 in response to novel
stimuli, and ICC (and p-values) between Time-1 and Time-
2. One-hundred and twenty of the factor combinations were
not analyzed further because each accounted for <1% of the
total variance.

Based on visual inspection of the timing and topographic
distribution of temporospatial factors, two factors, TF2SF1
(389 ms peak) and TF3SF1 (573 ms peak) likely contributed
to the P3 component (Spencer et al., 1999, 2001; Goldstein
et al., 2002; Dien et al., 2003). Both demonstrated excellent
test-retest stability, with ICCs of 0.89 and 0.77 respectively.
TF1SF1 (819 ms peak) was consistent with the late positive
slow wave (Spencer et al., 2001; Alperin et al., 2015). TF4SF1
(167 ms peak) was suggestive of an early anterior P2, and

FIGURE 6 | Intraclass correlation coefficient (ICC) between Time-1 and Time-2 of the mean amplitude for each 50 ms post novel stimuli at Fz, Cz, and Pz.
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FIGURE 7 | Grand average ERP plots in response to target stimuli at Fz, Cz, and Pz at Time-1 and Time-2.

TF5SF1 (221 ms peak) was consistent with late anterior P2
(Riis et al., 2009; Alperin et al., 2015). All but one temporospatial
factor demonstrated good to excellent test-retest stability.
TF1SF1 showed fair stability (see Table 2).

DISCUSSION

Attention to novel stimuli plays a critical role in adaptation,
learning, and the maintenance of cognitive functions as adults
grow older (Sokolov, 1963; Daffner et al., 1994, 2006b; Riis
et al., 2008). ERPs have helped to track neurophysiological
changes associated with novelty processing across different age
groups and neurological conditions (Daffner et al., 2000a,b,
2003, 2006a,b). Using ERPs to characterize differences between
clinical populations or to assess the impact of interventions
on promoting engagement with one’s environment requires a
demonstration of the reliability of the measures themselves.
Much more research has been directed at investigating the
consistency of ERP responses across testing sessions among
young than old adults, and in response to target rather than
novel events. The current study aimed to evaluate the test-retest
reliability of electrophysiological and behavioral responses to
novel stimuli in cognitively normal older adults.

Novel visual stimuli were infrequent and highly
unusual/unfamiliar figures. Because participants in this subject-
controlled novelty oddball paradigm had to determine the
duration of each stimulus, the novel events were not task-

irrelevant, as they are in traditional novelty oddball paradigms.
In our study, there was electrophysiological and behavioral
evidence that novel stimuli were processed differently from
target ones. Viewing duration was much longer on novel than
target events; P3 mean amplitude was larger in response to target
than to novel stimuli; and P3 peak latency was longer to novel
than target stimuli.

ANOVA yielded no reliable differences in the
electrophysiologic and behavioral responses to novel visual
stimuli between test sessions approximately 7 weeks apart,
with p-values ranging from 0.27 (mean P3 amplitude) to 0.8
(viewing duration). These results point to the stability of the
measures used. However, confirming the null hypothesis (i.e., no
differences between sessions) is not possible statistically. Thus,
we used ICC as a measure of test-retest reliability.

Our findings indicate that the mean P3 amplitude response
to novel visual stimuli, as measured on average waveforms
at midline sites, exhibits excellent reliability (ICC of 0.86).
Converging evidence for the stability of the P3 to novel stimuli
was derived from PCA, a data-driven method. The amplitude of
the temporospatial factors consistent with the P3 components
(TF2SF1 and TF3SF1) also demonstrated excellent reliability
(ICC of 0.88 and 0.76, respectively).

In keeping with other reports in the literature on ERP
latencies, P3 peak latency in response to novel visual stimuli
demonstrated only fair reliability (ICC of 0.56) across the
7-week interval. P3 latency, a marker of processing speed, may
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TABLE 2 | Temporospatial factors accounting for >1% of variance.

Temporal
spatial factor

Amount of variance
explained

Peak latency Waveform Topography Time-1 Topography Time-2 Intraclass
correlation
P-value

TF02SF01 22.5% 389 ms 0.88
P < 0.001

TF01SF01 16.4% 819 ms 0.49
P < 0.01

TF03SF01 9.0% 573 ms 0.76
P < 0.001

TF02SF02 4.24% 389 ms 0.91
P < 0.001

TF01SF02 4.06% 819 ms 0.74
P < 0.001

TF04SF01 3.00% 167 ms 0.90
P < 0.001

TF05SF01 2.27% 221 ms 0.76
P < 0.001

TF01SF03 2.1% 819 ms 0.68
P < 0.001

(Continued)
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TABLE 2 | Continued

Temporal
spatial factor

Amount of variance
explained

Peak latency Waveform Topography Time-1 Topography Time-2 Intraclass
correlation
P-value

TF03SF02 1.99% 573 ms 0.73
P < 0.001

TF06SF01 1.8% 303 ms 0.79
P < 0.001

TF01SF04 1.49% 819 ms 0.67
P < 0.001

TF01SF05 1.21% 819 ms 0.70
P < 0.001

(Note that the amplitude scales used differ across factors)

be more sensitive than P3 amplitude to a variety of state
functions, including level of arousal, variation in sleep, or
changes in mood (Bruder et al., 1991; Polich and Kok, 1995;
Polich, 2004). Latency measures are often reported to have
lower test-retest reliability than amplitude measures regardless
of age group (Sinha et al., 1992; Sandman and Patterson, 2000;
Walhovd and Fjell, 2002; Olvet and Hajcak, 2009; Weinberg
and Hajcak, 2011; but see Segalowitz and Barnes, 1993; Brunner
et al., 2013 for conflicting evidence). Walhovd and Fjell (2002)
found in a two-stimulus auditory oddball task that test-retest
reliability of P3 latency was lower in older than younger
adults. In contrast, these investigators and others (Hämmerer
et al., 2013) who have used tasks in the visual modality have
reported no differences in the reliability of P3 amplitude across
age groups.

Our results also strongly point to stability in the
electrophysiologic response to novel stimuli throughout the
1,000 ms temporal epoch studied and not only the interval
containing the P3 component. Inspection of the surface potential
maps for Time-1 vs. Time-2 (Figure 3) suggests considerable
overlap in the appearance of scalp voltage distributions from
100 to 1,000 ms. This impression was validated by assessing the
mean amplitude at midline electrode sites using time course
analysis during sequential 50 ms intervals. This evaluation
demonstrated fair to excellent reliability (ICC range 0.53–0.91)

between 100 ms and 1,000 ms time range, with very high
reliability between 200 ms and 600 ms (ICC range 0.80–0.91),
which includes the temporal interval of the P3 component
(see Figure 6). Moreover, with only one exception the
12 temporospatial factors analyzed (all of which peaked between
167 and 819 ms) demonstrated ICCs in the good to excellent
range. Thus, we provide strong converging evidence in older
adults for the stability of electrophysiological responses to novel
stimuli throughout the measured information processing stream.
These results of our study are consistent with findings reported
byWalhovd and Fjell in their study using a two-stimulus auditory
oddball task (Walhovd and Fjell, 2002). They investigated the
reliability of successive 15 ms time windowmeasurements across
0–705 ms post-stimulus and observed high reliability, especially
during the temporal windows in which ERP components (N1,
P2, P3) are conventionally measured. They suggest that these
results may provide further validation of established ERP
components as reflecting stable cerebral responses to different
stimulus types.

In the current study, viewing duration was used as an index
of visual attention and exploratory behavior (Daffner et al.,
1994). Viewing duration of novel stimuli demonstrated excellent
test-retest reliability (ICC of 0.81) over the 7-week period.
This result suggests that an older individual may exhibit a
characteristic degree of engagement by novel visual stimuli that
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remain stable over time. Both P3 amplitude and viewing duration
can be understood in terms of resources being allocated in
response to a presented stimulus (Daffner et al., 2000c). Both
experimental measures appear to be consistent and reliable, a
result that has notable implications for future research. The
finding suggests that if a clinical intervention (behavioral or
pharmacologic) is associated with a significant alteration in
P3 amplitude or viewing duration in response to novel stimuli,
it is unlikely that such changes would be simply due to
chance. This idea is important because of interest in developing
interventions to help older adults become more engaged by the
novel aspects of their environment as a means of promoting
healthy cognitive/brain aging (Wilson et al., 2002; Daffner et al.,
2006b; Veyrac et al., 2009). Objective laboratory measurements
of such engagement can serve as a valuable component of
the research.

The generalizability of our findings remains uncertain. The
participants in our study were well educated and had above
average intellectual capacity. Further research is necessary to
determine whether similar stability of electrophysiologic and
behavioral responses to novelty would be observed in older
adults with different demographic characteristics. It would be
informative for future studies to include a sample of younger
adults to help determine if there are age-related differences
in test-retest reliability in response to novel visual events.
Additional studies are also needed to address the reliability of
ERP measures over periods longer than 7 weeks and across
multiple testing sessions. The limited number of studies that
have investigated the test-retest reliability over more than
two sessions, with inter-session intervals ranging from days
to months (Kinoshita et al., 1996) or even years (Sandman
and Patterson, 2000) have provided additional support for the
stability of ERP measurements.

CONCLUSION

Older adults exhibit considerable stability in their
electrophysiological and behavioral responses to novel visual
events over a 7-week period. These results suggest older adults
may have a characteristic way of processing novelty that appears
resistant to transient changes in their environment or internal

states, such as level of arousal, and that can be indexed during a
single testing session.
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Introduction: Tactile sensitivity is impaired in older adults, which contributes to the loss
of manual dexterity and mobility function. The reliability of classical psychophysical tests,
such as two-point gap discrimination, has been questioned. Here we tested a new
method to determine tactile acuity during dynamic touch, which is more functional than
static touch. The aim was to validate a method providing a high level of discrimination of
tactile acuity in the elderly.

Methods: We tested the ability of subjects to evaluate the distance between bands
printed on poly-methyl-methacrylate (PMMA) sheets. Pairs of sheets were compared in
two groups of participants aged from 60 to 74 years; the test group was required to apply
a cosmetic foam with an active ingredient on both their hands twice a day for 1 month,
the control group had an identical task but used the same cosmetic foam without any
active ingredient. The tests were run in a double-blind, placebo-controlled study.

Results: The tactile discrimination threshold decreased by 83 µm after 1 month of
cosmetic application in the group using the active ingredient, while it was unchanged
in the control group.

Discussion: The test presented here provided highly accurate results and should be
useful to determine tactile performance. It allows the monitoring of tactile rehabilitation
and/or skin treatments used to restore tactile acuity in the elderly.

Keywords: tactile discrimination, haptic touch, skin aging, psychophysics, cosmetic

INTRODUCTION

Tactile sensitivity relies on the sensory information provided by low-threshold mechanoreceptors
located in the dermis of the glabrous skin, such as Merkel’s disks, Meissner, Pacinian, and Ruffini’s
corpuscles. These mechanoreceptors are preferentially activated by deformation of the skin such
as pressure, vibration, and tension. These mechanical events are transduced into sensory messages
going through the peripheral and then the central nervous system, where their processing give rise
to tactile sensations (Johnson, 2001).
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Tactile sensitivity is known to decline with age, resulting
from mechanoreceptor loss (Bruce, 1980; Iwasaki et al., 2003;
Skedung et al., 2018), but also from changes in the mechanical
properties of the skin itself such as reduced elasticity (Farage
et al., 2013; Skedung et al., 2018), that may result from a
decrease in hydration (Verrillo et al., 1998; Skedung et al.,
2018). Thus, both tactile detection threshold and tactile acuity
are impaired with age, where the feet and hands are the most
affected, as a result of a reduced blood flow and/or greater
physical wear on the contact surfaces (Thornbury and Mistretta,
1981; Stevens and Choo, 1996; Bowden and McNulty, 2013;
da Silva et al., 2014; Franco et al., 2015). This has important
functional implications for older adults, as it has been linked to
impairment in manual control (Wickremaratchi and Llewelyn,
2006), but also deficits in balance and walking ability with an
increased risk of injurious falls, which contributes to disability
and death in older adults (Soriano et al., 2007). More tragically,
many older adults are unaware of their peripheral neurological
impairment and are therefore unlikely to seek preemptive
intervention (Cruz-Almeida et al., 2014). In a previous study
conducted in aged people, we demonstrated that tactile acuity
increased 30 min after the application of a moisturizing cream
(Lévêque et al., 2000). This short-term beneficial effect of skin
hydration on tactile sensitivity has been confirmed in older
men (Bowden and McNulty, 2013). These results suggest that,
contrary to what has been claimed previously (Woodward, 1993),
changes in the mechanical properties of the skin may affect
tactile perception.

Tactile sensitivity is classically characterized by analyzing
the detection threshold, with calibrated monofilaments, or by
spatial discrimination, such as the two-point gap discrimination
test (Bell-Krotoski et al., 1993). However, these tests have
been criticized due to great variations within subjects, between
subjects, and between studies (Levin et al., 1978; Lundborg
and Rosén, 2004). For instance, calibrated monofilaments are
simple to use, but they are fragile and can be distorted after
multiple uses, as well as being sensitive to temperature and
humidity (Haloua et al., 2011). This probably accounts for
the unreliability of the tests notably those performed with
the five smallest monofilaments, i.e., 0.008–0.16 g (Massy-
Westropp, 2002). The results obtained with the two-point
gap discrimination test are also extremely variable because
they depend upon the way the test is performed, notably the
amount of pressure applied to the skin and the synchronicity
of application of the two stimulation points (Johnson and
Phillips, 1981; Lundborg and Rosén, 2004). Recently, a test
where the participant has to discriminate the orientation
(horizontal vs. vertical) of two points of contact has been
recommended as a better measure of tactile spatial acuity
(Tong et al., 2013).

In the present study, we chose an active touch test,
which is more functional than a static test, and evaluated
a psychophysical method to assess spatial discrimination
threshold. We designed a double-blind, placebo-controlled
study in healthy elderly subjects to determine whether any
beneficial effect of a cosmetic substance may be found,
as compared to a placebo substance, by means of this

psychophysical method. The demonstration of a difference
between the two groups of participants in tactile acuity should
validate the present method as a useful tool to track the
beneficial effects of sensory training and/or treatment in
older people.

MATERIALS AND METHODS

Participants
The experiments were performed in 42 healthy, right-handed
volunteers aged from 60 to 74 years. They were recruited in
the retirement communities in the Marseille area of France. The
exclusion criteria were: a history of neurological, psychiatric,
or dermatological disorders, or clinically significant peripheral
neuropathy, such as diabetes. No ethical review process was
required for the present study because the French Conseil
d’Etat ruled in an order dated 8 February 2017 that studies
using cosmetic products, even for scientific investigation, do not
require an application for approval from an ethics committee.
Our study nevertheless conformed with the ethical guidelines set
out by the Declaration of Helsinki and all participants gave their
written informed consent.

Design and Procedure
Participants were tested in a quiet room, with a constant
temperature of ∼22◦C. They were asked to attend an initial
test to evaluate their tactile acuity. The participants were
seated comfortably in an armchair with their right hand
positioned in a cushioned groove, which allowed a standardized
and relaxed position. The participants were asked to close
their eyes and they wore noise-canceling headphones (Bose;
Framingham, MA, USA).

Participants were asked to explore pairs of poly-methyl-
methacrylate (PMMA) sheets specifically designed for the
experiment, using the distal phalanx of their right index finger.
These sheets, of 5 mm thickness and 50 × 80 mm2 surface,
included regularly-spaced grooves with a depth of ∼0.07 mm,
which were oriented perpendicularly to the finger displacement
(Figure 1A). The space between the grooves (the ‘‘inter-band
space’’) varied from 3.6 to 6 mm between test sheets. The
sheet with a median spacing of 4.8 mm was defined as the
reference. On each side of this reference, four test sheets
with spacing varying in 0.2 mm steps were used. At each
extreme, the sheets presented a change in the spacing of
0.4 mm. For convenience, the sheets were coded as follows:
the shortest spacing (3.6 mm) was coded as 6; then the
sheets with spacings of 4, 4.2, 4.4, 4.6 mm were coded as
7, 7.5, 8, 8.5, respectively; the reference (spacing of 4.8 mm)
was coded as 9; then the sheets with spacings of 5, 5.2, 5.4,
5.6 mm were coded as 9.5, 10, 10.5, 11, respectively; finally
the largest spacing (6 mm) was coded as 12 (Figure 1B).
The method consisted of presenting pairs of sheets, where
the reference was always presented together with one of the
10 test sheets, and the order of presentation was randomized
for each pair. The participants were instructed to explore
each sheet once, from top to bottom, at about 20 mm/s,
which corresponds to the speed classically chosen to explore
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FIGURE 1 | The subjects were required to explore pairs of poly-methyl-methacrylate (PMMA) sheets printed with regular grooves (A), the inter-band space was
constant in each sheet and varied around a reference sheet (large point in B).

textured surfaces (Vega-Bermudez et al., 1991). They were
familiarized with this instruction before the test session by
moving their finger over the sheet during two audible beeps that
were spaced 4 s apart.

The test was a two-alternative forced choice discrimination
task, where the participants had to determine whether the first
or the second sheet had the larger inter-band spacing. The
eight sheets with a 0.2 mm-spacing difference were presented
15 times and the two extreme sheets with a 0.4 mm-spacing
difference six times; the lower number of presentations for the
two extreme sheets was justified by the ease in differentiating
these sheets from the reference. In total, the participants had
to compare 132 reference/test pairs. The whole psychophysical
examination lasted about 1.5 h, including rest time of 5 min
every 15 min.

After this initial tactile test (called ‘‘pre’’), the participants
received cosmetic foam (Laboratoires Chemineau, Anjac Health
and Beauty Inc.). The participants were asked to apply the foam
on their both hands (palm, fingers, and dorsum) each morning
in their daily routine and each evening before sleeping, for
1 month. They were instructed not to wash their hands in the
hour following the foam application.

The 42 participants were divided into two groups: ‘‘active’’
and ‘‘placebo.’’ The repartition was done in a random manner,
taking into account the participant’s age and gender. Participants
of the active group (n = 21, six men) received the foam with
an active ingredient (IP patent in process n◦ BFF170321IMA,
Laboratoires Chemineau, Anjac Health and Beauty Inc.). In the
placebo group, participants received a foamwith exactly the same
formulation, apart from the active ingredient (n = 21, six men).
The participants and the experimenter (CD) were blinded to who
received the active formulation as both treatments were placed
in similar packages only identified as A and B; the participants
were even blinded as to the existence of any placebo, in order
to enhance commitment with the experiment (Bang, 2016). The
participants were then asked to attend a second time, exactly
30 days after application of the foam, to evaluate their tactile

sensitivity during the ‘‘post’’ test that was run in exactly the same
conditions as the pre-test.

Data Analysis
In order to evaluate and compare participants’ performances
across the two tests (Pre/Post), the psychometric data (i.e., the
proportion of correct answers, corresponding to which sheet
was of larger inter-band space) were fitted by the following
cumulative Gaussian function:

P (x) = λ+ (1− 2λ)
1

σψ
√
2π

∫ x

−∞

e
−
(y−µψ)2

2σ2
ψ dy

Here, x represents the sheet code; µψ is the mean of the
Gaussian, i.e., the point of subjective equality (PSE), that
corresponds to the stimulation intensity (here, the inter-band
space) leading the participant to perceive no difference between
the reference and the test sheet; and σψ is the standard deviation
of the curve (discrimination threshold), which is inversely related
to the participant’s discrimination sensitivity. The σψ value
(also called the uncertainty range) is given by the difference
between the projection onto the X-axis of 75% and 50% of
response (see Figure 2). A smaller σψ value corresponds to
higher discrimination sensitivity in the task. The PSE is given by
the projection at 50% of the response. The two indices, PSE and
σψ , characterize the participant’s performance, and λ accounts
for stimulus-independent errors (e.g., due to participant lapses)
and was restricted to small values (0 < λ < 0.06, Wichmann
and Hill, 2001). This parameter is not informative about the
perceptual decision, thus we disregarded it for the subsequent
analyses. Psignifit toolbox, implemented in MATLAB software
(The Mathworks, Natick, MA, USA) was used to fit the
psychometric curves.

Differences in the PSE and uncertainty range between the
groups, before cosmetic treatment, were evaluated with an
unpaired Student’s t-test. The impact of cosmetic application
upon tactile sensitivity was estimated within each group with
a paired Student’s t-test. Effect sizes were calculated according
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to Cohen’s instructions where d < 0.2 corresponds to a small
effect, 0.2 < d < 0.5 a medium effect, and d > 0.5 a strong
effect (Cohen, 1992).

RESULTS

Basic Demographics and Clinical
Characteristics
Among the 42 participants, a total of eight participants (four
in each group) were excluded because their responses in the
pre- and/or post-tests were almost indistinguishable from chance
level. These results were explained either by an inability to
perform the test both in pre- and post-tests (four subjects) or
for medical reasons that interfered with the post-test after the
30 days of foam application (four subjects, lesion of the index,
sickness, temperature etc.). Details of the basic demographics and
clinical characteristics of the 34 participants finally included in
the study are given in Table 1. As can be seen, the two groups of
participants were similar, with regard to age and gender because
the groups were established on the basis of these parameters, but
also with regard to their socio-professional characteristics and
medical treatments (no significant difference).

Psychophysical Results
Figure 2 illustrates the results obtained in two participants
during the pre-test. The results reported in Figure 2A shows
that the subject answered correctly for the sheets coded 6–7.5,
where none of these had an inter-band space larger than
that of the reference, and the percentage of responses deemed
‘‘larger’’ was close to 0%. The responses are less certain for
sheets 8–10, where the inter-band space was close to that of
the reference and the percentage of response is around 50%.
The performance improved with sheets 10.5–12, where, for
most of the time, the participant answered correctly that the
test sheet had larger inter-band spacing than the reference,
and the percentages of responses reached 100%. From this
psychometric curve, we extracted the PSE, which here equaled
9.1, and the uncertainty range was 1.25. Therefore, for this
participant, the minimal inter-band space for a sheet to be

TABLE 1 | Basic and clinical characteristics of the two groups of subjects tested
(n = number).

Active Placebo Mann-Whitney test
Z limit = 1.96

Basic demographics
Age (years) 69.0 ± 2.9 66.4 ± 3.9 Z = 1.60, p = 0.11
Men (n) 6 5 Z = 0.29, p = 0.77
Right-handers (n) 17 17 Z = 0, p = 1
Senior executive, 3 5
teacher (n)
Technician (n) 7 4 Not applicable
Workers (n) 7 8
Clinical characteristics
No treatment (n) 8 9 p = 1.06
Hypertension (n) 5 5
Cholesterol (n) 3 6
Thyropenia (n) 3 1
Arrythmia (n) 2 1
Other drug therapies (n) 5 4

statistically differentiated from the reference was at least 0.5 mm.
The results reported in Figure 2B are those of a participant
who performed the task better, as shown by the psychometric
curve, which had a steeper slope than that in Figure 2A. More
precisely, their responses were uncertain only for sheets 9.5 and
10. The PSE remained close to the reference (9.4) and the
uncertainty range was smaller (0.81), meaning that only 0.32 mm
of difference between two sheets was necessary for these to be
differentiated by this participant, who thus presented a better
tactile discrimination.

At the population level, the PSE was not found to differ during
the pre-test between the active and placebo groups (9.3 ± 0.4,
9.2 ± 0.3, respectively, t = 0.85, p = 0.4). After 1 month of
cosmetic application, the PSE calculated in each group during the
post-test was not found to differ with that calculated during the
pre-test, either in the active group (9.2 ± 0.3, t = 0.98, p = 0.34)
or in the placebo group (9.4 ± 0.5, t = 1.67, p = 0.11). In other
words, in both groups, applying cosmetic foam for 1 month did
not affect the tactile evaluation of the reference sheet.

With regard to the uncertainty range (Figure 3), it was not
found to differ between the two groups in the pre-test (t = 1.14,
p = 0.26). However, in the post-test, the uncertainty range was
significantly smaller than that measured during the pre-test,
in the active group (Figure 3A, t = 2.41, p = 0.03, d = 0.57)
and remained unchanged in the placebo group (p = 0.54). This
means that, in the active group, a minimal difference of 0.48 mm
in the inter-band space, that was necessary for a significant
discrimination, fell to 0.40 mm after cosmetic application. In
other words, a decrease of 83 µm in spatial discrimination
followed 1 month of cosmetic application.

DISCUSSION

The present study aimed at evaluating the reliability of a
new psychophysical method to assess tactile acuity in the
elderly. We compared the impact of 1-month application
twice a day of a cosmetic substance, which did or did not
include an active ingredient favoring skin hydration. The
spatial discrimination threshold was assessed in a double-
blind, placebo-controlled manner, where we tested the ability of
participants at discriminating a test surface with grooves either
more distant or closer than those of a reference surface, during
active touch. The results showed that the spatial discrimination
acuity was significantly improved in the group of participants
treated with the active ingredient, while it was unchanged in
the placebo group. Importantly, the two groups of participants
were very similar in terms of their spatial tactile acuity in
the pre-test, eliminating any group differences on the observed
improvement. This must be noted, since people are not equal
regarding skin aging and their related decline in tactile acuity, as
some elderly remains as high tactile performers, comparable to
younger people (Skedung et al., 2018). In the present population
of participants, there was a variability in tactile abilities and
therefore were also included the high performers, but their
presence was counterbalanced in both groups.

Tactile sensitivity is classically characterized by analyzing
the detection threshold, with calibrated monofilaments, or the
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FIGURE 2 | Examples of psychometric curves obtained from two subjects during the pre-test. The participant in (B) performed better than the participant in (A).

FIGURE 3 | Uncertainty range measured in the active and placebo groups of
participants. In (A), the mean data are presented (±SEM). In (B), the
individual subject data are expressed as the difference between uncertainty
ranges measured during pre- and post-tests. Positive values express an
increase in tactile discrimination. ∗p < 0.05.

spatial discrimination, using the two-point gap discrimination
test. It has been reported that, after moisturizing the skin in
seniors, the former decreases by 50 mg and the latter by about

3 mm (Lévêque et al., 2000; Bowden and McNulty, 2013).
In both studies, the effects of skin hydration were evaluated
only 30 min after cosmetic application. Besides methodological
issues, such as the unreliability of force with the smallest
monofilaments or the synchronization of application with the
two-point gap discrimination test (Levin et al., 1978; Lundborg
and Rosén, 2004), these tests evaluate only static touch and not
dynamic touch. Presently, we focused on the more functional
characteristics (i.e., dynamic touch), because during active touch,
proprioceptive inputs implement cutaneous information from
the hand and fingers (Gibson, 1962).

It is known that skin hydration improves tactile
discrimination ability, and this has been demonstrated
during both static (Lévêque et al., 2000) and dynamic touch
(Skedung et al., 2018). We also knew that the active ingredient
included here in the foam increases skin hydration and
induces vasodilatation, as compared to the same cosmetic
foam without this ingredient (Anjac, personal communication).
We demonstrate that the new psychophysical method we
tested here found differences between the active and placebo
groups, in terms of tactile acuity, and thus provides a high level
of discrimination.

Recently, a similar method has been published where the
short-term effects of applying skin moisturizing were assessed
during dynamic touch, by analyzing subjects’ tactile perception
ability using a test of texture discrimination (Skedung et al.,
2018). In this study, participants had to judge a surface as being
different from the reference one and/or to judge the reference to
be the same when presented against itself, and authors quantified
the percentage of correct responses. The fact that this study
and ours was performed almost at the same time shows that
there is a need nowadays to improve the old, classical tests to
better evaluate tactile sensitivity, notably to assess the effects
of treatments or remediation by training. The present method
appears more sophisticated, since not only did the participant
have to judge that the test texture was different from reference,
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but also to say in which way, i.e., with farther or closer grooves.
Therefore, one should expect closer differences to be detected
by the present method, which also allowed the extraction of
statistical parameters that gave additional information, including
the PSE and the uncertainty range. Therefore, the two methods
constitute a real step towards a better estimation of tactile
acuity and one may choose one or the other depending on the
requirements and sensitivity of the experiment.

About the mechanisms responsible for the improvement in
tactile discrimination, we can exclude an effect of protocol
learning for two reasons: this should have impacted the
participants from the placebo group, and more importantly,
the participants were tested only two times, with a 1-month
interval. Tactile learning of complex tasks requires a training
based on multiple seances over a couple of weeks (Debowska
et al., 2016), which was not the case here. The most reasonable
hypothesis would have initially been that the improved
performance in the active group was related to changes in
skin mechanical properties, which we did not test here, but
that has been largely documented, where moisturizing the
stratum corneum has been shown to promote recovery of
skin elasticity associated with improvement in tactile sensitivity
(Lévêque et al., 2000; Bowden and McNulty, 2013; Skedung
et al., 2018). However, in their recent study, Skedung et al.
(2018) report a great variability in tactile sensitivity in elderly
people, where high and low performers exhibited almost the
same skin mechanical properties. In the present study, the
two groups of subjects performed similarly before the month
of cosmetic application and they were all exposed to the
same amount of humectant or softening product, so that we
can reasonably think that the mechanical properties of the
skin were similar between the two groups of subjects after
the month of cosmetic substance application. Interestingly,
the same authors (Skedung et al., 2018) found that among
the elderly participants, the higher performing group had
a statistically higher density of Meissner corpuscles, which
are cutaneous mechanoreceptors strongly involved in dynamic
touch, such as in the present active task. All these considerations
lead us to suggest that the active product used here may
have promoted peripheral sensory regeneration after 1 month
of application, as previously demonstrated to occur with

various drugs such as hydrogen peroxide (Rieger and Sagasti,
2011) or neuropoietic cytokines (Feld et al., 2016), but this
remains speculative and further studies are required to establish
the properties of the present active product. Changes in
tactile discrimination after 1 month of cosmetic substance
application have been documented in elderly people using
a new psychophysical method, to evaluate alterations in the
range of a few micrometers. We suggest that this high level
of discrimination validates our new test as being particularly
useful for studying the effects of tactile rehabilitation and/or skin
treatments in the elderly.
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Objectives: To explore the transfer effects of cognitive training on working memory
among older Chinese adults with mild cognitive impairment (MCI).

Methods: Sixty-two MCI participants aged more than 60 years old were recruited by
holding recruitment sessions in communities in China [33 for cognitive training, and 29 for
mental leisure activities (MLA) control]. Cognitive functions, including working memory,
execution function, reasoning ability, verbal ability, ability of daily living, were measured at
three time-points (baseline, post-training and 3 months after training).

Results: Compared to the MLA control, the cognitive training group showed significant
effects in both the trained (working memory) and untrained (execution function and ability
of daily living) domains. The effects of cognitive training on overall cognitive function,
working memory and daily life ability of daily living of MCI could be maintained for at least
3 months, even without the cognitive training. Besides, complete mediating effects of
cognitive training were found in executive function through working memory and working
memory in ability of daily living though executive function, which suggests the presence
of transfer effect of cognitive training.

Conclusions: The present study supported that cognitive training could effectively
improve working memory in elders with MCI. The training effects on working memory
could transfer to other untrained areas (such as executive function), which also improved
the comprehensive ability (ability of daily living). And the effects of training could largely
persist for 3 months.

Keywords: mild cognitive impairment, cognitive training, working memory, transfer effects, maintaining effect

INTRODUCTION

The average age of populations is rising—an irreversible trend all over the world, along
with which comes the increasing mental health needs of the elderly. And the subsequent
increasing number of Alzheimer’s and related dementias cause a heavier burden to
society, which is a significant problem. It is estimated that dementia cases have reached
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nearly 50 million globally, and the incidence of dementia is
predicted to rise to 50%, while the number will reach 75 million
by 2030 (Prince et al., 2015). Due to its extremely low rate of
successful treatment and great social burden, researchers around
the world are eager to find new treatment methods for dementia.

As mild cognitive impairment (MCI) is a pre-phase of
Alzheimer’s disease (AD) in most cases (Albert et al., 2011; Vos
et al., 2015; Klimova and Maresova, 2017), elderly people and
their families are seeking effective ways to delay or ameliorate
MCI in order to prevent AD. Cognitive training is considered
a promising way to delay the decline of cognitive function, and
indeed, promising results have been observed for MCI (Jean et al.,
2010; Hyer et al., 2016; Lin et al., 2017). Recent meta-analyses
have identified its significant cognitive outcomes in multidomain
and lifestyle approaches for individuals with MCI (Sherman
et al., 2017). Also, cognitive training is a more effective and
economical method compared to pharmacological approaches
(Dresler et al., 2013).

Cognitive training is a set of training programs designed
by researchers, including standardized training instructions and
training tasks, and each task is targeted at improving one or
several specific cognitive functions. Since the 1990s, researchers
have attempted to improve the cognitive function of elder
people by using cognitive training. The initial training mode
is mainly based on the paper-pencil intelligence tests and the
techniques of enhancing memory. For instance, researchers
provide the participants with some scattered numbers and letters
and ask them to connect the numbers and letters in alphabetical
order by drawing lines (Jobe et al., 2001). With the popularity
of electronic devices, standardized computer-based cognitive
training programs have been gradually developed. Computer-
based cognitive training has advantages of high efficiency and
high sensitivity, which means its training materials can be coded
in the computer and automatically presented to the participants,
and the degree of training difficulty can be self-adaptive
according to the performance of the participants (Dresler
et al., 2013). Also, computer-based cognitive training can
contribute to the moderation of cognitive disorders in dementia,
particularly in the early stages of AD, as have been confirmed
by several researches (Preece and Maloney-Krichmar, 2003;
Savitch and Zaphiris, 2006).

Although the cognitive trainings are able to improve some
specific cognitive functions, training every domain of cognition
is difficult and time-consuming. Thereby, cognitive decline
in the elderly is still widespread. In this case, the effect of
training on non-trained cognitive functions (i.e., the transfer
effect) should be discussed. The transfer effect refers to the
ability that individuals can use the knowledge and skills
learned in one scenario to achieve different goals in other
scenarios. And it can be differentiated into near-transfer effects
(post-training improvement in tasks similar to the training
tasks) and far-transfer effects (post-training improvement in
tasks that are different from the training tasks in nature or
in appearance; Barnett and Ceci, 2002). Far-transfer effects
occur when two different tasks share an underlying processing
component and neuroanatomical areas or neural circuits
(Jonides, 2004).

According to the transfer effects, researchers attempted to
transfer the effects of cognitive training to other cognitive
abilities to help MCI elder people adapt to their daily
lives and solve corresponding problems. Researchers trained
hearing processing speed of the MCI elderly and found
that the participants not only showed faster processing
speed but also had a higher accuracy rate in the auditory
signal detection task. Besides, the participants also showed
enhancement in memory (Anderson et al., 2013). More
surprisingly, cognitive training also showed a transfer effect
in physical activities (Verghese et al., 2010; Smith-Ray et al.,
2014, 2015). For instance, after the Stroop training, MCI
participants not only showed enhancement in working memory
and executive functions but also had better performance
in terms of physical balance (Li et al., 2011). However,
there are also studies that did not find transfer effect after
training cognitive functions (Dosher and Lu, 1998). And the
sustainability of transfer effects after cognitive training is barely
discussed.

There is no doubt that to explore the transfer effects
in cognitive training is meaningful and imperative. On one
hand, if the transfer effects are accessible and sustainable, the
efficiency of cognitive training will be greatly improved. In other
words, elderly people with MCI only need to receive a small
amount of training to get multi-domain benefits. On the other
hand, the transfer effects of cognitive training can overcome
many training obstacles, such as disability and physical aging.
That means researchers are able to help the bedridden elder
people (e.g., people with stroke) improve their abilities which
are hard to be trained (e.g., ability of daily living) by the
transfer effects.

Aim of Study
The main objective of this study is to examine whether single-
domain cognitive training (working memory training) has a
transfer effect on un-trained cognitive functions, based on
the effectiveness of cognitive training. The reason of choosing
working memory is because it is a fundamental cognitive
function that underpins other complex cognitive functions
(Morrison and Chein, 2010). And the cognitive functions might
be affected as follows (see Figure 1).

Hypothesis 1 (training effect): working memory would
significantly improve after cognitive training.

Hypothesis 2 (transfer effect): the un-trained cognitive
function (executive function, verbal ability and reasoning
ability) and comprehensive ability (ability of daily living) would
significantly improve after training.

Hypothesis 3 (sustainability): the training effect and the
transfer effect can maintain for at least 3 months.

METHOD

Participants
The present study was approved by the Human Subjects Review
Committee of Zhejiang University. Participants consisted of
MCI elderly, over 60 years old, living in Nanxing Street,
Shangcheng District, Hangzhou City, and participants were
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FIGURE 1 | Hypothesis of cognitive training model.

recruited via holding recruitment sessions at older adult
communities.

The inclusion criteria were as follows:

1. Age ≥60 years old.
2. With no significant visual or auditory impairment.
3. The Montreal Cognitive Assessment (MoCA, <26 when

education level>12 years or MoCA<25 when education level
≤12 years).

4. Meeting the MCI diagnostic criteria of the National
Institute of Neurological Disorders and Stroke Alzheimer
Disease and Related Disorders (NINCDS-ADRDA;
McKhann et al., 1984).

5. Noticed and freely to give informed consent.

The exclusion criteria were as follows:

1. Meeting the dementia diagnostic criteria of the Diagnostic and
Statistical Manual of Mental Disorders, fifth edition (DSM-V;
American Psychiatric Association, 2013) and NINCDS-
ADRDA.

2. Taking antipsychotics, or stopping for less than 3 months.
3. Participating in other cognitive training projects.
4. Refusing to participate in the study.

After recruitment, there were 96 individuals who met the
criteria while 31 participants were declined to participate because
of lack of time for training or fulfilling 3-months follow-up.
The enrolled participants (N = 65) were randomly assigned
to a cognitive training group (N = 33) or a control group
(N = 32). All participants had signed up the informed consent
and committed not to attend any other cognitive training
activity during the present study. If an individual was on
medication (i.e., memantine or cholinesterase inhibitors), it was
required to have no changes in dosage from the 3 months
prior to recruitment to the end of the present study except
in extreme circumstances. During the cognitive training, one
participant fell off (lost contact), and two participants in the
control group discontinued the study due to death (see in
Figure 2).

According to the results of independent-sample t-test and χ2

test, there was no significant difference in the population and
sociological variables between the two groups (see Table 1).

Procedures
The cognitive training group received a cognitive training of
8 weeks, 2 times/week for 40–60 min (Ross et al., 2018). The
control group was treated with mental leisure activities (MLA)
to simulate participants’ everyday mental activities and entertain
them to prevent dropping out. Each time the cognitive training
group received training, the researchers or community workers
organized the control group to conduct activities (Lin et al.,
2016). The activities mainly included watching TV dramas,
watching news, blood pressure measurement, and chatting,
etc. The present study collected cognitive evaluation data at
three time-points, before cognitive training (T1), after cognitive
training (T2), and 3-month follow-up (T3). The flowchart is
presented in Figure 2.

Cognitive Training
The present study used computer programs for cognitive training
and mainly focused on the training of working memory,
including ‘‘graphic/image/information delay matching,’’ ‘‘object
tracking,’’ ‘‘memory/attention composite task.’’ All games were
developed by Zhejiang University and Nanjing Zhihui Education
Technology Company, Limited. The cognitive training contains
four main tasks:

1. The graphic/image delay matching task: first, participants
were asked to remember the picture(s) presented (one picture
or more) on the screen (including simple shapes, landscape
pictures). Then in the recognition phase, participants were
asked to determine whether the new image has been
studied before.

2. The information delay matching task: it required the
participant to remember the photos of the characters
presented on the screen, as well as the basic information
related, and in the subsequent testing phase participants were
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FIGURE 2 | Research procedure.

asked to match the person’s photo and the corresponding
individual information;

3. The object tracking task: it required participants to pay
attention to the trajectory of one or more targets (the target
can be a simple graphic or a physical picture) moving on
the screen. After a period of time, the object disappears, and
participants were asked to select the previous position of target
object before it disappears;

4. Memory/Attention Composite task: it presented a scene
containing one object 1 and multiple objects 2 and required
participants to pay attention and click on the position of

object 1 on the screen while remembering the number of
objects 2. Both object 1 and objects 2 are simple graphic or
physical objects. After clocking object 1, objects 2 immediately
disappeared, then participants were required to report the
number of objects 2.

Measures
Basic demographic information was recorded, including gender
(male/female), age and education level (1 = illiterate; 2 = primary
school degree; 3 = junior high school degree; 4 = high school
degree and above; Appendix 1).
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TABLE 1 | Demographic information of cognitive training group and control
group.

Variables Cognitive training Control group
group (n = 33) (n = 29) t/χ2

M/% SD M/% SD p

Age 81.82 11.28 80.72 9.91 0.69
65–69 21.21% 20.69% 0.62
70–79 21.21% 20.69%
80–89 30.30% 44.83%
90– 27.27% 13.79%

Gender (female) 87.88% 96.55% 0.22
Education (year)

Illiteracy 42.42% 41.38% 0.79
1–6 18.18% 13.79%
7–9 21.21% 24.14%
10– 18.18% 20.69%

Cognitive assessments focused on working memory, executive
function, reasoning ability, verbal ability, ability of daily living.
In the present study, three subtests of digit span, digital
symbol conversion and similarity test in the Wechsler Adult
Intelligence Scale-Fourth Edition of Chinese version (WAIS–IV;
Wang et al., 2013) were used to evaluate working memory,
executive function (conversion ability, untrained) and reasoning
ability (untrained; Appendices 4–6). The Weng and Huang’s
(2014) study was used to evaluate the ability of daily living
(Appendix 3). In addition, Montreal Cognitive Assessment
(MoCA; Hongji et al., 2014; Razali et al., 2014; Gan et al., 2017)
was used to evaluate comprehensive cognitive function, and its
subtest (i.e., the verbal fluency test, VFT) was used to evaluate
the verbal ability (Appendix 2).

In order to avoid the impact of operational familiarity caused
by computer training program, all cognitive assessments were
conducted in the form of paper and pencil.

Analyses
The data for the present study were analyzed by IBM SPSS
21.0 and Mplus Version 8.2.

1. The independent-sample t-test and χ2 test were used to
compare the baseline data of the cognitive training group with
that of the control group.

2. The analysis of covariance (ANCOVA) was used to test the
training effect. The data of cognitive assessments (T2) was

the dependent variable, and the grouping condition was the
independent variable while controlling for age, gender and
baseline data (T0).

3. Mediating effect model (bootstrap analyses,
bootstrap = 5,000) was used to test the transfer effect
of cognitive training on un-trained cognitive functions and
comprehensive ability, with working memory as the mediator.

4. Paired sample t-tests (T2-T3) were used to test the
maintenance of training effect. And the ANCOVA was also
used to test the long-term effect. The data of cognitive
assessments (T3) was the dependent variable, and the
grouping condition was the independent variable, while age,
gender and baseline data (T1) were controlled for.

5. The value of α is 0.05, and the value of significance p is a
two-sided probability.

RESULTS

Training Effect
By independent-sample t-test and χ2 test, there were no
significant differences in comprehensive cognitive function
(MoCA), working memory (forward and backward digit span),
executive function (digital symbol conversion), verbal ability
(VFT), logic reasoning ability (the similarity reasoning test), ADL
between the cognitive training group and the control group at
baseline (see Table 2A).

The ANCOVA was used to control the baseline, age,
gender and education level of the participants. After the
cognitive training (T2), forward digit span (F(1,56) = 12.36,
p < 0.01, η2 = 0.18), backward digit span (F(1,56) = 6.93,
p < 0.05, η2 = 0.11) and digital symbol conversion test
(F(1,56) = 17.38, p < 0.001, η2 = 0.24) showed significant
grouping differences. The difference in MoCA scores between
the two groups was not significant after cognitive training
(F(1,56) = 3.79, p = 0.058, η2 = 0.06). VFT, similarity
reasoning test, and ADL scores were not significantly
different (see Table 2B).

Maintenance of Training Effect
The scores of cognitive function and life ability at three
times (T1, T2 and T3) can be seen in Figure 3A. Among
them, cognitive ability, such as working memory and executive
function, had a decline trend after the cognitive training.

TABLE 2A | Three time-points (baseline, post-training and 3 months after training) data of cognitive training group and control group.

Variables Baseline Post-training 3-months follow-up

Cognitive
training group

Control group t/χ2 Cognitive
training group

Control group Cognitive
training group

Control group

M/% SD M/% SD p M/% SD M/% SD M/% SD M/% SD

MoCA 17.45 4.65 18.41 3.40 0.36 18.09 4.71 17.86 3.32 18.12 4.79 17.38 3.42
Digit span
Forward 4.42 1.25 4.03 1.12 0.20 4.55 1.23 3.76 1.12 4.33 1.24 3.79 1.15
Backward 2.45 0.94 2.69 0.97 0.34 2.73 0.91 2.52 0.91 2.67 0.82 2.41 1.02

Digital symbol conversion 19.03 8.12 21.45 7.78 0.24 21.48 6.70 20.10 8.03 20.48 6.28 20.17 8.12
VFT 8.94 3.03 9.59 2.71 0.38 9.06 2.68 9.66 2.76 9.15 2.46 9.52 2.59
Reasoning based on similarity 10.61 4.96 11.17 3.96 0.62 11.06 4.44 11.55 4.37 10.79 5.01 11.24 3.99
ADL 24.06 11.72 22.72 11.58 0.65 23.79 11.31 23.07 11.16 24.00 11.81 23.41 11.74
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TABLE 2B | Analysis of covariance (ANCOVA) data between cognitive training
group and controlled group in T2.

Variables F p η2

MoCA 3.79 0.058 0.063
Digit span
Forward 12.363 0.001 0.181
Backward 6.929 0.011 0.110
Digital symbol conversion 17.381 0.000 0.237
VFT 0.158 0.693 <0.01
Reasoning based on similarity <0.01 0.998 <0.01
ADL 1.585 0.213 0.028

TABLE 2C | Training effect in T2 and T3 (paired sample t-tests, cognitive training
group).

Variables Score in T2 Score in T3 p
(M ± SD) (M ± SD)

MoCA 18.09 ± 4.71 18.12 ± 4.79 0.94
Digit span

Forward 4.55 ± 1.23 4.33 ± 1.24 0.09
Backward 2.73 ± 0.91 2.67 ± 0.82 0.33

Digital symbol conversion 21.38 ± 7.70 20.48 ± 6.28 0.01
ADL 23.79 ± 11.31 24.00 ± 11.81 0.68

However, the results of the paired sample t-tests showed
that, except for the executive function (conversion; p = 0.01),
there was no significant change in other cognitive abilities
and life abilities at 3-month follow-up (T3) compared to the
end of cognitive training (T2; see Table 2C). It is worth
mentioning that the MoCA and ADL scores of the cognitive
training group remained at a specific level from T2 to T3, but
the MoCA and ADL (reverse scoring) scores of the control
group continued to decrease. These results indicate that the
cognitive training mainly focused on working memory did not
improve global cognitive function and ability of daily living,
but there might be a long-term transfer effect. In order to
explore the delay effect, the ANCOVA was used to control the
baseline, age, gender and education level of the participants.
Comparing the data at 3-months follow-up (T3) with baseline
(T1), MoCA (F(1,56) = 17.164, p < 0.001, η2 = 0.24), backward
digit span (F(1,56) = 13.894, p < 0.001, η2 = 0.199), digital
sign conversion (F(1,56) = 12.821, p < 0.01, η2 = 0.186)
and ADL (F(1,56) = 9.30, p < 0.01, η2 = 0.142) showed
grouping differences. Compared with the post-cognitive training
(T2) data, MoCA and ADL showed a grouping effect (see
Table 2D).

Transfer Effect
It is difficult for cognitive training to train only one cognitive
ability, for example, memory training must involve the use
of attention resources, and computer operations also train
exclusive function. In this case, the results of the general
linear model cannot distinguish between the transfer effect
and the training itself. Therefore, a mediating effect model
(bootstrap analyses) was used to explore the mediating
effect of working memory on un-trained cognitive functions
(executive function) and comprehensive ability (ability of
daily living) after cognitive training, in order to verify the

TABLE 2D | ANCOVA data between cognitive training group and controlled
group in T3.

Variables F p η2

MoCA 17.164 0.000 0.235
Digit span

Forward 3.382 0.071 0.057
Backward 13.894 0.000 0.199

Digital symbol conversion 12.821 0.001 0.186
VFT 0.491 0.486 <0.01
Reasoning based on similarity 0.034 0.854 <0.01
ADL 9.298 0.003 0.142

transfer effect. The results showed that cognitive training
had a significant training effect on working memory ability
(β = 0.320, p < 0.01), and the effect of working memory
ability on ability of daily living (β = 0.311, p < 0.01) and
executive function (conversion; β = 0.735, p < 0.001) was
significant. The effects of cognitive training on ability of
daily living (β = −0.125, p = 0.245) and executive function
(conversion; β = −0.141, p = 0.147) were not significant (see
Figure 3B). The results indicated that cognitive training had
no significant direct impact on ability of daily living and
executive function.

In the above model, there was a significant correlation
between DLA and EF, which suggested that WM may not directly
affect DLA, with EF as the mediator in the process. Thus, another
bootstrap analysis was used to explore the mediating effect of
EF on the relation between WM and DLA (see in Figure 3C).
The results showed that cognitive training had a significant effect
on working memory ability (β = 0.320, p < 0.01), and the
effect of WM on EF (β = 0.735, p < 0.001) and EF on DLA
(β = 0.607, p < 0.001) was significant. The effects of cognitive
training on DLA (β = −0.040, p= 0.713), cognitive training on EF
(β = −0.141, p = 0.147) and WM on DLA (β = −0.135, p = 0.412)
were not significant.

DISCUSSION

The present study used cognitive training on the community
MCI elderly, mainly focusing on working memory. Then
cognitive abilities and ability of daily living were evaluated to
test the cognitive training effect, its maintenance and transfer
effect of the cognition training. The results showed that cognition
training had a high degree of acceptance in the in-home MCI
elderly population in urban communities, and the compliance in
the cognitive training process was satisfactory. And the results
also indicated that cognition training not only enhanced the
performance of MCI elderly people in working memory tests but
also had a significant transfer effect in executive function and
ability of daily living.

In addition, the MCI elderly people in communities showed
varying degrees of decline in memory, attention, executive
function, verbal ability, and abstract thinking ability, among
which the decline of memory function was the most notable.
For instance, in the delayed recall test, even after the relevant
cue clues were given by the tester, all MCI participants could
not fully recall the five words previously studied. Therefore, the
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FIGURE 3 | (A) Evaluation score in T1, T2 and T3. From left to right, the ordinates represent the score of Montreal Cognitive Assessment (MoCA), digit span
(forward), digit span (backward), digital symbol conversion and ability of daily living (ADL). (B) Mediating effect model of cognitive training (CT represents cognitive
training, WM represents working memory, EF represents excusive function and ADL represents ability of daily living; ∗∗p < 0.01, ∗∗∗p < 0.001). (C) Mediating effect
model of cognitive training (considering the relationship between executive function and ability of daily living; ∗∗p < 0.01, ∗∗∗p < 0.001).

researchers believe that the decline of memory function is a vital
risk factor of the transformation from MCI into dementia (Gao
et al., 2011).

The present study supports the theory of ‘‘cognitive plasticity’’
(Willis and Schaie, 2009), which embodies in the cognition

improvement brought by the training. In the digit span task
(forward and backward), the cognitive training group and the
control group showed significant differences after the cognitive
training. The above two tasks (forward and backward) mainly
examined working memory ability of the participants, which
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was also the cognitive ability that the training mainly focused
on. The results indicated that the training not only improved
the performance of participants in the same type of test but
also improved other cognitive function of the participants to
complete relevant tasks. It also showed that, for the working
memory capacity of MCI elderly people, cognitive training has
played a role in delaying the decline, which was also proved by
the previous studies (Dannhauser et al., 2014; Ross et al., 2018).

According to the results of the MoCA, MoCA is a very
credible measurement of the cognitive functions for MCI elderly
people, therefore it can effectively reflect the changes in the
overall cognitive functions before and after the cognitive training
(Nasreddine et al., 2005). The cognitive training used in the
present study could effectively delay the decline of overall
cognitive ability for MCI elderly people, which was supported by
the result that the MoCA score tends to be stable. However, the
improving effect on overall cognitive ability was not significant.
The MoCA scores of the training group did not exceed the critical
points of cognitive health standards in the present study.

The mediation model of the research results mostly excluded
the possibility that training directly enhanced executive function,
and supported the hypothesis that cognitive training has a
transfer effect. Cognitive training has a significant transfer effect
on executive function (conversion ability; Smith-Ray et al., 2015).
The transfer effect of the participants on the digital symbol
conversion task in the present study not only existed after
cognitive training but also remained significant after 3-months
follow-up. In addition to examining the executive functions
(conversion), the digital symbol conversion task also examined
the memory ability of the participants. For example, during the
task, the subject needed to repeatedly compare the digital symbol
conversion example, and then memorize the converted symbol
and then wrote it on the answer sheet. And the memory ability
was the training cognitive function of the present study, so it was
more likely that the transfer effects showed up (Hausdorff et al.,
2005). At the same time, some researchers believe that visual
cognitive functions are mainly dominated by the frontal and
parietal-related visual cortex, while tasks related to task execution

and outcome feedback are mainly dominated by the prefrontal
cortex (Thorpe et al., 1996). There is a large crossover between
the two regions, so the use of visual cognitive training also has an
impact on executive function. This sort of transfer effect may be
called the ‘‘close-transfer effect’’ (Yogev et al., 2005).

The two tasks of verbal fluency and similarity reasoning
examined the extraction of long-term memory and the ability
to summarize abstract things. They belong to complex advanced
cognitive functions and are more dependent on the crystal
intelligence of the participants. In the present study, no relevant
training transfer effect was found. Some researchers have found
that through the inference game training, the summary ability of
the participants was improved, so as the letter fluency (Ross et al.,
2018). It has also been found that training for reasoning ability
can improve the execution function in conversion (Schulz and
Jobe, 2001). Combined with the results of this study, this effect
may be one-way irreversible.

Apart from improvement in the untrained cognitive ability,
the present study also found that cognitive training on working
memory can also improve the ability of daily living of MCI elderly
people. A significant difference in ADL scores was found at T3 (3-
month follow-up). As shown in Figure 3A, the cognitive training
group had a small downward trend after cognitive training,
with the overall level remained stable. At three time points,
scores of the control group showed an upward trend. The effect
of cognitive training was not significant in the post-cognitive
training test, which might be caused by insufficient training
(Edwards et al., 2005; Seidler et al., 2010). Also, the present study
found the cognitive training on WM improved ADL through
the mediation of EF (see in Figure 3C). The ability to enhance
physical activity through cognitive training (including in situ
rotation, grip strength, etc.,) had a mediating effect on executive
function, which was called ‘‘far-transfer effect’’ (Adams et al.,
2005). However, the ADL assessed by this study is a complex
comprehensive capability, so the existence of ‘‘far-transfer effect’’
in this process remains to be further verified.

Participants in the cognitive training group showed a
maintenance effect on the MoCA and digit span (forward and

FIGURE 4 | Possible mechanism of cognitive training.
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backward) tasks, and there was no significant difference between
post-cognitive training and 3-month follow-up (paired sample
t-tests). In the data of 3-months follow-up (T3), the scores of
the cognitive training group’s digital symbol conversion task
decreased significantly, which reflected a decline in executive
function. The effect of memory loss over time was significant
in MCI (Nittrouer and Lowenstein, 2015). Thus, the reason
which can interpret the results might be that executive function
(conversion) became more pronounced as memory declines.
Compared to the digit span (forward), the decline in the
digit span (backward) score was slower. That might be due
to the fact that digit span (backward) task not only examines
the working memory capacity but also examines the spatial
psychological rotation ability which requires visual space ability.
And visual space ability was one of the main contents of
visual cognitive training adopted in the present study. Some
researchers have found that the training of spatial attention
ability can improve the trainee’s working memory (digit span
test score; Nasreddine et al., 2005). Therefore, the backward
memory maintained better. Some researchers also believe that
the abilities of forward and backward digit span are not
developed simultaneously in childhood, because the backward
task is relatively more complex. Thus, the decline of the
forward memory ability is more significant in elderly people
(Myerson et al., 2003).

There are still some limitations in the present study. First,
due to research resource constraints, the total sample size of the
study was small, and most of the participants were female (N
female = 57). According to a 2017 review of cognitive trainings
(Shah et al., 2017), only 11 of the 26 studies had a total sample
size of less than 62 (the present study). Although the conclusions
of the present study are basically consistent with previous
research results, and the assumptions of the effectiveness
and transfer effects of cognitive training on community MCI
elderly are validated, future researches need to expand the
sample size in order to eliminate the interference of irrelevant
factors. Second, the present study only discussed conversion
in executive function, however, the execution function is a
complex cognitive function which also contains refresh and
suppression. Future research can further explore the transfer
effect on execution function more comprehensively. Third, the
previous researches were based on theories of neural plasticity,
but the results of the present study did not explain the impact
of visual cognition training on the brain structure of MCI
elderly. That is, in-depth study in neuroimaging is required
to explore whether there are structural changes in synapses
and neural networks, or changes in gray matter density and
blood oxygen balance in related brain regions. Finally, the
research used objective indicators such as standard cognitive
psychology tests. A study in Hong Kong, China, pointed out
that cognitive trainings can affect the subjective feelings of the
elderly on their own health status (Kwok et al., 2013), and
subjective well-being is an important evaluation index in the
construction of home-based care environment. Therefore, it is
necessary to add relevant subjective psychological rating scales or
interviews in order to more comprehensively evaluate the effects
of cognitive trainings.

CONCLUSION

The present study acquires a schematic diagram of the revised
model of the mechanism of visual cognition training (see in
Figure 4). The specific conclusions are as follows:

1. Cognitive training on working memory is able to delay the
decline of MCI’s working memory, which effect will transfer
to other untrained cognitive functions (execution functions);

2. The effect of cognitive training can not only transfer to
other untrained cognitive functions (execution functions) but
also affect the comprehensive ability (ability of daily living)
positively;

3. The effect of cognitive training on comprehensive cognitive
function, working memory and ability of daily living of MCI
can be maintained for at least 3 months.
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With age, cerebrovascular and neurodegenerative diseases (e.g., dementia and
Alzheimer’s) are some of the leading causes of death in the United States. Related
to these outcomes is the increased prevalence of hypertension, which independently
increases the development of cerebrovascular and neurodegenerative diseases. While a
direct mechanistic link between hypertension and poor brain health is unknown, many
hypothesize that the etiology stems from poor blood pressure (BP) and cerebrovascular
regulation. This dysfunction fosters hypoperfusion of the brain, causing stress to the
tissue through a nutrient mismatch, subtly damaging the brain over many years.
Current Western medical treatment relies on pharmacological treatment (mainly beta-
blockers, angiotensin-converting enzyme inhibitors, or a combination of the two).
However, Western treatments have not been successful in mitigating brain health
outcomes and are burdened with unwanted side effects and non-adherence issues.
Alternatively, traditional East Asia medicine has used acupuncture as a treatment for
hypertension and may offer a promising approach in response to the limitations of
conventional therapy. While detailed clinical and mechanistic experimental evidence
is lacking, acupuncture has been observed to reduce BP and improve endothelial
function in hypertensive adults. Further, acupuncture has been shown to have
specific cerebrovascular effects, increasing cerebrovascular reactivity in healthy adults,
highlighting possible neuroprotective properties. Therefore, our review is aimed at
evaluating acupuncture as a treatment for hypertension and the potential impact on
brain health. We will interrogate the current literature as well as discuss the proposed
neural and vascular mechanisms by which acupuncture acts.

Keywords: acupuncture, hypertension, cerebral blood flow, cerebrovascular disease, neurodegenerative disease,
blood pressure

INTRODUCTION

Cerebrovascular diseases and neurodegenerative diseases are both leading causes of death in
the United States (Xu et al., 2018). Subsequently, with an aging population, the prevalence of
cerebrovascular disease and neurodegenerative disease is projected to dramatically increase, raising
concerns regarding quality of life and cost of care (i.e., medical expenses, elderly care, nursing fees,
etc.) for the American population (Khavjou et al., 2016; Benjamin et al., 2019).
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Hypertension independently increases the development
of cerebrovascular disease and neurodegenerative disease
(Baumgart et al., 2015; Benjamin et al., 2019). Although a direct
mechanistic link between hypertension and poor brain health is
unknown, having hypertension predicts lower cognitive function
(Kilander et al., 1998) and increased risk for dementia with
age (Sharp et al., 2011). Many hypothesize that the etiology
stems from poor blood pressure (BP) and cerebrovascular
regulation. This dysfunction fosters hypoperfusion, stressing
the brain through a nutrient mismatch, subtly causing damage
over many years (de la Torre, 2012). Animal models indicate
that increased systolic BP (SBP) and cerebrovasculature
remodeling in hypertension ultimately reduce brain blood
flow, leading to behavioral and cognitive impairments
(Pires et al., 2013; Wiesmann et al., 2017). In hypertensive
adults, a diminished cerebral perfusion may accelerate the
development of Alzheimer’s via decreased oxygen delivery
in ischemia-sensitive brain regions like the hippocampus,
inducing neurodegeneration and subsequent cognitive decline
(de la Torre, 2000).

Treatment of hypertension has shown benefits in
neurodegenerative disease development and overall brain
health. Most observational studies have suggested that
improved SBP control reduces the risk of Alzheimer’s and
other dementias (Qiu et al., 2005; Hughes and Sink, 2016).
Additionally, treating hypertension is among the most effective
strategies to prevent a stroke (Meschia et al., 2014). Each year,
approximately 795,000 US adults suffer a new or recurrent
stroke (Benjamin et al., 2019). Therefore, effective treatment
of hypertension has tremendous far-reaching impacts on
brain health.

However, pharmacological treatment of hypertension faces
challenges such as unwanted side effects, limited adherence, and
difficulty individualizing treatment for such a diverse population.
Up to 97% of patients taking antihypertensive medications
experience adverse side effects (Toyoshima et al., 1997; Bardage
and Isacson, 2000), which can reduce future adherence (Tedla
and Bautista, 2016). Moreover, 25% of patients do not fill
their initial antihypertensive prescription (Holland et al., 2008;
Franklin et al., 2012; Berra et al., 2016). As a result, four out
of five patients do not sufficiently adhere to antihypertensive
treatment, failing to control their BP (Petrilla et al., 2005;
Gwadry-Sridhar et al., 2013). Additionally, only two out of
the six classes of antihypertensive drugs are independently
associated with decreased risk of dementia (van Middelaar
et al., 2017). These circumstances result in patients maintaining
an elevated dementia and stroke risk. Therefore, there is a
dire need to identify adequate antihypertensive treatments
to improve cerebral blood flow (CBF) that circumvents the
limitations presented.

Acupuncture is regarded as a promising complementary
and integrative antihypertensive approach that does not
share many of the limitations of medical interventions. It
is a practice of traditional East Asia medicine in which
specific points on the body are stimulated, most often by
inserting disposable thin stainless-steel needles through the
skin. Acupuncture has documented benefits easing various

types of pain (e.g., low back, neck, osteoarthritis, headache,
etc.) and conditions including cardiovascular diseases (World
Health Organization, 2002; McDonald and Janz, 2017). Western
cultures have become more welcoming of acupuncture; a
2017 clinical practice guideline from the American College of
Physicians included acupuncture among the nondrug treatment
options for management of both acute and chronic back
low-back pain (Qaseem et al., 2017). However, acupuncture’s
effects on the cardiovascular system are still under-researched,
preventing its utilization as a therapeutic option in the
Western world.

While detailed clinical and mechanistic experimental
evidence is lacking, acupuncture has been observed to
reduce BP (Li et al., 2015; Liu et al., 2015) and improve
endothelial function in hypertensive adults (Park et al.,
2010). Further, acupuncture has been shown to have specific
cerebrovascular effects in healthy adults, highlighting possible
neuroprotective properties (Byeon et al., 2011; Hyun et al.,
2014; Im et al., 2014). However, it is yet to be determined
if the literature is in support of using antihypertensive
acupuncture prescriptions to improve brain health via
enhanced cerebrovascular control. Therefore, our review
is aimed at evaluating the acupuncture literature; as a
treatment for hypertension, its effects on cerebrovascular
control, the evidence for specific acupuncture hypertension
treatment improving brain health outcomes, and the
mechanisms by which acupuncture can affect BP and
cerebrovascular control.

EVIDENCE SUPPORTING ACUPUNCTURE
AS A TREATMENT OF HYPERTENSION

Recent randomized control trials (RCTs) indicate that
acupuncture is effective at lowering BP in humans. One of the
largest RCTs involving more than 400 mostly non-hypertensive
adults found reductions in SBP (122–113 mmHg) and DBP
(68–65 mmHg) following 6 weeks of biweekly acupuncture
compared to no change in sham and auricular acupuncture
(Abdi et al., 2017). However, it should be noted that the
auricular acupuncture and the two sham groups had lower
initial SBP (110, 116, and 111 mmHg, respectively). This leads
to speculation that acupuncture only impacts individuals
with higher BP, specifically higher SBP. Therefore, the
hypotensive effect of acupuncture may be best represented in
hypertensive individuals.

Four weeks of acupuncture treatment (20-minutes/treatment,
2 treatments/week) reduced SBP and DBP ∼ 7mmHg in
hypertensive adults. After 8 weeks SBP and DBP remained
lower (∼6.5 and ∼4.9mmHg, respectively) than initial values.
However, 4 weeks after treatment was ceased, SBP and DBP
remained ∼5 mmHg lower, with only DBP being significantly
different. The time-matched control did not have a change
in BP at any time point (Liu et al., 2015). Similarly, Li
et al. (2015) compared 8 weeks of acupuncture in hypertensive
adults at acupoints shown to have a BP-lowering effect vs.
control acupoints (sites that do not alter BP). Acupuncture
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reduced SBP by 6 mmHg and DBP by 4 mmHg. Subsets
of the subjects participated in crossover assessment with the
active treatment lowering SBP ∼7 mmHg and DBP ∼4 mmHg
compared to control. A further subset of subjects stopped
all treatments and were assessed at 1 and 2 months post-
treatment. At 1 month following cessation of treatment, SBP
remained lower and DBP reverted to pre-treatment values.
Two months after treatment, BP was not different from
pre-treatment values. From these studies, it is clear that
acupuncture can have an effect on hypertension, and this
effect can be sustained for up to 1 month, with diminishing
effects thereafter.

The promising results presented above highlight the growing
research interest in acupuncture and are only a fraction of the
large volume of research that is currently being generated. This
volume has further spurred many recent systematic reviews on
acupuncture and hypertension. Interestingly, few determine that
acupuncture alone can manage BP in hypertensive adults (Wang
et al., 2013). Rather, the consensus is that acupuncture, when
combined with pharmacological therapy, lowers BP than either
treatment alone (Li et al., 2014; Zhao et al., 2015, 2019; Chen
et al., 2018; Yang et al., 2018; Niu et al., 2019). Therefore,
acupuncture may best be used as an adjunctive treatment
for hypertension.

Although the recent results seem promising, it is not
unanimous. The above listed reviews were meticulous in limiting
bias and incorporating the most robust research, yet there are
still methodological concerns with antihypertensive acupuncture
RCTs. There is enormous heterogeneity of study design among
the RCTs, with no consensus for how to properly provide
control/placebo for acupuncture. Control types used in the
RCTs include a time-matched group, a sham acupuncture
group, and an inactive acupoint acupuncture group. The use
of sham acupuncture has been argued as the best means
for control (Yang et al., 2018), mainly because the use of
‘‘inactive’’ acupoints raises concerns of possible spillover effects.
Meaning, stimulation of an acupoint believed to have no
effect on cardiovascular parameters could have a minor effect,
limiting statistical determination of active acupoint stimulation.
Additionally, many RCTs contain small sample sizes and do
not always utilize a crossover design. For instance, in Li et al.
(2015), post hoc power analysis determined that at least five
more participants per group would be needed to achieve the
appropriate power. These limitations cause skepticism about
the effectiveness, efficacy, and safety of acupuncture treatment
in hypertension.

Overall, while it seems that acupuncture’s effect on lowering
BP is minimal, as an adjunctive treatment to conventional
therapies, acupuncture is a promising avenue in the quest to
control hypertension and limit its damaging effects throughout
the body. Although meaningful issues are present in most
of the RCTs examined, acupuncture appears to be effective
in lowering BP in hypertensive adults. However, the lack
of mechanistic integrative human research elucidating a link
between acupuncture and BP regulation and experimental design
concerns justify the need to critically evaluate acupuncture as a
reliable treatment option.

THE EFFECT OF ACUPUNCTURE
TREATMENT ON CEREBRAL
HEMODYNAMICS

Attempts to determine acupuncture’s effect on brain health
outcomes have steadily increased over the years. However,
true assessment of these outcomes requires longitudinal studies
that have yet to be undertaken. Assessing brain hemodynamics
and outcomes is more immediate and has been researched
using various imaging modalities [e.g., transcranial Doppler
(TCD), near-infrared spectroscopy (NIRS), functional magnetic
resonance imaging (fMRI), etc.] that have various strengths
and weakness that can complicate interpretation. However, each
provides valuable information of the brain environment.

Lower CBF, measured using TCD, is associated with cognitive
decline and neurodegenerative disease (Ruitenberg et al., 2005).
Therefore, it is theorized that treatments that improve or
restore CBF may attenuate or possibly prevent the onset of
these conditions. Interestingly, TCD studies present evidence
that acupuncture can improve CBF and that there is acupoint-
cerebral vessel specificity. Acupuncture of GB20 point has been
shown to improve CBF regulation in posterior (Vertebral and
Basilar) arteries but not the middle cerebral arteries (MCAs;
Yuan et al., 1998; Im et al., 2014). Similarly, in healthy
adults, a single 20-min acupuncture treatment at acupoint
ST36 improved flow and CO2 reactivity in the basilar artery but
only reactivity in the MCA (Hyun et al., 2014), whereas 20-min
acupuncture of GV20 increased CBF and CO2 reactivity in both
middle and anterior cerebral arteries (basilar not measured;
Byeon et al., 2011).

As previously stated, the effects of acupuncture are
best exemplified using diseased individuals. Applying
acupuncture to stroke patients at acupoints LV3, LV4, SJ5,
and GB34 significantly increased CBF (in MCAs). This
is accompanied by a decreased SBP; however, the sham
acupuncture group also saw a decreased DBP (Ratmansky et al.,
2016). Using NIRS, acupuncture intervention on stroke patients
showed a significant increase in regional cerebral blood volume
or oxyhemoglobin parameters (Li et al., 2011). A systemic review
of NIRS studies indicates that acupuncture varies wildly in
healthy adults but seems to be more appropriate for disordered
populations such as stroke patients (Lo et al., 2015).

Experiments using fMRI have been completed to determine
acupuncture’s effect on specific brain regions and the brain
network. Acupuncture (Ll11 and ST36) in both healthy and
stroke patients improved brain activity in various areas of
the brain (Cho et al., 2013). Further, increased activity and
connectivity across hemispheres and various portions of the
brain following acupuncture has also been observed in patients
with mild cognitive impairment (Feng et al., 2012), Alzheimer’s
disease (Wang et al., 2014), and stroke (Chen et al., 2014).

Single-photon emission computerized tomography (SPECT)
and position emission tomography–computed tomography
(PET-CT) allow for a depiction of regional brain perfusion.
In healthy subjects, acupuncture (Ll4 and Ll11) increased both
regional CBF and glucose metabolism in both frontal regions (An
et al., 2009) and specifically at important regions regarding the
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limbic system, middle cingulum, and medial orbitofrontal gyrus
(Jung et al., 2011).

The literature advocates for acupuncture having positive
effects on brain hemodynamics in an acupoint-specific
manner. However, many of these studies have: (a) been
conducted in healthy populations and (b) suffered from
similar methodological concerns raised in our discussion of
acupuncture on BP regulation. What remains unclear is a
mechanistic link between acupoints and brain-specific responses
as well as if there is a connection between acupoints used in the
treatment of hypertension and cerebral responses. Garnering
further understanding of these acupoints and if acupuncture
treatment of hypertension actually improves cerebrovascular
responses could have a significant biomedical impact as it would
provide further information on the mechanistic links between
hypertension and poor brain health, as well as offer a greater
number of treatment options.

EFFECTS OF ACUPUNCTURE
TECHNIQUES AIMED AT TREATING
HYPERTENSION ON BRAIN HEALTH
OUTCOMES

As alluded to earlier, hypertension is a strong risk factor in the
development of cerebrovascular diseases and neurodegenerative
diseases. As such, few studies have focused on acupuncture’s
effect on stroke via regulating hypertension. Work in
hypertensive animals support hypertensive-acupuncture
treatment that prevents stroke through several pathways related
to the nervous system, oxidative stress, the endocrine system,
cardiovascular function, and hemorheology (Zheng et al.,
2018). However, the human data are unclear. Meta-analyses
have challenged the efficacy of acupuncture for the treatment
of hypertension as a risk factor for stroke (Sibbritt et al.,
2018). However, controlling BP via acupuncture as an additive
treatment is an effective secondary prevention of stroke (Du
et al., 2017). In stroke patients complicated with hypertension,
antihypertensive acupuncture improved the National Institutes
of Health stroke scale and Barthel index, both of which are
indicative of stroke-related neurologic deficit. Further, the
treatment reduced morning BP (esp. DBP) and improved
SBP and DBP load (Guo and Shi, 2019), therefore suggesting
antihypertensive acupuncture as a post-stroke treatment option
rather than just a preventative measure.

Studies investigating the possible underlying molecular
mechanisms of acupuncture in the treatment of
neurodegenerative diseases, specifically dementia, have found
that acupuncture can alter neurotrophin regulation (Hwang
et al., 2010; Lee et al., 2012; Lin et al., 2016), reduce oxidative
damage (Liu et al., 2006), and modulate apoptotic signaling
(Chen et al., 2012; Xue et al., 2014) in a manner that promotes
positive health outcomes. However, there are few studies
that have investigated the effect of acupuncture on dementia
directly related to hypertension despite the strong human
epidemiological evidence linking the two. Such a study in
spontaneous hypertensive rats found that acupuncture at DU20

(also referred to as GV20) and ST36 acupoints reduced BP,
increased microvessel dilation, increased CBF, attenuated neuron
injury, and restored cognitive impairment (Tian et al., 2013).
In hypertensive humans, acupuncture at LR3 activated anterior
cingulated gyrus (measured with fMRI) to lower BP through
modulation of parasympathetic nervous activity. Additionally,
through anterior cingulated gyrus activation, the connection
with the surrounding areas was strengthened to improve
cognitive impairment caused by long-term hypertension (Sun
et al., 2014).

Currently, the evidence of acupuncture’s favorable effect on
brain health outcomes directly via regulating hypertension is
still scant. However, the data are promising and justify more
experimental and clinical studies into acupuncture’s reliability
as a possible treatment/prevention strategy for brain health
outcomes related to hypertension.

POTENTIAL MECHANISM(S) OF
ACUPUNCTURE IMPROVING
HYPERTENSION AND VASCULAR
CONTROL

There are many different proposed mechanisms linking
acupuncture to positive BP and vascular outcomes; however,
most fail at drawing a logical link from acupuncture stimulus
to observed outcome. Acupuncture involves sticking needles
just below the skin surface, twisting the needle, and expecting
a change in a corresponding system such as the cardiovascular
system (Figure 1). Accumulating evidence indicates that the
hypotensive effect is mediated by a reduction in sympathetic
outflow (Sato et al., 1993; Michikami et al., 2006) and an
increase in endorphin release (Guo and Longhurst, 2007).
Increases in various endorphins has independently been linked
to reduced BP in hypertension (Bądzyńska et al., 2016; Li et al.,
2016). This seems to be a paradox, as previous research shows
venipuncture increases catecholamine release, synonymous
with a hypertensive effect (Frankenhaeuser et al., 1976). The
difference must be attributed to the depth of the needle
(venous vs. just below the skin surface) and the twisting of
the needle, which promotes ‘‘de qi,’’ a key component of
acupuncture. Langevin et al. (2001) describe that, during
de qi, the connective tissue is wrapped around the needle,
promoting tension. The authors speculate that this tension
could be activating various sensory organs within the skin,
increasing afferent nerve firing. Zhou et al. (2005a) specifically
looked at responses to acupoints that reduced BP and observed
increased afferent sensory neuronal firing. When afferent
nerves are severed, the hypotensive effect and sympathetic
nerve inhibition are eliminated (Sato et al., 1993). In healthy
humans, the data are not definitive. Stimulation of acupoints
PC6 and HT7 have been argued to elicit hypotensive effects
through alterations in sympathetic (Jung et al., 2006) and
parasympathetic nerve activity (Jung et al., 2007). Conversely,
in patients with post-stroke insomnia, intradermal acupuncture
at PC6 and HT7 greatly decreased the number of non-dippers
possibly by lowering LF/HF ratio (Lee et al., 2009). Taken
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FIGURE 1 | Proposed mechanism of action for the hypotensive effect of acupuncture treatment. Needle insertions and stimulation causes “de qi,” which increases
the afferent neuron firing. The afferent signal increases activity in areas of the brain responsible for cardiorespiratory control (Medulla and Limbic System). This activity
results in the modulation of autonomic vascular control, reducing vascular resistance and blood pressure (BP). Created using BioRender.

together, acupuncture works through a feedback loop where
afferent nerves initiate a correction in autonomic nerve
outflow, properly regulating BP. Insight into the mechanisms
by which acupuncture is reducing sympathetic outflow come
from elegant animal studies investigating the activity in the
rostral ventrolateral medulla (RVLM) where sympathetic
nerve activity is controlled. In normotensive rats, acupuncture
(PC6) may alter the baroreflex. PC6 stimulation increased
afferent neuron firing, which was associated with a decrease
in RVLM activity, resulting in a reduction of sympathetic
outflow and a lowering of BP (Zhou et al., 2005b). Similarly,
Wang et al. (2018) performed a highly controlled study
proving that acupuncture (LR3) reduces oxidative stress in
the RVLM and that the observed antihypertensive effect was
directly tied to NADPH oxidase activity and the REDOX
environment of the RVLM in spontaneously hypertensive
rats. Again, linking reduced BP and sympathetic outflow
via RVLM. Alternatively, in humans, acupuncture increases
firing in the gracile nucleus, frontal lobe, cerebellum insula,
hypothalamus, and many other areas of the brain related to
maintenance of BP (Chen and Ma, 2003; Chen et al., 2013;
Zheng et al., 2016).

While the cited research has provided a general mechanistic
outline for acupuncture to modulate BP, these data are far
from conclusive. However, the promising results provide
the foundation for future research to delineate physiological
mechanistic responses to acupuncture. Until these mechanisms
are well understood and verifiable, mass adoption of

acupuncture as an additive treatment for hypertension cannot
be recommended.

LIMITATIONS

This review is not without some limitations. First, this review
prioritized human RCTs. Thus, the volume of studies reviewed
and the sample size within each reviewed article are limited.
However, we contest that RCTs provide the best evidence of
the effectiveness of acupuncture (Sibbald and Roland, 1998).
Further, this choice limits review of articles using animal
models especially outside our ‘‘mechanisms’’ section. Thus, some
well-designed studies were omitted. However, these restrictions
allow for the most rigorous and translational review regarding
acupuncture’s effect on BP and cerebrovascular control. Finally,
mostly English language articles were cited. Acupuncture
literature is written in many other languages and we have
included several non-English articles (Li et al., 2011; Sun et al.,
2014; Zheng et al., 2018; Guo and Shi, 2019). However, there may
be a few relevant articles that our study team was unable to access.

DISCUSSION

Evaluation of the literature suggests that acupuncture, at best,
can be used as a co-treatment option for hypertension. Further,
acupuncture has been found to improve cerebrovascular control
and brain activation in regions consistent with positive health
outcomes via the maintenance of BP and cognition. The
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mechanisms that link acupuncture to positive health outcomes
are still poorly understood, but they appear to be linked to
improvements in autonomic cardiovascular control. Regardless,
the evidence is in support of safe and efficacious use of
acupuncture in human hypertension. Yet, there is a profound
need for tightly controlled mechanistic human research to
determine the validity and the physiological underpinnings
of acupuncture before wider adoption of acupuncture as a
treatment option for improved cardiovascular and brain health
can be recommended.
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Background: Knee osteoarthritis (kOA) is a common chronic disease that induces
changes in redox status and inflammatory biomarkers, cell death, and motor
impairment. Aerobic training can be a non-pharmacological alternative to prevent the
progression of the disease.

Objective: To evaluate the effects of an 8 weeks moderate-intensity treadmill aerobic
training program on redox status and inflammatory biomarkers and motor performance
in kOA-like changes induced by monosodium iodoacetate (MIA) in rats.

Methods: Twenty-seven rats were randomly divided into three groups: SHAM; induced

kOA (OA); and induced kOA+ aerobic training (OAE). Motor performance was evaluated
by the number of falls on rotarod test, the total time of displacement and the number
of failures on a 100 cm footbridge. Data for cytokines and histology were investigated
locally, whereas plasma was used for redox status biomarkers.

Results: The OA group, compared to the SHAM group, increased 1.13 times the total
time of displacement, 6.05 times the number of failures, 2.40 times the number of falls.
There was also an increase in cytokine and in thiobarbituric acid reactive substances
(TBARS) (IL1β: 5.55-fold, TNF: 2.84-fold, IL10: 1.27-fold, IL6: 1.50-fold, TBARS: 1.14-
fold), and a reduction of 6.83% in the total antioxidant capacity (FRAP), and of 35% in
the number of chondrocytes. The aerobic training improved the motor performance in all
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joint function tests matching to SHAM scores. Also, it reduced inflammatory biomarkers
and TBARS level at values close to those of the SHAM group, with no change in FRAP
level. The number of falls was explained by IL1β and TNF (58%), and the number
of failures and the total time of displacement were also explained by TNF (29 and
21%, respectively).

Conclusion: All findings indicate the efficacy of moderate-intensity aerobic training
to regulate inflammatory biomarkers associated with improved motor performance in
induced kOA-like changes, thus preventing the loss of chondrocytes.

Keywords: osteoarthritis, aerobic training, exercise, biomarkers, joint function

INTRODUCTION

Chondrocytes are responsible for tissue maintenance which
impact on joint function and performance (Sophia Fox et al.,
2009; Akkiraju and Nohe, 2015; Charlier et al., 2016). Current
literature has reported exercise-induced chondroprotection in
knee osteoarthritis (kOA) (Loeser, 2010; Golightly et al.,
2012; Geneen et al., 2017). A potential explanation is the
mechanical signal transduction (O’Hara et al., 1990; Urban,
1994), preserving the cartilage proteoglycans, and promoting
chondrocytes modulation (Little and Ghosh, 1997; Loeser et al.,
2012). Low-magnitude mechanical stress seems to suppress the
pathway of interleukin-1 beta (IL1β) and tumor necrosis factor
(TNF) release (Roman-Blas et al., 2009; Leong et al., 2010; Li et al.,
2013; Assis et al., 2016). The IL1β and TNF are inflammatory
mediators involved in joint degeneration caused by kOA (Blasioli
and Kaplan, 2013; Mabey and Honsawek, 2015). The modulation
of these cytokines in the joint would regulate the synthesis
of proteoglycans and collagen, thereby attenuating the swelling
process (Knobloch et al., 2008; Iijima et al., 2015).

The literature points out redox imbalance and the related
increase on reactive oxygen species (ROS), swelling process
and necrosis of chondrocytes as the pathophysiology of kOA
(Altindag et al., 2007; Rose et al., 2012; Hui et al., 2016).
Moreover, redox imbalance and the increased inflammatory
biomarkers may cause cartilage damage, neuroinflammatory
disease progression, and joint disability (Kim et al., 2010; Watari
et al., 2011; Attur et al., 2013, 2015; Reed et al., 2014).

Several interventions are used to improve motor performance
in patients with kOA (Golightly et al., 2012; Geneen et al.,
2017), and a low-cost aerobic training may be an alternative
(Hunter and Eckstein, 2009; Semanik et al., 2012). Aerobic
training improves blood soluble TNF receptors level and brain-
derived neurotrophic factor (BDNF) plasma level in people with
kOA (Gomes et al., 2012; Simão et al., 2014). Moreover, BDNF
seems to impact on chondrocyte differentiation, changing it from
proliferative to differentiation program (Hutchison, 2012).

Beyond insufficient information about the modulatory effect
of the aerobic training in the knee joint degeneration parameters
and possible relationships between joint parameters and motor
performance, the literature still presents gaps regarding the
effect of aerobic training in the joint preservation on kOA-like
changes. Many studies detail mechanotransduction mechanisms
but still remain questions about joint function. Moreover,

few studies address joint function tests to establish a new
therapeutic approach in clinical practice. The current study
aimed to investigate the effects of moderate-intensity aerobic
training in the inflammatory and redox biomarkers modulation
of kOA-like changes, and its possible link to motor performance
in rats. Therefore, because experimental kOA induces joint
swelling process, we hypothesized that moderate-intensity
aerobic training would attenuate the swelling process, favoring
the redox balance and preserving chondrocytes in rats with kOA
-like changes. Improved modulation in joint biomarkers levels
might explain an effect on motor performance.

MATERIALS AND METHODS

Male Wistar rats were used in the current study that was part of
a Masters in Physiology at the Universidade Federal dos Vales
do Jequitinhonha e Mucuri (Martins, 2017). The project was
approved by the local Ethics Committee (protocol 005/2015).

Twenty-seven rats were randomized into three groups: sham
group (SHAM), n = 9; induced kOA group (OA), n = 9; and
induced kOA + aerobic training (OAE), n = 9. The rats had
available water and food (i.e., Nuvilab CR1, Nuvital Nutrientes
S/A, Brazil) as they desire, and their environment was controlled
(i.e., humidity of 60% and temperature of 22◦C).

Induced Osteoarthritis
Twelve-week-old male Wistar rats were anesthetized with
ketamine (80 mg/kg, i.p.) and xylazine (15 mg/kg, i.p.). Then,
kOA was induced on the right knee joint at 90◦ flexion by direct
infiltration of monosodium iodoacetate (MIA) (1.2 mg diluted
in 50 µL saline solution). We used a 29G X 1/2 BD Ultra-
FineTM insulin needle (Guzman et al., 2003; Cifuentes et al.,
2010; Takahashi et al., 2018). The SHAM group received an
infiltration containing 50 µL of saline solution (0.9% NaCl).

Aerobic Training
To perform the aerobic training, a motorized treadmill (Insight R©,
SP, Ribeirão Preto, Brazil) with six individual lanes and with
no inclination was used in the study. OAE group started
the familiarization to the treadmill (10 min/day for 5 days)
24 h after the kOA-induction procedure. Then, 24 h after the
familiarization period, initiated the training program, which
consisted of treadmill running at the velocity of 16 m/min,
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3 days per week during 8 weeks (Cifuentes et al., 2010), and
the duration of running sessions was increased from 30 to
50 min at the fourth week. The workload of all groups was
analyzed at the end of the training program during a treadmill
incremental test (initial speed of 10 m min−1, 1% slope, with
no electrical stimulus, an increase of 2 m min−1 every 3 min)
(Balthazar et al., 2009; Primola-Gomes et al., 2009). The workload
(W; J) was calculated as: W = body weight (kg) × total time to
fatigue (min) × treadmill speed (m min−1) × sin θ (treadmill
inclination)× 10 (Lacerda et al., 2006).

Evaluation of Motor Performance –
Forced Locomotion (Rotarod Test)
In the rotarod test (Scienlabor, Brazil), the rats are stimulated
to walk around a circle drum surface. The rotarod test
measures balance, coordination, physical performance, and
motor-planning by calculating the number of falls during
determined speed. The time that a given rat stays on this circle rod
represents the joint function. We used a protocol adapted from
Piel et al. (2014) to quantify the number of falls of rats during
3-min period keeping a fixed speed of 8 revolutions per minute
(rpm) (Piel et al., 2014).

Locomotion Test on a Footbridge
Rats locomoted on a footbridge to investigate joint function when
moving a short distance. The footbridge had a length of 100 cm
delimited by 3 mm thick aluminum filets. Image and time to
complete a single pass during animals’ locomotion were recorded.
Records were later analyzed by a blinded investigator to quantify
the total time of displacement and the number of times each rat
stepped out of the space between the filets (number of failures).

Euthanasia
Animals were euthanized individually by decapitation and their
right knee joints were analyzed. Approximately 12 mL of blood
was collected in tubes containing ethylenediaminetetraacetic acid
(EDTA), then centrifuged at 500 × g for 10 min and the serum
aliquoted and frozen in a−80◦C freezer for further analysis.

Joint Lavage
For later analysis, the joint lavage (JAL) supernatants were stored
at −80◦C. Immediately after recovering JAL, we removed the
joint capsule and stored it in a freezer at −80◦C. Moreover, we
homogenized the sample in phosphate buffer and also frozen
it at −80◦C for future analysis. IL1β, TNF, and interleukin-
10 (IL10) knee joint biomarkers were analyzed according to
the manufacturer’s instructions by ELISA kits (DuoSet, R&D
Systems, United States).

Macerated Joint Capsule
The capsule was placed into a beaker with 750 µL of cytokine
extraction solution, and a tissue homogenizer (Tecnal, TE-103)
was used to obtain the macerate. Then, the capsule macerate
was processed at 8 rpm speed for 2 min, the volume centrifuged
at 3500 xg at 4◦C for 10 min and stored in a freezer. BDNF
and interleukin-6 (IL6) levels were analyzed according to the
manufacturer’s instructions by ELISA.

Measurements of Redox Status
The reaction of the thiobarbituric acid with malondialdehyde
(MDA) was used to determine lipid peroxidation by
thiobarbituric acid reactive substances (TBARS) plasma
levels (Ohkawa et al., 1979). The ferric reducing ability of
plasma (FRAP), i.e., the reduction of ferric-tripyridyltriazine
[Fe(III)-TPTZ] complex to ferrous-tripyridyltriazine [Fe(II)-
TPTZ] (Benzie and Strain, 1996) was used to determine the total
antioxidant capacity. The Bradford method using bovine serum
albumin was used as a standard to determine the samples protein
levels (Bradford, 1976).

Histology
The right knee joints were placed in 4% neutral-buffered formalin
for 24 h. After that, tissues were placed in 10% EDTA at pH
7.4 for decalcification (Jimson et al., 2014). Sagittal sections were
prepared from knee joints. Two slides of the femur compromised
by MIA induction or SHAM were prepared for histological
analyses. Three cuts in each slide. Tissues were placed in formalin,
dehydrated in a graded series of ethanol and xylol, embedded
in paraffin, cut into 6 µm serial sections, and stained with
hematoxylin-eosin.

Quantification of Chondrocytes
To investigate the number of active cells, the middle third
of the joint was used. For cell counting, the nuclei stained
by hematoxylin present in the superficial, intermediate and
transitional areas were considered. The analysis was performed
on the articular facet of the right femur. The image was captured
by a microscope with a 40 × magnification. The software Image
J was used for cell counting. Two micrographs were taken in
series and a blinded investigator analyzed them on different days
(ICC = 0.99). For statistical analysis, the average number of cells
was established and used.

Statistical Analysis
We used the SPSS statistical package, version 22.0 (Inc.,
United States) and Graph Pad Prism, version 5.0 (Inc.,
United States). Data are expressed as mean ± standard error
(S.E.M). Normality of data was assessed using the Shapiro–
Wilk test. For comparisons, we used the one-way ANOVA with
Tukey’s post hoc tests for parametric data (Body mass, IL6
and number of chondrocytes) and Kruskal-Wallis with Dunn’s
post hoc test for non-parametric data (IL1β, TNF, IL10, TBARS,
FRAP, number of falls, total time of displacement, and number of
failures). Effect Size (d) was checked in G∗Power 3.1.9.2 program.
Effect size conventions for test family (F tests) and one-way
ANOVA: d = 0.10 (small); d = 0.25 (medium); d = 0.40 (large).
The Spearman correlation investigated associations between two
intra-articular biomarkers of joint damage (IL1β, TNF) and joint
function tests: number of falls, total time of displacement and
number of failures.

To determine intra-examiner reliability for the evaluated
outcomes, the intraclass correlation coefficient (ICC) adopting
a 95% confidence interval was determined. Multiple linear
stepwise regression models confirmed the association between
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selected biomarkers and joint function, adjusting by Bonferroni
at α = 0.017. Graphs were built using the GraphPad Prism 5
(GraphPad Software Inc., San Diego, CA, United States).

RESULTS

Twenty-seven animals were available for this study, recovered
uneventfully from surgery and exercise procedure. By the end
of the study, the rats were about 6 months old. No significant
differences were observed in body weight between the three
groups at the surgery and at the 8th-week post-surgery (Figure 1).

Aerobic training increased the total workload of OAE rats by
64% as compared to sham and OA groups (SHAM: 23.8 ± 8.0 J,
OA: 23.7 ± 11.0 J, OAE: 69.2 ± 15.9 J, p = 0.0002, d = 0.85).
Levels of IL1β, TNF, IL10 in the joint washed and the level of
IL6 in the joint capsule increased respectively by 5.55, 2.84, 1.27,
and 1.50-fold in the OA group. In OAE group compared with
OA group, the aerobic training modulated levels of these joint
cytokines close to those in the SHAM group (IL1β: p < 0.0001,
d = 1.18; TNF: p = 0.0001, d = 1.00; IL10: p < 0.0001, d = 1.32;
IL6: p = 0.0001, d = 1.68) (Figure 2).

The BDNF level in the OAE group was 41% higher than in the
OA group (p = 0.05; d = 0.86). The induction of kOA-like changes
increased by 1.14 times the TBARS plasma level and reduced the
FRAP plasma level by 6.83% (p = 0.02) in the OA group compared
with SHAM group. In OAE group compared with OA group,
the aerobic training returned the plasma level of TBARS close to
those in the SHAM group, without changing the total antioxidant
capacity (TBARS: p = 0.001; d = 0.86; P = 0.95; FRAP: p = 0.05;
d = 0.62) (Figure 3).

The analysis of the joint function tests showed that the kOA-
induction (OA group) increased by 1.13 times the total time
of displacement on a 100 cm footbridge and increased by 6.05
times the number of failures in the course when compared
with SHAM group. The number of falls during the rotarod test
increased 2.40 times in the OA group compared with SHAM.
Therefore, in OAE group compared with OA group, the aerobic
training had a positive effect on the disease, since it improved
the performance in the three parameters evaluated, matching the

FIGURE 1 | Body mass over the 8-week interventions. (White circle) SHAM
group; (Gray circle) OA: knee osteoarthritis group; (Black circle) OAE: knee
osteoarthritis plus aerobic training group. N = 9 per group. Data are reported
as Mean ± S.E.M. #Difference between OA vs. OAE.

SHAM score (Number of falls: p = 0.002; d = 1.05; Number of
failures: p = 0.0002 d = 0.26; Total time of displacement: p = 0.005;
d = 0.72) (Figure 4).

Number of falls (rs = 0.69; p = 0.0003) and number of
failures (rs = 0.66; p = 0.0002) were associated with the IL1β.
Functional performance measures: number of falls in the rotarod
test (rs = 0.73; p < 0.0001); total time of displacement (rs = 0.63;
p = 0.0005); and number of failures (rs = 0.52; p = 0.005) were
associated with the TNF. Multiple linear stepwise regression
models of IL1β and TNF explained 58% of the variability in the
number of falls (IL1 β: p = 0.001; TNF: p = 0.002). TNF only
explained 29% of the variability of the total time of displacement
(p = 0.02) and 21% of the variability of the number of failures
(p = 0.02). The increase of 1 pg/mL in intra-articular IL1β level
leads to an increase of 0.40 points in the number of falls. The
increase of 1 pg/mL in the intra-articular TNF level leads to
an increase of 0.51 points in the number of falls; 0.57 s in the
total time of displacement; and 0.49 points in the number of
failures (Table 1).

Quantification of hematoxylin-stained nuclei showed that the
induction of kOA reduced the number of cells (chondrocytes)
alive by approximately 35% compared with the SHAM group.
Aerobic training (OAE group) prevented chondrocyte cell death
since the number of active cells in the trained group was 51.35%
higher than in the OA group (p< 0.0001) (Figure 5).

DISCUSSION

Overall, the current study showed an association between worse
joint function and high levels of joint degeneration biomarkers,
as indicated by high levels of TNF and IL1β. Moreover,
aerobic training could reverse local inflammatory biomarkers and
decrease systemic MDA level with an improvement in gait tasks,
motor, and physical performance. Histological data of the femoral
joint also confirmed the beneficial effect of the proposed exercise
to the kOA-induced.

Scientific evidence suggests the involvement of inflammatory
biomarkers and redox status parameters for the advancement
and progression of kOA (Regan et al., 2005; Koike et al., 2015).
In patients with kOA, chondrocytes and synovial cells stimulate
the production of inflammatory cytokines, i.e., IL1β and TNF
(Altindag et al., 2007; Kim et al., 2010; Wojdasiewicz et al.,
2014; Kunisch et al., 2016). Kim et al. (2010) evidenced that
IL1β and TNF are responsible for mitochondrial DNA damage in
kOA, promoting the development of ROS and chondrocyte death
(Kim et al., 2010).

The compression forces of low magnitude during physical
exercise seem to promote physiological control. Such control
modulates the synthesis of collagen and proteoglycans possibly
inhibited in swelling joints (Quinn et al., 1998; Fehrenbacher
et al., 2003; Park et al., 2004). This could indicate the greater
maintenance of proteoglycan in the joint cartilage of rats exposed
to moderate exercise (Galois et al., 2003; Cifuentes et al., 2010; Li
et al., 2013; Mohammadi et al., 2013). Thus, the authors suggest
that the positive effects are linked to the decrease of chondrocyte
necrosis in the experimental group, lowering metabolites of cell
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FIGURE 2 | Effect of aerobic training on inflammatory biomarkers. (A) Interleukin-1beta (IL1β) measured in joint wash fluid; (B) Tumor necrose factor (TNF) measured
in joint washed; (C) Interleukin-10 (IL10) measured in joint washed, and (D) Interleukin-6 (IL6) measured in the joint capsule for SHAM group; OA: knee osteoarthritis
group; OAE: knee osteoarthritis plus aerobic training group. N = 9 per group. Data are reported as Mean ± S.E.M. #Difference between OA vs. OAE. ∗Difference
between OA vs. SHAM.

death and induction of inflammatory factors expression (Galois
et al., 2003). The high level of ROS would act on the expression of
cytokines, making worse the swelling. The ROS may initiate the
cartilage degeneration and advancement of lipid peroxidation in
chondrocytes (Yudoh et al., 2005; Ostalowska et al., 2006; Kim
et al., 2010; Watari et al., 2011).

In kOA, inflammatory cytokines alter the joint biochemical
balance inducing chondrocyte necrosis. The production and
secretion of catabolic cytokines augment ROS production
inducing a redox imbalance. Free radicals interacting with
chondrocyte DNA acts directly by altering cellular components,
i.e., proteoglycans, collagens, and protein oxidation, favoring
cartilage degeneration, which may compromise the thickness
of the synovial fluid, and the synthesis of other components
(Henrotin et al., 2003; Rose et al., 2012; Reed et al., 2014). Physical
and functional damages occur due to tissue structural change.
Catabolic cytokines (IL1β and TNF), and regulatory cytokine
(IL6) are probably the main factors in this process, facilitating
paths of degeneration by activating paths such as matrix
metalloproteases (Rojas-Ortega et al., 2015; Assis et al., 2016). The
augmented inflammatory profile marks the loss of extracellular
matrix integrity, developing an oxidative injury, and, lastly, the
chondrocytes death. The death of these chondrocytes seems

related to the compromised joint function since this cellular type
is responsible for the mobilization of essential components that
assure the main functions of load distribution and reduction of
friction during static or dynamic exercises that guarantee the joint
function. Mohammadi et al. (2013) assessed histological data of
depth ratio of lesions demonstrating that 4 weeks of moderate
exercise almost treated kOA symptoms in rats (Mohammadi
et al., 2013). Moreover, the level of MDA increased in induced
kOA dogs. This intensification revealed degeneration of the type
II collagen (Goranov, 2007), implying a relationship between
redox imbalance and cartilage degeneration. Oxidative injury can
result in cell death, triggering particles and oxidized molecules
release, cellular degeneration, and increased inflammation.

kOA subjects have greater ROS plasma level and lower
antioxidant supplies (Abruzzo et al., 2013; Germanou et al.,
2013). The redox imbalance can play a critical role in the
cartilage degeneration (Henrotin et al., 2003; Reed et al., 2014).
Thus, in both human and animal, kOA transporters have a high
level of systemic biomarkers which means cellular damage led
by ROS. As a consequence, cell-matrix may be compromised.
Inhibition of this course can successfully avoid degeneration
of articular cartilage and neo-formation of type II collagen
(Poole et al., 2002).
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FIGURE 3 | Effect of aerobic training on status redox biomarkers.
(A) Thiobarbituric acid-reactive substance (TBARS) measured in plasma;
(B) The ferric reducing ability of plasma (FRAP) measured in plasma for SHAM
group, OA: knee osteoarthritis group; OAE: knee osteoarthritis plus aerobic
training group. N = 9 per group. Data are reported as Mean ± S.E.M.
#Difference between OA vs. OAE. ∗Difference between OA vs. SHAM.

The transduction of mechanical signals of dynamic pressure
in chondrocytes may favor the pathways that counteract tissue
catabolism. Li et al. (2013) assessed anabolic responses on bovine
cartilage in vitro cells culture inducing matrix biosynthesis with
different compression ranges (10, 20, and 30%) and demonstrated
that moderate dynamic compression can exert an “anti-catabolic”
effect, and suppress the expression of TNF, IL6, and soluble IL6
receptors (Li et al., 2013). The catabolism control appears to
relate to a range of compression frequency, amplitude, and to
the low-to-moderate intensity load, showing the importance of a
voltage amplitude threshold for the regulation of inflammatory

FIGURE 4 | Effect of treadmill aerobic training on joint function tests. (A) Total
time of displacement; (B) Number of failures, and (C) Number of falls in SHAM
group, OA: knee osteoarthritis group; OAE: knee osteoarthritis plus aerobic
training. N = 9 per group. Data are reported as Mean ± S.E.M. #Difference
between OA vs OAE; ∗Difference between OA vs. SHAM.

paths and cell survival (Cifuentes et al., 2010; Beckett et al.,
2012; Rojas-Ortega et al., 2015; Rios et al., 2018). Moreover,
the exercise load influences BDNF production and release

TABLE 1 | Multiple linear stepwise regression analysis.

Joint damage biomarkers Number of falls Total time of displacement Number of failures

B p R2 β P R2 B p R2

0.58 0.29 0.21

IL1β (pg/mL) 0.40 0.001∗ −0.003 0.99 0.32 0.10

TNF (pg/mL) 0.51 0.002∗ 0.57 0.02∗ 0.49 0.02∗

β, Standardized regression coefficient; R2, Adjusted R square. IL1β, Interleukin-1 beta; TNF, Tumor necrosis factor.
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FIGURE 5 | Effect of moderate-intensity aerobic training on the number of chondrocytes, and representation of the histological cell number (chondrocytes). SHAM
group (SHAM): white circles and A; knee osteoarthritis group (OA): gray circles and B; knee osteoarthritis plus moderate-intensity aerobic training group (OAE): black
circles and C. N = 9 per group. Data are reported as Mean ± S.E.M. +Difference between OA vs. OAE; ∗Difference between OAE vs. SHAM. #Difference between
OA vs. SHAM. C: chondrocytes; OC: organized cells; AC: the absence of cells; NOC: no organized cells; POC: partially organized cells.

(Nofuji et al., 2008; Yarrow et al., 2010; Szuhany et al.,
2015). BDNF is an important growth factor expressed in
joint chondrocytes and in epiphyseal plaques of kOA subjects.
BDNF causes the growth and, mainly, differentiation (Hutchison,
2012) of chondrocytes, inducing the proliferation pathway that
can act as a restoration mediator. Furthermore, BDNF level
has been also systemically increased in patients with kOA
(Simão et al., 2014).

Because mild- to moderate-intensity exercises seem to play
an anti-inflammatory role, we decided to perform a moderate-
intensity aerobic training on a treadmill to promote mechanical
biostimulation caused by joint compression (Galois et al., 2003;
Cifuentes et al., 2010; Li et al., 2013; Assis et al., 2016; Rios
et al., 2018). In the current study, we decided to use an aerobic
training similar to the study of Cifuentes et al. (2010) that
investigated the effects of impact exercise on the kOA-induced
cartilage aspects in rats. This protocol was chosen because the
data of that investigation demonstrated that aerobic training
contributed to the preservation of some joint cartilage parameters
in experimental kOA. Moreover, the overload to the intensity
and inclination of exercise sessions were not applied, once it
could directly affect the dynamic compression of knee joint
cartilage cells, leading to misinterpretations of our results. Thus,
active mechanotransduction induces changes in oxygen tension
and subsequent positive effects on matrix synthesis and cell
growth (Urban, 1994; Park et al., 2004). These effects are
explained by the displacement of growth factors or cellular
cytokines by shifting cellular metabolism (Tilwani et al., 2017).
Finally, our results showed that the proposed training offered
an inflammatory control, confirmed by the modulation effect in

biomarkers levels (IL1β and TNF in the joint wash; IL10 and IL6
in the knee joint).

The positive effects of aerobic training are attributed to
the ability of the suppression of signals transduction paths
of inflammatory and catabolic mediators together with the
stimulation of anabolic paths. In vitro studies have verified
that mild to moderate mechanical stress inhibits swelling by
suppression of IL1β, TNF and the transcription of various joint
degeneration inflammatory biomarkers (Fehrenbacher et al.,
2003; Rose et al., 2012; Yamabe et al., 2013). Experimental kOA
studies showed a positive effect of aerobic training, whereas high-
intensity training had a deleterious effect (Beckett et al., 2012; Ni
et al., 2012; Rojas-Ortega et al., 2015; Li et al., 2017). These data
seem to determine the role of aerobic exercise appropriate dose
(intensity, frequency, and duration) in modulating chondrocyte
response (Ni et al., 2013; Na et al., 2014; Hill et al., 2017). In
rats without previous kOA induction, high-intensity exercises
in many treadmill angles were not able to induce knee damage
(Beckett et al., 2012; Rios et al., 2018). Thus, biochemical
responses appear to be sensitive to the force only in the injury.
Our data once again is in accordance to this premise since the
proposed protocol was effective in dropping the joint IL1β and
TNF in the trained group, as well as in reducing the TBARS
systemic level, augmenting knee joint function and physical
performance. In the present study, we identified an increased
chondrocytes number in the OAE group. It is already known
that chondrocytes are responsible for tissue maintenance which
impact on joint function and motor performance (Sophia Fox
et al., 2009; Akkiraju and Nohe, 2015). Thus, we speculate
that the largest number of chondrocytes and the lower joint
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degradation cytokines level (IL1β and TNF) (Kim et al., 2010;
Li et al., 2013, 2015; Rojas-Ortega et al., 2015) might have
preserved the proteoglycans and collagen joint which lead
to better motor performance of the OAE group compared
to the OA group. Based on the results, exercise prevented
the increase of inflammatory biomarkers, and, consequently,
prevented the loss of chondrocytes (the only marker evaluated).
We cannot extrapolate our results to the whole joint, because
the number of chondrocytes was the only analysis. This theory
needs to be better clarified ahead. Our study is innovative
as it points out the benefits of a therapeutic approach to
an experimental OA model. Assessing the effect on physical
performance of the animals it was demonstrated that the dose-
controlled impact is achieved by ways not fully elucidated in
this study. The modulation of inflammation, due to the known
effects of aerobic training, has affected the redox status balance,
lowering oxidative damage, improving motor performance in
functional tasks.

A limitation of this study was that we did not
determine kOA-like changes according to the OARSI score.
However, it was not possible because we used a single
hematoxylin and eosin (H&E) staining for analysis. Thus,
immunohistochemistry assessments on cartilage tissue would
be useful in future studies.

CONCLUSION

To conclude, a moderate-intensity aerobic treadmill training
appears to modulate chondrocytes via activation of anabolic
paths, swelling control by IL1β and TNF levels modulation,
systemic TBARS level lowering and positive regulation
in joint BDNF level, resulting in physical and motor
performance improvements. As a perspective, the efficacy
of the training protocol used here should be investigated
in older animals.
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Background: Age-related declines in physical function lead to decreased independence

and higher healthcare costs. Individuals whomeet the endurance and resistance exercise

recommendations can improve their physical function and overall fitness, even into their

ninth decade. However, most older adults do not exercise regularly, and the majority of

those who do only perform one type of exercise, and in doing so are not getting the

benefits of endurance or resistance exercise. Herein we present the study protocol for a

randomized clinical trial that will investigate the potential for high-intensity interval training

(HIIT) to improve maximal oxygen consumption, muscular power, and muscle volume

(primary outcomes), as well as body composition, 6-min walk distance, and muscular

strength and endurance (secondary outcomes).

Methods and Analysis: This is a single-site, single-blinded, randomized clinical

trial. A minimum of 24 and maximum of 30 subjects aged 60–75 that are generally

healthy but insufficiently active will be randomized. After completion of baseline

assessments, participants will be randomized in a 1:1:1 ratio to participate in one of three

12-week exercise programs: stationary bicycle HIIT, stationary bicycle moderate-intensity

continuous training (MICT), or resistance training. Repeat assessments will be taken

immediately post intervention.

Discussion: This study will examine the potential for stationary bicycle HIIT to result in

both cardiorespiratory and muscular adaptations in older adults. The results will provide

important insights into the effectiveness of interval training, and potentially support a shift

from volume-driven to intensity-driven exercise strategies for older adults.
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Clinical Trial Registration: This trial is registered with ClinicalTrials.gov (registration

number: NCT03978572, date of registration June 7, 2019).

Keywords: aging, exercise, intervals, resistance, aerobic, power, VO2, muscle

INTRODUCTION

Nearly half of US adults over age 60 report difficulty performing
one or more activities of daily living essential to maintaining
independence, a fraction that has remained stable over the
last 20 years despite an overall increase in the mean age of
the US population (1). Increasing numbers of older adults
with disabilities will continue to drive up healthcare costs,
making maintenance of health and independence a top priority
for both middle-aged and older adults (2). Contributors to
this functional decline include poor cardiorespiratory fitness
and skeletal muscle impairments (3–5), which can partially be
attributed to reduced physical activity with age (6–8). Exercise
is effective at maintaining function in older adults, as evidenced
by data indicating those who take part in supervised exercise
programs demonstrate improvements in functional outcomes
(9–11). The fact that adaptations have been seen in the oldest
adults (90+ years) is particularly encouraging (12–14).

Unfortunately, <12% of older adults meet the exercise
recommendations provided by the American College of Sports
Medicine (ACSM) (1, 15). These recommendations include
weekly accumulation of at least 150min of moderate intensity
aerobic activity or 75min of vigorous aerobic (endurance)
activity, and at least 2 days of resistance exercise to improve
muscular endurance, power, and strength (15). In 2014,
36.5% of adults over the age of 65 met the aerobic exercise
recommendations, while only 16.5% met the resistance exercise
recommendations; only 11.7% met both aerobic and resistance
recommendations simultaneously (1). Consequently, the
majority of older adults who do exercise are either not getting the
muscular adaptations necessary for maintaining independence,
or they are not getting the necessary cardiorespiratory
adaptations. However, certain types of exercise may be able
to induce both cardiorespiratory and muscular adaptations in
older adults.

Resistance exercise appears to have minor effects on
cardiovascular disease (CVD) risk factors, though its benefits
include the prevention of musculoskeletal injuries, muscle
wasting, and impairments in physical function (16). On the
other hand, aerobic exercise is effective at reducing CVD risk
by improving heart, lung, and metabolic function, though it
appears to have little effect onmuscular properties (17). However,
recent work indicates that the absence of muscular adaptations in
response to aerobic training may be related to exercise intensity
and mode of exercise (18, 19). The most popular form of physical
activity in older adults is walking, and recommendations for older
adults promote walking as the primarymeans to increase physical
activity levels (15, 20, 21). While walking may challenge older
adults and result in cardiovascular improvements, the relatively
low intensity of muscular contractions would be unlikely to
elicit hypertrophy or functional adaptations of the leg muscles

(22). Even higher intensity running does not seem to result in
increasedmuscle size or strength (19, 23), and runningmay blunt
the muscular benefits of resistance training when performed
concurrently (24). In contrast, stationary bicycle training can
increase muscular strength and size (25–27), and does not seem
to interfere with the muscular adaptations to resistance training
(24). Bicycle high-intensity interval training (HIIT) in particular
may be the ideal form of aerobic exercise able to elicit muscular
adaptations. Young adults performing bicycle HIIT demonstrate
improved muscle strength (28) and power (29, 30), along with
enhanced cardiorespiratory function (31).

HIIT has gained popularity in recent years, with most research
in middle-aged and older cardiac rehabilitation patients (32,
33). Compared to traditional aerobic training, HIIT typically
has a greater effect on VO2max (9.1% greater increase on
average) and other CVD risk factors (e.g., cholesterol, blood
pressure) (33). While its success in rehabilitation is encouraging,
the effectiveness of HIIT as a general exercise strategy for
older adults has not been adequately investigated, with few
studies reporting physiological adaptations to HIIT in older
adults (33–44). Furthermore, limitations make it difficult
to generalize these studies to a healthy aging population.
Specifically, these studies have had one or more of the following
methodological confounds:

1. They lacked an active control group that followed established
exercise recommendations.

2. They were short-term interventions.
3. The target population had overt diseases/health conditions,

which may limit generalizability to the large number of older
adults that are generally healthy.

The lack of investigations that directly compare unique exercise
strategies against established strategies represents a critical
barrier to progress in the field of healthy aging. With this in
mind, the DART Study (Dual-benefits of Aerobic and Resistance
Training) is a phase 1B proof-of-concept, proof-of mechanism
clinical trial that seeks to determine if bicycle HIIT is a more
efficient standalone strategy to improve cardiovascular and
lower extremity muscular function than established resistance
or aerobic exercise training programs. We will test this “dual-
benefits hypothesis” in generally healthy older adults that have yet
to develop mobility limitations, but who, without intervention,
could very likely develop mobility limitations in the future due to
inactivity and normal time course of aging.

METHODS AND ANALYSIS

Design
This is a single-blinded (outcomes assessor), single-site,
randomized control trial. It is a three (group) by two (time)
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FIGURE 1 | Detailed overview of DART Study protocol. DBP, diastolic blood pressure; DXA, dual-energy X-ray absorptiometry; GXT, graded exercise test; HIIT,

high-intensity interval training; Hx, history; MICT, moderate-intensity continuous training; MRI, magnetic resonance imaging; RT, resistance training; SBP, systolic

blood pressure; SPPB, short physical performance battery; TRFD, twitch-evoked rate of force development; VRFD, voluntary rate of force development.
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repeatedmeasures factorial design. The overall study is illustrated
in Figure 1.

Study Subjects
A minimum of 24 (and up to 30) subjects aged 60–75
years of age that are generally healthy but sedentary will be
recruited, enrolled, and randomized in this study (n = 8–10
per group). Potential subjects will be recruited from the local
community by way of flyers, community events, or emails to
individuals who have previously participated in studies with
the Ohio Musculoskeletal and Neurological Institute at Ohio
University in Athens, Ohio, USA. All interested individuals
will complete a pre-screening phone interview, and all that
are not ruled ineligible will be invited for in-person screening.
Written informed consent will be obtained from each subject in
accordance with the Declaration of Helsinki. Ethical Approval
for this study has been obtained from the Ohio University
Institutional Review Board (protocol number 18-F-55).

Eligible subjects will be insufficiently active. We define
“insufficiently active” as not meeting either the endurance or
resistance exercise recommendations for older adults, as set
forth by the American College of Sports Medicine (ACSM), for
three consecutive months. The current ACSM recommendations
for endurance training are 150–300min per week of moderate-
intensity activity (perceived exertion of 5–6 on 0–10 scale), or
75–150min per week of vigorous-intensity activities (perceived
exertion of 7–8 on 0–10 scale) (15). The recommendations for
resistance training are at least 2 days per week of progressive
weight training activities that use the major muscle groups
(perceived exertion of 5–8 on 0–10 scale) (15). Additionally, the
subjects must not be highly active outside of a structured exercise
program (i.e., consistent hard physical labor). They must also
have a 6-min walk distance within a normal range for adults aged
60–75. We calculated a normal 6-min walk range by averaging
6-min walk values from multiple studies, plus or minus one
standard deviation (45–48). The calculated 6-min walk range
for females was 400–675 meters, and for males was 450–725
meters. Table 1 describes inclusion and exclusion criteria in
detail. These criteria are designed to recruit a generally healthy,
but insufficiently active population, and exclude individuals with
poor health and physical function where there could be concerns
about a subject’s ability to appropriately perform the testing and
exercise prescription.

Randomization
Subjects will be randomized in a 1:1:1 ratio to receive
a 12-week exercise program consisting of either resistance
training (RT), moderate-intensity continuous training (MICT)
on a stationary bicycle, or HIIT on a stationary bicycle.
Due to the small sample size in each arm, permuted-
block randomization will be used via computer-generated
random numbers to ensure equal sample size. Specifically,
we will create blocks of three with each treatment permuted
within each block. The study subjects will be enrolled and
assigned to their respective interventions by an unblinded
project manager.

Implementation
The allocation sequence will be generated by a
biostatistician. Subjects will be enrolled in the study
and assigned to their intervention group by the
project manager.

Blinding
Due to the nature of the intervention neither
subjects nor staff can be blinded to allocation.
The outcomes assessor and data analyst will be
blinded after study completion by having the
subjects’ demographic and intervention group
information coded.

Sample Size
In this proof-of-concept, proof-of-mechanism trial, we report
sample size estimates based on previous recommended literature
(49). A sample size of ∼8 subjects per group will detect a
moderate effect. Sample size calculation was based on expected
effect sizes for the HIIT cycle, MICT cycle, and RT groups for the
primary outcomes of V02max and thigh muscle CSA. Consistent
with our “dual benefits hypothesis” we assumed, based on the
literature, an 8% increase in thigh CSA for both the HIIT and
RT groups (50) and 2% increase for the MICT group (51) and
common SD across all groups of 4%. With the assumption of
a 2-sided test and alpha level of significance equal to 0.05 an
n = 7/group yields power of 0.83. With respect to VO2max
we assumed a 32% increase in the HIIT group, a 15% increase
in the MICT group, and a 10% increase in the RT group and
common SD across all groups of 14% (52). With the assumption
of a 2-sided test and alpha level of significance equal to 0.05
an n = 8/group yields power of 0.80. In line with other proof-
of-concept, proof-of-mechanism trials, no statistical control for
type-I error from multiple comparisons will be considered, and
p-values will be interpreted with care, as descriptive weights of
evidence rather than as confirmatory claims. Lastly, this proof of
concept, proof of mechanism trial is needed to test the complex
interventions proposed, and the effect sizes calculated from this
trial could be used to estimate sample size for a future large-scale
clinical trial. Accordingly, we plan to enroll an n= 8–10 subjects
per group.

Study Timeline
This study will have a screening/baseline assessment period of
21 days (maximum) with three sessions spaced at least 48 h
apart, a 12-week exercise training period, and a post-intervention
assessment period of 10 days (maximum) with two sessions
spaced at least 48 h apart. Subjects will visit Ohio University’s
Clinical and Translational Research Unit facilities prior to the
intervention for baseline assessments. During Visit 1 we will
obtain informed consent and conduct a full medical history
screening and a short physical performance battery (SPPB) (53)
to determine if candidates meet the inclusion/exclusion criteria.
Subjects who meet the criteria will be enrolled in the study
and complete a series of clinical and physiological outcome
measures over the three baseline visits. Upon completion of
baseline assessments, subjects will be randomized into one of the
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TABLE 1 | Inclusion and exclusion criteria.

Inclusion Criteria:

• Age 60–75 years with no significant health issues or conditions that, in the investigators’ opinion, would limit the subject’s ability to complete the study per protocol

or that would impact the capability to get an accurate measurement of study endpoints.

• Body mass index between 18 and 40 kg/m2.

• Willingness to maintain current diet and adhere to the intervention programs described for the study and willing to undergo all testing procedures.

• Able to read, understand, and complete study-related questionnaires.

• Able to read and understand, and willing to sign the informed consent form (ICF).

• Six-min walk distance of 450–725 meters for men and 400–675 meters for women.

Exclusion Criteria:

• Short physical performance batter (SPPB) score < 8.

• Any activities of daily living disability (difficulty feeding, dressing, continence, bathing, toileting, and transferring).

• Lives in a nursing home or assisted living facility.

• Known neuromuscular or neurological conditions affecting somatosensory or motor function or control (e.g., hemiplegia, multiple sclerosis, peripheral neuropathy,

Parkinson’s disease, Myasthenia Gravis, Ataxia, Apraxia, post-polio syndrome, mitochondrial myopathy, etc.).

• Unable to communicate because of severe hearing loss or speech disorder.

• Severe visual impairment, which would preclude completion of the assessments.

• Cancer requiring treatment currently or in the past 2 years (except primary non-melanoma skin cancer or in situ cervical cancer).

• Hospitalization (medical confinement for 24 h), or immobilization, or major surgical procedure requiring general anesthesia within 12 weeks prior to screening, or any

planned surgical procedures during the study period.

• Chronic or relapsing/remitting gastrointestinal disorders such as inflammatory bowel disease and irritable bowel syndrome.

• Known history of human immunodeficiency virus (HIV) antibody at screening.

• Use of systemic glucocorticoids.

• Any history of angina pectoris.

• Any history of heart failure.

• Any history of myocardial infarction.

• Any coronary artery bypass graft or percutaneous coronary intervention.

• Heart disease that limits exercise (valvular, congenital, ischemic, and hypertrophic cardiomyopathy).

• Complex ventricular arrhythmias or heart block.

• Chronic obstructive pulmonary disease, cerebrovascular disease, or peripheral vascular disease.

• Diabetes mellitus

• Severe neuropathy.

• Mini-mental state exam score below 19.

• Psychiatric conditions that warrant acute or chronic therapeutic intervention (e.g., major depressive disorder, bipolar disorder, panic disorder, schizophrenia) that in

the investigators’ opinion may interfere with the conduct of study procedures.

• Unable to undergo magnetic resonance imaging (MRI) (e. g., body containing any metallic medical devices or equipment, including heart pacemakers, metal

prostheses, implants or surgical clips, any prior injury from shrapnel or grinding metal, exposure to metallic dusts, metallic shavings or having tattoos containing

metallic dyes).

• Unable to reliably undergo exercise or strength tests described for this study.

• Participation in progressive resistance exercise 2 or more days/week for most weeks over the 24 weeks prior to screening, OR 150+ min of accumulated aerobic

exercise each week for most weeks over the 24 weeks prior to screening.

• Current self-reported activity level that, in the investigators’ opinion, is considered highly active for older adults.

• Participation in any clinical trial within 12 weeks prior to screening.

• Limb amputation (except for toes).

• Bone fracture within 24 weeks prior to screening.

• Any disorder that will not allow completion of the motions required for resistance or aerobic exercise.

• Conditions (such as myasthenia gravis, myositis, muscular dystrophy, or myopathy, including drug-induced myopathy) leading to muscle loss, muscle weakness,

muscle cramps, or myalgia.

• Acute viral or bacterial upper or lower respiratory infection at screening.

• Abnormal or uncontrolled blood pressure (BP) at the screening visit defined as BP > 170/100 mmHg. If taking anti-hypertensive medication, have to be on stable

doses of medication for more than 3 months.

• Current or recent history (within 1 year of screen) of heavy alcohol consumption or drug abuse that in the investigators’ opinion may interfere with the conduct of study

procedures.

• Reports being pregnant, lactating, or that they anticipate becoming pregnant in the next 3-months. If a woman becomes pregnant while on study protocol, they will

be withdrawn from the study.

Prohibited Medications: Medications that, in the PIs opinion, would confound study integrity by interacting with study outcomes. For instance:

• Anti-obesity drugs, nutraceuticals, and dietary supplements that may affect body mass and body composition.

• Any drug or supplement known to influence muscle mass or performance including but not limited to anabolic steroids, insulin-like growth factor 1, growth hormone,

replacement androgen therapy, anti-androgen therapy.

three exercise groups for the 12-week exercise intervention. All
exercises will be performed on site and supervised by an exercise
professional 3 days per week. All baseline assessments will be
repeated upon completion of the exercise intervention. A table
of events for the study is illustrated in Table 2.

Outcome Measures
Primary Outcomes

Knee extensor isokinetic power
Maximal isokinetic power will be measured from the knee
extensors. Peak torque will be recorded from the non-dominant
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TABLE 2 | Schedule of events for all groups.

Baseline period Exercise intervention Follow-up

Visit 1c Visit 2c Visit 3c Sessions

1–35a
Session 36 (visit 4)b Visit 5d Visit 6d

Day (window) −21 to −5 −19 to −3 −17 to −1 1 to 84 80 to 83 84 to 92 86 to 94

SCREENING/BASELINE:

Informed consent X

Medical history X

Inclusion/exclusion X

Demographics X

Vitals X

Height and weight X

SURVEYS:

PASE X

MMSE X

SEE X

EXERCISE SESSIONS:

Exercise X X

FUNCTIONAL TASKS:

4SST X X

Six-min walk X X

SPPB X X

Stair climb X X

Grip strength X X

MEDICAL IMAGING:

MRI X X

DXA X X

CARDIORESPIRATORY:

GXT X X

MUSCULAR TESTING:

MVC X X

Ballistic X X

Twitch force X X

VA X X

Isokinetic power X X

Isokinetic fatigue X X

RANDOMIZATION X

aExercise training sessions will be performed three times per week with at least 1 day between sessions, and no more than two exercise sessions on consecutive days in the same week.
bPost-intervention functional task testing will be performed immediately prior to the final exercise training session (session 36).
cBaseline testing will be completed within 21 days of Visit 1, with at least 2 days between testing sessions.
dPost-intervention testing will be completed within 10 days of the final exercise session, with at least 2 days between testing sessions. 4SST, 4-square step test; DXA, dual-energy X-ray

Absorptiometry; GXT, graded exercise test; MMSE, mini-mental state examination; MRI, magnetic resonance imaging; MVC, maximal voluntary contraction; PASE, physical activity scale

for the elderly; SEE, self-efficacy for exercise scale; SPPB, short physical performance battery; VA, voluntary activation.

leg using a Biodex System 4 Dynamometer (Biodex Medical
Systems, Inc., Shirley, NY). The subject’s leg will be immobilized
against the lever arm with the distal end of the lever arm secured
three inches superior to the medial malleolus. The axis of the
lever arm will be centered at the lateral knee joint and knee range
of motion will be obtained by having the subject extend their
knee as far as possible against the lever arm. The maximal knee
extension angle will be recorded, and the knee extension limit will
be set 10◦ less than themaximal knee extension angle. The subject
will then relax to allow the leg to return to neutral position and

the knee flexion limit will be set at 80◦ of knee flexion. The speed
of the lever arm will be set at 60◦/s for both extension and flexion.
The subject will then extend the knee with maximal effort until
they reach the knee extension limit, and then immediately flex
the knee with maximal effort until they reach the knee flexion
limit. The time-series torque signal will be collected at 500Hz
by a Biopac MP150 system (Biopac Systems Inc., Santa Barbara,
CA, USA). The subject will complete six isokinetic trials, with 30 s
rest between trials. The average of the three highest peak torque
values for both extension and flexion will be recorded at baseline
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and post-intervention, and percent change from baseline will be
used for analysis.

Maximal oxygen uptake (VO2max)
VO2max will be obtained with a ParvoMedics TrueOne 2400
metabolic measuring system with a Hans Rudolf 3813 (Shawnee
Mission, KS, USA) pneumotachometer to measure ventilation.
The TrueOne 2400 is a mixing chamber system that uses a
paramagnetic oxygen analyzer (range 0–25%) and an infrared,
single beam, single wavelength carbon dioxide analyzer (range
0–10%). Prior to each test the system will be allowed to heat
up for 30min, and then will be calibrated according to the
manufacturer’s recommendations. This consists of a room air
auto-calibration and a gas calibration with a single gas tank
(16.00% O2, 4.008% CO2). Additionally, the flow meter will be
calibrated with a 3.000-liter Hans Rudolf 5530 series syringe,
with a 5-stroke calibration using different flow rates for each
stroke. Ten ECG electrodes will be placed on the subject’s
body according to Mason-Likar procedures (54, 55). Prior to
placement, the areas will be shaved with a disposable razor,
wiped with an alcohol pad, and then lightly abraded with fine-
grit sandpaper. The subject will be fitted with a Hans Rudolf
Oro-Nasal reusable facemask (Shawnee Mission, KS, USA) with
a 2-way non-rebreathing valve connected to the metabolic cart
with large-bore, low-resistance tubing. The testing protocol will
be explained to the subject, as well as how to communicate
with investigators while wearing the facemask (i.e., hand signals).
Resting VO2 values will be collected from the subject after 3min
of rest in a seated position on the cycle ergometer. Resting
blood pressure will be taken immediately after resting VO2 is
obtained. The subject will begin cycling on a magnetically braked
cycle Lode Corival CPET ergometer (Lode B.V., Groningen, NL)
at 60–80 RPMs (depending on subject comfort level) with a
starting power output of 15 watts (W) for 1min, collecting VO2

values every 20 s. Power output will be increased by 15W every
minute until subject can no longer continue the test or criteria
have been met (Table 3). With 20 s remaining in each stage,
the subject will indicate their RPE on a 6–20 Borg scale (56).
With 10 s left in each stage, heart rate will be recorded from
ECG readouts. Blood pressure will be taken at the beginning
of even numbered stages. Subjects will be verbally encouraged
throughout the test, and airflow will be provided through the use
of a rotating fan. After test termination, the subject will perform
a 5-min cycling cool down at 30W. Blood pressure will be
taken every 5min for 20min after the completion of the graded
exercise test (GXT). Maximal heart rate will be determined from
ECG readings during the final stage of the GXT for all subjects.
Absolute VO2maxmeasured in L/minwill be recorded at baseline
and post-intervention, and change from baseline will be used for
analysis. Additionally, VO2max relative to body mass measured
in mL/kg/min will be recorded at baseline and post-intervention,
and change from baseline will be used for analysis.

Quadriceps muscle volume
Quadriceps muscle volume will be obtained via magnetic
resonance imaging (MRI) scans performed with a 0.25-Tesla
Musculoskeletal MRI system (Esaote G-Scan Brio, Genoa, Italy)

to acquire contiguous transverse T-1 weighted spin echo image
slices in the thigh region with a slice thickness of 10mm and an
inter-slice distance of 10mm. The isocenter will be positioned
at mid-thigh, midway between the patella and the inguinal
crease, and the subjects will be supine. Images will be transferred
to a computer for calculation of quadriceps anatomical cross-
sectional area (CSA). Beginning with the slide with the first
discernable visual of the rectus femoris and including the
subsequent four proximal slides, quadriceps muscle area will be
traced using a polygon tool, excluding bone, as well as fat tissue
surrounding the muscles (MIPAV version 7.3.0). Intramuscular
fat will then be subtracted by applying a shading correction
to each slide, determining average voxel density and standard
deviation voxel density from a sample of the lightest area of
fat tissue, computing a cutoff value at three standard deviations
darker than the sample voxel density, and excluding all pixels
with a voxel density at or below the computed value. Pre- and
post-intervention slides will be displayed simultaneously, and
slides will be visually compared to ensure that tracing patterns
are identical and that the same structures are excluded (i.e.,
neurovascular bundle, intermuscular fat) on both slides before
CSA values are recorded. This process will be completed for each
analyzed slide, resulting in five measures of quadriceps CSA with
intermuscular and intramuscular fat excluded for both pre and
post time points. Muscle volume will then be calculated using the
Cavalieri method [MV = T (A1 + A2 + A3 + A4 + A5)], where
MV = muscle volume, T = the known distance between slices,
and A= area (57). Quadriceps muscle volume will be recorded at
baseline and post-intervention, and percent change from baseline
will be used for analysis.

Secondary Outcomes

Knee extensor isometric strength
Maximal isometric force production will be measured via three
maximal voluntary contractions (MVCs) of the knee extensors
while the subject is positioned in the Biodex Dynamometer as
described above, with the lever arm immobilized at 90◦ of knee
flexion. The subject will be instructed to gradually increase force
for the first second, and then exert maximal effort for ∼3–4 s.
The subject will perform three MVCs with a 30–60 s rest period
between contractions. Verbal encouragement will be provided
during each trial. The time-series torque signal will be collected
at 500Hz by a Biopac MP150 system (Biopac Systems Inc., Santa
Barbara, CA, USA). The trial with the highest value will be
recorded at baseline and post-intervention, and percent change
from baseline will be used for analysis.

Knee extensor isokinetic fatigue
Fatigue resistance of the knee extensors will be measured with
the subject positioned in the Biodex dynamometer as described
above. Subjects will be asked to perform a series of isokinetic
leg extensions at 120◦/s (the flexion component will be passive
at a speed of 240◦/s). First, study subjects will perform three
isokinetic extensions recorded as pre-fatigue peak torque values.
Next, study subjects will be given 3min of rest before beginning
the fatigue portion of the test. For the fatigue test, subjects
will perform 120 consecutive maximal isokinetic leg extension
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TABLE 3 | Criteria for test termination during graded exercise testing.

Criteria for maximal effort-related test termination Criteria for health concern-related test termination

• Subject requests to stop

• Physical or verbal manifestations of severe fatigue

• Failure of heart rate to increase with increased exercise intensity

• Unable to maintain a cycle frequency of 50 RPMs for >5 s

Or 2 of the 4 following criteria:

• RPE of 17 or greater (Borg 6–20 scale)

• Peak heart rate that is 85% of age-predicted maximal heart rate (220-age)

• Plateau of VO2

• Respiratory exchange ratio (RER) of 1.1 or higher

• Angina or angina-like symptoms (subjective score of 2 or greater on ACSM angina

scale)

• Shortness of breath, wheezing, leg cramps, or claudication (subjective score of 3 or

greater on ACSM claudication scale)

• Signs of poor perfusion: light-headedness, confusion, ataxia, pallor, cyanosis,

nausea, or cold and clammy skin

• Drop in systolic blood pressure of >10mm Hg, despite an increase in workload

• Central nervous system symptoms (e.g., ataxia, dizziness, or near syncope)

• Sustained ventricular tachycardia or other arrhythmia, including second- or third-

degree atrioventricular block, that interferes with normal maintenance of cardiac

output during exercise

• Exaggerated hypertensive response (systolic blood pressure >250mm Hg or

diastolic blood pressure >115mm Hg)

• Abnormal changes in sinus rhythm

• Exercise induced conduction blocks

ACSM, American College of Sports Medicine; RPE, rating of perceived exertion; RPM, rotations per minute; VO2, volume of oxygen consumption.

contractions (test time ∼4-min). Peak force for each of the 120
contractions will be summed to calculate total work output and
will be recorded at baseline and post-intervention, and change
from baseline will be used for analysis. The subject will be verbally
encouraged throughout the test. Lastly, post-fatigue peak torque
will be assed at 2, 5, and 10min after the completion of the
fatigue test. For all fatigue measurement, the time-series torque
signal will be collected at 500Hz by a Biopac MP150 system
(Biopac Systems Inc., Santa Barbara, CA, USA). Average torque
of three contractions at each of the post-fatigue timepoints will
be recorded and expressed relative to the pre-fatigue torque at
baseline and post-intervention, and percent change from baseline
will be used for analysis.

Six-minute walk distance
A 6-min walk distance test will be performed in a 30-meter
hallway marked off with cones at either end, and distance marked
every three meters. The subject will start at the end of the hallway
(starting cone) and be instructed to walk as quickly as they can
for 6min. They will walk toward the end of the hallway, around
the second cone, and then back toward the starting cone. The
subject will complete as many laps as possible within 6min,
rounding the cones each lap. Subjects will be given feedback on
elapsed/remaining time every 30 s, and encouraged to continue
walking as quickly as possible. Distance covered in 6min will be
recorded to the nearest meter at baseline and post-intervention,
and change from baseline will be used for analysis.

Body composition
Total body fat mass will be obtained via whole-body dual-energy
X-ray absorptiometry (DXA) scans (Hologic Discovery QDR
model Series, Waltham, MA, USA) using the system’s software
package (Hologic APEX, Version 4.0.2). Subjects will be scanned
at the same time of day pre- and post-intervention and will be
encouraged tomaintain a similar sleeping and eating schedule for
both scans. Subjects will be advised to report to the laboratory in
a hydrated state and will be given scrubs to wear during the scan.
They will also be given the opportunity to use the restroom prior

to the scan. Care will be taken to follow The International Society
for Clinical Densitometry guidelines for positioning during the
scan (58). Total body fat mass will be recorded at baseline and
post-intervention, and percent change from baseline will be used
for analysis.

Other Outcomes

Knee extensor voluntary rate of force development (VRFD)
VRFD of the knee extensors will be measured with the subject
positioned in the Biodex Dynamometer as described above with
the lever arm set to 90◦ of knee flexion. The subject will extend
the knee into the immobilized lever arm with maximal effort over
∼500ms, then immediately relax. The process will be explained
to the subject so they understand that they are to produce as
much force as possible, as quickly as possible, and then to relax
(e.g., pretend you are kicking a tire as hard as you can). The
time-series torque signal will be collected at 500Hz by a Biopac
MP150 system (Biopac Systems Inc., Santa Barbara, CA, USA).
The trial with the highest VRFD (slope of force tracing between
10 and 90% of maximal force) will be calculated at baseline
and post-intervention, and change from baseline will be used
for analysis.

Twitch-evoked rate of force development (TRFD) and

voluntary activation
TRFD and voluntary activation of the knee extensors will be
obtained with the subject positioned in the Biodex dynamometer
as described above with the lever arm set to at 90◦ of knee flexion.
A surface stimulating electrode will be placed on the distal
motor point of the vastus medialis and another on the proximal
motor point of the vastus lateralis. Single pulses of incrementally
increasing current will be delivered via a Digitimer DS7AH
constant current stimulator (Digitimer Ltd., Hertfordshire, UK)
until twitch force plateaus. The time-series torque signal will be
collected at 500Hz by a Biopac MP150 system (Biopac Systems
Inc., Santa Barbara, CA, USA). TRFD (slope of the twitch
response between 10 and 90% of maximal force) at maximal
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stimulation intensity will be calculated at baseline and post-
intervention, and change from baseline will be used for analysis.
Subjects will then perform two MVCs separated by 2min, and
during the MVC a doublet will be delivered at maximal intensity
(intensity at which twitch force plateaus), followed by a second
doublet delivered to resting muscle. Voluntary activation is
expressed as [1–(doublet force duringMVC/doublet force during
relaxation)] ∗ 100. The time-series torque signal will be collected
at 500Hz by a Biopac MP150 system (Biopac Systems Inc., Santa
Barbara, CA, USA). The subject will perform two voluntary
activation trials, and the average of the two measures will be
recorded at baseline and post-intervention, and change from
baseline will be used for analysis.

4-square step test (4SST)
The 4SST is a test that challenges motor planning and initiation
as well as motor sequencing and recall (59, 60). A four-foot
by four-foot square will be marked with athletic tape and split
into quadrants (Figure 2). The subjects will start in square 1,
facing square 2. The subject then steps forward into square 2,
laterally to square 3, backwards to square 4, laterally to square
1, laterally to square 4, forwards to square 3, laterally to square 2,
and backwards to square 1, facing the same direction throughout
the entire sequence. Subjects must place both feet in the specified
quadrant before they can move into the next square, and must
have at least one foot on the ground at all times. The test will be
timed with a stop watch to the nearest 0.01 s. When the subject
is ready the investigator will say “ready, set, go.” The timer will
begin at “Go” and stopped when the subject has placed both
feet back in square 1 after completing a clockwise and counter-
clockwise cycle. The subject will perform two trials with 30 s rest
between trials, and the fastest will be recorded at baseline and
post-intervention. Change from baseline will be used for analysis.

Stair climb power
Stair climb power will be calculated as [power= force x velocity]
where force = body mass in kilograms x acceleration due to
gravity, and velocity = cumulative stair height/stair climb time.
The subject will be weighed to the nearest pound, and free
weights equivalent to 20% of their body weight will be distributed
evenly into two canvas bags. The bags will be set aside for later
weighted stair climb testing. The subject will stand at the bottom

of a flight of eight stairs (each stair 7
′′

in height) with feet together.
The subject will then be instructed to safely climb the stairs
as quickly as possible without skipping any stairs, maintaining
at least one foot on a stair at all times. The subject will also
be instructed that they may use the handrails if necessary for
safety purposes. The test will be timed with a stop watch to the
nearest 0.01 s. When the subject is ready the investigator will say
“ready, set, go.” The timer will begin at “Go” and stopped when
the subject’s first foot makes contact with the eighth stair. The
subject will perform two trials, and the fastest will be recorded
at baseline and post-intervention. Stair climb power will be
calculated as described above, and change from baseline will be
used for analysis. The subject will repeat the test while carrying
the weighted bags equivalent to 20% of their body weight, one
bag in each hand. The subject will perform two trials and the

FIGURE 2 | 4SST setup. The subject starts in square 1 facing square 2. The

subject faces the same direction as they step into squares 2, 3, 4, 1, 4, 3, 2,

and then 1.

fastest will be recorded at baseline and post-intervention. Stair
climb power will be calculated as described above, and change
from baseline will be used for analysis. 30–60 s rest will be allowed
between each trial.

Grip strength
Maximal grip strength will be obtained with a Jamar hydraulic
grip strength dynamometer (Performance Health, LLC, Akron,
OH USA). Handle position of the dynamometer will be
standardized at position II (61, 62). Hand dominance will be
determined by asking the subject if they were right-handed or
left-handed. The dominant hand will be tested first. The subject
will be seated with the shoulder in neutral position and the elbow
unsupported and flexed to 90◦ with the forearm and wrist in
neutral position (61). The subject will squeeze the dynamometer
handle as hard as possible for 3 s. Maximal force will be recorded
in kg. The subject will perform three trials with each hand, and
15 s rest will be allowed between trials. Average force of the
three trials for each hand will be recorded at baseline and post-
intervention, and change from baseline will be used for analysis.

Exercise Intervention
Each subject will perform their prescribed exercise three times
per week for 12 weeks. Time between visits will generally be
48–72 h, but may range from 24 to 96 h to meet the demands
of the subject’s schedule. Subjects may be allowed to exercise
on consecutive days one time per week, but must have at least
48 h before a third exercise session is completed (for example,
Monday, Tuesday, Thursday is acceptable, butMonday, Tuesday,
Wednesday is not). Prior to each exercise session an exercise
supervisor will perform a brief medical safety check. If the
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subject reports changes in health status that are concerning, has
abnormal vital signs (blood pressure readings that exceed 170
mmHg for systolic blood pressure or 100 mmHg for diastolic
blood pressure), or has changed medications/dosage, they will
not be allowed to continue exercising until the study physician
has reviewed the changes and clears the subject. After the medical
safety check, the subject will perform a 5-min warm-up on the
stationary bike at a low intensity (i.e., output 50% or less of
their maximal output during the GXT). After the subject has
completed the prescribed exercise for the day they will perform a
5-min cooldown at a low intensity on the stationary bicycle. For
the RT and MICT exercise protocols we will employ a pragmatic
trial design that follow the recommendations set forth by the
ACSM, but that are not necessarily matched by time. There
are currently no recommendations for HIIT in older adults,
and the exercise sessions are shorter in duration due to the
high-intensity nature.

Exercise Interventions

RT
Subjects will perform 10 resistance exercises for the major muscle
groups (Table 4). The training program is lower extremity-
focused, with 70% of exercises isolating the lower extremities. For
the first 2 weeks subjects will perform 1–2 sets of 15 repetitions
for each of the ten exercises, using a weight that elicits a rating
of perceived exertion (RPE) at the end of the final repetitions
of the respective sets of 5–6 (0–10 scale) as reported by the
subject. Rest between sets/exercises will range from 30 to 60 s.
Weeks 3–4 subjects will perform 2–3 sets of 12–20 repetitions
at an RPE of 5–8 with 60–90 s rest between sets. Weeks 5–8
subjects will perform 3–4 sets of 10–20 repetitions at an RPE
of 6–8 with 60–90 s rest between sets. Weeks 9–12 subjects will
perform 3–5 sets of 6–20 repetitions at an RPE of 7–8 with
60–90 s rest between sets. Contraction velocity for each exercise
will be moderate (180–240◦/sec), with duration lasting ∼2 s for
concentric actions and 2 s for eccentric actions (63). This protocol
meets the ACSM resistance training recommendations for older
adults (15), and progresses from entry-level to a more demanding
protocol. Duration is expected to last ∼45–75min. Subjects will
occasionally be asked their perceived effort level on 1–10 scale
after individual exercise sets to ensure that they are exercising at
the prescribed intensity.

MICT
The MICT will be performed on a stationary bicycle (Peloton
Interactive, Inc. New York City, NY, USA) interfaced with a
computermonitor that plays selected pre-recorded “spin classes.”
Heart rate and power output are displayed in real time. The goal
of MICT is to maintain an output that elicits the prescribed heart
rate throughout the exercise session. Heart rate reserve (HRR)
will be calculated by subtracting the subject’s resting heart rate
(obtained during medical history check at visit 1) from their
maximal heart rate (obtained during the GXT). The progression
of the 12-week program will go as follows. For the first week
subjects will cycle for 20–30min at 50–60% of their HRR. Week
2 subjects will cycle for 20–30min at 55–65% of their HRR.
Weeks 3–4 subjects will cycle for 30min at 60–70% of their

TABLE 4 | Resistance training group exercises.

Daily exercises Rotating exercises

Leg press

Knee extensions

Leg curls

Calf raises

Chest press

Lunges

Step-ups (weighted or unweighted)

Hip abduction

Hip bridge (single- or double-leg)

Box squat

Sumo squat

Planks (knee and elbows or knees and toes)

Biceps curls

Push-ups (incline or flat)

Seated cable pull-down

Seated cable row

Triceps extensions

Shoulder overhead press

Lateral arm raises

The five Daily Exercises are performed during each exercise session. The remaining

five exercises each session will be chosen by the exercise supervisor from the list of

Rotating Exercises.

HRR. Weeks 5–8 subjects will cycle for 30–45min at 65–75%
HRR, and in weeks 9–12 subjects will cycle for 45min at 70–75%
HRR. These ranges are based on recommendations from a meta-
analysis describing a dose-response relationship between exercise
intensity and VO2max adaptations in older adults (64), An
exercise supervisor will oversee each exercise session. The target
output (in watts) will be determined during the first exercise
session by having the subject cycle for 5min at a cadence of 75
RPMs with a resistance that produces 50W. Once a consistent
heart rate is established (using a chest-strap heart rate monitor),
we will increase or decrease the resistance until the target heart
rate is maintained. The target output for each subsequent session
will be the highest average output from the previous week. If there
was no increase from the previous week, target average output
will be manually increased by 3%. If the subject is maintaining
the target output but not achieving the target heart rate, output
will be increased incrementally by 2–5W until the heart rate
is maintained in the target range. During each exercise session
the subject will follow the cadence recommendations of the
spin class instructor (ranging 50–100 RPMs) while the in-person
exercise supervisor modifies the resistance to ensure the output
is maintained within the target range. At times the subject may
be cycling at the target output but have a heart rate that exceeds
the target. In these cases heart rate range takes precedence over
output range, and output will be decreased until the target
heart rate is maintained. This may occur when cycling at higher
cadences (e.g., 90–100 RPMs). At the end of each exercise session
subjects will be asked their perceived effort level for the entire
session on a 1–10 scale and a Borg 6–20 scale. See Table 5 for
exercise duration of each session.

HIIT
Subjects in the HIIT group will use the same stationary bicycle
setup as in the MICT group. The progression of the 12-week
program will go as follows. Subjects will cycle continuously for
20–30min at 50–60% of their HRR for the first week, and 20–
30min at 55–65% of HRR for the second week, similar to the
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TABLE 5 | MICT and HIIT exercise groups cycling duration.

Session # 1 2 3 4 5 6 7 8 9 10 11 12

Week 1 Week 2 Week 3 Week 4

MICT 20 20 30 30 20 30 30 30 30 30 30 30

HIIT 20 20 30 30 20 30 15 15 15 15 15 15

Session # 13 14 15 16 17 18 19 29 21 22 23 24

Week 5 Week 6 Week 7 Week 8

MICT 30 30 30 30 45 30 30 45 30 45 30 45

HIIT 15 20 15 15 20 15 20 15 20 20 15 20

Session # 25 26 27 28 29 30 31 32 33 34 35 36

Week 9 Week 10 Week 11 Week 12

MICT 45 45 45 45 45 45 45 45 45 45 45 45

HIIT 20 20 20 20 30 20 20 30 20 20 30 20

Duration (in minutes) of cycling for the moderate-intensity continuous training (MICT) and

the high-intensity interval training (HIIT) groups for exercise sessions 1–36.

MICT group. During the subsequent weeks, subjects will perform
bouts of higher intensity cycling (target intensity of 80–100% of
their HRR) interspersed with low- intensity rest periods (target
intensity of 40–60% of their HRR). Here, the duration of the bout
(or interval) will range from as little as 15 s and upwards of 1min,
and rest periods will be matched in a work/rest ratio of 2:1, 1:1, or
1:2 (1:1 on average). During weeks 3–4 the intensity will be at 80–
95% of their HRR and the overall duration will last 15–20min.
Weeks 5–8 the intensity will be at 80–100% of their HRR with
a duration of 15–30min. During weeks 9–12 intensity will be at
85–100% of their HRR and duration will last 20–30min. When
the subject begins week three, the target average output will
be determined by multiplying the subject’s best average output
from the first 2 weeks by 1.2. The subject will cycle at the target
average output for the first 2–3min of each session, at 150–
300% of their target average output during the high-intensity
intervals, and at 25–50% of their target average output during
their low-intensity intervals in order to achieve the target heart
rate ranges. The target average output for each subsequent week
of exercise sessions will be the highest average output from the
previous week. If there was no increase from the previous week,
target average output will be manually increased by 3%. Subjects
will complete 15, 20, or 30-min sessions throughout the study
(Table 5) and will begin each session by cycling at the target
average output for 2–4min, followed by several high- and low-
intensity intervals. Subjects will cycle at a high intensity for ∼6
total min during 15min sessions, ∼8 total min during 20min
sessions, and ∼10 total min during 30min sessions, maintaining
an average work/rest ratio of 1:1. The subject will follow the
cadence recommendations (ranging 50–100 RPMs) of the spin
class instructor while the in-person exercise supervisor modifies
the resistance to ensure the output is maintained within the target
ranges. It is unlikely that the subject’s heart rate will reach 40–
60% of HRR during the rest intervals, however, an output that
is 25–50% of the target average output should elicit a heart rate
that is 40–60% of HRR under normal conditions. Therefore,
rest intervals will be long enough that the subject’s heart rate

will decrease by 5–20 beats per minute prior to the start of the
next high-intensity interval. At the end of each exercise session
subjects will be asked their perceived effort level for the entire
session on a 1–10 scale and a Borg 6–20 scale. See Table 5 for
exercise duration of each session.

Intervention Discontinuation
Participation in the study will be discontinued if the subject fails
to follow the study requirements, experiences serious side effects
(e.g., heart attack, exercise related injury), changes the dosage
of anti-hypertensive medication or starts taking an exclusionary
medication during the course of the study (Table 1), or requests
to be removed from the study.

Concomitant Exercise and Diet
It is possible that some subjects may be participating in some
low-volume physical activity prior to study enrollment and still
be eligible for the study (e.g., yoga, yard work). To control for
this, all subjects will be encouraged to continue normal activity
outside of the study throughout their enrollment in the study.
Similarly, study subjects will be asked to maintain their normal
diet throughout the study.

Adherence
Successful adherence will be defined as a study subject who
achieves at least an 80% adherence rate (i.e., attends 29 of 36
exercise sessions).

Data Management
Data will be entered into the database immediately after each
measure is performed by the investigator collecting the measure,
and then again at the end of the study by the outcomes assessor.
Any incongruous measures will be re-analyzed separately
by the outcomes assessor and another blinded investigator.
Demographic and intervention group data will be coded and
the code will be stored in a locked cabinet unavailable to the
outcomes assessor.

Statistical Methods
The three intervention arms (HIIT, MICT, and RT) will be
compared against each other for all primary analyses. For total
fat mass and the primary and secondary knee extensor-related
outcomes (isokinetic power, muscle volume,MVC, and isokinetic
fatigue), we will compute a percentage change from baseline to
12 weeks. For absolute and relative VO2max and 6-min walk
distance we will compute absolute change from baseline to 12
weeks. We will test differences in group means using one-way
ANOVA with Sidak option in SPSS v. 25.0. Tukey post hoc
tests will be performed if significant differences exist, alpha level
set at 0.05. Additionally, as this is a proof-concept, proof of
mechanism trial we will calculate effect sizes between groups
using the corrected effect size Hedge’s g with 95% confidence
intervals for small sample sizes (65).

Harms
In our study, adverse events (AEs) will be defined as an
unexpected medical problem that happens during the course of
the study related or unrelated to the intervention or assessments.
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All AEs occurring after informed consent is signed and until
study completion will be recorded. An AE that meets the criteria
for a serious adverse event (SAE) will be reported to the Ohio
University IRB as a SAE. A SAE is defined as an unexpected
medical problem that is believed by the investigators to be
causally related to the study intervention or assessments and
results in any of the following: a life-threatening condition, severe
or permanent disability, prolonged hospitalization, or death.
Prior to each exercise session the exercise supervisor will perform
a brief medical safety check and will ask the subject if they
experienced any health issues since the last exercise session. Any
issues will be recorded and reviewed by the project manager. The
issue will then be recorded as an AE, and will be noted if the
project manager believes the issue is related to the intervention
(e.g., muscle soreness).

ANTICIPATED RESULTS

The Dual-Benefits Hypothesis
The HIIT group will see improvements in endurance measures
(VO2max, 6-min walk distance, isokinetic fatigue) equal to the
MICT group and greater than the RT group, and improvements
in muscular characteristics (isokinetic power, MVC, thighmuscle
volume, VRFD, TRFD, voluntary activation) equal to the RT
group and greater than the MICT group.

Other Hypotheses
All groups will exhibit similar changes in the 4-square step test
and stair climb.

The RT group will see greater improvements in grip strength
than either MICT or HIIT groups.

The MICT group will see greater reductions in fat mass than
either HIIT or RT groups.

DISCUSSION

High-intensity interval training has become a popular exercise
strategy for young adults for the equivalent or greater health
benefits to traditional aerobic training with only a fraction of
the time commitment (30). HIIT may also be a highly beneficial
exercise strategy for older adults with potential to elicit both
muscular and cardiorespiratory adaptations. However, there have
been few studies assessing the effects of HIIT in older adults, with
the majority being performed in individuals with overt health
conditions (33, 35). Although a preliminary study, this is, to
our knowledge, the first randomized controlled trial to compare
muscular and cardiorespiratory adaptations of bicycle HIIT
to adaptations seen in response to traditional bicycle aerobic
training or resistance training in generally health older adults.
Schjerve et al. (52) compared the effects of HIIT, MICT, and RT
in middle-aged, obese adults, reporting large improvements in
VO2max but no strength gains in the HIIT group. However, this
study used a walking protocol for both MICT and HIIT groups,
and we postulate the lack of effect on strength was due to the
lower levels of muscular activity and force associated with this
protocol [e.g., there is evidence that >60% of maximal muscle
force must be produced during training to see increases inmuscle

size and/or function (22)]. HIIT has already been demonstrated
to improve cardiorespiratory fitness equal to, or greater than,
MICT in older adults (33, 38). Therefore, we propose in this study
to determine if HIIT can producemuscular adaptations similar to
those seen in response to resistance training. We will be using a
cycling protocol for the HIIT group, as improvements in strength
and power have been demonstrated in response to HIIT cycling
protocols in young adults (28, 30).

The largest potential problem that could arise throughout the
course of the study relates to the possibility of AEs. The risk of
cardiovascular events in adults participating in HIIT programs
is low, as reported by Rognmo et al. (66), who found that of
the 4,800+ cardiac rehabilitation patients participating in either
HIIT or MICT at a cardiac rehabilitation center, three suffered
from cardiac arrest during training (one fatal during MICT, two
non-fatal during HIIT). The rate of complications to the number
of patient exercise hours was 1 per 23,182 h for HIIT (66). The
target population for the current study will include insufficiently
active older adults, but those with certain known heart conditions
will be excluded from the study, and any subjects who display
specific irregular cardiac responses during the baseline GXT
(Table 3) will also be excluded. As such, risk of cardiac events is
expected to be lower for our population than has been reported
in cardiac rehabilitation patients. The American College of Sports
Medicine recognizes the risks associated with exercise, but states
that the health benefits of exercise outweigh the risks (15).

This study will assess the effectiveness of a high-intensity
interval cycling exercise protocol in older adults to produce
both cardiorespiratory and muscular adaptations. If shown to be
effective it will pave the way for a paradigm shift from volume- to
intensity-driven exercise recommendations for older adults, with
the ultimate goal of improving health and reducing age-related
physical dysfunction.

ETHICS STATEMENT
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This study has been approved by the Ohio University
Institutional Review Board (approval number: 18-F-55).

Protocol Amendments
Anymodifications to the protocol whichmay impact the conduct
of the study, potential benefits to the subject, or affect subjects
safety (including changes to study objectives, study design,
patient population, sample sizes, study procedures, or significant
administrative changes) will require a formal amendment to the
protocol. Such amendments will be agreed upon by the principal
investigators, and approved by the Ohio University Institutional
Review Board prior to implementation.

Consent
Informed consent will be obtained from each subject after the
study has been fully described to the subject, and the consenting
investigator believes that the subject fully understands the study
requirements and can make an informed decision.
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Background: Cognitive training helps to promote healthy aging and ease activities of

daily living for older adults. Recently, experiments have been conducted using robots to

perform this cognitive training.

Methods: A review was conducted to examine the effects of computer-based cognitive

interventions for older adults who were either healthy or experiencing mild cognitive

impairment (MCI). A second study also examined the evolution of socially assistive robots

(SAR) and their effectiveness at administering cognitive training for older adults.

Results: Eighty-one studies published between 2009 and 2019 were identified for

review, 56 of which focused on computerized cognitive training (CCT) while 25 examined

the use of robotics. Twenty-four of the 56 CCT studies met the inclusion criteria. These

were further classified into two groups: studies which used self-designed programs,

and studies using commercially available ones. Of the 25 studies examining the

use of robotics in cognitive intervention 7 met the inclusion criteria. Review shows

that CCT improves cognitive function but that robots are more effective tools for

improving cognition.

Conclusion: It can be concluded that CCT is beneficial for older adults and though there

are drawbacks to this approach they are overcome by the introduction of robots into the

training process. Culture, language, and socio-economic considerations vis-a-vis robot

design and training methodology should be included in future research.

Keywords: cognitive impairment, cognitive training, computerized cognitive training, socially assistive robots,

robotics for elderly

INTRODUCTION

In recent decades, the world has witnessed measures of poverty drop while, on average, those
of education, income, quality of life, and life expectation have risen significantly (Pinker,
2018). Indeed, on many measures there is reason for optimism. However, a quick study of the
demographics indicates a rapidly aging global population1. It is during this period that many begin

1United Nations: World Population Prospects The 2015 Revisions (2015). Available online at: http://esa.un.org/unpd/wpp/

Publications/Files/Key_Findings_WPP_2015.pdf (accessed September 2015).
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to experience the challenges of performing simple daily self-care
and other independent living activities (McColl et al., 2013). This
is because, in the later years, cognitive functions such as working
memory have been found to diminish, while the prevalence of
various diseases and disorders, including age-related dementia
and Alzheimer’s Disease, grows (Bozoki et al., 2013). In fact,
dementia is one of themain reasons for the increased dependency
of older people since it results in the deterioration of those
specific cognitive functions needed in daily life (McColl et al.,
2013). This deterioration is manifested in symptoms such as
loss of memory, problems of orientation, depression, behavioral
changes, and impaired communication skills. According to
recent findings, each year over 9.9 million new cases of dementia
are identified worldwide; this suggests a new case emerging every
3.2 s2 At this rate, by 2050, those experiencing dementia will
have reached an alarming 131.5 million2. The financial impact
of this has the potential to be overwhelming. While the present
economic worldwide cost of dementia is approximately 818
billion US dollars, in only a few years it is expected to climb
to a trillion-dollar challenge2. This, too, applies acutely to the
United Arab Emirates (UAE). At present, the UAE possesses a
relatively young population; however, in the coming years this
is projected to change. According to the United Nations World
Economic Situation and Prospects 2010 Report, by 2050 there
will be a substantial rise in the population of those aged 60 or
over, from 2.4% to an alarming 27%1. For healthcare systems
to fully-prepare themselves to meet this new reality significant
innovations will need to be explored. Since no effective treatment
or cure for dementia exists, an increased effort is being made
to establish the efficacy of non-pharmaceutical strategies. One
of these strategies is targeted cognitive training for older adults
which may lead to prevention of dementia or delay of its onset
(Brinke et al., 2018).

Cognitive training has been shown to maintain, or even
improve, cognitive function for elderly (Kueider et al., 2012).
In the past two decades this form of training has gained
popularity. Studies have demonstrated its effectiveness in
improving memory, attention and cognitive skills (Willis et al.,
2006; Mowszowski et al., 2010; Kelly et al., 2014; Rebok et al.,
2014). One randomized trial using cognitive training found
diminishment in the decline of instrumental activities of daily
living (IADL), thus leading to prevention and reduction of
further risk of developing functional decline in elderly (Rebok
et al., 2014).

Cognitive training involves a well-structured practice of
complex mental exercises. Training can be given in multiple
ways; it can be process-based, comprising repetitive training
on specific tasks, or more strategic, individualized intervention
based on memory formation strategies (Walton et al., 2015).
However, there are hurdles to its widespread implementation.
The traditional method of cognitive training requires a trained
instructor, for example. This necessitates face-to-face interaction,
which entails a meeting location, the coordination of schedules
and travel time. Additionally, training can be very expensive since

2Dementia Statistics, Alzeihmer’s Disease International. Available online at:

https://www.alz.co.uk/research/statistics.

trainers usually charge by the hour; there is also the added cost of
equipment andmaterials. Furthermore, not all elderly individuals
are comfortable in traveling regularly to a meeting location. In
fact, some older adults may be home-bound, live in an assisted
living or nursing home facility, or may simply not be able to
easily access transportation (Kueider et al., 2012). As a result, it
becomes difficult to take part in these programs with regularity.

Recent informational technological advancements which
potentially alleviate this problem have made their way into
healthcare, and now play a significant role in cognitive training.
Computer-based cognitive training (CCT) has been found to be
easier to implement since it is cost-effective, can be accessed
from anywhere and at any time, and can be performed from
the comfort of the user’s home (Kueider et al., 2012). Also, it
can be customized according to specific needs of individuals.
Moreover, CCT provides real-time performance assessment and
feedback, and allows for the adjustment of application difficulty
level accordingly. There are three approaches to impart CCT:
(1) brain-training programs, (2) working memory training
programs, and (3) video game training programs (Boot and
Kramer, 2014). Computer and video games are designed to be
fun and exciting. This serves to motivate users to maintain
engagement throughout the training program. However, while
there are many cognitive training products in the market, there is
still a lack of evidence supporting their effectiveness at imparting
cognitive training with significant improvement in cognitive
function (Kueider et al., 2012). One study, a meta analytical
review concluded that a commercially available computer-based
training program for working memory skills was only able to
have short-term specific training effects and did not generalize to
“real world” cognitive skills, which raises question regarding the
methodological approach or theoretical support for the current
available training mechanisms (Melby-Lervåg et al., 2016).

To provide effective care or to improve the efficacy of the
training program, it is important that the methods used should
be comfortable for users. For example, the elderly may feel more
at ease when training is conducted in their native tongue and
when it is developed with an orientation to their individual
culture. The consequence of this will be that training is more
impactful and enjoyable since the user will be more greatly
motivated to engage within each session. Furthermore, with
increasing research being conducted on interventions for age-
related cognitive impairment, it is important to understand and
distinguish the effectiveness of various methodologies used. The
effectiveness of any individual methodology may be determined,
for practical purposes, by the extent to which a transfer effect
is produced. The transfer effect, in this case, would refer to the
effect that the knowledge or abilities acquired in one area might
have on the knowledge acquisition in other areas. From this
understanding, the transfer effect can be bifurcated into “near”
and “far” transfer effect, with the further distinction that the
production of a range of “near” and “far” transfer effects might
identify a quality methodology (Nouchi and Kawashima, 2014).
While short-term cognitive training has been demonstrated to
produce a limited and temporary effect, training conducted
regularly and with vigor over an extended period of time can
have a sustained meaningful impact (Tapus and Vieru, 2013).
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Unfortunately, the healthcare facilities are already under pressure
with a shortage of staff and space. It is very challenging to provide
a customized setup for each individual, according to their specific
requirements (Tapus and Vieru, 2013).

Intelligent robotic systems have been designed for human-
robot interaction (HRI). HRI is a field of study dedicated to
understanding, designing and evaluating robotic systems for use
by or with humans. It’s a communication link between human
and robots3 As per Wikipedia the purpose of HRI is to model
human expectations, regarding robotic interaction, to aid in
robot design and algorithm development, which can allow more
natural and effective interaction between human and robots.

Newly developed robotic systems have evolved considerably
and can now be effectively used to provide that individualized
care to the elderly, and from the comfort of the user’s home
(McColl et al., 2013). Additionally, socially interactive robot may
have a tremendous impact on overall cognitive and social well-
being. Developing a more human-like social robot with natural
gestures and speech can engage a user and more fully support
them as they carry out their exercises (Tapus and Vieru, 2013).
Robots such as these could be programmed to help users choose
from a variety of exercises and could motivate them along the
way by giving applause, praises, or encouraging feedback during
the training. Additionally, social assistive robots (SAR) have
been shown to provide a companionship which improves user
engagement in activities. This plays a powerful role in cognitive
health (Tapus and Vieru, 2013). Furthermore, the specific needs
of the user can be met through a customization of the social robot
appearance; in particular, they have been designed to resemble
pets, such as dogs or seals, producing positive benefits. Robots
like Paro, ICat, Albo, and Pearl have been studied for their
effect on the elderly, and a positive psychological and social
impact has been demonstrated, such as improvement to both
the mood and well-being of the users (Broekens et al., 2000).
Unfortunately, most interventions have been limited to nursing
homes or health facility. Few studies exist which examine the
impact of assistive robots on the basic daily activities of the elderly
in their own homes.

It seems however, a future socially assistive humanoid robot
could help not only with the daily activities of the elderly and
by providing company, but also by performing cognitive training
with regularity and accuracy. When doing this it would be
able to maintain users’ scores and learn and adapt continuously
to these individuals over time as cognition improved. This
adaptive, user-friendly, reliable robot would provide an engaging
and motivating customized therapy to users, establishing a life-
enriching human-robot relationship.

To make this possible, some system requirements that
can be identified are two-way communication, safety, services
and assistive functions, therapy and smart situation awareness
(Gross et al., 2011). Furthermore, to ensure a good human
robot relationship and interaction, we need to make the robot
as human-like as possible. The main requirements would
be for it to have more appealing, human-like interaction

3Introduction: Human – Robot Interaction. Available online at: https://

humanrobotinteraction.org/1-introduction/.

capabilities, demonstrate appropriate social behavior and be able
to focus user attention in order to help achieve specific goals
(Tapus et al., 2007).

There are a few areas of focus that need to be addressed
when designing a humanoid robot: (1) physical appearance, (2)
personality, (3) empathy, (4) engagement, (5) adaptation, and (6)
transfer (Tapus et al., 2007).

A vast amount of literature exists which explores the effects
of cognitive training (both computerized and non-computerized)
on the elderly.

This review focuses on the effect of CCT on samples (healthy
older adults and healthy older adults with MCI), to delay or
prevent onset of dementia. For the purpose of this review, related
articles published over the last 10 years were researched to
answer the following questions: (1) To what degree has CCT
been impactful as a tool for cognitive training of individuals
experiencing age-related cognitive decline? (2) Can CCT delay
or prevent the onset of dementia and which programs have been
found to be most effective? (3) How have robots been used
for cognitive training? (4) What challenges have been identified
in robot development as they relate to cognitive training of
the elderly?

METHODS

To carry out this review, a methodological approach
was followed.

Search Strategy
Databases were searched systematically to identify possible
studies for inclusion. The databases were searched using
the following keywords: aging, smart aging, elderly, old,
adults, computerized, cognitive, computerized cognitive, training,
interactive gaming, cognition, cognitive abilities, video games,
trainings, robots, socially assistive robots. Databases used were
PubMed, Psych Info, SCOPUS, Google Scholar, MEDLINE, and
CINAHIL.We also dug deep into references of some these studies
to find out more relevant studies.

Inclusion and Exclusion Criteria
Studies met the inclusion criteria if they: (a) were published in
the last 10 years, (b) were in English, (c) were randomized control
trials, (d) had a sample of healthy older adults and healthy older
adults with mild cognitive impairment, (e) Patients more than
55 years of age [as 3 relevant studies (Ballesteros et al., 2014;
Marusic et al., 2016; Zhang et al., 2019) used older adults aged
from 55 years old] (f) used only CCTs as intervention (either
commercially available or video games). Studies that did not use
computer-based trainings were excluded. All studies in which
participants had dementia or Alzheimer’s disease were excluded.
Studies which focused on computerized cognitive training were
sorted into two groups, one which used training programs that
were specifically designed for the study, the other which used
commercially available cognitive training programs, Figure 1.
Each study was reviewed and key information (participants, age,
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FIGURE 1 | Computerized Cognitive Training (CCT)—flow diagram of search results.

type of intervention, cognitive status, and cognitive outcomes)
pertaining to study design was extracted.

In addition, analyzed separately were a few studies, shown
in Figure 2, that focused on elderly care using robots. Among
these, two types of studies were identified. The first set of
studies were based on socially assistive robots, or service type
robots, that assisted the elderly in independent living activities.
The second set of studies focused on robots which resembled
pets, or companion robots, meant to keep users company to
mitigate loneliness and depression. Few studies existed which
examined the use of robots to impart cognitive training to the
elderly. Consequently, studies that were considered eligible for
review were those that met a purpose to serve the elderly in
any manner. Studies with elderly people with dementia were also
included. Excluded, however, were those meant only to gauge
the acceptance of robot presence by the elderly, or studies using
surgically assistive robots. However, since research examining
the effectiveness of using robots for cognitive training is still in
its infancy, a time range was not defined for including studies
relevant to usage of robotics in elderly care, and the studies
possessing participants with dementia were also included for
this section.

Quality Assessment Methodology
Each study was assessed for quality using a modified Delphi
list (Verhagen et al., 1998). To improve the assessment
quality, the following elements were considered: age range,
sample size, and intervention duration. The latter two were
considered with the understanding that a smaller sample size
and a shorter intervention duration might negatively impact
generalizability and reproducibility. Additional considerations

were given to a study’s limit or extensiveness of the cognitive
functions under examination, whether the interventions were
conducted at home or at a center, and finally, whether they
were supervised or non-supervised. The choice of elements
included in the quality assessment was guided by a previously
published systematic review conducted by Nouchi et al.
(Nouchi and Kawashima, 2014).

RESULTS

Fifty-six RCTs based on CCT were identified for this review
published in the last 10 years. Each study was reviewed and
information pertaining to the study design, sample characteristics
(e.g., age, cognitive status), cognitive outcomes were extracted.
Based on the above-mentioned inclusion and exclusion criteria
24 of the 56 publications related to computerized cognitive
training, were eligible for current review. Common reasons for
exclusion were: samples having dementia or with participants
younger than 55 years of age, duplicate studies, studies not
published in English. The 24 studies used in this review
focused on different cognitive measures. Table 1 shows the
methodological quality of the included studies. Tables 2, 3

summarize the findings of each individual study. Twelve (Barnes
et al., 2009; Herrera et al., 2012; Rose et al., 2012; Bozoki et al.,
2013; McAvinue et al., 2013; Corbett et al., 2015; Gooding et al.,
2015; Marusic et al., 2016; Nouchi et al., 2016; Yeo et al., 2018;
Requena and Rebok, 2019; Zhang et al., 2019) studies designed
their own CT programs. Twelve (Finn and McDonald, 2011;
Peretz et al., 2011; Miller et al., 2013; Strenziok et al., 2013;
Ballesteros et al., 2014; Hughes et al., 2014; Hyer et al., 2015;
Styliadis et al., 2015; Walton et al., 2015; Lin et al., 2016; Toril

Frontiers in Aging Neuroscience | www.frontiersin.org 4 October 2019 | Volume 11 | Article 291110

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Alnajjar et al. Cognitive Intervention Technologies for Elderly

FIGURE 2 | Robots used in elderly care—flow diagram of search results.

et al., 2016; Simon et al., 2018) used a commercially available
cognitive training (CT) program based on video game trainings,
such as Lumosity, Cog Med, Brain Age etc.

Quality Assessment
Table 1 presents an assessment of the methodological quality of
the included studies. The quality assessment ranged from 3 to 7,
with an average of 5.25 out of 9. All included studies have a “good”
methodology. A study by Corbett et al. (2015) had the highest
methodological quality. The score of item 1 was low among the
included studies because most of the studies had a small sample
size; below 100. All studies have clearly mentioned the age range
or mean age group of their sample, except a study by Šabanović
et al. (2013) which identifies their sample only as “older adults.”
While all studies had intervention duration longer than 3 weeks,
one study by Walton et al. (2015) was identified as having a very
short duration at just 28 days.

Participants, Sample Size, and Duration of

Intervention
Among the 24 studies, all the participants were older adults.
However, 15 studies had healthy older adults (Verhagen et al.,
1998; Tapus et al., 2007; Finn and McDonald, 2011; Gross et al.,
2011; Herrera et al., 2012; McAvinue et al., 2013; Strenziok et al.,
2013; Gooding et al., 2015; Hyer et al., 2015; Walton et al., 2015;
Marusic et al., 2016; Nouchi et al., 2016; Toril et al., 2016; Yeo
et al., 2018)3, 8 studies (Peretz et al., 2011; Rose et al., 2012;
Ballesteros et al., 2014; Corbett et al., 2015; Styliadis et al., 2015;
Marusic et al., 2016; Simon et al., 2018; Requena and Rebok, 2019)
used participants with MCI and 1 study (Zhang et al., 2019) had
participants with subclinical cognitive decline. The age range of
these studies varied between 55 and 90, with only 1 study (Finn
and McDonald, 2011) with an age range not provided, though
they did identify the participants as “older adults.” The duration
of interventions was between 14 days and 6 months, with 1–3
sessions per week on an average.

Cognitive Functions Measured
Among the 24 studies, a variety of foci were employed examining
the impact on cognitive function. Some studies focused on
a single function, whereas others explored two or more. The
following are areas where quantitative data were gathered:

processing speed, memory attention, and reasoning. Processing
speed is defined as the ability to quickly process information.
A total of 8 studies (Barnes et al., 2009; Finn and McDonald,
2011; Bozoki et al., 2013; Ballesteros et al., 2014; Walton et al.,
2015; Lin et al., 2016; Marusic et al., 2016; Nouchi et al., 2016)
measured processing speed. Results of 5 studies (Ballesteros et al.,
2014; Walton et al., 2015; Lin et al., 2016; Marusic et al., 2016;
Nouchi et al., 2016) showed there was improvement. Memory
is the ability to retain, store, and recall information (Kueider
et al., 2012). There are many different types of memory (e.g.,
recall, recognition, episodic, verbal, visual, and working). While
most studies only examined memory as an overall cognitive
function, some divided it into subcategories. Eleven studies
(Barnes et al., 2009; Bozoki et al., 2013; McAvinue et al., 2013;
Strenziok et al., 2013; Ballesteros et al., 2014; Hyer et al., 2015;
Walton et al., 2015; Nouchi et al., 2016; Toril et al., 2016; Simon
et al., 2018; Yeo et al., 2018) focused on working memory; 2
studies (Hyer et al., 2015; Simon et al., 2018) out of these had
working memory as the sole cognitive domain for the study.
Both (Hyer et al., 2015; Simon et al., 2018) showed significant
improvement in the area of workingmemory; 1 study (Hyer et al.,
2015) had participants with mild cognitive impairment (MCI)
while the other (Simon et al., 2018) had healthy older adults.
Both studies used commercially available CogMed video games in
their training. The study with healthy older adults demonstrated
transfer effects resulting in improvement of processing speed
as well. Out of the remaining 9 studies (Barnes et al., 2009;
Bozoki et al., 2013; McAvinue et al., 2013; Strenziok et al.,
2013; Ballesteros et al., 2014; Walton et al., 2015; Nouchi et al.,
2016; Toril et al., 2016; Yeo et al., 2018) which focused on
multiple domains in addition to working memory, 3 studies
(Barnes et al., 2009; Walton et al., 2015; Toril et al., 2016)
showed improvement, whereas 6 studies (Bozoki et al., 2013;
McAvinue et al., 2013; Strenziok et al., 2013; Ballesteros et al.,
2014; Nouchi et al., 2016; Yeo et al., 2018) showed no significant
change in working memory. Other categories of memory, like
short-termmemory and episodic memory, showed improvement
after interventions. Some studies which considered memory as
a single domain also showed levels of improvement. However,
there was one study that showed no improvement at all (Gross
et al., 2011). Attention can be understood as the process by
which an individual directs or focuses on specific auditory
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TABLE 1 | Scores of methodological qualities.

References Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Total Score

(max = 9)

McAvinue et al. (2013) N Y Y N N N Y ? Y 4

Yeo et al. (2018) Y Y Y Y Y ? Y N Y 7

Bozoki et al. (2013) N Y Y Y N N Y Y Y 6

Corbett et al. (2015) Y Y Y Y N N Y Y Y 7

Rose et al. (2015) N Y Y N Y Y ? ? Y 5

Nouchi et al. (2016) N Y Y Y N N N Y Y 5

Requena and Rebok (2019) N Y Y Y Y, Y N ? Y 6

Zhang et al. (2019) N Y Y Y Y Y ? ? Y 6

Barnes et al. (2009) N Y Y Y N N Y ? Y 5

Marusic et al. (2016) N Y Y Y Y Y Y ? Y 7

Herrera et al. (2012) N Y Y Y Y Y N N Y 6

Gooding et al. (2015) N Y Y Y Y ? N ? Y 5

Hyer et al. (2015) N Y Y Y Y N Y ? Y 6

Walton et al. (2015) N Y Y Y N N Y Y Y 6

Toril et al. (2016) N Y Y Y Y Y Y ? Y 7

Simon et al. (2018) N Y Y N N N Y ? Y 4

Strenziok et al. (2013) N N Y Y N N N ? Y 3

Peretz et al. (2011) Y Y Y Y N N N Y Y 6

Finn and McDonald (2011) N Y Y Y N N Y ? Y 5

Ballesteros et al. (2014) N Y Y Y Y Y Y ? Y 7

Styliadis et al. (2015) N Y Y Y ? ? N N Y 4

Miller et al. (2013) N Y Y Y ? ? Y ? Y 5

Lin et al. (2016) N Y Y N N N N ? Y 3

Hughes et al. (2014) N Y Y ? N N N ? Y 3

Q1. Sample size > 199; Q2. Age mentioned; Q3. Duration > 3 weeks; Q4. Cognitive domains > 2; Q5. Supervised intervention; Q6. Carried out at center; Q7. Subjects similar at

baseline; Q8. Patients blinded to trial; Q9. Statistically significant.

Y, Yes—The study met the criteria. N, No—The study did not meet the criteria. ?, No information.

or visual stimuli in the environment. There were 10 studies
(Finn and McDonald, 2011; Herrera et al., 2012; Ballesteros
et al., 2014; Corbett et al., 2015; Gooding et al., 2015; Lin
et al., 2016; Marusic et al., 2016; Yeo et al., 2018; Requena and
Rebok, 2019; Zhang et al., 2019) which included attention as
one of the focused domains. Attention was seen to improve
significantly in 8 studies (Finn and McDonald, 2011; Herrera
et al., 2012; Ballesteros et al., 2014; Corbett et al., 2015; Gooding
et al., 2015; Lin et al., 2016; Marusic et al., 2016; Requena
and Rebok, 2019) while 2 studies (Yeo et al., 2018; Zhang
et al., 2019) found no improvement. Reasoning is the action
of thinking about something in a logical, sensible way. Five
studies (Bozoki et al., 2013; Miller et al., 2013; Corbett et al.,
2015; Nouchi et al., 2016; Zhang et al., 2019) focused on
reasoning as one of the cognitive domains. While 2 studies
(Bozoki et al., 2013; Nouchi et al., 2016; Zhang et al., 2019)
did not find evidence of impact after from intervention, the 3
remaining studies (Miller et al., 2013; Corbett et al., 2015) found
significant improvements.

Robots Used in Elderly Care
Out of another set of 25 studies, 7 (Tanaka et al., 2012; Kim
et al., 2015; Moyle et al., 2015, 2017; Soler et al., 2015; Jøranson

et al., 2016; Thodberg et al., 2016) were shortlisted that implied
usage of robots in elderly care (Table 4). Of these, 2 studies
(Kim et al., 2015; Soler et al., 2015) examined the effect of
using a robot for cognitive training with the elderly. Most of
the studies were based on the usage of robots as a companion
(Jøranson et al., 2016; Moyle et al., 2017) or explored their role
in affective therapy (Tanaka et al., 2012; Moyle et al., 2015;
Thodberg et al., 2016). However, all robotic studies yielded
a positive outcome, thus making it one of the most suitable
methods to impart cognitive training at home since it can
be supervised by the robot. Also, the difficulty level of the
program can be controlled through the robot; bymaintaining and
analyzing the data, and then adjusting the difficulty level of the
training accordingly.

DISCUSSION

This review first summarizes the types of CCT programs
that have been employed for improving cognitive function or
attenuating cognitive decline in both healthy older adults and
older adults with MCI. It also examines the impact of these
programs. Based on this review, CCT appears very promising
as a tool to improve the cognitive abilities of healthy older

Frontiers in Aging Neuroscience | www.frontiersin.org 6 October 2019 | Volume 11 | Article 291112

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


A
ln
a
jja
r
e
t
a
l.

C
o
g
n
itive

In
te
rve

n
tio

n
Te
c
h
n
o
lo
g
ie
s
fo
r
E
ld
e
rly

TABLE 2 | Self-designed cognitive trainings.

References Type of intervention No of subjects and trial

period

Cognitive domain

focused

Findings Limitations

McAvinue

et al. (2013)

• Computerized training task

• Control group

36 healthy older subjects

Age range: 64–79 years old

5-week training period

+ a 6-month follow up

• Short-term memory

• Working memory

• Improvement in short-term memory, together with

transfer of training gains to long-term episode memory

tasks

• No significant improvement in working memory

• A small sample size

• Lack of inclusion of a measure

of visuo-spatial short-term or

working memory

• Non-adaptive version of the

training program for

control group

Yeo et al.

(2018)

• Cognitive training system, BRAINMEM 240 healthy participants

Age range: 60–80 years old

24 sessions over 8 weeks and

three-monthly booster sessions

• Attention

• Working memory

• Delayed recall

• No significant differences in overall cognitive

performance post-intervention between subjects

• Lack of a sham control

• Unbiased testing of effect

sustainability of the training not

done

• Lack of generalizability

Bozoki et al.

(2013)

• Online games designed for the program

• Active group only

60 Healthy older subjects

Age range: 60–80 years old

6 weeks

• Visual attention

• Working memory

• Processing Speed

• Reasoning

• No effects, only improvements on games • A small sample size; a short-

term trial

• No control group

• Low program intensity

Corbett et al.

(2015)

• Problem-solving cognitive training

(ReaCT)

• General Cognitive Training (GCT)

• A control treatment

• Group

2,192 healthy older subjects;

Age mean: 65 years old

6 months

• Reasoning

• Problem solving

• Attention

• Memory

• Visuospatial ability

• Improved cognition, particularly the reasoning skills,

evident from week 6

• Only people who could access

computer were included into

the trial

• Only people with higher levels

of education; retention

strategies need to

be improved

Rose et al.

(2012)

• Virtual Week Training

• Program

• Active Control

• Group (ACG)

59 healthy older subjects

Age mean: 67.4 years old

1 month

12 sessions, each

1 h long

• Prospective memory • Improved prospective memory

• Transfer to real-world settings, reflected in

participants’ daily activities

• A small sample size

• A short-term trial period

• A lack of effective strategies

used by participants

Nouchi et al.

(2016)

• Processing Speed Training Game

(PSTG)

• Knowledge and Quiz Training Game

(KQTG)

• Active control group

72 healthy older adults Age

range: 60 years old or more

4 weeks

• Processing speed

• Reasoning

• Short term memory

• Working memory

• Episodic memory

• PSTG had a small improvement in processing speed,

inhibition and depressive mood

• No improved performance in reasoning, shifting, short

term/working memory, and episodic memory

• Short-term training period

• No follow-up assessment

• A small effect size

Requena and

Rebok (2019)

• Experimental control group

• G1—Training with Lumosity

• G2—Training with paper and pencil

54 healthy older adults

• Age range: 65 years and older

32 sessions held weekly

during the months of October

to May during the

years 2015–2017

• Attention

• Memory

• Psychological well-being

• No differences in the psychological well-being in either

groups

• Significant difference in attention, everyday memory

and brain activity

• CCT outperformed paper-and-pencil training

• Difference in age and

educational level

Zhang et al.

(2019)

• Multi-domain cognitive training via tablet 27 older adults with MCI

Age range: 55 years and above

Twice a week/12 weeks

• Reasoning

• Memory

• Visuospatial skills

• Language

• Calculation

• Attention

• Improvement in immediate memory and visuospatial

memory abilities

• No significant difference in neuropsychological test

scores observed from baseline

• A small sample size

• Inadequate training duration

• Lack of control group

(Continued)
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adults and adults with MCI who have a higher risk of acquiring
dementia or Alzheimer’s disease. Timely training may prolong
the onset of dementia and Alzheimer’s disease; still, there are a
few concerns to be discussed in this section. This review next
presents, how robots have been used in elderly care to ease
their living.

In our shortlisted studies, the cognitive training can be
categorized as self-designed cognitive training, custom-made
for the program (Barnes et al., 2009; Herrera et al., 2012; Rose
et al., 2012; Bozoki et al., 2013; McAvinue et al., 2013; Corbett
et al., 2015; Gooding et al., 2015; Marusic et al., 2016; Nouchi
et al., 2016; Yeo et al., 2018; Requena and Rebok, 2019; Zhang
et al., 2019), and as commercially-available training programs
and video games (Finn and McDonald, 2011; Peretz et al., 2011;
Miller et al., 2013; Strenziok et al., 2013; Ballesteros et al., 2014;
Hughes et al., 2014; Hyer et al., 2015; Styliadis et al., 2015;
Walton et al., 2015; Lin et al., 2016; Toril et al., 2016; Simon
et al., 2018). Based on this review, self-designed cognitive training
interventions demonstrated an improvement in processing
speed, working memory, executive function, visual spatial ability,
and attention. For example, in one of the studies; Corbett et al.
(2015), an online 6-month randomized 3-arm controlled trial
was conducted. The study compared general cognitive training
(GCT), evidence-based reasoning and problem-solving cognitive
training (ReaCT) and a control group. ReaCT focused on 3
reasoning and 3 problem solving tasks and GCT involved
cognitive tasks covering mathematics, attention, memory and
visuospatial ability. Participants were asked to undertake these
training for 10min daily. As participants improved the task
difficulty increased to maintain the challenge and improve
performance. The control group performed equivalent internet-
based tasks involving a game in which people were asked to put a
series of statements in correct numerical order. This trial showed
that there was considerable improvement in all the cognitive
domains mentioned above.

Commercially available trainings like Cogmed and Lumosity
improved visuo-spatial functions, episodic memory, working
memory and attention as these commercially available programs
have designed games in a manner which helps in improving the
above-mentioned cognitive domains. For example, Hyer et al.
(2015) used Cogmed for their study, which had participants
with MCI, the study focused on improvement of working
memory. Twenty-five sessions were conducted in 5–7 weeks for
40min per day, where the participants were given exercises, that
involved the temporary storage and manipulation of sequential
visuospatial and/or verbal information. Each participant had a
coach who ensured the proper completion of tasks in a timely
manner. Improvement in working memory of participants was
seen after the training (Hyer et al., 2015). Video game-based
training had a significant impact on measures of reaction time
and processing speed but were not very impactful on executive
function or memory (Ballesteros et al., 2014). For example,
Ballesteros et al. (2014) in their study used non-action video
games for training, 50 healthy older adults for 20–1 h sessions for
12 weeks. They observed enhancements in controlled processing
and attention but no significant improvement in working
memory and executive functions. Consequently, interventions
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TABLE 3 | Commercially available programs and video games.

References Type of intervention No of subjects and trial period Cognitive domain

focused

Findings Limitations

Hyer et al.

(2015)

• Cognitive training program Cog

Med for the intervention group and

Sham for the active control group

68 older subjects with Mild Cognitive

Impairment (MCI)

Age range: 65 years and above

7 weeks

• Working memory • Improved working memory of both groups

• Cog Med group had higher

satisfaction ratings

• A small sample size

• A short-term period of the trial; a lack of

the program intensity

Walton et al.

(2015)

• Internet-based commercially

available program- Brain trainer

• Active-control group

28 healthy older subjects

Age mean: 64.18 years old

28 days

• Processing speed

• Memory execution

function

• Visuospatial memory

and ability

• Working memory

• Improved reaction time for both groups

• Significant improvement in accuracy and

spatial working memory for treatment group

• A lack of the follow up assessment

• A small sample size

• A short-term period

Toril et al.

(2016)

• Commercially available video

games Lumosity used for training

• Experimental control group

39 healthy older adults

Age mean: 69.95 years old

(experimental group) &

73.20 years old (control group)

7–8 weeks

• Visuospatial working

memory

• Episodic memory

• Short-term memory

• Improved visuospatial and working memory

performance

• Effects maintained over a 3-month

no-contact follow-up period in short term

memory and episodic memory

• A small sample size

• Study did not evaluate the effects of

training older adults with video games on

everyday life tasks

• A passive control group

Simon et al.

(2018)

• CogMed for training participants

• An active control group

82 healthy older adults from 2

countries

Age range: 65 and above

5 times a week/5 weeks

• Working memory • Improved working memory and

processing speed

• Not able to conclude if cultural

differences between sites affect cognitive

measures

• A moderate sample size

• The transfer effect observed on only one

cognitive task

• Lacked a baseline assessment

Strenziok

et al. (2013)

• Brain Fitness (BF-auditory

perception)

• Space Fortress

(SF-visuomotor/working memory)

• Rise of Nations (RON

strategic reasoning)

42 healthy ‘older adults’

Age not specified

6-week training session

• Auditory perception

• Visuomotor working

memory

• Strategic reasoning

• BF training: improvement in everyday

problem-solving and reasoning

• SF: improvement in untrained everyday

problem-solving

• RON: no effect on everyday problem-solving

or reasoning and reduced working

memory performance

• Benefits common to all three tasks were

less detectable

Peretz et al.

(2011)

• CogniFit Personal Coach,

• Computer games group

155 healthy older adults

Age range: 61–75 years old

3 sessions/week/3-month period

• 17 cognitive abilities • Both approaches generated cognitive

benefits

• Conclusion: Regular mental stimulation will

result in improved cognitive ability

• The ceiling effects in the measurement

instrument

• The lack of health and quality-of-life

endpoints

• The absence of a strict follow-up to

monitor additional aspects of adherence

• The lack of a postintervention follow-up

Finn and

McDonald

(2011)

• Lumosity 25 participants with MCI

Age range: 60 years and above

6–8 weeks

• Attention

• Processing speed

• Visual memory

• Cognitive control.

• Improved performance on the trained tasks

over time

• Improvement on a measure of visual

sustained attention in treatment group

• No significant changes noted on other

primary outcome measures

• No generalization to self-reported memory

functioning or perceptions of control

over memory

• A small sample size

• No control group

• Training at home, using own computers

(Continued)
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TABLE 3 | Continued

References Type of intervention No of subjects and trial period Cognitive domain

focused

Findings Limitations

Ballesteros

et al. (2014)

• Lumosity 40 healthy older adults

Age range: 57–80 years old

20 1 h non-action video game training

sessions/10–12 weeks

• Processing speed

• Attention

• Executive control

• Spatial working

memory

• Episodic memory

• Subjective well-being

• Trained group showed enhancements in

controlled processing, attention, immediate

and delayed

• Recall memory

• Affection and assertiveness.

• Trained participants neither showed transfer

to executive control nor to spatial WM

• Reduced distractibility in trainees by

improving alertness and attention filtering

• Marginal improvement observed in affection

and assertiveness (two dimensions of

subjective well-being)

• No significant impact of video game training

on executive functions

• A small sample size

• Generalizability to everyday life tasks not

examined

• Additional time spent, and development

of rapport/relationship, with researchers,

may have effected motivation of

experimental group—complicating

conclusions regarding neuroplasticity

Styliadis et al.

(2015)

• Posit training

• Divided into five groups: three

experimental groups: cognitive

and/or physical training; two

control groups: active and passive

70 right-handed MCI older adults

Aged 60 years old and above

8 weeks

• Verbal memory

• Executive functions

• Independent living

• Combined interventions, occurring either

sequentially or simultaneously, show promise

in maintaining or improving

cognitive functions

• Combined training can improve general

cognitive performance and subjective

measures of functional status as compared

to a no-treatment control

• The other experimental (CT, PT) and control

groups (AC) did not show significant

alterations in their cortical activity

after training

• Not a blind study

• A small sample size

Miller et al.

(2013)

• Brain Fitness

• Intervention-control group

84 healthy older adults

Age mean: 81.8 years old

5 days a week/20–25min each

day/8 weeks

• Short and long-term

memory

• Language

• Visual spatial

processing

• Reasoning/problem

solving

• Calculation skills

• Improved delayed memory scores

• Improved cognitive performance over

extended period, including memory

and language

• A small sample size

• A comparatively short follow-up period of

6 months

• Most participants were well-educated

and Caucasian

• Wide variability in number of sessions for

each group

• Participants not screened for MCI

Lin et al.

(2016)

• INSIGHT online training program

(Posit Science)

• Active control group

21 older adults with MCI

Age range: 60 years or above

6 weeks VSOP training

• Processing speed

• Attention

• VSOP lead to improvement in trained and

untrained domains like working memory

• A small sample size

• The training effects not specified

Hughes et al.

(2014)

• Group-based Wii interactive

video gaming

20 older adults with MCI

Age mean: 77.4 years old

90min sessions/24 weeks

• Not

specifically mentioned

• Older adults with MCI are capable of

engaging in interactive video gaming over a

period of 6 months

• Community-dwelling older adults with MCI

are capable of, enjoy, and are stimulated by,

interactive video games

• A small sample size
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TABLE 4 | Robots used in elderly care.

References Type of robot and

role of robot

No of subjects and trial

duration

Place of study Intervention Outcome

Kim et al. (2015) • Role: assisted in

cognitive training

• Robots—Silbot

and Mero

85 participants

Age range: 60 and above

12-week study

N/A • Participants randomized into 3 groups:

• Traditional cognitive training

• Robot-assisted cognitive training

• No intervention group

• Conventional cognitive training group showed

less cortical thinning

• Robot-assisted group showed greater results

Tanaka et al.

(2012)

• Role: therapeutic

• Robot–Nodding

Kabochan

communication robot

34 healthy female adults

Age range: 66–84 years old

8 weeks study

Home • Participants randomized into 2 groups:

• Group with communicative Kabochan robot

which communicated with users

• Group with a control robot looked like

Kabochan but did not communicate

• The experimental group slept better

• Had decreased levels of saliva cortisol

• Showed improved cognitive function,

(executive and verbal memory function)

Jøranson et al.

(2016)

• Role: companion

• Robot—PARO

53 older adults with MCI or

dementia

Age range: 65 and above

12 weeks study

Nursing home Participants randomized into two groups:

• The intervention group with PARO—the harp

seal robot

• The control group which carried out

treatment as before the study

• The intervention group showed improved

quality of life levels but only for patients with

severe dementia

• No significant difference seen in quality of life

levels in mild-to-moderate dementia in the

intervention group as compared to

control group

Thodberg et al.

(2016)

• Role: affective

therapy

• Robot—PARO

100 participants

Age mean: 85.5 years old

6 weeks

Nursing home • Supervised interaction with a dog, PARO or a

toy cat

• The dog and the robot gained more

interaction than the toy cat

• Over time robot interaction deceased as

compared to interaction with dog

• Depression scores improved over the study

Moyle et al. (2017) • Role: companion

therapy

• Robot PARO

415 participants with dementia

Age mean: 85 years old

10 weeks

Long-term

care facilities

• One-on-one interaction with PARO

• Switched on and with PARO switched off

and a control group

• Participants in the PARO switched on group

were more engaged verbally and visually than

compared to the users in PARO switched off

group

• PARO switched on group had improved

pleasure and reduced agitation levels

Moyle et al. (2015) • Role: therapeutic

• Robot—CuDDler

5 female participants with

dementia

Age mean: 84 years old

5 weeks

Nursing home • One–to–one interaction with the CuDDler • Agitation levels increased among the

5 participants

Soler et al. (2015) • Role: cognitive and

physical therapy

• Robots—NAO

& PARO

Phase 1−101 participants with

dementia

Age mean: 84.7 years old

3 months

Phase 2−110 participants with

dementia

Age mean: 84.7 years old

3 months

Nursing Home • Phase 1–supervised cognitive, musical, and

physical group therapy with NAO

• Phase 2–supervised cognitive, musical, and

physical group therapy with PARO

Phase 1:

• Decreased apathy in both the groups

• Increased delusion in the NAO group

• Increased irritability in both groups

Phase 2:

• Increased hallucinations and irritability in both

the groups
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based solely on video games may not be, strictly speaking, of
significant benefit to improve cognitive function.

In addition, most studies used a small sample size, and
duration of training was short. Many did not carry out follow-
up checks after training to ascertain the existence of long-
term effects. One of the studies (Lampit et al., 2014) indicated
that CCT should be done for a minimum of 30min because
synaptic plasticity is only possible after 30–60min of stimulation.
It also noted that training sessions should not exceed three
sessions per week, otherwise the training appeared to produce
the opposite of the intervention objective (Lampit et al., 2014).
This observation could be utilized for designing a program
with methodology that produces the best outcome, Researchers
also claim that computer-based cognitive training has moderate
effects in improving cognitive functioning in healthy older
individuals, but the training’s effectiveness varies across cognitive
domains and is determined by design choices.

A very important element regarding the efficacy of cognitive
training is the question of transfer effect, which is explained in the
introduction section above. Even though the above statements
raise concerns regarding the efficacy of these trainings, research
is still in progress to develop CCT programs for elderly as clinical
studies show that these trainings may generate meaningful
transfer effects (Bozoki et al., 2013). The reviewed studies show
that the transfer effect of cognitive training to untrained tasks
is mixed; some trainings have achieved far transfer and some
have not. This is not to say that targeted training did not
improve specific cognitive measurements. It was seen that some
tasks improve cognitive performance, but without transfer to
untrained tasks.

Another issue which may produce hindrance for cognitive
benefits is allowing participants the freedom to choose which
games they play and the option to set the levels of difficulty
according to their personal preference (Bozoki et al., 2013).
Importantly, the findings indicate that participants tend to select
options with the least challenge. This produces diminished
cognitive benefits since the resulting focus of training is often
limited to fewer cognitive domains. While some CCT can be
conducted from home, which ismore convenient for those home-
bound, and allows users to work at their own pace and to focus
more on the areas that need improvement, there are a few points
to consider. For CCT to produce long-term benefits it needs to
be performed for a significant duration; additionally, it should
be rigorous, repetitive, and consistently challenging (Klimova,
2016). The training to be effective at home must be supervised
with a specialized trainer/care giver, if executed in an impromptu
manner it may not yield the sought-after results, as stated above.
Thus, even after certain benefits, the need of a trainer persists.

There are additional issues concerning the development
of CCT programs for the elderly. Older individuals, for
example, may not possess the required interest to use computer
programs—thoughmost do not require the user to be tech-savvy,
and basic instructions are given prior to the start of the program.
There may also be the need to develop age-specific (Wolfson
and Kraiger, 2014) and culture-specific computer-based training
programs and formats. Interestingly, little is known about the
impact cultural background can have on this form of training.

Since culture is a way of social life for people, it influences
lifestyle, personal identity and one’s relationship with others
(Bruno et al., 2017). A cultural innovation can trigger changes
in general cognitive capabilities (Bender, 2019). It has its share
of effect on cognitive skills and information processing, because
of this, a consideration of user culture when designing a robot
would ensure older users are more comfortable and motivated.
The use of language is one of the key abilities that contributes to
our existence, it facilitates cooperation and allows us to agree on
values and norms, making the foundation of our communities
(Bender, 2019). If a program is culture specific and is designed in
the native language of the user, they may relate more, especially
elder people; as everyone may not be familiar with the standard
English language and would understand the instructions better
in their native language. Also, if the program is designed based
on their local culture values and traditions, they may connect
more to the exercise. This, in turn would help them complete the
tasks assigned, without leaving the study mid-session. Another
concern, possibly related, is that many users may not find it
sufficiently engaging or motivating to carry out the trainings via
a PC or a tablet, whereas the presence of a physical entity in
the form of a social robot may more strongly compel users to
complete the trainings since the robot can appraise, remind and
encourage users to carry out the trainings.

While most studies suggest cognitive training works best
when done for a longer duration, and computer-based cognitive
training makes it easier for participants to receive this training
since it is from the comfort of their homes, there is still
the requirement of a specialized trainer/care-giver to monitor
improvement and adherence to learner best practice. Also,
specialized therapists need to be present to guide users through
their execution, to continuously challenge them as they master
a particular level of a program and to provide feedback during
the task. Specialized therapists, additionally, need to keep track of
performance to later draw a conclusion and maintain a progress
report over a period of time (Broekens et al., 2000).

Most of the participants in our studies were above 60 (total
3,270 participants; 7.7% with MCI), except for the patients in
three studies (Ballesteros et al., 2014; Marusic et al., 2016; Zhang
et al., 2019), where participants were 55 and above years of age
(total 83 participants, 32.5% with MCI). If the sample age is
divided into two sections as young older adults (below 75 years)
and old-older adults (above 75 years), only 3 studies (Miller
et al., 2013; Gooding et al., 2015; Lin et al., 2016) have specified
that the sample was above 75 (total of 200 participants, 10%
with MCI). However, on analyzing the outcomes, there were no
specific effects seen on CCT because of age difference. It can be
said that CCT has a generalized positive effect for elderly (aged
above 55 years) and is not age dependent.

It can be summarized that the CCT is mostly beneficial and
shows improvement in older adults. Issues related to training
location need to be addressed; either it is performed at a facility,
or at home. When done at the former, the participant is required
to attend regularly. This may be a demotivating factor for some
since all participants may not have easy access to transportation
and the commute may be a challenge. This challenge may
be further compounded by, the additional cost of public or
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private paid transports. When performed at home it is usually
unsupervised and, as a consequence, the participant carries out
the training in a sequence according to their own choice of
activity. This may result ineffective engagement, since it is highly
plausible participants will choose exercises that require less than
optimal effort, and so limit the potential cognitive benefits.

Robots, however, have come a long way and are now available
widely to assist in numerous ways. Human-robot interaction
(HRI) has improved meaningfully over the past decade and
is a technology being used in the healthcare industry in the
form of socially assistive robots (SAR). SARs have proven to
have immense potential in elderly care, promising to reform its
delivery. In this review the existing studies have been extensively
searched and the following roles of SAR can be outlined broadly
as: (1) Companion Robots—the function of these robots is to
provide companionship and alleviate anxiety and loneliness.
They are commonly designed in animal-like forms providing
companionship as a pet would, without the overhead of animal
care. (2) Care Robots—these are designed to assist the elderly
in their daily activities, for example reminding them to take
their medicine on time, connecting them with their loved ones
through voice or video calls, detecting falls, and notifying the
appropriate authority in the case of an emergency. Some are even
designed to fetch things from other rooms etc. They are very
suitable, in fact, for elderly people living alone or people who have
difficulty performing certain movements. (3) Therapy Robots—
they are designed to carry out therapy sessions, whether physical
exercises, or cognitive training. With this objective, they monitor
the improvements of its users, intelligently adjusting the level
of difficulty of exercises when needed to place them specifically
within the range of proximal development, and to assess user
mood, interest, and level of engagement with a variety of sensors
and programs which a simple computerized cognitive training
program is unable to achieve. The additional information
gathered by the robot creates a qualitatively superior, and hence,
more meaningful interaction for the user. Furthermore, the
appearance of a robot can be altered to produce a pet robot
or humanoid; likewise, a robot can be programmed to mimic
enthusiasm and other emotions, to possess an appealing voice
or the preferred gender. These elements enhance communication
considerably. Because of this, in contrast to the effectiveness of
tablets and CCT programs, where robotic intervention excels
is in its pronounced capacity to engage and therefore motivate
users to complete exercises and succeed in cognitive training.
Research has shown that users are able to develop an emotional
connection and a virtual relationship with their robots, helping
to produce the superior social, emotional and cognitive benefits
of the intervention, and raise quality of life scores (Gazzola et al.,
2007; Šabanović et al., 2013; Liang et al., 2017; Bender, 2019).

Still, there are, in fact, few studies that use robotics exclusively
as a medium for cognitive training. There is ample opportunity
to do extensive research in the development of assistive
robots for cognitive training, in particular, developing culturally
appropriate robots for maximum benefit to the user. In contrast
to conventional CCT programs, we believe the use of robots for
cognitive training of elderly individuals experiencing age-related
cognitive decline may produce significantly greater positive

impact. For example, Kim et al. (2015) used both cognitive
training and robot-assisted training in their study, they found the
robot assisted training to be more effective.

There are a few limitations that require further research.
Firstly, future trials should aim for a larger sample size and
a longer intervention duration; additionally, they must directly
compare the different alternatives of training to identify the
most effective. Secondly, studies focusing on multiple cognitive
domains should have greater organization when carrying out
activities on specific domains. This would make it easier to
conclude which domains have benefited themost. Thirdly, hardly
any studies are available which show culturally appropriate
cognitive training approaches. Future research which consider
this may produce improved cognitive function. Fourthly, many
studies have inconsistent research designs making it difficult to
extract a clear and crisp conclusion. This should be considered.
Also, only studies published in English were included, other
language studies may have more insights, but were excluded as
it would be difficult to understand and interpret them correctly
for this review; which could have resulted in a biased outcome.
A final limitation seen is the absence of research which addresses
the needs of a minimally educated elderly population. We should
aim to develop programs that are able to cater to people with
basic levels of education, or no education at all. Ultimately, this
would allow these programs to have a wider reach, since many
countries around the world may have an elderly population that
is not highly educated or literate.

CONCLUSION

Based on this review, we can conclude that computerized
cognitive training targeting healthy older adults and adults with
MCI is moderately beneficial in improving various cognitive
functions. Various methods of available trainings have yielded
improved workingmemory, attention, processing speed, episodic
memory, visuo-spatial functions, executive functions; however,
there are a few issues with CCT which can be overcome by the
introduction of SARs in this field.

Future studies will need to focus more closely on the
key psychological, cultural and socio-economic factors of its
participants. Researchers should double their efforts to identify
the key-mechanisms for improving the cognitive and everyday
functions of elderly. Large sample, longer-duration experiments
are needed with a control group preferably to get a more
generalized outcome. Furthermore, cultural considerations, as
mentioned, need to be made by developers to strengthen
acceptance and engagement by users. Considerations, such as
language and lifestyle, would help reach a more wide-ranging
population. Finally, most of the present examples of SARs are
designed to provide companionship or assistance to the elderly
in their daily activities. Future research should aim to make a
SAR, not just culturally oriented in its disposition, but able to
carry out the much needed cognitive trainings with the elderly
in a highly organized manner targeting multiple domains, while
maintaining the results and scores and adapting the program to
make it constantly challenging and fun for its user. All of this
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would result in greater success and produce opportunities for
smart aging.
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Šabanović, S., Bennett, C. C., Chang, W. L., and Huber, L. (2013). “PARO robot

affects diverse interaction modalities in group sensory therapy for older adults

with dementia,” in IEEE International Conference on Rehabilitation Robotics

(ICRR) (Seattle, WA), 1–6. doi: 10.1109/ICORR.2013.6650427

Simon, S. S., Tusch, E. S., Feng, N. C., Håkansson, K., Mohammed, A., and

Daffner, K. R. (2018). Is computerized working memory training effective in

healthy older adults? Evidence from a multi-site, randomized controlled trial. J.

Alzheimer’s Dis. 65, 931–949. doi: 10.3233/JAD-180455

Soler, V. M., Agüera-Ortiz, L., Rodríguez, J. O., Rebolledo, C. M., Muñoz, P., Pérez,

A. R., et al. (2015). Social robots in advanced dementia. Front. Aging Neurosci.

7:133. doi: 10.3389/fnagi.2015.00133

Strenziok, M., Parasuraman, R., Clarke, E., Cisler, D., Thompson, J., and

Greenwood, P. M. (2013). Neurocognitive enhancement in older adults:

comparison of three cognitive training tasks to test a hypothesis of

training transfer in brain connectivity. NeuroImage 85(Pt 3), 1027–1039.

doi: 10.1016/j.neuroimage.2013.07.069

Styliadis, C., Kartsidis, P., Paraskevopoulos, E., Ioannides, A. A., and Bamidis, P. D.

(2015). Neuroplastic effects of combined computerized physical and cognitive

training in elderly individuals at risk for dementia: an eLORETA controlled

study on resting states. Neural Plast. 2015:172192. doi: 10.1155/2015/172192

Tanaka, M., Ishii, A., Yamano, E., Ogikubo, H., Okazaki, M., Kamimura, K.,

et al. (2012). Effect of a human-type communication robot on cognitive

function in elderly women living alone. Med. Sci. Monit. 18, CR550–CR557.

doi: 10.12659/MSM.883350

Tapus, A., Mataric, M., and Scassellati, B. (2007). Socially assistive robotics

[Grand Challenges of Robotics]. IEEE Robot. Autom. Mag. 14, 35–42.

doi: 10.1109/MRA.2007.339605

Tapus, A., and Vieru, A. M. (2013). “Robot cognitive stimulation for the elderly,”

in Natural and Artificial Models in Computation and Biology: 5th International

Work-Conference on the Interplay Between Natural and Artificial (Mallorca).

doi: 10.1007/978-3-642-38637-4_10

Thodberg, K., Sørensen, L. U., Videbech, P. B., Poulsen, P. H., Houbak, B., and

Damgaard, V. (2016). Behavioral responses of nursing home residents to visits

from a person with a dog, a robot seal or a toy cat. Anthrozoös 29, 107–121.

doi: 10.1080/08927936.2015.1089011

Toril, P., Reales, J. M., Mayas, J., and Ballesteros, S. (2016). Video game training

enhances visuospatial working memory and episodic memory in older adults.

Front. Hum. Neurosci. 10:206. doi: 10.3389/fnhum.2016.00206

Verhagen, A., De Vet, H., Bie, R., Kessels, A., Boers, M., Bouter, L.,

et al. (1998). The Delphi list. J. Clin. Epidemiol. 51, 1235–1241.

doi: 10.1016/S0895-4356(98)00131-0

Walton, C. C., Kavanagh, A., Downey, L. A., Lomas, J., Camfield, D. A., and Stough,

C. (2015). Online cognitive training in healthy older adults: a preliminary study

on the effects of single versus multi-domain training. Transl. Neurosci. 6, 13–19.

doi: 10.1515/tnsci-2015-0003

Willis, S. L., Tennstedt, S. L., Marsiske, M., Ball, K., Elias, J., Koepke,

K. M., et al. (2006). Long-term effects of cognitive training on

everyday functional outcomes in older adults. JAMA 296, 2805–2814.

doi: 10.1001/jama.296.23.2805

Wolfson, N. E., and Kraiger, K. (2014). Cognitive aging and training: the role of

instructional coherence and advance organizers. Exp. Aging Res. 40, 164–186.

doi: 10.1080/0361073X.2014.882206

Yeo, S. N., Lee, T. S., Sng, W. T., Heo, M. Q., Bautista, D., Cheung,

Y. B., et al. (2018). Effectiveness of a personalized brain-computer

interface system for cognitive training in healthy elderly: a randomized

controlled trial. J. Alzheimer’s Dis. 66, 127–138. doi: 10.3233/JAD-1

80450

Zhang, H., Wang, Z., Wang, J., Lyu, X., Wang, X., Liu, Y., et al. (2019).

Computerized multi-domain cognitive training reduces brain atrophy in

patients with amnestic mild cognitive impairment. Transl. Psychiatry 9:48.

doi: 10.1038/s41398-019-0385-x

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Alnajjar, Khalid, Vogan, Shimoda, Nouchi and Kawashima. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 15 October 2019 | Volume 11 | Article 291121

https://doi.org/10.1007/s12369-015-0326-7
https://doi.org/10.1016/j.jamda.2017.03.018
https://doi.org/10.1155/2014/235479
https://doi.org/10.3389/fnagi.2016.00302
https://doi.org/10.1159/000323950
https://doi.org/10.1111/jgs.12607
https://doi.org/10.3390/ijerph16020191
https://doi.org/10.1037/e502412013-662
https://doi.org/10.3389/fnhum.2015.00592
https://doi.org/10.1109/ICORR.2013.6650427
https://doi.org/10.3233/JAD-180455
https://doi.org/10.3389/fnagi.2015.00133
https://doi.org/10.1016/j.neuroimage.2013.07.069
https://doi.org/10.1155/2015/172192
https://doi.org/10.12659/MSM.883350
https://doi.org/10.1109/MRA.2007.339605
https://doi.org/10.1007/978-3-642-38637-4_10
https://doi.org/10.1080/08927936.2015.1089011
https://doi.org/10.3389/fnhum.2016.00206
https://doi.org/10.1016/S0895-4356(98)00131-0
https://doi.org/10.1515/tnsci-2015-0003
https://doi.org/10.1001/jama.296.23.2805
https://doi.org/10.1080/0361073X.2014.882206
https://doi.org/10.3233/JAD-180450
https://doi.org/10.1038/s41398-019-0385-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


MINI REVIEW
published: 15 November 2019

doi: 10.3389/fnagi.2019.00318

Edited by:

Trentham Furness,
Australian Catholic University,

Australia

Reviewed by:
Wendy Gilleard,

Southern Cross University, Australia
Bianca Share,

Australian Catholic University,
Australia

*Correspondence:
Ayelet Dunsky

ayelet@wincol.ac.il

Received: 28 June 2019
Accepted: 01 November 2019
Published: 15 November 2019

Citation:
Dunsky A (2019) The Effect of

Balance and Coordination Exercises
on Quality of Life in Older Adults: A

Mini-Review.
Front. Aging Neurosci. 11:318.
doi: 10.3389/fnagi.2019.00318

The Effect of Balance and
Coordination Exercises on Quality
of Life in Older Adults: A Mini-Review
Ayelet Dunsky*

School of Human Movement and Sport Sciences, The Academic College at Wingate, Wingate Institute, Netanya, Israel

The ability to control balance during activities of daily living (ADL) is impaired in
older adults as a result of deterioration in the sensory systems (i.e., vestibular, visual,
somatosensory), the cognitive system (central nervous system), and the musculoskeletal
system. Consequently, many older adults face a risk of falling during their ADL. In
most cases, falls and related injuries impair the quality of life and result in physical
limitations, anxiety, loss of confidence, and fear of falling. Among a variety of fall
prevention interventions, adapted physical activity programs have been suggested
for improving balance control during ADL. These programs challenge the sensory,
cognitive, and musculoskeletal systems while addressing balance constraints such as
orientation in space, changes in direction, and the speed or height of the center
of mass during static and dynamic situations resembling ADL. The above-mentioned
elements can be dealt with through a combination of balance and coordination exercises
that challenge the postural control systems in multiple dimensions—including vertical
and horizontal changes of the center of mass, standing on unstable surfaces with a
reduced base of support, and changing body directions. Consequently, such exercises
require environmental information-processing. The combination of dual-task, function-
oriented challenges while controlling balance stimulates the sensory and neuromuscular
control mechanisms. Among older adults, these programs have been found to improve
static and dynamic stability, as well as a number of aspects in the quality of life.
Recently, they have also been found to improve cognitive functions such as memory
and spatial cognition.

Keywords: balance, coordination, exercise, older adults, quality of life

INTRODUCTION

Aging is subjected to longitudinal processes as a consequence of physiological changes, such as a
higher level of stress, mitochondrial dysfunction, abnormality of inflammatory processes, decreased
hormone production, and decreased metabolic rate which can lead to catabolism and degeneration
of organs (Cesari et al., 2013; Sieber, 2017). These processes lead to a progressive loss of nerve
extensions, bone mass, skeletal muscle mass, and strength (Chang and Lin, 2015; Sieber, 2017;
Nascimento et al., 2019). Consequently, frailty and sarcopenia may be present in approximately
10% of people over the age of 65 and 25–50% of those aged over 85 (World Health Organization,
2007). These are phenomena known to impair the ability to perform activities of daily living (ADL),
reduce the quality of life, and increase the risk of falling (Chang and Lin, 2015; Landi et al., 2015;
Sieber, 2017; Nascimento et al., 2019).
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The increased risk of falling, shown to be a consequence
of the above-mentioned processes, is mainly due to the
difficulties of older adults in maintaining postural control while
performing ADL (Rubenstein, 2006; Kojima, 2015). Postural
control is based on the ability to synchronize several systems
in an ongoing cycle: the sensory systems (i.e., vestibular,
visual, somatosensory), the cognitive system (central nervous
system), and the musculoskeletal system. During normal aging,
physiological changes occur in one’s visual, vestibular, and
somatosensory inputs, as well as in the central processing and
muscular effectors (Horak, 2006; Rubenstein, 2006). In the visual
system, a reduced ability to detect low contrast hazards, judge
distances, and perceive spatial relationships appears to be the
significant impairment associated with falls among older adults
(Lord, 2006). Changes in the vestibular system are expressed
in a reduced number of hair cells in the semicircular canals,
in the maculae of the saccule and the utricle, as well as in the
primary and secondary vestibular neurons (Ishiyama, 2009). The
reduced capacity to detect position and direction of movement,
together with reduced lower-limb strength and sensation, are
considered to be significant predictors of fall risk among older
adults (Lord et al., 1996). Moreover, inter-joint coordination and
the appropriate timing of muscle action during ADL, such as in
walking, is also affected; thus, the ability of older people to use
the fall avoidance strategies practiced by young people is reduced
(Rubenstein, 2006).

Several therapeutic approaches have been shown to be
effective for fall prevention among older adults, and there is
a large body of literature documenting the favorable effects
of physical activity training programs. Evidence suggests that
programs based on aerobic and resistance exercise can be used to
restore or maintain functional independence in older adults, and
may also potentially prevent, delay, or reverse frailty (de Vries
et al., 2012; de Labra et al., 2015). Aerobic training enhances
cardiovascular function, as it was shown to preserve motor
units and mitochondrial function. Additionally, it was found
to prevent muscle atrophy and to improve the health-related
quality of life (Navas-Enamorado et al., 2017). Resistance training
was shown to increase protein synthesis and muscle mass, as
well as to improve neural recruitment and muscle strength,
explained by neural and morphological adaptations (Guizelini
et al., 2018). The combination of these trainingmodes has yielded
beneficial effects in body composition and physical function, as
well as in cognitive and emotional function, among frail patients
(de Labra et al., 2015; Tarazona-Santabalbina et al., 2016). It
is important to note that in most cases aerobic and strength
exercises require the participants to be highly mobile. Older
adults with low mobility might have difficulty in benefiting
from these exercises because of their limited locomotive ability.
Therefore, exercise with reduced locomotion requirements,
such as balance or coordination exercise, may provide similar
benefits to older adults with a variety of mobility abilities
(Kwok et al., 2011).

The possibility of improving the quality of life of older
people through simple exercises can be a solution for
people with a wide range of functional abilities. Thus,
the current mini-review has two purposes: (a) to present

FIGURE 1 | Flowchart of study selection.

studies examining the effect of performing balance and
coordination exercises on various aspects of the quality of
life of older people; and (b) to present suggestions for
practical applications.

METHODS

The author performed a literature review of available studies
on the research topic dealing with different effects of balance
and/or coordination exercise programs on various aspects of
older adults’ lives. Research studies were selected on the basis
of research topics that included the following keywords: balance
exercise, coordination exercise, postural control, risk of falling,
frailty, and quality of life, found in the world’s acknowledged
databases: PubMed, EBSCO (SPORTDiscus, Academic Search
Complete, EDS), Google Scholar, and Science Direct. The
search was not limited by any period of time. From the
database/journal searches, 2,333 titles/abstracts were retrieved.
The majority of the studies were detected in the Google Scholar
database. The titles and abstracts of some identified articles
were then checked for relevance. Subsequently, the search was
performed again, focusing on the occurrence of at least one
keyword in the title or abstract of articles written in English
and representing scientific study, thereby significantly narrowing
down the selection. Altogether, 326 studies were found. After
removing duplicates and titles/abstracts unrelated to the research
topic, 25 studies were found to be relevant to the research
topic (see Figure 1 for the flowchart of study selection). The
information found in the selected studies on balance and
coordination exercise and its effect on postural control, cognitive
function, and the quality of life of older adults was evaluated, and
it is summarized in Table 1 and described and discussed in the
following sections.
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TABLE 1 | Description of studies that included balance and/or coordination and changes in postural control, cognitive performance, or quality of life among adults.

Study Participants Intervention/
Assessments

Outcome measures Major findings

BALANCE AND POSTURAL
CONTROL
Bisson et al. (2007) Older adults n = 24, Age: 74

Study groups: 1. Virtual
reality (VR; n = 12) 2.
Biofeedback (n = 12)

Training program:
20 sessions over
10 weeks of dynamic
balance exercises using
VR (“juggling” a virtual
ball while standing), or
dynamic balance
exercises with visual
biofeedback (moving a
curser that represents
Center of Pressure
(COP) while standing on
force plate)

Static balance—sways of
COP in different postures;
Simple reaction time
task—while maintaining
balance; Functional balance
and mobility—the
Community Balance and
Mobility Scale (CB&M)

After a 10-week intervention,
both groups significantly
improved their functional
balance and mobility, as well
as their reaction time during
standing.

de Vries et al. (2018) Older adults n = 30, Age: 70
Young adults n = 30,
Age: 22

Study conditions: 1. FLOS
task 2. VR—Kinski 3.
VR—Wiiski

One session of VR
game: steer an avatar
skiing down a slalom
track

Time to complete the
game; Maximum
displacement of Center of
Mass (COM); Peak COM
speed

COM displacement during the
Kinski was significantly larger
in all directions compared to
the Wiiski. Peak COM speed
was significantly higher in the
Kinski.

Dunsky et al. (2017b) Older adults n = 112,
Age: 75

Study groups: 1. women
n = 862. men n = 36

Associations between
static balance and
dynamic balance

TUG; FR; COP length of
sway; COP sway intensities

In general: low correlations
were found between static
and dynamic balance
measures, for both women
and men

Nagy et al. (2007) Older adults n = 19, Age: 79
Young adults n = 11,
Age: 22

Study groups: 1. training
(n = 9) 2. control (n = 10) 3.
young adults (n = 11)

Training program:
16 sessions over
8-weeks, static and
dynamic balance,
strength, flexibility and
aerobic

Control: routine

COP path and frequencies
(AP, ML) during standing
with eyes open and eyes
closed.
TUG test

Training group: Improved
postural control in the ML
direction.

Improved performance on
TUG test

Rendon et al. (2012) Older adults n = 40, Age:
60–95

Study groups: 1. virtual
reality (VR) 2. control

Training program:
18 session over
6 weeks of VR balance
games
Control: routine

Dynamic balance – 8 feet
up and go test; Balance
confidence—
Activities–specific Balance
Confidence Scale (ABC);
Depression—Geriatric
Depression Scale

After 6 weeks of intervention,
the VR group showed
significant improvement in the
dynamic balance test and in
the ABC score compared with
the control group.

BALANCE AND COGNITIVE
PERFORMANCE
Mouthon and Taube (2019) Young adults n = 26,

Age: 24

Study groups: 1. training
(n = 13) 2. control (n = 13)

Training program: six
sessions, over 2-weeks,
balancing on a movable
platform.
Control: routine physical
activity

Time kept in horizontal
position on a movable
platform; EMG of tibialis
anterior and soleus
muscles; Short-interval
intracortical inhibition (SICI)

The balance training led to an
increased intracortical
inhibition during balance
tasks, as well as improved
balance performance, with
reduced EMG activities during
unstable conditions.

Netz et al. (2018) Older adults n = 112,
Age: 77
Study groups: 1. young
women (n = 41, age: 69) 2.
old women (n = 38, age: 79)
3. men (n = 33, age: 77)

Associations between
static and dynamic
balance and attention
inhibition

TUG; FR; COP length of
sway; COP sway
intensities; Computerized
go/no-go test

Attention inhibition was
significantly correlated to
static balance for young
women, to dynamic balance
for men, and not correlated to
balance for older women.

(Continued)

Frontiers in Aging Neuroscience | www.frontiersin.org 3 November 2019 | Volume 11 | Article 318124

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Dunsky Balance and Coordination in Adults

TABLE 1 | (Continued)

Study Participants Intervention/
Assessments

Outcome measures Major findings

Rogge et al. (2017) Adults n = 40, Age: 18–65

Study groups: 1. balance
(n = 19) 2. relaxation (n = 21)

Training program:
24 sessions over
12-weeks, Balance
circuit training in
eight stations. Or
Relaxation training using
progressive muscle
relaxation and
autogenic training.

Dynamic balance—platform
time at horizontal position;
BESS; COP sway velocity;
Cardiorespiratory fitness;
Memory—auditory verbal
paired associated learning
task; Spatial
cognition—Orienting and
Perspective Taking test;
Figure orientation; Mirror
Images; Stroop test

The balance training improved
participants’ dynamic
balance. Significantly higher
memory scores for the
balance training group. No
changes were found in the
BESS or the cardiorespiratory
fitness.

Rogge et al. (2018) Adults n = 37, Age: 19–65

Study groups: 1. balance
(n = 19) 2. relaxation (n = 18)

Training program:
24 sessions over
12-weeks, Balance
circuit training in
eight stations.
Or: Relaxion training
using progressive
muscle relaxation and
autogenic training.

Dynamic balance—platform
time at horizontal position;
MRI Cortical thickness;
Subcortical gray matter
volume

The balance training group
had significantly improved
balance performance, and
showed significantly higher
cortical thickness increases
following the intervention.

BALANCE TRAINING AND
QUALITY OF LIFE
Gouveia et al. (2018) Older adults n = 52, Age:

65–85

Study groups: 1.
intervention (n = 26) 2.
control (n = 26)

Training program:
24 sessions over
12-weeks, gait,
balance, functional
training, strengthening,
flexibility and 3D training

SF-36 questionnaire Significant improved quality of
life for the intervention group.

Halvarsson et al. (2011) Older adults n = 59, Age:
67–93

Study groups: 1.
intervention (n = 38) 2.
control (n = 21)

Training program:
36 sessions over
12-weeks, progressive
and specific balance
exercises for ADL
Control: regular life
during the study period.

Falls Efficacy Scale
International (FES-I);
Reaction time of step
execution;
Gait—spatio-temporal
variables

Intervention group showed
significant improvements in
FES-I, in reaction time
parameters and several gait
parameters. In general—it led
to decreased fear of falling.

Halvarsson et al. (2013) Older adults n = 59, Age:
67–93

Study groups: 1.
intervention (n = 38) 2.
control (n = 21)

Training program:
36 sessions over
12-weeks, progressive
and specific balance
exercises for ADL
Control: regular life
during the study period.

Gait speed; Step execution;
Fear of falling; likelihood of
depression

Gait speed, step execution
and fear of falling were still
improved in the intervention
group at 9-months follow-up.
At 15-months follow-up, only
fear of falling was significantly
improved. Other parameters
were significantly better
compared to the control
group.

Halvarsson et al. (2015a) Older adults Age: 66–89 Training program:
36 sessions over
12-weeks, balance
demanding exercises at
three levels of
progression

FES-I; Fear of falling; Gait
speed with and without
cognitive task; Balance
performance; physical
function

All intervention groups had
significantly better scores in
FES-I, walking speed with
dual-task, balance
performance and lower
extremities’ function, and
reduced fear of falling
compared to the control
group.

Halvarsson et al. (2015b) Older adults with
osteoporosis n = 96, Age:
66–87
Study groups: 1. training
(n = 34)

Training program:
36 sessions over
12-weeks, progressive

FES-I; Fear of falling; Gait
speed with and without
cognitive task;

Both intervention groups had
significantly better scores in
FES-I, walking speed with
dual-task, balance

(Continued)
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TABLE 1 | (Continued)

Study Participants Intervention/
Assessments

Outcome
measures

Major findings

2. training + physical activity
(n = 31) 3. control (n = 31)

balance with dual and
multi-task, and physical
activity

Balance
performance;
physical function

performance and lower
extremities’ function,
compared to the control
group.

Taguchi et al. (2010) Older adults n = 65, Age:
74–96

Study groups: 1.
intervention (n = 31) 2.
control (n = 34)

Training program: one
session per week for
12-months of various
exercise related to
flexibility, strength,
aerobic and balance

Lower limb
strength;
Sit-and-reach test;
Grip strength;
6-min walking; Falls
Efficacy Scale;
MMSE; IADL

After 12 months of
intervention, the intervention
group had significant
improvement in lower-limb
strength, sit-and-reach test,
as well as in the Falls Efficacy
Scale, representing
improvement in quality of life.

COORDINATION TRAINING
AND BALANCE
PERFORMANCE
Lelard et al. (2010) Older adults n = 28, Age:

70–85

Study groups: 1. Tai-Chi
(n = 14) 2. balance training
(n = 14)

Training program:
24 sessions over
12-weeks, of 10 Tai-chi
forms adapted for older
adults, Or balance
exercises that involved
shifting the body part (or
COM) in different
positions.

Static postural
control: COP sways
with eyes open and
closed; Walking
speed over 10-m
course.

After a 12-week intervention
no significant differences
were found in walking speed
or postural control for both
groups.

Wong et al. (2001) Older adults n = 39, Age:
66–76

Study groups: 1. Tai-Chi
(n = 25) 2. control (n = 14)

The Thai-Chi group
practiced Thai-Chi for
2–35 years

Static postural
stability; Dynamic
balance test

The Thai-Chi group had
significantly better results in
complication static conditions
(eyes closed, sway surface),
as well as in one of the
dynamic balance tests,
compared to the control.

COORDINATION AND
COGNITIVE FUNCTION
Gao et al. (1996) Adults n = 6 Performance of four

different tasks: passive
and active cutaneous
discrimination tasks,
active grasp objects
task with two hands
and coordinated finger
movements

Dentate nuclei
activation using
MRI

The highest cerebellar activity
was find during the
coordinative activity. Dentate
activation was greatly
enhanced when sensory
discrimination was paired
with finger movements.

Kwok et al. (2011) Older adults n = 40, Age:
66–90

Study groups: 1.
coordination group (n = 20)
2. towel exercises group
(n = 20)

Training program:
8 sessions over 8-week
of simple coordination
exercises, Or stretching
exercises using a towel,
mainly training upper
limbs.

Two cognitive
function
assessments:
Chinese
Mini-Mental State
Examination;
Chinese Dementia
Rating Scale
(CDRS); TUG

After an 8-week intervention,
the CDRS scores of the
coordination group improved
significantly.

Niemann et al. (2014) Older adults n = 49, Age:
62–79

Study groups: 1.
cardiovascular training
(n = 17) 2. coordination
training (n = 19) 3. control
(n = 13)

Training program: three
sessions per week for
12 months of Nordic
Walking program (for
the cardiovascular
group), Or: eye-hand
and leg-arm
coordination, spatial
orientation and reaction
to moving objects
exercises (for the

After 12-months of
intervention
cardiovascular
fitness significantly
improved in the
cardiovascular
group; action
speed performance
and hippocampal
volume significantly
improved in both

(Continued)
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TABLE 1 | (Continued)

Study Participants Intervention/
Assessments

Outcome measures Major findings

coordination group), Or:
stretching and
relaxation training (for
the control group).

cardiovascular and the
coordination groups.

Voelcker-Rehage et al. (2011) Older adults n = 44, Age:
62–79

Study groups: 1.
cardiovascular training
(n = 17) 2. coordination
training (n = 19) 3.
control (n = 13)

Training program: three
sessions per week for
12 months of Nordic
Walking program (for
the cardiovascular
group), Or: eye-hand
and leg-arm
coordination, spatial
orientation and reaction
to moving objects
exercises (for the
coordination group), Or:
stretching and
relaxation training (for
the control group).

Functional MRI—changes
in brain activation patterns;
Executive function;
Perceptual speed

After 12-months of
intervention both
cardiovascular and
coordination groups improved
in executive function and
perceptual speed. In addition,
brain activity patterns
changed, indicating more
efficient information
processing.

THE COMBINATION OF
BALANCE AND
COORDINATION
EXERCISE
Dizdar et al. (2018) Older adults,

postmenopaus-al
females with
osteoporosis n = 68,
Age: 50–75

Study groups: 1. balance
and coordination (n = 25)
2. strengthening (n = 25)
3. aerobic (n = 25)

Training program:
36 sessions over
12 weeks, of balance
and coordination
exercises, Or
strengthening exercises
on abdominals and
back muscles and
upper and lower
extremities, Or aerobic
training by walking on
treadmill.

Static balance (COP
sways); Dynamic balance:
TUG and Berg Balance
Scale; Pain assessment;
Life quality assessment

After 12 weeks of intervention
the balance and coordination
group significantly improved in
static and dynamic balance
performances. Both balance
and coordination and
strengthening groups showed
improvement in general
health, however, the
strengthening group had
significant improvement in
terms of mental function
compared to the other
groups.

Dunsky et al. (2017a) Older adults n = 36, Age:
72

Study groups: 1. step
aerobics (SA; n = 14) 2.
stability ball (SB; n = 13)
3. control (n = 9)

Training program:
16 sessions over
8 weeks, of strength,
balance and
coordination exercises
using aerobic steps, or
stability ball.

Control: ceramic
sculpture class

Balance assessments:
TUG, One-Leg Stand test,
FR, The Tinetti
Performance-Oriented
Mobility Assessment
(POMA);
Quality of life
assessment—The Short
Form-36 Health Survey
questionnaire (SF-36)

After an 8-week intervention
the SA group significantly
improved their TUG and
POMA performances; General
health perception improved
significantly among both SA
and SB groups compared to
the control.

Segev et al. (2019) Older adults with
cardio-vascular diseases
n = 26, Age: 74

Study groups: 1.
intervention (n = 13) 2.
control (n = 13)

Training program:
24 sessions over
12-weeks, balance and
coordination exercises
within 20 min of
warm-up. As part of
80 min physical activity
for cardiac rehabilitation.
Control: Traditional
warm-up

TUG test FR test BESS
FTSST

Significant improvement in
TUG, BESS and FTSST only
in the intervention group

Taylor-Piliae et al. (2006) Older adults with
cardio-vascular diseases
n = 39, Age: 66

Training program:
36 session over
12 weeks of Tai Chi
24 postures

Mood state (POMS); The
Perceived Stress Scale test;
Tai-Chi exercise
self-efficacy

Significant improvements in all
measures of psychosocial
status were found following
the intervention, as well as
increased Tai-Chi self-efficacy.

BESS, Balance Error Scoring System; COM, Center of Mass; COP, Center of Pressure; FLOS, Functional Limits of Stability; FR, Functional Reach; FTSST, Five Time Sit to Stand Test;
TUG, Time Up and Go; VR, Virtual Reality; POMA, The Tinetti Performance-Oriented Mobility Assessment.
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BALANCE AND POSTURAL CONTROL

During ADL people are susceptible to changes in both
dynamic as well as static balance. The ability to control those
changes represents a complex challenge for the neuromuscular
control system, which must cope with rapid environmental
changes and is based upon the ability to proact or react to
these changes for successful locomotion and fall prevention.
This challenge can be met if there is proper function
of the visual, vestibular, proprioceptive, and tactile senses
for correct sensory input, and if they work together with
the neuromuscular system to control body alignment with
the correct subsequent motor output (Hayes, 1982; Horak,
2006; Dunsky et al., 2017b). The proactive balance strategy
activates postural adjustments prior to the occurrence of
destabilizing forces upon the body. The reactive balance strategy
activates postural adjustments after an external disturbance
is encountered, thus assuring balance recovery (Hayes, 1982;
Wong et al., 2001). As people age, their ability to use these
strategies—and in particular the reactive balance strategy—is
impaired, as a consequence of the physiological and cognitive
changes mentioned above. Thus, specific training programs
that are based on postural control exercises are suggested
for older adults (Arampatzis et al., 2011). If the purpose of
training is to evoke improvements in reactive balance, then the
training program may be associated with all postural control
systems, including the musculoskeletal system, the cognitive
system, as well as the somatosensory feedback system, while
challenging the body in different environmental situations
and unexpected perturbations (Tinetti et al., 1986; Robbins
et al., 1989; Arampatzis et al., 2011). During balance training,
participants perform exercises that include static vs. dynamic
stability postures, reducing the base of support (bipedal vs.
tandem vs. one-leg stance), changes in the height of the
center of gravity, changes in the standing surface (such as
floor, wobble boards, wobble cushions, foam, or perturbation
platforms), and reducing the source of visual information,
while attempting to simulate perturbations leading to falls
during daily activities (e.g., eyes open vs. closed; Zech et al.,
2010; Sibley and Salbach, 2015; Rogge et al., 2018). Nagy
et al. (2007) found that an 8-week program that included
static and dynamic balance exercises combined with strength,
flexibility, and aerobic exercises, improved the postural control
of older adult participants, especially in the more challenging
direction (i.e., mediolateral), with and without visual control.
The authors suggested that improvement was a consequence
of the establishment of a new postural control strategy that
was developed by the participants as a result of the specific
balance intervention. de Vries et al. (2018) suggested using virtual
reality training for postural control improvement, as it may
challenge all aspects of the balance control system. Virtual reality
can incorporate anticipatory postural adjustments, postural
responses, muscle loading, cognitive challenges, transitioning
into different poses, and taking steps. The authors examined
two types of virtual reality training of skiing and found that
the Kinski game elicited a larger center of mass displacements
than the Wiiski game, and thus suggested the Kinski as

a better method of balance training for older adults. In
another study, an interventional program of 20 sessions
of virtual reality was shown to improve functional balance
and mobility among older adults, with results similar to
biofeedback training (Bisson et al., 2007). Additionally, a
training program of 18 sessions of virtual reality was shown
to improve dynamic balance and balance confidence, in
comparison to the control group (routine activities) older
adults (Rendon et al., 2012).

The use of balance training for postural control is only one
aspect of quality of life improvement. It has also been suggested
as beneficial for cognitive function beneficial for cognitive
function improvement.

BALANCE AND COGNITIVE
PERFORMANCE

Physical activity, and in particular aerobic exercise, has been
discussed as a promising means for increasing neurogenesis
and plasticity of the brain, in order to improve cognitive
functions as well as to protect against the age-related decline
in the ability of the brain to adapt to environmental demands
(Stimpson et al., 2018). As balance training provides a
stimulus to the vestibular, neuromuscular, and proprioceptive
systems, which then send signals to specific areas in the
brain that make connections between vestibular nuclei and the
cerebellum, hippocampus, as well as prefrontal and parietal
cortices, it may affect cognitive functions such as spatial
functions, navigation, and memory (Taube et al., 2007; Smith
and Zheng, 2013). It has been speculated that increased
stimulation of the vestibular system during balance exercise
may be a mediator between physical exercise and cognitive
functioning (Smith et al., 2010). In a cross-sectional study,
Netz et al. (2018) found that attention inhibition was correlated
to static balance among older women, while in older men it
was associated with dynamic balance. Based on their results,
the authors recommended that men include static balance
exercises in their exercise routine and that women include
dynamic exercise.

Rogge et al. (2017) found that 12 weeks of balance training
improved memory and spatial cognition among healthy
adults. In addition, they found increased cortical thickness
in specific regions of the brain (i.e., the superior temporal
cortex, visual association cortices, the posterior cingulate
cortex, the superior frontal sulcus, and in the precentral
gyri), among the same group. These changes were found to
be correlated with improved balance performances (Rogge
et al., 2018). The authors suggested that the brain’s regions
that show changes play a role in spatial orienting and
memory, stimulating visual-vestibular pathways during self-
motion, and thus they may mediate the beneficial effects of
balance exercise on cognition. Mouthon and Taube (2019)
found that 2 weeks of balance training on an unstable
platform improved postural control that was correlated
with improvements in intracortical inhibition. The authors
suggested that these changes may demonstrate the occurrence
of cortical plasticity and adaptation of inhibitory behavior
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for the acquisition of a balance task following the balance
training intervention.

BALANCE TRAINING AND QUALITY OF
LIFE

Gouveia et al. (2018) found that 12 weeks of a rehabilitation
program that included gait, balance, functional training,
strengthening, and flexibility training in community-dwelling
older adults can lead to significant improvements in multiple
aspects of quality of life (assessed by the Short Form Health
Survey—SF-36). The authors suggested that this improvement
was based on the enhanced balance performance, as well as
on the educational aspect of the program that was used in
their study, since quality of life is strongly associated with
both physical and mental age-related factors. Taguchi et al.
(2010) found that a 12-months program of various exercises
related to flexibility, strength, aerobic and balance significantly
improved lower-limb strength as well as fall efficacy scale,
but not other measures of quality of life. Halvarsson et al.
(2011) found that individually adjusted, progressive, and specific
balance group training for 3 months positively affected the fear
of falling of community-dwelling elderly people. The authors
mentioned that exercise in groups provides a social belonging
which may contribute to an increased attendance rate, and thus
can also influence the domain participation and improve the
quality of life through increased activity in daily life (Lelard
and Ahmaidi, 2015). In several continuous studies, Halvarsson
et al. (2013, 2015a,b) found that this same balance progressive
program improved gait speed and lower-limb strength reduced
the likelihood of depression and improved balance confidence
among older adults.

COORDINATION TRAINING AND
COGNITIVE FUNCTION

Coordination exercise with low velocity, low impact, and a
high-interest level, which also provides a good training effect,
is preferred for most older persons (Wong et al., 2001). These
exercises were associated with high activation in visual-spatial
networks in the brain of older adults (Voelcker-Rehage et al.,
2011; Niemann et al., 2014). Coordinative exercise is known
to involve an activation of the cerebellum (Gao et al., 1996),
which is responsible for motor control and motor learning
(Manto et al., 2012), and was also found to influence a variety
of higher cognitive functions, including divided attention and
working memory (Gottwald et al., 2003), and verbal learning
and memory (Tomlinson et al., 2014). In addition, bimanual
coordination movements have been shown to lead to activation
in the pre-frontal cortex, specifically the medial frontal region,
which is also involved in attention to demanding cognitive tasks,
spatial memory, self-initiated movement, and conflict resolution
(Spinella et al., 2004).

An 8-week coordination training program based on
11 movements, including coordination of fingers, hands, eyes,
and legs while the participant is sitting (which is a simplified

version of Tai Chi), significantly improved cognitive function (as
assessed by the Chinese Dementia Rating Scale) of older adults
(Kwok et al., 2011). Voelcker-Rehage et al. (2011) and Niemann
et al. (2014) found that 12 months of coordination training was
associated with increased activation in the visual-spatial network,
and led to changes in the total hippocampal volume of older
adults. The authors suggested that this result was a consequence
of the fact that to a high degree coordinative exercises rely on
and practice spatial orientation, and the hippocampus is known
to be involved in spatial memory processes.

THE COMBINATION OF BALANCE AND
COORDINATION EXERCISE

As coordination exercise was suggested to improve cognitive
functions, and balance exercise was shown to improve balance,
cognitive functions, as well as quality of life, it was suggested
that the combination of balance and coordination exercise
may result in greater improvement in the quality of life
among the elderly. One example of such a combination
is suggested by Tai Chi exercises, which are based on
a series of movements linked together in a continuous
sequence (i.e., coordination) while the body is constantly
shifting from foot to foot, with the knees and hips held in
flexion (i.e., balance). During each movement, different parts
of the body take turns playing the role of stabilizer and
mover, allowing smooth movements to be executed without
compromising balance and stability. Older adults who performed
this form of exercise were found to have significantly better
postural control and stability in conditions with simultaneous
disturbance of vision and proprioception, compared to active
nonpractitioners (Wong et al., 2001). This form of exercise
was also examined in a 12-week Tai Chi exercise program
and has been found effective in reducing perceived stress and
improving mood state, as well as increasing perceived social
support (Taylor-Piliae et al., 2006). On the contrary, 24 sessions
of Tai Chi exercises during a 12-week intervention did not
improve static postural control or walking speed among older
adults (Lelard et al., 2010).

Another example of the combination of balance and
coordination exercises, together with resistance and aerobic
training, was suggested by Dizdar et al. (2018) for fall
prevention among women with osteoporosis. The part of
balance and coordination in the exercises included: single
leg stances with eyes open and closed, tandem stance, toe
walking, heel walking, tandem gait, reciprocal lower extremity
movement, half-squatting, bridging, modified Romberg exercise
on hard and soft ground with eyes closed, edge walking,
walking on a balance board, reciprocal leg movements, slowly
sitting down and standing up from a chair, and going up
and down the stairs. The authors found that 12 weeks of
this combined program improved the participants’ quality
of life (as assessed by the Quality of Life Questionnaire
of the European Foundation for Osteoporosis). The authors
suggested that this improvement may be the result of performing
exercises as a group, which enhanced the social aspect of
the participant (Dizdar et al., 2018). This combination was
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also studied by Dunsky et al. (2017a), who found that
8 weeks of balance training combined with coordination by
the means of dual-task exercises had a significant positive
effect on the quality of life (as assessed by the Short Form
Health Survey—SF-36) of community-dwelling older adults.
In this study, two balance programs were conducted: step
aerobics—while using the step as an obstacle (moving near
and around it, stepping on it, adding music while walking,
and adding dual-task exercises and resistance exercises while
walking around and on the step); and the stability ball—while
using the ball as an unstable surface (sitting or lying on the
ball while performing resistance exercises, and adding music
and adding dual-task exercises while having postural control
of the body on the ball). The authors suggested that the
improved quality of life was probably the consequence of high
compliance to the intervention in both groups, which led their
participants to feel more comfortable in performing ADL and
about other aspects of life, thus leading to a higher general
health perception at the end of the study. Recently, Segev
et al. (2019) studied the effect of balance and coordination
exercises that are incorporated within a traditional cardiac-
rehabilitation program for older adults with cardiovascular
diseases. Following a 12-week program in which they trained
twice a week, the participants of the intervention group improved
their static and dynamic balance, as well as their functional
strength. These skills are considered major components in
ADL, and thus their improvement may imply a better quality
of life.

DISCUSSION AND CONCLUSION

The current mini-review points to the advantages of a
combination of balance and coordination exercise on behavioral
and neurophysiological outcomes among older adults. Based
on the above literature, it is suggested that older adults be
exposed to a program that includes such a combination for
2–3 sessions each week, for periods of at least 8 weeks, as a tool
for quality of life improvement. Instructors or clinicians who
wish to include such combination exercises in a program for
older adults should introduce them gradually, allowing for the
proper adjustment of the trainees while ensuring their safety.
The program should incorporate exercises that include static
vs. dynamic stability postures, changes in the base of support,
variations in the height of the center of gravity, and different
standing surfaces. Additionally, it should progressively reach
higher levels of challenges in the form of more complex exercises
involving both motor and cognitive tasks (dual- and multi-task
activities). When planning each training session, it is important
to keep in mind the participants’ adaptation process to the
exercises and to determine the session’s optimum duration,
allowing for gradual and safe exposure to new equipment or a
new exercise.
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The acquisition and retention of motor skills is necessary for everyday functioning
in the elderly and may be critical in the context of motor rehabilitation. Recent
studies indicate that motor training closely followed by sleep may result in better
engagement of procedural (“how to”) memory consolidation processes in the elderly.
Nevertheless, elderly individuals are mostly morning oriented and a common practice
is to time rehabilitation programs to morning hours. Here, we tested whether the
time-of-day wherein training is afforded (morning, 8–10:30 a.m., or evening, 6–9 p.m.)
affects the long-term outcome of a multi-session motor practice program (10 sessions
across 3–4 weeks) in healthy elderly participants. Twenty-nine (15 women) older adults
(60–75 years) practiced an explicitly instructed five-element key-press sequence by
repeatedly generating the sequence “as fast and accurately as possible.” The groups
did not differ in terms of sleep habits and quality (1-week long actigraphy); all were
morning-oriented individuals. All participants gained robustly from the intervention,
shortening sequence tapping duration and retaining the gains (> 90%) at 1-month
post-intervention, irrespective of the time-of-day of training. However, retesting at 7-
months post-intervention showed that the attrition of the training induced gains was
more pronounced in the morning trained group compared to the evening group (76 and
56.5% loss in sequence tapping time; 7/14 and 3/14 participants showed a > 5%
decline in accuracy relative to end of training, respectively). Altogether, the results
show that morning-oriented older adults effectively acquired skill in the performance
of a sequence of finger movements, in both morning and evening practice sessions.
However, evening training leads to a significant advantage, over morning training, in the
long-term retention of the skill. Evening training should be considered an appropriate
time window for motor skill learning in older adults, even in individuals with morning
chronotype. The results are in line with the notion that motor training preceding a sleep
interval may be better consolidated into long-term memory in the elderly, and thus result
in lower forgetting rates.

Keywords: elderly, motor skill, multi-session training, retention, morning, evening, chronotype, actigraphy
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INTRODUCTION

Motor functioning and, specifically, the ability of older adults
to acquire new fine motor skills and generate effective long-
term procedural (“how to”) memory are often reduced compared
to young adults (Voelcker-Rehage, 2008). The search for
interventions that can attenuate the age-related decrements in the
performance of the existing repertoire of motor skills, as well as in
the ability to master newly acquired skills is of importance (King
et al., 2013). The decline in motor learning abilities was suggested
to reflect a general decrease in neuroplasticity with aging (King
et al., 2013), or stricter control (“gating”) of the brain’s plasticity
mechanisms subserving procedural long-term memory (Korman
et al., 2015), or both. The latter notion implies that in specific bio-
behavioral conditions, devised to meet the age-related constraints
on plasticity, the potential of older adults to master motor skills
may be better expressed.

One critical constraining or “gating” aspect of skill learning
in the elderly is related to the circadian correlates of biological
aging—the changes in activity-rest rhythms toward morning
chronotype and the decrease in sleep quality and duration
(Duffy et al., 2015). Aging is characterized by a blunted
circadian rhythmicity in the core body temperature, cortisol, and
melatonin, suggesting that changes in sleep architecture may
be linked to weakened circadian regulation (Hood and Amir,
2017). Due to the morning-oriented preferred activity times,
early awakening hours, and high day-time fatigue (Goldman
et al., 2008), it is generally accepted that the assessment
of cognitive functioning may be confounded by a decrease
in alertness in the late afternoon or evening in the elderly
(Hood and Amir, 2017); thus, scheduling training to evening
hours is considered sub-optimal. Indeed, morning type older
adults, accounting for more than 60% of the elderly population
(Roenneberg et al., 2007; Fischer et al., 2017), often show
prominent deterioration in cognitive performance over the day
(May et al., 2005; Veneman et al., 2013; Tsokanaki et al.,
2016). Nevertheless, recent studies suggest that time-of-day
effects may differ across cognitive domains (Schmidt et al.,
2015); implicit memory retrieval may, in fact, be better at off-
peak than at peak alertness hours in both young and elderly
(May et al., 2005).

The acquisition of new motor skills has been extensively
studied using different versions of the finger tapping task.
This task is viewed as an ecologically relevant model for
the acquisition of complex manual skills, from writing/typing
to playing a musical instrument, that involves the explicitly
guided concatenation of single movements into sequences
(Friedman and Korman, 2012, 2016). Along the course
of learning, sequential performance becomes progressively
faster and smoother, without compromising, and sometimes,
improving accuracy (Hikosaka et al., 2002; Sosnik et al., 2004).
Mastering a novel motor sequence is a multi-session process,
whereby each training session elicits both immediate (online) and
delayed (offline) changes in movement speed and accuracy (Karni
and Sagi, 1993; Karni et al., 1995, 1998; Korman et al., 2003). An
important outcome of multi-session training in young adults is
that the gains are both sequence and effector specific, and thus are

only partially generalizable to the performance of new sequences
(Karni et al., 1995; Korman et al., 2003).

Although there are age-related declines in baseline motor
performance, the ability to learn within-session is well preserved
in the elderly (Durkin et al., 1995; Howard et al., 2004;
Yan et al., 2010; Ehsani et al., 2015; Korman et al., 2015)
[a possible exception may be learning under conditions of high
task complexity (Rieckmann and Bäckman, 2009)]. However,
offline learning, expressed as delayed between-session gains in
performance, is consistently reported to be impaired in older
adults (Brown et al., 2009; King et al., 2013; Korman et al., 2015).
These delayed gains are considered to be a behavioral hallmark
of memory consolidation processes and are time-dependent and,
specifically in relation to movement sequence learning, time-in-
sleep dependent (Karni et al., 1998; Korman et al., 2003). Thus,
the relative deficits in the generation of delayed, consolidation-
phase, gains following a single training session scheduled to the
morning or day hours (Korman et al., 2015) may accumulate over
multi-session practice and manifest as an overall slower rate of
learning in older adults (Spencer et al., 2007; Wilson et al., 2012).

In young adults, both the magnitude of the delayed gains in
explicitly instructed motor sequence practice and the time-course
of the evolution of these gains are dependent on post-training
sleep, either night-time or day-time, or both (Walker et al., 2003;
Korman et al., 2007; Doyon et al., 2009; Walker and Stickgold,
2010). The role of sleep is conceptualized both as protecting from
behavioral interference by subsequent motor experience and
as promoting memory stabilization and enhancement. Because
changes in sleep, often negative, occur in advanced age (Phillips
and Ancoli-Israel, 2001; Huang et al., 2002), these changes
were linked to the decline in cognitive functioning in the
elderly (Mander et al., 2017; Dzierzewski et al., 2018) and,
specifically, to the decrease in motor learning abilities (King et al.,
2013). A large number of studies indicate that sleep-dependent
procedural memory consolidation phase gains in performance
are particularly weakened in older adults (Spencer et al., 2007;
Wilson et al., 2012; Albouy et al., 2013; King et al., 2013;
Terpening et al., 2013; Backhaus et al., 2016). Nevertheless, when
sleep is allowed immediately after an evening training session
(Mantua et al., 2016) or napping is afforded after training at
late morning hours (Korman et al., 2015), healthy elderly were
shown to generate significant overnight delayed consolidation
phase gains in performance. It may be the case that evening
training with proximity to a sleep period may promote better
memory consolidation and minimize unspecific interference
from everyday motor activity (Korman et al., 2015).

A critical aspect in evaluating the effectiveness and utility of
any training intervention beyond the robustness of the acquired
gains in performance is the durability of the skill. In the serial
reaction time task single-session learning, both general (faster
reaction times) and sequence-specific knowledge were retained,
though not fully, over a 1-year period by older adults (Romano
et al., 2010). Robust retention was reported in mirror-tracing
skills in healthy older adults who practiced for 3 separate days
and were retested 5 years later (Rodrigue et al., 2005). However,
other evidence suggests that aging is related to faster forgetting
rates (Malone et al., 2016; Griffin et al., 2017).
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Given that, on the one hand, training in the morning hours
may meet the circadian preference of older adults, but, on the
other hand, that morning training may be less beneficial to
the mastering of motor skills as a long time interval separates
the practice experience from the interval of sleep at night; a
direct comparison of the effects of affording a program of motor
training at peak, and off-peak times, in the elderly, is warranted
from both theoretical and practical perspectives. Here, using
the well-established paradigm of the finger tapping sequence
learning (FTSL) task (Karni et al., 1995, 1998), we investigated
whether the time-of-day wherein training is afforded (morning
or evening) is a significant factor in motor skill acquisition, the
ability to generalize the gains in performance, and importantly,
the retention of the skill, in healthy elderly participants. The
effects of an extensive, 10-session training intervention were
assessed in terms of sequence completion time and between key-
press transition times [model task of motor sequence learning
(Friedman and Korman, 2012)]. Accuracy levels, as markers of
a possible speed-accuracy trade-off, were assessed in terms of
the percentage of correct transitions from the total number of
transitions (= 59 per block).

MATERIALS AND METHODS

Participants
The study was approved by the University of Haifa Human
Experimentation Ethics Committee. All participants gave written
informed consent of participation in the study after being
provided with explanations of its purpose. Twenty-nine active,
community-dwelling elderly participants (60–75 years old; mean
age = 67.3 ± 4.23, 16 women) took part in the current
study. In the evening group: 9/15 = 60% were women and
in the morning group 7/14 = 50% were women. The group
size of the current exploratory study was based on the effect
sizes of the offline memory consolidation effects in terms of
sequence duration, observed in the same task in Korman et al.
(2015) (with healthy elderly participants): the group that had
a nap immediately after training improved by 17%, whereas
the group that did not nap improved by 4%, when re-tested
24 after the training. The Eve group was expected to show
better overnight memory consolidation, with similar differences
in performance improvement following training afforded during
morning hours compared to evening hours, due to proximity to
the sleep interval of the latter. Based on a standard deviation
in each group of 11.5%, and a power of 0.95, 15 subjects in
each group were required, based on a mixed-design ANOVA.
No previous data were available to perform power analysis
for the effects of multi-session training; the differences in the
long-term representation of the skill after a single training
session were expected to accumulate over the course of multi-
session training.

The participants were recruited through public
advertisements and a “snow-ball” approach from a single
kibbutz in northern Israel, if meeting the basic requirements
of good health and right-handedness. All participants were
retired from their permanent work, however, engaged in

variable jobs in the kibbutz, for at least 4 hours a day, during
the study period. Individuals with neurological, psychiatric,
or musculoskeletal system disorders, unstable cardiovascular
status, users of psychotropic medication, those who have
been diagnosed with diabetes, sleep disorders/insomnia, or
impaired thyroid function, as well as overweight individuals
were excluded. Since there is no BMI cut-off score that
is universally accepted in older adults (Yan et al., 2004),
the inclusion criterion in the current study was BMI < 27
(upper limit of normal BMI in young adults is 24.9). People
designating themselves as heavy smokers and heavy alcohol
and caffeine consumers (> 3 drinks per day on average);
professional musicians or/and professional typists; as well
as shift-workers, were excluded from the experiment.
Participants reporting frequent, habitual, day-time napping
were also excluded.

All participants were first evaluated using a structured
telephone interview. Inclusion criteria were thoroughly verified
at the first meeting, using standard questionnaires for general
health and sleep-activity habits. All participants were right-
handed according to the Edinburgh handedness inventory
(scored > 50 points) (Oldfield, 1971). Emotional health was
evaluated using the Beck’s anxiety and depression inventory
(Steer et al., 1986). Given the recognized effects of sleep on
learning, the sleep–wake parameters of participants were assessed
using the Pittsburg Sleep Quality Index (PSQI) (Buysse et al.,
1989), Daytime Sleepiness Questionnaire (Epworth: Johns, 1991),
and the Morningness–Eveningness Questionnaire (MEQ) for
assessment of the circadian type (Horne and Ostberg, 1976).

Participants meeting the inclusion criteria were randomly
assigned to one of the study groups, using the block
randomization method: to be trained either in the morning
(8–10:30 a.m.), or in the evening (6–9 p.m.) hours. No
differences were found between the groups in terms of
age and level of education, and in scores of the screening
questionnaires (Table 1).

The Setup and the FTSL Task
All participants were trained and tested in their private home,
by the same experimenter. Participants were seated in a quiet
room that included a table and a chair; this location was used
throughout the study. A 17-in screen laptop was positioned about
50 cm from the participant and the response box. The left hand
of the participant was placed on the four numeric keys, arranged
in an ergonomic position, of a response box (Expert gaming
Keypad-Razer Nostromo), with key-to-number assignment from
right to left; the little finger designated 4 (Figure 1A).

The task practiced in the current study was a computerized
version of the finger opposition sequence learning task, initially
developed by Karni et al. (1995) (Figure 1A) implemented
as the FTSL task; i.e., with key presses substituting the
opposition movements. All participants had no prior experience
with the task. The task consisted of repeating (tapping),
as quickly and accurately as possible, a sequence of five
finger movements using the left, non-dominant hand. Two
mirror-reversed sequences of equal length and complexity
(41234 or 42314, Figure 1A) were used; each participant
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TABLE 1 | Mean scores for demographic data and screening questionnaires, by group.

Variable Morning N = 14 Evening N = 15 Interpretation

Mean + SD Mean + SD

Age 62.7 ± 5.86 63.5 ± 5.09

Education (years) 11.64 ± 1.33 11.14 ± 1.02

Handedness score 89.19 ± 18.53 100

Emotional health Beck anxiety inventory 2.53 ± 4.37 3.64 ± 3.91 > 9 minimal anxiety

Beck depression inventory 2.66 ± 4.12 2.94 ± 3.11 > 9 minimal depression

Sleep and wake Epworth 5.92 ±4.92 5.0 ±3.08 > 10 excessive sleepiness

PSQI 4.69 ±1.88 5.3 ±2.32 > 5 sleep disturbances

MEQ 60 ± 8.7 63.15 ± 5.33 > = 59 morning type

FIGURE 1 | Setup, task, and training protocol. (A) The Finger Tapping Sequence Learning (FTSL) task. (B) The training protocol. One of the two sequences
(4-1-3-2-4 or 4-2-3-1-4) was used as the trained sequence; its mirror reversed counterpart sequence was used in transfer tests (untrained sequence). Participants in
both groups (evening and morning) were initially trained in a single training session (Train1), retested at 24 h post-training, and a week later continued in the
multi-session training protocol—nine additional training sessions (Train2–Train10) spaced 2–3 days apart. Altogether, the training period spanned 3–4 weeks.
Performance of the untrained (transfer) sequence was tested immediately after the 10th session (Train10) and the trained and untrained sequences were retested at
1 month (Ret1m) and 7 months (Ret7m) after the Train10 session. Each session included 14 blocks; gray bars—the four initial and the final four blocks of the session
were used as tests of the trained sequence; white bars—six blocks of training; black bars—four test blocks on the untrained sequence.

was randomly assigned one sequence for training (trained
sequence) and the second sequence served for the transfer tests
(untrained sequence).

Training Protocol and Performance
Assessments
The experiment involved 10 training (intervention) sessions
and two long-term retention tests (Figure 1B). Following the
first training session, a 24-h performance re-test was performed
(data not reported here). A week later, sessions 2–10 were
afforded, on separate days spaced 2–3 days apart; thus, the
training phase spanned 3–4 weeks in total. Retention was tested
at 1 and 7 months after the completion of the 10th session of
the intervention.

The training times were the same as the testing times in both
groups (± 30 mins) throughout the study: participants of the
morning group were trained at 8–10:30 a.m. and the participants
of the evening group were trained at 6:30–9:00 p.m. Each training
session lasted approximately 30 min. Tests for the ability to
transfer the gains acquired in practice to a novel sequence, the
performance of the untrained, mirror-reversed sequence, were
performed at the end of the 10th session (Train10) and at the
end of the 1-month and 7-months’ retention tests (Ret1m and
Ret7m, respectively). Performance of the trained sequence was
always tested first.

Full explicit knowledge and a demonstration of the required
movement sequence were provided prior to each training session
by verbal instruction and a presentation, on the computer
screen, of the numbered keys comprising the to be trained or
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tested sequence, by the experimenter. The participants interacted
with the same experimenter throughout the study. The training
session began only after three consecutive, correct iterations of
the target sequence were executed by the participant, indicating
that the participant understood the required sequence.

All training sessions were identical in structure. Each training
session consisted of 14 blocks, each block comprised of 12
repetitions of the assigned sequence (i.e., each block consisted
of a total of 60 key presses). A 30-s rest period was afforded
between consecutive blocks. The average of the four initial and
four final blocks were used in the analysis as the measures of
performance at the beginning (pre-test) and end (post-test) of
each training session, respectively (Doyon et al., 2009). Each
of the retention tests, at 1 and 7 months’ post-intervention,
also included four consecutive blocks of the performance of
the trained sequence; four consecutive blocks were also used to
assess performance in the transfer condition, the performance
of the untrained sequence. Participants were instructed not to
practice the experimental task between sessions. All participants
confirmed at the beginning of each meeting they followed
this instruction.

Before the beginning of each block of trials, the participants
were instructed/reminded to continuously tap the sequence “as
fast and accurately as possible,” using their left non-dominant
hand; starting immediately after the onset of the “go” signal
on screen (“green cross”). Participants were then instructed
that at the end of each block, a “red cross”(“stop” cue) will
appear, as the cue to stop tapping the sequence. The screen
background remained black throughout the session. No feedback
on performance was provided online or offline. Participants were
instructed that occasional errors should not be corrected, and
were required to continue the task without a pause even in the
case of an error.

One day prior to the first session of training, each participant
was asked to wear an actigraph (ActiGraph wGT3X, ActiGraph,
LLC) in order to record the participant’s sleep-activity cycles.
The participants were instructed to wear the actigraph on their
non-dominant wrist (left), continuously for a 7-day period, with
the exception of time spent during water activities (shower, etc.).
In addition, participants were asked to keep a sleep diary with
entries for each day of the week they wore the actigraph. At the
conclusion of the 7 days’ period, actigraph devices were collected
and the data were retrieved using Actilife6 software. Participants
were instructed to maintain their usual sleep habits and avoid
day-time napping throughout the whole experiment.

Data Extraction and Statistical Analyses
The timing and corresponding number of each key-press were
recorded. The motor sequence performance measures were
derived from the time differences between two consecutive key
presses within each correctly performed and completed sequence,
as well as between sequences (the final key-press of a sequence
and the first key-press of the next sequence) in each task block
using a custom MATLAB script (The Mathworks, Inc., Natick,
MA, United States, version:2007). The pairs of movements
(transitions) for analysis were four within-sequence transitions—
transition from finger 4 to 1, 1 to 3, 3 to 2, and 2 to 4 for

participants training on sequence 4-1-3-2-4 or the corresponding
four transitions for sequence 4-2-3-1-4 in participants assigned
the latter sequence. In addition, between-sequence transition
times, the transition time from end of one sequence (finger
4) to the first movement of the next iteration (finger 4), was
computed for each block. The main behavioral measures of
performance were: (i) speed, calculated as the mean correct
sequence duration – sum of within-sequence transitions in a
given trial. The sequence duration analysis included only the
correctly performed and completed sequences during each block;
(ii) accuracy, calculated as the percentage correct transitions from
the total number of transitions (= 59 per block).

Data were analyzed using the Statistical Package for the
Social Sciences (SPSS Statistics for Windows, Version 24; IBM
Corp., Armonk, NY, United States). A Kolmogorov–Smirnov
test for normality was used to test the distribution of the
data on the primary outcome measures. The magnitude of
learning the trained sequence was assessed using mixed repeated
measures general linear models (GLMs) [with two groups
(morning/evening) × 10 sessions (Train1–Train10) × two
time-points for each session (pre-test, post-test)], carried out
separately for each performance measure. Retention of skill
in the execution of the trained sequence across the intervals
of 1-month and 7-months post-intervention compared to the
last training was assessed using repeated measures GLMs (Rm-
GLMs) [two groups (morning/evening) × three time-points
(post-test of Train10, Ret1m, Ret7m)], carried out separately for
each performance measure. To test for the degree of specificity
of the acquired motor sequence knowledge, performance of the
trained sequence was compared to the performance of a novel,
untrained, sequence using paired t-tests at Train10, Ret1m, and
Ret7m. Because the error percentage (accuracy) was not normally
distributed, the non-parametric Chi-square test was used for
assessing changes in accuracy.

The raw activity scores from the actigraphy were translated
to sleep–wake scores based on standard software (scoring
algorithm) (Actilife6). Mean total sleep time (TST), sleep
efficiency, sleep latency, and wake time after sleep onset (WASO),
number of awakening, and average of awakening duration.
To assess possible difference in sleep quality and duration
between the intervention groups, the means of the groups
for each sleep parameter were compared using independent
sample uncorrected t-tests and Mann–Whitney test for the
non-parametric sleep parameters. The significance level was
at p ≤ 0.05.

RESULTS

Effects of Multi-Session Practice Across
the Intervention Interval
Overall, both groups showed significant gains in mean correct
sequence duration with no loss in accuracy (no speed-accuracy
trade-off) (Figure 2A). Mixed Rm-GLM analyses comparing
the performance across the 10 training sessions (time-point,
between-sessions) for the initial and final four blocks of each
session (within-session) in the two groups (Eve and Morn,
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FIGURE 2 | The time-course of learning and retention of a key-press sequence; evening (Eve) and morning (Morn) trained groups. Performance at the initial and the
final practice blocks at each of the 10 practice sessions is shown (averages of first four and last four performance blocks, respectively) (left panels).
(A) Speed—mean duration for correct sequences. (B) Accuracy—percent of correct transitions from the total number of key transitions (= 59 per block). The right
panels show retention of the trained sequence at 1 (Ret1m) and 7 months (Ret7m) compared to the end of training (Train10). Open circles—morning group, filled
circles—evening group. Bars—standard error of the mean (SEM), ∗—significant difference between the performance levels of the Eve and Morn groups, p ≤ 0.05.

between-subjects factor) showed that overall, there was a
significant decrease in mean sequence duration, time-points
[F(9,243) = 74.46, p < 0.001, η2 = 0.73]. There was, however,
no significant main effect of group [F(9,243) = 0.65, p = 0.75,
η2 = 0.024] and also no significant group × time-points
interaction [F(1,27) = 0.58, p = 0.45, η = 0.021] (Figure 2A).

There was also a significant within-session effect
[F(1,27) = 30.56, p < 0.001, η2 = 0.53] and a significant
time-point × within-session effect [F(9, 243) = 23.40, p < 0.001,
η2 = 0.46]; indicating that gains in performance speed (reduction
of sequence duration) occurred within the initial sessions
(sessions 1–3, 4; Train1–3,4 in Figure 2A).

However, there was no significant group × within-session or
group× time-point× within-session interaction [F(1,27) = 0.58,
p = 0.45, η2 = 0.021, F(9,243) = 1.33, p = 0.22, η2 = 0.05,
respectively] indicating that the time-course of learning, within-
sessions and across sessions, was independent of the time-of-day
wherein the training sessions were afforded.

Accuracy throughout the training programs was high; with the
number of correct sequences > 90% throughout the intervention
sessions in both groups (Figure 2B). Non-parametric repeated
measures Friedman tests showed that there was a trend toward
a (small) increase in accuracy in the Eve trained group
[χ2(19) = 28.65, p = 0.07] and no significant change in the

accuracy of performance in the Morn group [χ2(19) = 18.07,
p = 0.52] (Figure 2B). The gains in speed, therefore, evolved with
no costs of accuracy, i.e., there was no speed-accuracy tradeoff.

The results, therefore, indicate that training at morning
hours did not confer an advantage; both training protocols
were effective in inducing learning across the 10 training
sessions, without apparent differences in the magnitude of the
learning gains or the time-course of within or between sessions
acquisition of skill.

Long-Term Maintenance of Skill
The retention of the gains in the performance of the
practiced key-tapping sequence was tested at 1 month post-
training and again by 7 months post-training (Figure 2,
right panels). To assess retention, performance was compared
across three time-points: the final training session, 1-month
post-training and 7 months post-training (Train10, Ret1m,
and Ret7m, respectively) (Figure 2). There was a significant
deterioration in speed with sequence duration increasing
significantly [F(2,52) = 27.57, p < 0.001, η2 = 0.52]. Nevertheless,
although there was no significant group effect [F(1,26) = 1.2,
p = 0.29, η2 = 0.04], there was a trend for a time-point × group
interaction [F(2,52) = 2.97, p = 0.06, η2 = 0.10]. This trend
reflected a greater deterioration in sequence duration from
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Train10 to Ret7m in the Morn group (from 1.28 to 1.99 s)
than in the Eve group (from 1.25 to 1.63 s) (Figure 2A,
upper right panel).

Participants practicing in the morning hours, the Morn
group, tended also to show a deterioration in accuracy across
the 7 months’ retention interval (Figure 2, lower right panel).
Accuracy, in the Morn group, was reduced from 92 to 81% on
average, but no losses were apparent in the Eve group (from
94 to 96%). A non-parametric χ2 (chi square) test was used
to assess the proportion of participants in the two groups who
experienced a loss of accuracy across the 7 months’ retention
interval. To this end, we designated the participants, in the
two groups, that experienced losses in accuracy on the order
of 5% or more [comparing the last training session (Train10)
to the retention test 7 months’ post-training]. The results
showed that, in the Morn group, 7/14 participants showed a
loss in accuracy; a proportion not statistically different from
a 50:50 chance of either gaining and retaining or showing
losses in accuracy [χ2(1) = 0.00, p = 1.0]. The proportion
of participants showing such losses in accuracy during the
retention interval, in the Eve group, was only 3/14; a proportion
significantly different from a 50:50 chance of either improving or
retaining the gains to showing losses [χ2(1) = 4.57, p < 0.05].
A direct comparison of the proportion of participants showing
losses in accuracy (above 5%) over the 7 months’ retention
interval showed a significant advantage for the Eve group
[χ2(1) = 4.57, p < 0.05].

The between-group differences, in sequence duration and
accuracy, at each time-point assessed using post hoc t-tests and
Mann–Whitney U-tests comparisons are shown in Table 2.

Altogether, the results showed that by 7 months after the end
of the intervention, there was a substantial forgetting of the skill,
reflected in both sequence duration and accuracy, in the Morn
group; however, the losses in speed were somewhat smaller in the
Eve trained group, while accuracy was well maintained across the
7 months’ interval.

Transfer
To test the generalizability of the acquired knowledge, we
compared the performance of the trained sequence to the
performance of a newly introduced, untrained sequence, at
the end of the intervention (Train10). The mean duration
of completing a correct trained (Lt_T) and an untrained
sequence (Lt_U) composed of the same component movements
ordered in reverse to their order in the Lt_T sequence are

presented in Figures 3A,B. There was a significant advantage
for the Lt_T in both groups (Eve and Morn) in terms
of mean sequence duration [F(1,27) = 62.80, p < 0.001,
η2 = 0.7], with no significant sequence × group interaction
[F(1,27) = 1.26, p = 0.272, η2 = 0.04] or group [F(1,27) = 0.75,
p = 0.4, η2 = 0.03] effect. For accuracy, a non-parametric
Friedman test of differences showed that in both groups,
there was a significant difference in favor of the trained
sequence [χ2(1) = 4.57, p < 0.05, χ2(1) = 7.14, p < 0.005;
Eve and Morn, respectively]. Thus, in both groups, full
transfer (generalization) of the acquired gains to the untrained
condition did not occur.

We directly compared sequence duration for the trained
sequence to the untrained sequence at 1 and 7 months’ post-
training in the two groups, with time-point and sequence
as within-subject’s effects. A mixed Rm-GLM analysis showed
that there was a significant time-point effect [F(1,26) = 10.09,
p < 0.005, η2 = 0.28] with no significant group × time-point
interaction [F(1,26) = 2.28, p = 0.14, η2 = 0.08] or group effect
[F(1,26) = 2.06, p = 0.16, η2 = 0.07]. There was a significant
sequence effect [F(1,26) = 35.37, p < 0.001, η2 = 0.58] but no
group× sequence interaction [F(1,26) = 0.04, p = 0.85, η2 = 0.01].

A non-parametric comparison for accuracy showed that there
was no significant difference between the two sequences in the
Eve group [χ2(1) = 1.33, p = 0.25] or in the Morn group
[χ2(1) = 3.77, p = 0.12] at Train10. This was also the case at
7 months [χ2(1) = 0.0, p = 1.0; χ2(1) = 0.29, p = 0.59, Eve and
Morn groups, respectively]. Thus, overall there was no significant
difference between the two group in terms of transfer abilities.

Sleep and Chronotype
Independent samples Mann–Whitney U-test showed no
significant differences between the participants of the Morn and
Eve groups in respect to chronotype as assessed by MEQ scores
[U(28) = 73.0, p = 0.25, d′ = 1.14]. Parsing of the continuous
MEQ scores into chronotype categories (Horne and Ostberg,
1976; Caci et al., 2009) showed that the participants of the study
were mostly moderately morning chronotypes (Table 3).

In the PSQI questionnaires, both the Eve (mean of
5.3 ± 2.32) and Morn (4.69 ± 1.88) groups’ scores were
within the normal range (a score > 5 indicates poor sleep
quality). Independent samples Mann–Whitney U-tests showed
no significant differences between the two groups [U(26) = 73.0,
p = 0.55, d′ = 0.29]. In the ESS, assessing the level of
daytime sleepiness, there were also no significant differences

TABLE 2 | Between-group comparisons of the mean sequence duration and accuracy at three time-points: Train10, Ret1m, and Ret7m (group mean ± SD).

Train10 Ret1m Ret7m

Sequence duration, seconds Eve: 1.22 ± 0.36, Eve: 1.30 ± 0.36, Eve: 1.63 ± 0.35,

Morn:1.24 ± 0.35 Morn: 1.36 ± 0.36 Morn: 1.99 ± 0.58

t(27) = −0.15, p = 0.884, t(27) = −0.39, p = 0.7, t(26) = −1.98, p = 0.05,

d′ = 0.06 d′ = 0.17 d′ = 0.75

Accuracy, % Eve: 94.43 ± 10.98, Eve: 93.95 ± 14.35, Eve: 96.4 ± 3.08,

Morn: 92.70 ± 9.55 Morn: 93.79 ± 7.63 Morn: 81.3 ± 24.05

U(29) = 95.5, p = 0.66, d′ = 0.17 U(29) = 79.5, p = 0.25, d′ = 0.01 U(28) = 55.0, p = 0.049, d′ = 0.88
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FIGURE 3 | Generalizability of the acquired knowledge to the performance of the untrained sequence. (A) Eve group. (B) Morn group. Each data point represents
the averaged performance of four test blocks in terms of mean duration for correct sequences. Train10—end of the last training session; Ret1m—1 month after the
termination of training; Ret7m—7 months after the termination of training; error bars—SEM, ∗—significant difference between the performance levels of the trained
and the untrained sequence, p ≤ 0.05.

TABLE 3 | Chronotypes based on the MEQ scores in the two groups (Eve and
Morn).

Chronotype Morn group Eve group

MEQ mean ±SD 60 ±8.7 63.15 ±5.33

Definitely morning type 1 1

Moderately morning type 11 14

Intermediate type 2 –

Moderately evening type – –

Definitely evening type – –

The MEQ scores were parsed into categorical chronotypes using standard cut-off
criteria (Horne and Ostberg, 1976; Caci et al., 2009).

between the two groups with no or only moderate levels of
day time sleepiness (5 ± 3.08, 5.92 ± 4.92; the Eve and
the Morn groups, respectively). The actigraphy-based sleep
measures of the two groups were compared by averaging the
sleep measures across seven nights, starting from the night
of the first training session. The average scores of actigraphy-
derived sleep parameters, including sleep efficiency, sleep onset
latency, TST, total time in bed (TTB), wake after sleep onset
(WASO), as well as the number of awakenings (Nu_awake)
and average awakening time are shown in Table 4. There
were no significant differences between the two groups (Eve,
Morn) in any of these sleep parameters, suggesting that
overall, the differences in the performance measures of the
two groups may not be ascribed to differences in sleep habits,
quality, and duration.

DISCUSSION

In the current study, we tested whether the time-of-day wherein
training was afforded (morning or evening groups) during a
multi-session motor training program affects the acquisition
and mastering of a movement sequence or the long-term

TABLE 4 | Actigraphy parameters of the two groups (Morn, Eve), averaged across
7 days of recording during the first week of the training intervention.

Sleep parameter Morn group Eve group Significance

Latency 5.29 ±4.93 10.82 ±11.42 T-test, ns

Efficiency 82.77 ±7.63 82.96 ±6.39 U-test, ns

TTB 409.91 ±43.53 428.52 ±51.71 U-test ns

TST 339.89 ±58.83 353.43 ±53.87 T-test, ns

WASO 64.63 ±28.44 64.23 ±24.38 U-test, ns

Nu_awake 14.86 ±2.73 12.56 ±31.86 U-test, ns

Avg_awake 4.37 ±1.71 5.23 ±1.72 T-test, ns

A two-tailed independent samples t-test or a Mann–Whitney U-test was used to
compare between the groups; ns, not significant; p > 0.05.

outcome of the training program in healthy morning-oriented
elderly participants. The results of the current study show
that the multi-session intervention program, a total of 10
training sessions, resulted in robust gains in performance
(mean sequence tapping duration and accuracy) irrespective
of whether participants engaged in training on the task at
morning or at evening hours. Thus, although evening hours
are considered a non-preferred, “off peak,” circadian phase in
most elderly, and in participants who were moderate to definite
morning chronotype, the evening trained group was able to
acquire experience-dependent gains in performance across the
intervention period as robustly as their peers training at morning
hours. Moreover, at 1 month after the end of intervention, both
groups retained more than 90% of the gains attained by the
end of the multi-session training program; but when re-tested
at 7 months post-training, the Eve trained group was found
to have a clear mnemonic advantage, showing significantly less
attritions of the gains attained in training compared to the
Morn trained group. Importantly, the mnemonic differences
between the groups, in the current study, cannot be ascribed
to differences in sleep parameters; no differences were found
in the sleep parameters, subjective or objective, of the two
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experimental groups. The sleep assessments showed that all
participants were moderately morning chronotype, and had age-
adequate sleep.

Altogether, the current results show that a motor skill
was effectively acquired by morning-oriented older adults;
irrespective of whether training was afforded at morning or at
evening. However, the current results also show that successful
acquisition of skill across a multi-session training program may
not suffice to secure the long-term retention of the skill; there
was a significant deterioration in the performance of the task
after an interval of a few months (a time interval wherein the
task was not executed). Nevertheless, the time-of-day in which
the training was afforded was a critical factor in determining
retention; retention was better in the evening group compared
to the morning group in terms of retaining the gains in speed
and accuracy attained in the performance of the task during the
practice program.

Multi-session training was found beneficial for the generation
of skill, and its retention, in the elderly (Spencer et al., 2007;
Fraser et al., 2009; Nemeth et al., 2010; Romano et al., 2010;
Wilson et al., 2012), with gains in performance surpassing the
gains attained in a single session. Previous studies suggest that
the consolidation of motor memories following motor sequence
training may be either impaired or less readily mobilized (i.e.,
selectively engaged) in older adults (Spencer et al., 2007; Harand
et al., 2012; Wilson et al., 2012; Korman et al., 2015).

In line with this notion, are the results of studies showing
that older adults may need more practice in order to attain a
level of mastery in a given task compared to younger trainees
(e.g., Rodrigue et al., 2005). However, beyond the quantitative
aspects of the training experience (such as the number of sessions
or the number of task iterations afforded) other, in a sense,
orthogonal, conditions may contribute to the successful learning
process in the elderly. Specifically, the affordance of sleep was
suggested as a critical modifier of the long-term outcomes of
motor skill training, in particular, the ability to express delayed,
offline, gains in motor performance in both young (Walker
et al., 2003; Korman et al., 2007) and older (e.g., Korman
et al., 2015) adults though not in children, i.e., before puberty
(e.g., Ashtamker and Karni, 2013).

Both the magnitude of delayed gains and the time-course
of the evolution of these gains were shown to be dependent
on post-training sleep, either night-time or day-time in young
(Walker et al., 2003; Korman et al., 2007; Doyon et al., 2009;
Walker and Stickgold, 2010) and older adults (Korman et al.,
2015; Mantua et al., 2016). For example, the study by Korman
et al. (2015) suggested that while morning training by itself
may not constitute a sufficient condition for the subsequent
expression of delayed gains in the performance of a newly
learned and practiced movement sequence, an interval of day-
time sleep afforded shortly after the practice session can make
possible the expression of robust delayed gains in the elderly. The
authors proposed that the temporal proximity of the practice to
a post-training sleep interval is critical, in the elderly; perhaps
because opportunities for the interference of subsequent motor
experiences in procedural memory consolidation processes
(triggered by the practice experience) are reduced. It was

conjectured that an increase in the susceptibility to interference
by subsequent everyday experience may be one mechanism
whereby stricter selectivity about what is or is not prioritized
for maintenance in long-term memory is imposed in the
elderly, an additional constraint on mnemonic processes (but not
learning or the acquisition of within-session, online, gains per se)
compared to younger adults (Korman et al., 2015).

The results of the current study are in line with the notion
that motor training in temporal proximity to a sleep interval
may be beneficial to the ability of older adults to retain “how to”
motor knowledge. However, the advantage of training at evening
hours was not apparent in the overall achievements of the evening
trained participants (compared to their peers trained at morning)
or the rate of improvement within and between sessions during
the multi-session training protocol; the advantage of training at
evening was apparent only after more than a month after the
termination of practice, i.e., in terms of long-term retention.

Nevertheless, the very fact that in the current study
older adults, with a morning orientation in terms of diurnal
preferences, managed to acquire a motor skill when trained at
evening, at a rate not different from the rate of learning in a
morning trained group, raises the need for re-conceptualizing the
notion that training at morning is universally the preferable time-
of-day for elderly (Roenneberg et al., 2007; Fischer et al., 2017;
Hood and Amir, 2017).

Only a few studies have directly addressed the effects of
training interventions on the retention of skills, in the elderly.
The focus of most studies was on the ability of elderly individual
to express within-session, online, gains, or the gains attained
by the end of multi-session training programs in comparison
to the comparative gains attained by younger adults in similar
training regimes (Durkin et al., 1995; Howard et al., 2004;
Yan et al., 2010; Ehsani et al., 2015; Korman et al., 2015).
A number of studies, however, addressed the retention of
practice related gains in task performance in older adults
in comparison to younger adults (Shea et al., 2006; Fraser
et al., 2009; Nemeth et al., 2010; Wilson et al., 2012). While
younger adults were able to retain training-related gains for
long periods of time (across time intervals with no additional
training), the passage of time (with no additional training
afforded) was found to adversely affect the performance gains
in older adults (Malone et al., 2016; Griffin et al., 2017). It
was concluded that long intervals of no training may lead to
forgetting and skill attrition, the loss of gains previously acquired,
in the elderly (Malone et al., 2016; Griffin et al., 2017). The
current results suggest that perhaps as a default, the motor
system of older adults may treat motor “how to” knowledge
that is not in continuous use as less prioritized for long-
term retention. Given that the long-term maintenance of motor
skill in motor cortex is an active and biologically/metabolically
“expensive” process and that long-term memory-related plasticity
is selectively maintained (Xu et al., 2009; Yu and Zuo, 2011; Yang
and Gan, 2012), this may reflect a stricter selectivity in what
is to be retained in long-term memory as one ages (see, e.g.,
Korman et al., 2015).

It is important to stress that the current results were
obtained in the socially active and healthy older adult sample,
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including only participants who did not take frequent
day-time naps. However, frequent day-time napping is a
common habit among elderly, affecting night-time sleep,
cognitive, and physical fitness (Mantua and Spencer, 2017).
This may limit the transfer of these findings to a potential
clinical setting. Additional factors, such as preventative
health medications and some health challenges common
to elderly adults that may be related to circadian rhythms
(e.g., fatigue, decrements in executive functioning, low
physical and social activity) and thus, interfere with
the training outcomes, or capacity to engage, should be
addressed in the future.

The participants were not asked during the follow-up
about their experience with other similar tasks, because finger-
tapping tasks are omnipresent, such as in computer and
cell phone use. Although the participants were instructed
not to practice the experimental task between sessions, the
absence of knowledge about the extent of similar experiences
between experimental sessions is an additional limitation of
the present study. Nevertheless, we note that the participants
did not practice the specific sequence of finger movements
used in the study task, were not proficient in typing
(did not use all fingers for computer work), and had no
experimental response box at their disposal (the spatial
arrangement of the keys in response box is different from the
computer keyboard).

Additional limitation of the current study is that both the
training and the assessments were performed at specific time-of-
day, only during morning (8–10:30 a.m.) or evening (6:30–9:00
p.m.) hours, for each group. Moreover, the motor task used
in this study was a short sequence of fine finger movements;
the current results may not generalize to other types of motor
training. Responsiveness for physical training and assessment was
shown in several recent studies to be dependent on the time
of day, suggesting that time-of-day is an important modifier of
exercise capacity and associated metabolic pathways (Brito et al.,
2019; Ezagouri et al., 2019; Youngstedt et al., 2019).

Thus, our results can serve as a proof-of-concept justifying
future studies that will explore conditions or interventions in
older adults in which the potential for motor learning, as well
as for mastering other types of cognitive tasks, can be harnessed
and perhaps facilitated. Specifically, future studies should directly
address the possibility, previously raised by Korman et al.
(2015), that motor learning and consolidation can be enhanced
if elderly participants are restricted in experiencing potentially
interfering tasks before the first post-learning sleep interval. The
current results also raise the possibility that boost sessions may
be beneficial in older adults to better maintain skill in tasks
wherein everyday experience is limited or separated by long
time intervals. There is evidence underscoring the importance
of continuous practice on motor performance in aging; for
example, boost sessions were found beneficial for professional
pianists to maintain their performance skills, including motor
speed, into advanced age (Krampe and Ericsson, 1996) and skilled
typists were able to maintain their speed of typing up to 72
years of age, if some practice was afforded every other day
(Salthouse, 1996).

We propose that the time-of-day in which practice is
afforded, is an important parameter to be considered when
it comes to motor skill learning and maintenance in the
elderly population; this consideration may also apply in the
context of rehabilitation of movement routine (e.g., Korman
et al., 2018). On the one hand, morning training may be
preferable because it meets the circadian preference of older
adults (Roenneberg et al., 2007; Fischer et al., 2017; Hood
and Amir, 2017). However, morning training may be less
beneficial to the mastering of motor skills, as a long time
interval separates the practice experience from the interval of
sleep at night; evening training with the proximity to a sleep
period may promote better memory consolidation and minimize
unspecific interference from everyday motor activity (Korman
et al., 2015). These considerations can be taken into account
by practitioners in structuring home/rehabilitation programs
for older adults, making the scheduling of the intervention
sessions to morning hours less restrictive. The time-of-day of
practice, specifically in the rehabilitation of function in elderly
individuals who are less well-entrained to the environmental
cues of the diurnal rhythms (Camargo-Sanchez et al., 2015;
Duffy et al., 2015; Mattis and Sehgal, 2016; Cornelissen and
Otsuka, 2017; Logan and McClung, 2019) may need to be
addressed as a critical factor in the studies of long-term effects
of intervention protocols.
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Background: Aging is an important risk factor for erectile dysfunction (ED). Both calorie
restriction (CR) and physical exercise (PE) have been established as a non-medical
method for the improvement of detrimental changes in aging. It is well documented
that both CR and PE influence on sympathetic and parasympathetic systems; however,
there are few studies on non-adrenergic non-cholinergic pathways. This study aims
to investigate the NO-mediated mechanisms of CR and PE on corpus cavernosum in
aged rats.

Materials and Methods: 3 and 15 month-old rats were divided into five experimental
groups: young rats fed ad libitum (Y-C), aged rats fed ad libitum (O-S), aged rats with
CR (O-CR), aged rats with PE (O-PE), and aged rats with CR and PE (O-CR-PE). CR
was applied to animals as a 40% reduction of daily food intake for 6 weeks. PE was
moderate swimming at 30 min at 3 days/week. The effects of CR and PE were evaluated
by histologic, biologic, and in-vitro tissue bath studies.

Results: The outcomes in CR and PE groups (characterized by decreased nitrosative
damage together with increased antioxidant capacity) were improved in comparison
to the O-S. Apoptotic biomarkers were also lower and both endothelial and smooth
muscle cell’ functions were preserved too. There was no statistical difference between
apoptosis, antioxidant capacity, and nitrosative damage parameters. Contractile
responses to phenylephrine and relaxation responses to carbachol were: O-CR > O-
PE > O-CR-PE. In these groups, NOS protein levels determined by western-blot
were: eNOS: O-CR = O-CR + PE > O-PE; iNOS: O-CR = O-PE > O-CR-PE; nNOS:
O-PE > O-CR-PE > O-CR.

Conclusion: In our study, both CR and PE prevented age-related changes in the corpus
cavernosum of rats. Reducing nitrosative damage in the neurovascular structure was the

Frontiers in Physiology | www.frontiersin.org 1 February 2020 | Volume 11 | Article 45144

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.00045
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2020.00045
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.00045&domain=pdf&date_stamp=2020-02-18
https://www.frontiersin.org/articles/10.3389/fphys.2020.00045/full
http://loop.frontiersin.org/people/669346/overview
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00045 February 14, 2020 Time: 18:55 # 2

Macit et al. Calorie Restriction and Exercise on Erectile Dysfunction

main mechanism. CR and exercise restored the endothelial and smooth muscle cells in
corpus cavernosum by decreasing apoptosis. The mechanism of enhancing functional
response in corpus cavernosum with CR was the improvement of endothelial function
via eNOS activation however it involves increases in the NO-cGMP signaling pathway
by an endothelium-independent mechanism with PE. This might be a direct stimulation
of smooth muscle cells by NO, which released from the cavernous nerve endings via
nNOS activation.

Keywords: erectil dysfunction, calorie restriction, physical exercise, aging, nitric oxide

INTRODUCTION

Erectile dysfunction (ED) is one of the most common disorders
in males (Kaya et al., 2017). The prevalence of ED in the general
population ranges from 30 to 65% in men aged 40–80 years
(Campbell et al., 2019). The Massachusetts Male Aging study
emphasized the close association between aging and ED by
showing an almost 1.5 times increased prevalence of ED after the
age of 70 years (Feldman et al., 1994).

The development of a penile erection can simply be
summarized in two sequential steps: (1) the transportation of
blood into the cavernosal sinusoids resulting in the enlargement
and rigidity of the penis, and (2) the reduction of venous
outflow via veno-occlusion to maintain the enlargement and
rigidity of the penis (Ferrini et al., 2017). However, this two-
step process depends on a complex balance and coordination
of neurogenic, vascular, and humoral events (Jang et al.,
2017), such as the parasympathetic, sympathetic, and nitrergic
nerves, neurotransmitters, blood vessels, and cavernous muscles
(Claudino et al., 2004). Nitric oxide (NO) plays a key role
in this coordination, because the increase in the blood flow
via dilation of arterial vessels as well as the increase in
the size of corporal sinusoids via the relaxation of smooth
muscles is regulated by the NO (Ferrini et al., 2017). Both
the nitrergic fibers and vascular endothelial cells supply the
corpus cavernosum with NO (Claudino et al., 2004). Decreased
nerve and endothelium-mediated corpus cavernosum relaxation,
reductions in smooth muscle cell content, and pathological
remodeling of the pudendal artery were shown in age-related
ED. Moreover, they were attributed largely to increased oxidative
stress and endothelial dysfunction (Johnson et al., 2011).
However, the underlying molecular mechanisms have not been
fully identified (Johnson et al., 2011). Furthermore, conflicting
results have been reported, especially in relation to NO-mediated
mechanisms (Ferrini et al., 2001; Gonzalez and Rajfer, 2004;
Johnson et al., 2011).

A causal connection between oxidative-stress, aging and age-
related pathologies (Davalli et al., 2016), as well as the beneficial
effects of calorie restriction (CR) and regular physical exercise
(PE) on oxidative stress in age-related pathologies is known
(Testa et al., 2014; Simioni et al., 2018). Again, the beneficial
effects of CR and PE on erectile function have also been shown
separately (Ferrini et al., 2001; Claudino et al., 2004; Gonzalez and
Rajfer, 2004; Johnson et al., 2011; Testa et al., 2014; Davalli et al.,
2016; Souza et al., 2017; Simioni et al., 2018). This study aims to

investigate the NO-mediated mechanisms of CR and PE on the
corpus cavernosum in aged rats.

MATERIALS AND METHODS

Animals and Study Protocol
A sample of 3-month-old young and 15-month-old aged male
Wistar albino rats were divided into five groups of 15 each: young
rats fed ad libitum (Y-C); aged rats fed ad libitum (O-S); aged rats
with CR (O-CR); aged rats that were exercise trained (O-PE); and
aged rats with CR and that were exercise trained (O-CR-PE).

The ad libitum groups of animals were fed with standard chow
pellets (composed of 21% soybean protein, 15% sucrose, 43.7%
dextrin, 10% corn oil, 0.15% a-methionine, 0.2% choline chloride,
5% salt mix, 2% vitamin mix, and 3% Solka-Floc fiber) and had
free access to food and water. CR was applied to animals as a
40% reduction of daily food intake for 6 weeks (Whidden et al.,
2011). Exercise training was moderate swimming for 30 min
3 days/week for 6 weeks (Leite et al., 2013). At the end of
the study period, animals were then decapitated and corpus
cavernosum tissues were excised. In half of the rats in each
group, the corpus cavernosum was immediately prepared for
the in vitro contractility studies. In the other half of the rats in
each group, samples were stored at −70◦C for the measurement
of biochemical parameters. Extra tissue samples were fixed in
10% buffered formalin solution and prepared for routine paraffin
embedding for histological analysis.

Animals were housed individually in polycarbonate cages with
wood chip bedding and maintained in a temperature-controlled
room (50–60% of humidity at 24◦C) with a 12-h light-dark cycle
(lights on at AM 7:00 and off at PM 7:00).

All experimental procedures were done in accordance with
the Guide for the Care and the Use of Laboratory Animals
published by the US National Institutes of Health. The
local animal ethic committee approval was obtained for all
experimental procedures.

Tissue Antioxidant Capacity and Oxidant
Status
While superoxide dismutase (SOD) and glutathione (GSH) levels
were measured for antioxidant activity; malondialdehyde (MDA)
as a marker of lipid oxidation and 8-hydroxyguenosine (8-
OHdG) as an indicator of oxidative DNA damage were measured
in tissue samples homogenized in ice-cold 10% trichloroacetic
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acid (TCA). MDA was determined spectropohometrically by
measuring the presence of thiobarbituric acid-reactive substances
(Okhawa et al., 1979). SOD enzyme activity determination was
done based on the production of H2O2, from xanthine by
xanthine oxidase, and the reduction of nitro blue tetrazolium as
previously described (Aladag et al., 2003). 8-OHdG was measured
by ELISA (OxiSelect Oxidative DNA Damage Elisa Kit, Cell
Biolabs) according to the manufacturer’s instruction. The DNA
isolation from the samples was performed by a commercial kit,
according to the manufacturer’s instruction (PureLink R© Genomic
DNA Mini Kit, Life Technology).

Tissue Nitric Oxide (NO), Peroxynitrite
(ONO2

−), and Cyclic Guanylate Cyclase
(cGMP) Levels
Nitric oxide was measured in the tissue supernatants as
nitrite/nitrate (NOx) concentration by spectrophotometry
(Roche, United States). Briefly, tissues were harvested, washed in
cold 5% TCA, suspended with an ice-cold assay buffer (ready to
use), homogenized on ice, and centrifuged for 2–5 min at 4◦C.
The supernatant was collected in a clean tube, deproteinized, and
neutralized with ice cold 4 M PCA and 2 M KOH, respectively.
Samples were added to wells, nitrate reductase was added to
convert nitrate to nitrite, and colored with Griess Reagent. The
intensity of the color was measured against the standard at
550 nm by spectrophotometer.

To assess the activation of either NO/ONO2
− or NO/cGMP

pathway, ONO2
− and cGMP levels were measured. For the

cGMP measurement, frozen samples were homogenized with 5%
TCA and centrifuged. The Supernatant was extracted with water-
saturated ether and dried. Reconstituted samples were measured
by using an enzyme-linked immunoassay (ELISA) using a
commercial kit (ADI-900-013, Enzo Life). ONO2

− measurement
was performed by enzyme-linked immunoassay (ELISA) using a
commercial kit (HycultBiotech, PA, United States) according to
the manufacturer’s instruction. Accordingly, tissue homogenates
were incubated with a biotynlated tracer antibody and transferred
to a microplate precoated with nitrated-HSA and allowed to
incubate. After incubation, the plate was washed to remove excess
traces of antibody. Streptavidin peroxidase followed by TBM was
added to the plate to facilitate color development. The reaction
was stopped using oxalic acid and color intensity was measured
against the standard at 450 nm by spectrophotometer. Tissue
protein levels were determined using the method proposed by
Folin-Lowry (Lowry et al., 1951).

Apoptotic/Anti-apoptotic Biomarkers
Western blot was used to detect the change of apoptosis-related
proteins. Accordingly, the lysis of Adipose-Derived Stem Cells
(ADSCs) exploited the Laemmli Sample Buffer (Bio-Rad). After
centrifugation at 4◦C, protein components were attained and
determined by using a BCATM Protein Assay Kit (Thermo
Scientific). Proteins were loaded in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Obtaining discrete proteins
were then transferred to nitrocellulose membranes and incubated
overnight at 4◦C with primary antibodies of Bcl-xL (sc-892,

Santa Cruz), Caspase-3 (sc-7148, Santa Cruz), Bax (sc-7480, Bax
Antibody (B-9), Santa Cruz), and p53 (sc-6243, Santa Cruz)
over 1 h at room temperature with corresponding secondary
antibodies. β-actin was used as a reference protein.

Total Nitric Oxide Synthase (NOS)
Activity and NOS Isoforms
Tissue NOS activity was detected by ELISA (ENOS-100,
EnzyChromTM Nitric Oxide Synthase Assay Kit, Bioassay
Systems) according to the manufacturer’s instruction.

The NOS isoforms, nNOS (Sc-5302, NOS1 (A-11) Antibody,
Santa Cruz), iNOS (Sc-7271, NOS2 Antibody (C-11), and eNOS
(Sc-654 NOS3 Antibody (C-20), Santa Cruz), were determined by
Western blotting in tissue homogenates using specific antibodies
as described above.

Histologic Examination
A mid-portion of each penile segment was harvested and
immediately fixed in 10% paraformaldehyde for 24 h at
4◦C. Specimens were cut into 5-µm sections, stained
with hematoxylin-eosin, and evaluated under the light
microscope (Olympus BX51).

Corpus Cavernosum Function
Contractile responses in organ bath study were used to measure
the function of corpus cavernosum. The penis was removed and
the excised corpus cavernosum from the rats was dissected free of
the tunica albuginea and cut into 2× 2× 15 mm strips. Corporeal
strips were bathed in Krebs–Henseleit solution (118,14 mM
NaCl, 4,7 mM KCl, 2,5 mM CaCl2, 25 mM NaHCO3, 1,2 mM
MgSO4, 1,2 mM KH2PO4, and 11,1 mM glucose) The strips were
mounted in 10-mL organ baths containing Krebs solution at 37◦C
continuously bubbled with a mixture of 95% oxygen and 5%
carbon dioxide (pH 7.4). The tissues were equilibrated for 45 min
under a resting tension of 500 mg. Changes in the isometric force
were recorded using a PowerLab 400 Data Acquisition System
(Software Chart, version 4.2, AD Instruments, Colorado Springs,
CO, United States).

To verify the contractile ability of the preparations, 118 mM
KCl solution was added to the organ baths at the end of
the equilibration period. The contractile responses of the
corporeal strips to 10−9–10−3 M phenylephrine were obtained
cumulatively and expressed as the percentage of the maximal
contraction induced by 118 mM KCl. After a 30-min washout
period, corporeal tissues were contracted with a submaximal
dose (10−5 M) of phenylephrine. The relaxation responses of
the pre-contracted tissues were evaluated by adding increasing
concentrations of carbachol (10−9–10−3 M) (Paskaloglu et al.,
2004). Potency (pEC50) presented as a log of molar concentration
to produce 50% of the maximal contractile response elicited by
an agonist relative to KCl (118 mmol/L)-induced contraction.

Statistical Analysis
Statistical analyses were performed with SPSS 24.0 software
program (Chicago, IL, United States). All variables were
expressed as mean ± SEM. Differences between groups were

Frontiers in Physiology | www.frontiersin.org 3 February 2020 | Volume 11 | Article 45146

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00045 February 14, 2020 Time: 18:55 # 4

Macit et al. Calorie Restriction and Exercise on Erectile Dysfunction

analyzed by ANOVA and Post hoc Bonferroni test and p < 0.05
was considered to be statistically significant.

RESULTS

Tissue Antioxidant Capacity and Oxidant
Status
Both tissue SOD and GSH levels were low in the O-S compared
to the Y-C (p< 0.01). Parallel with these findings tissue MDA and
8-OHdG levels were high in the O-S group too (p < 0.01).

Compared O-S, both CR, and PE trained groups were
characterized with decreased oxidative damage (characterized by
increased SOD and GSH) together with increased antioxidant
capacity (characterized by decreased cavernosal MDA and 8-
OHdG levels) (p < 0.01 for all comparisons). There was no
statistically significant difference between the CR, PE, and
CR+ PE groups (p > 0.05 for all comparisons) (Table 1).

Tissue NO, ONO2
−, and cGMP Levels

Tissue NO, ONO2, and cGMP levels are given in Table 2.
Compared to Y-C, in the O-S group NO, ONO2

− levels
were increased, while cGMP levels were significantly depressed
(p < 0.05). On the other hand, both CR and PE treatments
reduced the tissue NO and ONO2

− levels significantly (p < 0.05)
and prevented the reduction in tissue cGMP levels (p < 0.05).
However, there was no statistically significant difference in NO,
ONO2

−, and cGMP levels between the CR, PE, and CR + PE
groups (p > 0.05 for all comparisons).

Apoptotic Biomarkers
Apoptosis-related protein bands determined by Western blotting
and protein levels that were calculated by comparing the density
of the control protein, β-actin, are shown in Figures 1, 2,
respectively. As shown in Figure 2, the O-S group was
characterized by increased pro-apoptotic (Bax, p53) and
decreased in anti-apoptotic protein (Bcl-XL) levels (p < 0.001).
On the contrary, compared to the O-S group, CR, and PE
groups were characterized by increased anti-apoptotic (Bcl-XL)
and decreased pro-apoptotic (Bax, p53) protein levels. There were

TABLE 1 | Tissue oxidative status and the antioxidant capacity.

Group Antioxidant capacity Oxidative status

SOD GSH MDA 8-OHdG
(U/gr tissue) (µmole/gr tissue) (nmole/gr tissue) (ng/mg DNA)

Y-C 7.46 ± 0.32 2.48 ± 0.21 8.43 ± 0.24 1.42 ± 0.14

O-S 3.06 ± 0.13∗ 0.96 ± 0.10∗ 12.53 ± 1.23∗ 3.47 ± 0.20∗

O-CR 4.08 ± 0.25∗,& 2.24 ± 0.15& 8.71 ± 0.52& 1.87 ± 0.17&

O-PE 4.38 ± 0.16∗,& 2.26 ± 0.08& 8.23 ± 0.21& 1.78 ± 0.27&

O-CR-PE 4.36 ± 0.09∗,& 2.19 ± 0.19& 8.32 ± 0.18& 1.63 ± 0.30&

p < 0.01 ∗: compared to Y-C; &: compared to O-S; n = 6. Y-C: young control; O-S:
old sedentary; O-CR: old calorie restricted; O-PE: old exercise treated; O-CR-PE:
old calorie restricted and exercise treated.

no differences between the PE, CR, and CR + PE groups also
(p > 0.05 for all comparisons).

Total NOS Activity, NOS Isoforms, and
Histologic Assessment
Histologic slices of the corpus cavernosum of the Y-C group of
animals with normal morphology were characterized by regular
endothelial and smooth muscle cells bordered by a layer of
dense collagenous (tunica albuginea) and trabecular pattern of
veins with irregular vascular channels surrounded by collagen,
elastic fiber, and smooth muscle (Figure 3). On the contrary,
the O-S group of corpus cavernosum tissue was characterized
by moderate endothelial and smooth muscle cell degeneration
and inflammatory cell infiltration (Figure 3). CR and PE treated
groups of slices were almost in normal morphology of corpus
cavernosum (Figure 3).

Compared to the Y-C animals, the O-S group of rats was
characterized by increased tissue NOS levels together with
decreased eNOS and nNOS and increased iNOS proteins
(Figure 4). In the CR and PE trained groups, NOS protein
levels determined by Western-blotting were eNOS: O-CR = O-
CR-PE > O-PE; iNOS: O-CR = O-PE > O-CR-PE; and nNOS:
O-PE > O-CR-PE > O-CR (Figure 5).

Corpus Cavernosum Function
In the pre-contracted (118 mM KCl) corpus cavernosum strips of
Y-C, cumulatively added phenylephrine (10−9–10−3 M) caused a
concentration-dependent contraction with a pEC50 of 6.26± 0.05
(Figure 6). By contrast, in the O-S group, the contractile response
of corpus cavernosum to phenylephrine was decreased, causing
a significant effect on pEC50 (5.65 ± 0.02, p < 0.05). Both CR
and PE treatment prevented the contractile response of corpus
cavernosum to phenylephrine (p < 0.05 for all comparisons)
(Figure 6). Contractile responses to phenylephrine calculated as
pEC50 were: O-CR > O-PE > O-CR-PE (Table 3).

Cumulatively added carbachol (10−9–10−3 M) to corporal
tissues, which were pre-contracted with a submaximal dose of
phenylephrine (10−5 M), caused relaxation in Y-C in a dose-
dependent manner (6.49 ± 0.03) (Figure 7). Compared to the
Y-C group, relaxation responses to carbachol were markedly
reduced (pEC50 = 6.04 ± 0.04, p < 0.05) in the O-S group. In
the CR and PE treated groups, however, the relaxation responses
were higher (Figure 7). Relaxation responses to carbachol
calculated as pEC50 were O-CR > O-PE > O-CR-PE (Table 3).

DISCUSSION

It is well known that aging is closely associated with ED with
significantly increased prevalence after the age of 70 years
(Feldman et al., 1994). Here, we also showed that erectile
function in aged rats was significantly impaired compared
with their young littermates, as was evident by decreased
cavernosal function.

Penile erectile tissue is composed of two corporal bodies called
the corpora cavernosa. These cavernosal bodies are composed
of sinusoidal spaces with trabecular meshwork, which are lined
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TABLE 2 | Tissue nitric oxide, peroxynitrite and cyclic guanylate cyclize levels.

Parameter Y-C O-S O-CR O-PE O-CR-PE

NOx (nmol/mg protein) 145 ± 7.2 348 ± 22.3∗ 188 ± 11.6∗,& 193 ± 20.3∗,& 175 ± 12.4∗,&

ONO2
−(nmol/g tissue) 114 ± 3.1 208 ± 18.2∗ 150 ± 32.3∗,& 164 ± 29.8∗,& 134 ± 24.9∗,&

cGMP (pmol/mg protein) 12.98 ± 0.32 8.57 ± 0.12∗ 11.41 ± 0.25& 11.03 ± 0.12& 12.24 ± 0.18&

p < 0.05 ∗ compared to Y-C; & compared to O-S; n = 6. NO, nitrite/nitrate, ONO2
−, peroxynitrite, cGMP, cyclic guanylate cyclize; Y-C, young control; O-S, old sedentary;

O-CR, old calorie restricted; O-PE, old exercise treated; O-CR-PE, old calorie restricted and exercise treated.

by endothelium (Agarwal et al., 2006). A penile erection is a
two-step mechanical process summarized as: (1) transportation
of blood into the expanded cavernosal sinusoids, which results
in the enlargement and rigidity of the penis for the initiation

FIGURE 1 | Anti-apoptotic and apoptotic protein bands determined by
Western blotting.

FIGURE 2 | Anti-apoptotic and apoptotic protein levels. P < 0.05 ∗ compared
to Y-C; & compared to O-S; n = 6 Y-C, young control; O-S, old sedentary;
O-CR, old calorie restricted; O-PE, old exercise treated; O-CR-PE, old calorie
restricted and exercise treated.

of the erection, and (2) maintenance of that enlargement and
rigidity by cavernosal veno-occlusion (CVO) in order to prevent
the leakage of the blood from the veins before the sexual act is
completed (Johnson et al., 2011). In the first step, while the blood
flows into the corporal sinusoids via cavernosal arteries, corporal
sinusoids expand to provide a space for the pooling of the blood.
In the second step, the increase in the intra-corporal pressure
via pooling of the blood into the expanded sinusoids shuts the
venous channels and decreases the outflow to prevent the leakage
of the blood from the vein. The increase in the inflow of the
blood via cavernosal arteries, located within the corporal bodies,
and expansion of the corporal sinusoids is dependent on the
relaxation of smooth muscles located both in the arterial system
and corporal sinusoids (Lue and Tanagho, 1987). Therefore,
a penile erection is a well-coordinated neuro-vascular process,
which includes closed functional interaction between the penis

FIGURE 3 | Photomicrographs of corpus cavernosum Normal corpus
cavernosum morphology in Y-C group (A); Desquamous endothelial cells and
inflammatory cells in O-S group (B); Endothelial and smooth muscle cells of
O-CR group (C); Endothelial and smooth muscle cells of O-PE (D);
Endothelial and smooth muscle cells of O-CR-PE group (E). arrow:
endothelium. arrowhead: inflammatory cells.
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FIGURE 4 | NOS bands determined by Western blotting.

FIGURE 5 | NOS protein levels (n = 6) p < 0.05 * compared to Y-C; &
compared to O-S; # compared to O-CR; £ compared to O-PE; Y-C, young
control; O-S, old sedentary O-CR, old calorie restricted O-PE, old exercise
trained; O-CR-PE, old calorie restricted and exercise trained.

vascular and nervous system (Andersson, 2011). NO plays an
important role in this coordination via both nitrergic fibers and
vascular endothelial cells (Ferrini et al., 2017; Jang et al., 2017).
NO synthesized by nNOS, located in the terminal axons of
the nerve innervating the corporal smooth muscle, enters the
corporal smooth muscle cell and activates guanylyl cyclase to
form cGMP from GTP and induces smooth muscle relaxation
and initiates the erection (Burnett et al., 1992). The length of time
of erection is dependent on the length of time for maintaining the
corporal muscle in its relaxed state. Since the erection requires
a balance between inflow and outflow of the blood within the
corporal sinusoids, NO produced by eNOS plays a role both
in the initiation and continuation of a penile erection (Hannan
et al., 2010). NO, synthesized from the endothelial cells by

FIGURE 6 | Contractile responses to phenylephrine.

eNOS, diffuses into the smooth muscle cells and causes relaxation
with a mechanism similar to nNOS. Also, iNOS may originate
from the smooth muscle cell, and NO produced by iNOS acts
within the mitochondria. However, iNOS-mediated effects in the
corpus cavernosum are quite controversial (Wang et al., 2013;
Zhao et al., 2016). Although iNOS is generally considered to
be expressed in an inflammatory condition, increasing evidence
has demonstrated that iNOS has an important role in the
protection of the penile corpus cavernosum either by combating
the oxidative stress associated with the ongoing apoptotic process
(Gonzalez and Rajfer, 2004; Ferrini et al., 2015) or by inhibiting
the breakdown of cGMP (Ferrini et al., 2007). In our study,
both three isoforms of NOS (eNOS, nNOS, and nNOS) protein
levels in the Y-C group of rats were almost the same. Still, iNOS
protein levels were almost doubled in the O-S group. Based on
this knowledge, we can speculate that iNOS plays different roles
in the penile erection depending on the level of the oxidative
status of the penis.

It is known that about 15% loss of functional corporal muscle
mass leads the symptomatic ED (Agarwal et al., 2006). The aging-
dependent decrease in the amount of the functioning corporal
smooth muscle, mainly by apoptosis, was shown (Grünewald and
Beal, 1999). Again, the progressive loss of anti-apoptotic genes
(Bcl-2 and Bcl-x) in the corpus cavernosum of aged rats was
also shown (Yamanaka et al., 2002). In line with these studies,
we also showed a decrease in the anti-apoptotic protein (Bcl-
XL) levels together with the increase in pro-apoptotic protein
(Bax, p53) levels in the O-S group. Again, in our study, decreased
contraction and relaxation responses were observed in the
functional study of the corpus cavernosum. These findings were
consistent with the findings of endothelial and smooth muscle
cell degeneration in the histological slices in the O-S group.

Oxidative stress is believed to be the primary trigger
for apoptosis (Agarwal et al., 2006). Oxidative stress occurs
when the cells are exposed to excessive levels of reactive
oxygen spices (ROS) resulting from the imbalance between
pro-oxidant and protective mechanisms (Zalba et al., 2000).
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TABLE 3 | Potency obtained from the concentration-response curves.

pEC50

Y-C O-S O-CR O-PE O-CR-PE

Phenylephrine 6.26 ± 0.05 5.65 ± 0.02* 6.04 ± 0.03& 5.92 ± 0.04*,&, 5.74 ± 0.02*,&,#,£

Carbachol 6.49 ± 0.03 6.04 ± 0.04* 6.76 ± 0.04* 6.52 ± 0.05# 6.26 ± 0.03*,#,£

p < 0.05, * compared to Y-C; & compared to O-S; # compared to O-CR; £ compared to O-PE; n = 6. Potency (pEC50) represented as log of molar concentration to
produce 50% of maximal contractile response elicited by agonist relative to KCl (118 mmol/L)-induced contraction.

Under physiological conditions, the tissue antioxidant enzymes
(SOD, GSH, and catalase) prevent the continuous formation
of ROS. For example, the detoxification of ROS by cavernosal
endothelial cells by using these enzymes is known (Dobrina and
Patriarca, 1986). Although the upregulation of these enzymes
is the main compensatory mechanism, sustained high levels
of ROS diminish the activity of these enzymes (Ushiyama
et al., 2004; Lagoda et al., 2007). Age-related increase in
ROS together with a decrease in antioxidant capacity, which
is characterized by reduced levels of SOD and glutathione,
have been shown in different study settings (Bivalacqua et al.,
2003; Ferrini et al., 2004). Consistent with these findings,
in our study, the O-S group of animals was characterized
with decreased antioxidant capacity (statistically significant
decrease in SOD and GSH levels) and increased oxidant status
(statistically increase in MDA and 8-OHdG levels). It should
be emphasized that high MDA levels are indicative of lipid
changes in the lipid matrix and cell membrane, whereas high
8-OHdG levels indicate DNA damage. Thus, DNA damage
and lipid peroxidation might be responsible for the damage
to the cavernosal structure in our study. The observation of
an increased level of pro-apoptotic protein levels together with
the decreased antiapoptotic protein levels in the O-S group
supports this argument.

FIGURE 7 | Relaxation responses to carbachol.

It is well known that NO is a highly reactive free radical
that reacts with ROS, especially with the superoxide (O2

−), to
form ONO2

− (Beckman and Koppenol, 1996). According to
the body of evidence, ONO−2 affects the corpus cavernosum
in four different ways. Firstly, ONO−2 causes smooth muscle
relaxation, which is less potent than the NO, resulting in
ineffective relaxation in the corpus cavernosum (Khan et al.,
2001). We showed decreased relaxation and increased ONO2

−

together with decreased NO/cGMP levels in the O-S group
of animals. Secondly, ONO2

− increases the incidence of
apoptosis in the endothelium, which leads to denudation of
endothelium and a further reduction of available NO (Yamanaka
et al., 2002; Fan et al., 2012). In the present study, increased
NO and ONO2

− together with decreased cGMP levels were
consistent with the increased iNOS and decreased eNOS protein
levels in the O-S group. In this group, the decreased anti-
apoptotic protein levels together with the increased pro-apoptotic
protein levels also supported these findings. Thirdly, reduced
availability of NO by ONO2

− induced the adhesion of the
platelets and leukocytes in the vascular endothelium, which
caused vasoconstriction and aggravated ED (Jeremy et al.,
2000). Lastly, particularly in the presence of inflammation,
produced ONO2

− from a high level of NO can lead to a
cytotoxic effect on cavernosal muscle (Wink et al., 1998).
In our study, the observation of inflammatory cells in the
histologic slices in the O-S group supported the argument
that inflammation results in oxidative stress, and that, in
increased oxidative stress conditions, the source of the high
level of NO is the iNOS induced by inflammation in age-
related ED. As discussed earlier, during the low level of oxidative
stress, NO produced by iNOS within the smooth muscle
cells combats the oxidative stress associated with the ongoing
apoptosis. On the contrary, during the high level of oxidative
stress, NO produced by iNOS, induced by inflammation,
reacts with the reactive oxygen species to form ONO2

−. This
causes endothelial dysfunction, vasoconstriction, a decrease
in the availability of NO, and the inhibition of SOD; all
these lead to ED.

A causal connection between oxidative stress, aging, and age-
related pathologies (Davalli et al., 2016) as well as the beneficial
effects CR and PE on oxidative stress in age-related pathologies
is known (Testa et al., 2014; Simioni et al., 2018). Again, the
beneficial effects of CR and PE on erectile function have also been
shown separately (Claudino et al., 2004; Souza et al., 2017). In
our study, although the contractile response to phenylephrine
(an alpha agonist) was attenuated in O-S, this was prevented
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both in the O-CR and O-PE groups. Moreover, when the CR
and PE groups were compared, the response to phenylephrine
was significantly higher in the O-CR than in the O-PE group.
This might indicate that CR and PE show their beneficial effects
on functional responses of corpus cavernosum through different
mechanisms. Increased eNOS levels together with increased
response to phenylephrine in the O-CR group support that the
effect of CR is mediated by eNOS activation. Other researchers
reported similar results (Whidden et al., 2011). On the contrary,
lower eNOS protein levels together with mild phenylephrine
response in the O-PE group shows the involvement of the
NO-cGMP signaling pathway in an endothelium-independent
manner. We speculate that this could be a direct stimulation
of smooth muscle cells by nNOS, which is released from the
cavernous nerve endings. Increased nNOS protein levels in this
group supports this hypothesis. Similarly, Claudino et al. (2004)
reported an eNOS-independent relaxation response in the corpus
cavernosum from trained rats. Again, in the present study,
alteration in the relaxation responses of corpus cavernosum to
carbachol (a muscarinic agonist) also supports our hypothesis.

CONCLUSION

In the present study, CR and PE prevented age-related changes
in the corpus cavernosum. Reducing nitrosative damage in the
neurovascular structure was the main mechanism. CR and PE
restored the endothelial and smooth muscle cells in the corpus
cavernosum by decreasing apoptosis. The main mechanism of
enhancing functional response in the corpus cavernosum with

CR was the maintenance of endothelial function via eNOS
activation (supported by increased eNOS levels together with
the increased response to phenylephrine an alpha-1 agonist in
O-CR group). However, it involves an increase in the NO-cGMP
signaling pathway in an endothelium-independent manner with
PE. This could be a direct stimulation of smooth muscle cells
by nNOS, which is released from the cavernous nerve endings
(supported by increased nNOS levels and mild response to
carbachol a muscarinic agonist). As a result, lifestyle changes,
such as CR and PE, should be considered in combination with
pharmacological treatment strategies in the treatment of age-
related changes in ED.
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The association between physical fitness and cognitive performance has been widely
investigated in the literature. However, the neurophysiological mechanisms underlying
this relationship are not yet clear. Here, we aim to evaluate the interactions between
executive function measures, heart rate variability (HRV), and physical fitness in the
context of the neurovisceral integration (NVI) theory. Twenty-eight healthy elderly
subjects (>60 years) were submitted to evaluation of executive performance with three
computerized tests: the N-back test measured working memory capacity, the Stroop
Color test evaluated inhibitory control and selective attention, and the Wisconsin Card
Sorting Test (WCST) evaluated abstract reasoning and cognitive flexibility. We also
used the Physical Testing Battery for the Elderly to measure aerobic capacity, dynamic
balance, upper body flexibility, and handgrip strength. Our results confirm the relationship
between executive function and physical fitness, particularly between working memory,
cardiorespiratory fitness, and dynamic balance. We also demonstrate an association
between executive performance and HRV in older people, corroborating previous results
from other groups obtained in young adults. However, our regression models did not
indicate that HRV mediates the relationship between cognition and physical fitness in
the elderly, suggesting that age-related degeneration of autonomic control can affect
aspects of NVI in this population.

Keywords: cognition, executive functions, working memory, autonomic nervous system, heart rate variability,
aging, physical fitness

INTRODUCTION

The neurovisceral integration (NVI) model (Thayer and Lane, 2000; Thayer et al., 2009) proposes
that adaptive behavior depends on the integration of neural networks spanning both the central
(CNS) and autonomic nervous systems (ANS) tasked with regulating cardiovascular function. Brain
metabolism critically depends on the cardiovascular supply of cerebral blood flow (CBF) due to the
limited availability of this organ’s intracellular energy substrates. The crosstalk between CNS and
ANS structures, necessary to provide the brain with adequate levels of oxygen and energy sources, is
mediated by a network of brain areas known as the ‘‘central autonomic network’’ (CAN; Benarroch,
1993; Valenza et al., 2019), which includes the anterior cingulate cortex (ACC), insula, and the
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ventromedial prefrontal cortex (vmPFC). Outputs from these
regions eventually reach premotor neurons located in the lower
brain stem and nucleus ambiguus in the medulla oblongata
which contributes to the sympathetic and parasympathetic
modulation of the heart (Thayer and Lane, 2000;
Benarroch, 2012).

The heart rate variability (HRV) reflects the variation in the
time interval between consecutive heartbeats (Saul, 1990; Task
Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology, 1996) and
has been considered a surrogate parameter for the complex
interaction between brain and cardiovascular system (Ernst,
2017). Both systems are simultaneously affected by the normal
process of aging (Peters, 2006; Jandackova et al., 2016) and the
result is a decline in the capacity of the CAN to adjust the
CBF in response to environmental challenges while negatively
influencing emotion control (Mather and Thayer, 2018) and
cognitive performance (Thayer et al., 2009; Elias and Torres,
2017; Forte et al., 2019). Jandackova et al. (2016) showed a
marked decline in HRV in middle-aged individuals which seems
to be secondary to other pathological conditions. Cognitive
dementia is the result of multiple age-related neuropathies
(Power et al., 2018) associated with cardiovascular risk factors
(Oishi et al., 2017), such as chronic brain hypoperfusion
(Zheng et al., 2019), which particularly affects the frontal cortex
(Sherwood et al., 2011).

Over the past decade, a large number of studies have
investigated the role lifestyle activities play in decreasing
the risk of cognitive decline in the elderly (for review,
see Christie et al., 2017). Among these activities, physical
exercise has gained prominence due to its neuroprotective
effects against dementia and other neurodegenerative diseases
(Phillips et al., 2014; Vecchio et al., 2018). For instance,
research has shown that regular exercise promoted hippocampal
neurogenesis (Erickson et al., 2009, 2011), local increases
on the concentration of neurotrophins (such as BDNF;
Leckie et al., 2014; Håkansson et al., 2017), neuroplasticity
(Erickson and Kramer, 2009; Voss et al., 2013a,b; Erickson
et al., 2014), angiogenesis (Bloor, 2005; Al-Jarrah et al.,
2010), and adaptive changes in CBF (Dupuy et al., 2015;
Jennings et al., 2015). Electrophysiological and neuroimaging
studies have provided evidence that cardiorespiratory fitness
is positively correlated with brain function, particularly in
brain regions associated with the CAN, which has shown
increased neuroplasticity after physical exercise interventions,
improving both cardiovascular and cognitive control (Gomez-
Pinilla and Hillman, 2013). However, relatively few studies
have focused on the relationship between physical fitness
and effects on NVI biomarkers such as HRV, particularly
in the elderly (see Albinet et al., 2010, 2016; Dupuy et al.,
2018). While Alderman and Olson (2014) demonstrated
the role of physical fitness in improving autonomic and
neurocognitive health in young adults, these authors failed
to show HRV-mediated influences between cardiorespiratory
fitness and cognitive performance, suggesting that other
mediators may be more relevant in this population, which
is at the apex of cognitive performance and with not much

individual difference in cardiorespiratory fitness, compared to
the elderly. In addition, other studies that investigated the
relationship between cognition, HRV, and fitness from an
NVI perspective have focused exclusively on aerobic capacity
as an independent variable (Alderman and Olson, 2014;
Dupuy et al., 2015).

Thus, the main purpose of the current study is to fill the gap
in the literature regarding the association of physical fitness with
cognitive performance and HRV in elderly subjects. Besides, we
aim to verify how this relationship is associated with different
physical abilities, such as strength, flexibility, dynamic balance,
and aerobic capacity.

MATERIALS AND METHODS

Participants
Twenty-eight (28) subjects (24 women) aged 60 years and over
(mean age 66.71 ± 7.64 years old) participated in the research.
The volunteers were screened using the following inclusion
criteria: being over 60 years old, be literate, possess normal or
corrected visual acuity, possess familiarity with computers, and
have medical clearance to perform physical activities.

The exclusion criteria were: smoking (<6 months),
surgery (<6 months), official medical diagnosis of psychiatric,
psychological or cardiac disease, use of medication that may
impair cardiac autonomic control and/or cognitive functions,
Mini-Mental State Examination (MMSE) score <24 (or <21 for
subjects with lower schooling levels; Almeida, 1998), Geriatric
Depression Scale-Short Form (GDS-SF) score>5.

All experimental procedures performed in this study were
approved by the Research Ethics Committee of the State
University of Maringá (1,161,402).

Outcome Measures
Cognitive Measurements
We used three tests to evaluate different dimensions of executive
function, namely the N-back test (working memory), the
Stroop task (selective attention and inhibitory control), and the
Wisconsin Card Sorting Test (WCST; abstract reasoning and
cognitive flexibility). All tests were performed in a computerized
setup created with the software Presentation Version 20.2
(Neurobehavioral Systems, Inc., Berkeley, CA, USA).

The Wisconsin Card Sorting Test (WCST)
The WCST (Grant and Berg, 1948) is a problem-solving task for
cognitive performance assessment. The test consists of matching
test cards one by one with stimulus cards, following a rule that
must be deduced by the subjects themselves. We used 64 test
cards which had to be associated with four stimulus cards (1-one
red triangle; 2- two green stars; 3- three yellow crosses; and
4- four blue circles). The match is made by pressing on the
keyboard the number corresponding to the desired stimulus card.
After each attempt, the participant received positive or negative
feedback on their performance through the words ‘‘right’’ or
‘‘wrong’’ presented on the screen. Blocks of 10 or 11 stimuli were
presented and at the end of each one, the rule changed. We used
as a parameter to evaluate performance the total number of errors
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and the number of perseverative errors. These scores were chosen
because they are sensitive to the effects of aging (MacPherson
et al., 2002; Guarino et al., 2019).

Stroop Color
We used the Victoria version of the Stroop test (Spreen and
Strauss, 1998), which consists of 72 stimuli, distributed in three
tasks with 24 items each. The task is divided into three blocks,
starting after an instruction presented on the screen explains the
task to be performed in each step. The stimuli are presented
for 2 s and if no response is given within 5 s another stimulus
is presented.

The first block was composed of colored rectangles in the
colors green, pink, blue and brown; the second block consisted
of neutral words (each, never, today, everything) written with the
colors of the previous rectangles; the third block had stimuli with
a word-color conflict. At each stimulus presented the subjects
should press a key with a color corresponding to the stimulus
presented on the screen.

We used response latency as a measure of performance.

N-back
We used a spatial n-back task adapted from Vermeij et al. (2014).
The test has three levels, 0-back (control condition), 1-back (low
working memory load) and 2-back (high working memory load).
The test consisted of black square-shaped stimuli, which could
appear at any one of 14 fixed locations on a monitor screen.
Before each stimulus, a fixation point was presented at the center
of the screen. Each trial lasted 2,500 ms and consisted of 2,000 ms
of fixation and 500 ms of stimulus presentation. The task began
after the subjects pressed a key indicating they had read the
instructions on the screen. Each level consisted of 60 trials, with
17 target stimuli that should be identified by the subject. During
instruction a screen containing the black squares in all possible
positions appeared for 30 s, then a quick presentation of each
stimulus was made for 500 ms in a sequence from left to right
and bottom to top on the screen.

Test performance was evaluated by the percentages of 2-back
hits, total hits, and misses.

Heart Rate Variability
Heart Rate was recorded with the subjects at rest in a comfortable
and quiet room for 10 min. R-wave peaks from the ECG were
recorded continuously using a Polar HRM V800 heart rate
monitor (Polar OY, Finland) with a sampling rate of 1,000 Hz
for subsequent analysis of HRV. R-R intervals (the interval
between two successive R waves of the ECG’s QRS signal) were
visually inspected for ectopic beats and replaced by interpolated
data from adjacent normal to normal (N-N) intervals. A period
of 5 min with lowest variance was selected for analysis. We
performed both time and frequency domain analysis of the ECG
signal with the Kubios software (Kubios Oy). In the time domain,
we calculated the mean HR, the standard deviation of the N-N
intervals (SDNN) and the square root of the successive quadratic
mean interval differences (RMSSD), which are the most common
measures representing parasympathetic activity (Task Force of
the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology, 1996). In the frequency

domain, we used Fourier transform to quantify spectral density
power of low frequency (LF; 0.04–0.15 Hz) and high frequency
(HF; 0.15–0.40 Hz) bands. Additional calculations included LF
+ HF, LF and HF expressed in normalized units and the LF/HF
ratio. We used the Poincaré graph to quantify SD1 and SD2
(Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology, 1996).

Physical Assessment
To assess physical abilities we used a functional fitness battery
test for elderly people (Rikli and Jones, 1999a). Aerobic capacity
was measured by the distance covered in meters during a 6-min
walk test (6MWT). For measures of agility, speed, and dynamic
balance, we used the Timed Up-and-Go test (TUG), in which the
subjects should sit in a chair, stand up, walk to a cone 2.44 meters
away, return, and sit again in the shortest time possible (time
was measured in seconds). Flexibility was evaluated with the sit
and reach test, measured in centimeters. Additionally, Handgrip
strength was measured using a hand dynamometer with the
dominant hand (North Coast Medical, Inc., Morgan Hill, CA,
USA). Three trials from the dominant hand were calculated and
the median was used for the analysis (Innes, 1999). Handgrip
strength is expressed in kilograms (kg).

Data Collection Procedures
The evaluations were performed in three moments along 2 days.
In moment 1, the participants signed the Informed Consent
Form and answered the MMSE and GDS-SF questionnaires.
Then, they went through a familiarization period with the
computerized cognitive tests. Moments 2 and 3 occurred 1 week
later tominimize learning effects on the performance of cognitive
tests. In moment 2 we recorded the subjects’ resting heart
rate (HR) before they undertook tests of executive function.
The moment 3 occurred soon after and consisted of physical
fitness measures.

Statistical Analysis
We performed an exploratory analysis with the Shapiro–Wilks
test. For variables with normal distribution, we used the Pearson
correlation test and, for non-normal distributions, we used the
Spearman correlation test. Finally, multiple linear regressions
with the hierarchical method were used for the independent
variables, in which the researchers chose the order of the variables
inserted in the model. We used the Durbin–Watson test for the
independance of residuals. We also tested for multicollinearity
and no strong correlation coefficients were found between the
independent variables. There were no outliers in the residual
statistics (with standard deviations below −3 and +3). We used
the SPSS 21.0 Software (IBM Corp.) for analysis.

RESULTS

Table 1 presents the results of the descriptive analysis of
cognitive, HRV and physical variables. Correlations between
cognitive measures and HRV parameters are shown in Table 2.
We found significant correlations between the number of misses
in the working memory task (N-back) and both mean HR
(r = 0.406, p = 0.032) and mean RR intervals (r = − 0.383,
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TABLE 1 | Descriptive values of cognitive performance, heart rate variability
(HRV), and fitness.

Mean (±SD) Median Minimum Maximum

HRV
Mean HR 78.18 (9.12) 77.50 59 98
Mean RR 777.21 (94.43) 772 613 1018
SDNN 17.94 (16.22) 12.55 7.8 81.5
RMSSD 21.16 (26.12) 13.55 4.6 116.8
LF (%) 49.62 (17.31) 53.15 10.10 77.45
LF (n.u.) 55.84 (20.13) 58.68 10.14 92.70
HF (%) 40.01 (20.02) 33.14 5.54 89.14
HF (n.u.) 43.82 (19.96) 39.86 7.26 89.49
Total Power 394.29 (906.52) 119.50 30 4781
LF/HF 2.06 (2.44) 1.48 0.113 12.77
SD1 14.99 (18.49) 9.55 3.3 82.7
SD2 19.76 (14.71) 15.700 8.0 80.4
SD1/SD2 1.77 (0.77) 1.70 0.68 3.98
Physical variables
6MWT (m) 504.11 (78.7) 497.5 350 675
TUG (ms) 7, 371.4 (2244.9) 6,595 4,970 15,600
Strength (Kg/f) 25.71 (8.7) 24 14 47
Flexibility (cm) 3.8 (9.7) 5.7 −22 18
Cognition
N-back
Hits 2-back 49.02 (21.9) 47.10 0.0 82.4
Hits N-back 67.75 (13.5) 70.60 44.1 91.2
Miss N-back 16.65 (8.4) 15.80 2.5 37.5
Stroop
latency C_A (ms) 8, 414.99 (22, 329.81) 1,100.4 −8, 838.3 84,365.6
latency C_B (ms) 1, 538.90 (7414.47) −69.0 −14, 215.3 26,546.8
latency RT C_A (ms) 98.90 (223.83) 62.9 −248.9 910.8
latency RT C_B (ms) 101.86 (243.77) 47.6 −110.8 1,109.0
Cards of Wisconsin
Miss 31.26 (7.52) 31.00 15 52
Perseverative Miss 9.59 (3.70) 10.00 4 16

p = 0.044). As for the WCST results, the number of misses
correlated significantly with the following HRV indexes, RMSSD
(r = 0.476, p = 0.012), LF (n.u.; r = −386, p = 0.046), HF (%;
r = 0.426, p = 0.027), HF (n.u.; r = 0.389, p = 0.045), SD1
(r = 0.473, p = 0.013), and SD2/SD1 ratio (r = −0.465, p = 0.014).
The performance on the Stroop test did not correlate with any of
the HRV variables.

Working memory performance measured by the N-back
correlated positively with aerobic performance (6MWT) and
dynamic balance (TUG; Figure 1). Only the number of hits
on the 2-back test did not show a significant correlation with
the TUG (r = −332, p = 0.084). No significant correlation was
found between working memory and either handgrip strength or
flexibility. The other cognitive tests also showed no significant
correlation (p < 0.05) with physical fitness variables.

Table 3 shows the correlations measures between HRV
indexes and physical fitness parameters. No significant
correlation (p < 0.05) was found between these variables in
the present study.

Multiple Regression Model for Mean HR
We analyzed the impact of cognition variables (independent
variables) N-backmisses and C-A Latency on the HRV index and
the Mean HR (dependent variables). Regarding the correlation
coefficients between the independent variables, an acceptable TA
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FIGURE 1 | Correlations between working memory, aerobic capacity, and dynamic balance. (A) Hits in 2-back level and walk, (B) total hits in N-back test and walk,
(C) misses in N-back and walk, (D) total hits in N-back test and TUG, and (E) misses in N-back and walk.

TABLE 3 | Correlation between HRV and physical parameters.

6MWT TUG Strength Flexibility

Mean HR −0.198 0.018 −0.173 0.071
Mean RR 0.215 −0.014 0.172 −0.099
SDNN 0.058 0.068 −0.301 0.058
RMSSD 0.148 0.130 −0.227 0.148
LF (%) −0.027 −0.044 −0.134 0.151
LF (n.u.) −0.057 −0.012 −0.121 0.044
HF (%) 0.090 −0.007 0.097 −0.018
HF (n.u.) 0.058 0.025 0.119 −0.043
Total power 0.025 −0.014 −0.153 0.018
LF/HF −0.074 −0.015 −0.118 0.069
SD1 0.157 0.123 −0.218 0.138
SD2 0.031 −0.003 −0.231 −0.054
SD1/SD2 −0.164 0.054 0.063 −0.150

no correlation was statistically significant.

variation was verified regarding the absence of multicollinearity
(correlation coefficient ranging from −0.327 to 0.406). The
Durbin-Watson’s diagnosis of independent residue verification
was 2.458 and confirmed the quality of the model.

We observed that both models had moderate correlation
coefficients (0.406 < r < 0.530), and the coefficients values
increased by including more independent variables to the model

(Model 2). Similarly, R2 indicates that the percentage change in
the dependent variable explained by the independent variables
increased as they were input into themodel (0.165< R2 < 0.281),
suggesting that model 2, associated with N-back misses and AC
latency in the Stroop test account for approximately 28% of the
variation in mean HR. The change statistics revealed that the
construction of the two models sequentially improved the model
prediction, indicating statistical significance for the insertion
of an independent variable in relation to a model without
predictors (p = 0.032), improving the model by approximately
16% (p = 0.016; Table 4).

TABLE 4 | Impact analysis, change statistics and analysis of variance for models
involving mean HR and cognition.

Change statistics ANOVA

Models r R2 R2 F sig F F p

1 0.406 0.165 0.165 5.144 0.032* 5.144 0.032*
2 0.530 0.281 0.116 4.039 0.049* 4.892 0.016*

*Model 1: mean HR (dependent variable) × Miss Nback (independent variable). *Model
2: mean HR (dependent variable) × Miss Nback Latency C-A (independent variable).
P < 0.05*.
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TABLE 5 | Regression coefficient for models involving mean HR variability and
cognition variables.

Collinearity

Models Std.Coeff. t sig Tolerance VIF

1
Miss Nback 0.406 2.268 0.032* 1.000 1.000
2
Miss Nback 0.496 2.838 0.009* 0.936 1.096
Latency C-A 0.352 2.010 0.049* 0.936 1.069

*Model 1: mean HR (dependent variable) × Miss Nback (independent variable). *Model
2: mean HR (dependent variable) × Miss Nback Latency C-A (independent variable).
P < 0.05*.

TABLE 6 | Impact analysis, change statistics and analysis of variance for the
model involving miss N-back and mean RR.

Change statistics ANOVA

Model r R2 R2 F sig F F p

1 0.383 0.147 0.147 4.472 0.044* 4.472 0.044*

*Model 1: mean_RR (dependent variable) × Miss Nback (independent variable).
P < 0.05*.

TABLE 7 | Regression coefficient for the model involving miss N-back and mean
RR.

Cofllinearity

Model Std.Coeff. t sig tolerance VIF

1
Miss N-back −0.383 −2.115 0.044* 1.000 1.000

*Model 1: mean HR (dependent variable) × Miss N-back (independent variable).
P < 0.05*.

Finally, ANOVA confirms that the fit of the model with
predictors is better than the fit without predictors (p < 0.032).

Table 5 shows that the regression coefficients of both
models have a significant impact on the understanding of the
relationships between the independent and dependent variables.
Model 2 shows that the significance values are all below 0.049,
confirming the relevance of the variables N-back misses and
C-A Stroop Latency for the model. It is noteworthy that the
standardized coefficients reveal that the variable ‘‘N-back miss’’
has greater relevance to the model (coefficient = 0.496) when
compared to ‘‘C-A Stroop latency’’ (coefficient = 0.0352).

Multiple Regression Model for Mean RR
We evaluated the impact of the cognitive variable ‘‘N-back
misses’’ (independent variables) on the HRV variable ‘‘Mean
RR’’ (dependent variable). Regarding the correlation coefficients
between the independent variables, an acceptable variation was
found regarding the absence of multicollinearity (correlation
coefficient ranging from −0.383 to 0.045). The Durbin-Watson’s
diagnosis was 2.419, confirming the quality of the model.

Table 6 presents the analysis of the correlation coefficients
and impact of N-back misses on mean RR, as well as the change
coefficients and the ANOVA value for themodel. The correlation
coefficient of the model was moderate (r = 0.383) and R2 (0.147)
indicates that the percentage variation of mean RR explained by
N-back was approximately 14%.

Table 7 shows that the regression coefficient has a significant
impact on the understanding of the relationships between the
independent variable and the dependent variable.

DISCUSSION

The purpose of the present study was to evaluate how physical
fitness contributes to executive performance in the context
of the NVI model in elderly subjects. Normal physiological
aging is known to increase the probability of the occurrence
of pathological changes in the brain (Fjell et al., 2014)
which are associated with different trajectories of cognitive
performance in the elderly, including dementia (Sorond et al.,
2015). Even though recent studies have shown the benefits
of physical exercise and the positive influence of increased
aerobic capacity on mitigating the deleterious effects of aging
on cognitive measures (Kramer et al., 2006; Miller et al.,
2012), many questions remain regarding the relative impact
of different exercise modalities and the indirect role played
by cardiovascular improvements on those measures. While
a recent study Alderman and Olson (2014) demonstrated
the positive role of aerobic capacity in both autonomic and
cognitive measures in young adults, the authors were not able
to show a correlation between these outcomes with changes
in HRV, suggesting that brain-cardiovascular interactions
may not be the most important mediators of change in
this population.

The physical fitness of our sample was within the expected
values for their age, when compared to normative values available
in the literature (for references see: Innes, 1999; Rikli and
Jones, 1999b; Mazo et al., 2015). Our subjects also performed
comparably to other reports in the literature that used the
same working memory tasks (Vermeij et al., 2014). The only
exception was the number of hits in the N-back test, which
was considerably lower, probably due to cultural specificities
and the low educational level of our sample when compared to
other studies. Our results also corroborated previous findings
on the relationship between cognitive performance and physical
fitness (Hansen et al., 2004; Erickson and Kramer, 2009; Erickson
et al., 2009; Albinet et al., 2010; Chang et al., 2012; Soares-
Miranda et al., 2014; Håkansson et al., 2017; Northey et al., 2018).
Specifically, we demonstrated that working memory is associated
with the performance in the 6-min walk and TUG tests, which
are reliable indicators of aerobic capacity and dynamic balance
in the elderly (Figure 1). These results are in agreement with
other studies that showed a direct correlation between aerobic
capacity and performance on tasks relying on executive functions
(Kramer and Erickson, 2007; Alderman and Olson, 2014; Dupuy
et al., 2015, 2018). Hansen et al. (2004) found that after a period
of 8 weeks of aerobic training individuals not only improved
performance on cognitive tasks (working memory, sustained
and selective attention), but that this result was accompanied
by improvements in HRV. The authors then performed a
detraining period and found that this manipulation caused a
reduction in both cognitive performance and HRV, indicating
that they were associated with physical fitness. However, another
study that investigated the cognitive performance of athletes
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throughout the sport season found that at times of large increased
physical demand there was an associated increase in simple
reaction time (slower cognitive processing) accompanied by
reduced athletic performance, which indicated a dose-response
relationship between exercise intensity and cognition (Matos
et al., 2014). Surprisingly, these authors showed that changes
in physical training did not induce significant changes in HRV,
suggesting that other adjacent mechanisms may be involved in
this interaction between cognition and physical capacity.

In our study, we also found a correlation between
performance on cognitive tests and HRV (Table 2). For
instance, there are positive correlations between N-back errors
and mean HR and negative correlations between N-back errors
and average RR intervals. This result indicates that higher
parasympathetic activity is associated with better scores in
working memory tasks. We also found a positive correlation
between the number of errors in the WCST and heart indices
associated with parasympathetic activity (RMSSD, percentage
of HF, HF n.u and SD1) and a negative correlation between the
number of errors with sympathetic activity (LF n.u. and SD2).
This result leads us to consider that higher parasympathetic
and lower sympathetic activity are associated with a decrease in
behavioral flexibility. Other studies support the hypothesis that
better performance in executive functions is associated with a
higher parasympathetic activity as measured by HRV (Hansen
et al., 2003; Duschek et al., 2009; Thayer et al., 2009). Apparently,
this relationship between cognition and HRV is important for
self-regulation under various behavioral conditions (Blasi et al.,
2006; Thayer et al., 2009; Capuana et al., 2014; Mather and
Thayer, 2018).

Regarding the hypothesis that HRV could act as a link
between cognition and physical performance, none of our
regression models showed a significant relationship between
executive function and HRV-mediated physical fitness. These
results reinforce the negative findings of a previous study that
investigated whether the influence of cardiorespiratory fitness
on cognition of young adults would be mediated by HRV
(Alderman and Olson, 2014). The researchers attributed their
findings to the low variability in the aerobic capacity of their
young volunteers, indicating that studies in other age-groups
could obtain different results. However, our results corroborated
their findings, suggesting that other mechanisms not associated
with the NVI model may be responsible for the relationship
between cognition and physical fitness in the elderly. The list
of possible mediators includes neurotrophin levels, such as
BDNF, and changes in CBF due to regular physical exercise
(Dinoff et al., 2016).

Cardiovascular adaptations that positively influence HRV
are generally attributed in the literature to the practice of
aerobic exercises (Carter et al., 2003). However, other training
methods such as resistance training, are also shown to promote
cognitive improvements in the elderly (Liu-Ambrose et al.,
2010; Bherer et al., 2013; Kattenstroth et al., 2013; Gajewski
and Falkenstein, 2016; Müller et al., 2017; Northey et al., 2018;
Lin et al., 2019). Chang et al. (2012) reviewed the effect of
resistance training on elderly cognition and proposed IGF-1-
mediated increases in neurogenesis, vascular density and glucose

utilization in the brain as possible mediators. In addition, BDNF
andVEGF (vascular endothelial growth factor) are also suggested
as possible targets for exercise-related brain adaptations, which
would explain the absence of correlation between HRV and
physical fitness shown in our study. Our results also showed
a lack of relationship between strength capacity and cognitive
performance, pointing to the need for further studies exploring
this association.

Age-related impairments in cognition, especially executive
functions, are also associated with reduced HRV, probably due
to the detrimental effects of aging on vagal activity (Britton
et al., 2008; Frewen et al., 2013; Forte et al., 2019). The vagal
tank theory (VTT) proposed by Laborde et al. (2018), uses the
metaphor of a ‘‘vagal tank,’’ the level of which is determined
by changes in cardiac vagal control activity and determines
the efficiency of self-regulatory adaptations to cognitive, social,
and emotional challenges. According to the VTT, risk of
abnormal HRV, which is a measure of cardiac vagal control,
is the impaired ability to cope with physical and emotional
demands in daily life activities. One alternative to counteract
these effects would be to engage in regular physical exercise,
which improves both the basal ‘‘tank’’ volume and vagal reactivity
(Hottenrott et al., 2019).

Even though it is widely known that physical activity improves
cognitive and brain functions, there is still no consensus on
the magnitude of its effects and which are the best strategies
and adequate dosage (duration, intensity, and frequency; Kramer
et al., 2005; Hillman et al., 2008; Erickson et al., 2019). Physical
activity can promote either nonspecific or specific cognitive
improvements, depending on the type of exercise, with executive
functions being the most benefited (Gajewski and Falkenstein,
2016; Erickson et al., 2019). According to the Physical Activity,
Cognition, and Brain Outcomes of the American College
of Sports Medicine, training programs involving different
components such as endurance, strength and coordination, from
moderate to vigorous intensity over the long term, are the
most adequate to provide cognitive benefits to older populations
(>50 years; Erickson et al., 2019).

In summary, our results are consistent with the literature
regarding the relationship between cognition and physical
fitness. Our results also support the NVI model, now
tested in elderly individuals, demonstrating the association
between executive function performance and HR. However, the
hypothesis of HRV acting as a link between cognition and
physical fitness was not confirmed in our sample, which indicates
that age-related degeneration of autonomic control can affect
aspects of NVI in this population.
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Age-associated loss of retinal ganglion cells (RGCs) causes visual deficits, but there is not
yet any therapeutic agent to prevent the loss of these cells. Herein, we report that apelin,
an endogenous peptide ligand of APJ receptor, is protective against the age-related
loss of RGCs in mice. The mRNA expression of apelin was reduced in the retina of
old mice compared with that in young mice, whereas retinal APJ expression increased
with age. Immunofluorescence staining showed that APJ was present in RGCs and their
surrounding cells expressed apelin. In addition, both functional and histological analyses
demonstrated that apelin deficiency accelerated the loss of RGCs associated with age
in mice. These results suggest that endogenous apelin plays a protective role against the
degeneration of RGCs and that the apelinergic axis may be a new target for preventing
age-related visual impairment.

Keywords: retinal ganglion cell (RGC), apelin, aging, knock-out, cell loss, apelin receptor (APJ)

INTRODUCTION

Age-related visual impairments can occur even in the absence of recognized eye diseases (Trick,
1987; Langrová et al., 2008). Retinal ganglion cells (RGCs) are neurons that transmit visual
information from the retina to the brain and are more vulnerable to age-related loss than other
retinal neurons (Cavallotti et al., 2001; Neufeld and Gachie, 2003). Therefore, the identification of
protective factors against RGC loss with age should aid in the development of drugs that prevent
visual deficits in the elderly.

Apelin is an endogenous peptide ligand of the G protein-coupled receptor APJ (Tatemoto et al.,
1998). APJ stimulation by apelin in neurons results in activation of pro-survival signaling pathways
that can afford neuroprotection (O’Donnell et al., 2007; Zeng et al., 2010; Cook et al., 2011).
We previously reported that apelin deficiency in mice accelerated the loss of motor neurons in
amyotrophic lateral sclerosis (Kasai et al., 2011), which is an age-related neurodegenerative disease.
In addition, our recent study showed that APJ is expressed in RGCs of adult mice, and apelin
deficiency increases the loss of RGCs induced by N-methyl-D-aspartate (Ishimaru et al., 2017).
Recently, it was reported that the deletion of apelin or APJ inmice exhibits enhanced cardiovascular,
renal, and reproductive aging (Rai et al., 2017), suggesting that the apelin-APJ system has a crucial
role in cell and tissue homeostasis.

In the present study, we investigated whether endogenous apelin plays a protective role against
the loss of RGC with age.
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MATERIALS AND METHODS

Mice
All mice experiments were performed in accordance with
protocols approved by the Committee for the Ethical Use
of Experimental Animals and the Safety Committee for
Recombinant DNA Experiments at Setsunan University. Two-
and 12-months-old male wild-type (WT) and apelin-knockout
(KO) mice on a C57BL/6N background were used. The
generation of apelin-KO mice was described previously (Kidoya
et al., 2008).

Genotyping
Five microliters of the blood sample was collected from the
mouse tail vein and incubated in 50 µl of 50 mM sodium
hydroxide solution for 30 min at room temperature, followed
by neutralization with 5.5 µl of 1 M Tris-HCl (pH 8.0) and
centrifugation to remove the insoluble fraction. Polymerase
chain reaction (PCR) was performed with a Thermal Cycler T100
(BIO-RAD Laboratories, Hercules, CA, USA) and a KOD-FX
DNA polymerase (TOYOBO, Osaka, Japan). Genotyping for
apelin deficiency was performed by using the primers described
in the previous study (Kasai et al., 2008). Reactions initially were
denatured at 94◦C for 2 min followed by 30 cycles at 98◦C
for 10 s, 70.3◦C for 2 min and a final extension at 70.3◦C for
2 min. Amplicons were separated using 1% agarose gel and
visualized under UV light after staining with ethidium bromide.
Genotyping for the rd8 mutation was performed by using the
primers and methods described in the study of Mattapallil et al.
(2012); however, PCR reactions were carried out for 35 cycles at
94◦C for 30 s, 55.7◦C for 30 s, and 72◦C for 30 s, Amplicons were
separated using 3% agarose gel.

Real-Time Reverse-Transcription
Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated from the retinal tissues by using the
SV Total RNA Isolation System (Promega, Madison, WI,
USA). One microgram of total RNA was reverse transcribed
with M-MLV Reverse Transcriptase (Invitrogen, Carlsbad,
CA, USA) and random primers (Invitrogen). One-twentieth
of the total cDNA (50 ng of equivalent RNA) was used in
each amplification reaction. Real-time RT-PCR was performed
with a Thermal Cycler Dice Real-Time System (Takara, Ohtsu,
Japan) and THUNDERBIRD Probe qPCR Mix (TOYOBO)
or THUNDERBIRD SYBR qPCR Mix (TOYOBO). The
following TaqMan probe was used for real-time RT-PCR
assays: apln (apelin), Mm00443562_m1; and APLNR (APJ),
Mm00442191_s1 (Applied Biosystems, Foster City, CA, USA).
Reactions initially were denatured at 95◦C for 1 min followed by
45 cycles at 95◦C for 5 s, and 60◦C for 30 s, The sequences of the
gene-specific primers used are as follows: 36B4 (encodes acidic
ribosomal phosphoprotein PO; forward, 5′-CACTGGTCTAGG
ACCCGAGAAG-3′; reverse, 5′-GGTGCCTCTGGAGATTTT
CG-3′) and glutamate aspartate transporter (GLAST; forward,
5′-GATCGGAAACATGAAGGAGC-3′; reverse, 5′-CAAGAAG
AGGATGCCCAGAG-3′). Reactions initially were denatured
at 95◦C for 1 min followed by 40 cycles at 95◦C for 10 s,

55◦C for 20 s, and 72◦C for 20 s, A melting curve analysis was
carried out after amplification to verify the accuracy of the
amplicon formation.

Immunofluorescence
Mice were anesthetized with an intraperitoneal injection of a
mixture of medetomidine (0.3 mg/kg), butorphanol (5 mg/kg),
and midazolam (4 mg/kg) and then perfused with saline and
4% paraformaldehyde in phosphate buffer. Enucleated eyes were
sequentially fixed for 24 h in 4% paraformaldehyde solution,
embedded in paraffin, and cut sagittally into sections of 3-µm
thickness through the cornea and parallel to the optic nerve.
The antigens in the retinal sections were retrieved by microwave
heating in Tris-EDTA buffer (pH 8.0) containing 0.05% Tween-
20. Then the sections were exposed to Tris-buffered saline (pH
7.4) including 0.5 or 5% skim milk, 40 µg/ml Fab fragment
goat anti-mouse IgG (115-007-003, Jackson ImmunoResearch
Laboratories Inc., West Grove, PA, USA), and 0.5% Triton-X
100 and then incubated with mouse anti-Brn-3a (sc-8429, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA, 1:50), rabbit
anti-APJ (Kasai et al., 2010; 1:50), and mouse anti-apelin (013-
25871, Wako Pure Chemical Ind., Limited, Osaka, Japan, 1:100)
antibodies. The secondary antibody used was biotinylated goat
anti-mouse IgG antibody (E0433, DAKO Corp., Carpinteria,
CA, USA, 1:500). The biotinylated antibody was detected with
streptavidin-conjugated with FITC (554060, BD Biosciences,
San Diego, CA, USA, 1:500) or conjugated with Alexa Fluor
568 (S11226, Invitrogen, 1:500). Anti-APJ antibody was labeled
with FITC by using a fluorescein labeling kit (DOJINDO Lab,
Kumamoto, Japan). Nuclei were detected with Hoechst33342
(Sigma–Aldrich, St. Louis, MO, USA, 1:1,000). Photographs
were taken with a fluorescence microscope (AZ-100M, Nikon,
Tokyo, Japan). The number of RGCs for each eye was
determined by counting the number of Brn-3a-positive cells
per retinal section and averaging results from six sections
per individual.

Electroretinography
Electroretinography was performed as previously described
(Ishimaru et al., 2017). In brief, dark-adapted mice were
anesthetized with a mixture of medetomidine (0.3 mg/kg),
butorphanol (5 mg/kg), and midazolam (4 mg/kg), and then
treated with a mydriatic agent (Mydrin P; Santen Pharmaceutical
Company Limited, Osaka, Japan) and a corneal anesthetic
drug (Benoxil 0.4% solution; Santen Pharmaceutical Company
Limited, Osaka, Japan). A different electrode, an indifferent
electrode, and a ground electrode were placed on the cornea,
mouth, and tail of mice, respectively. Electroretinograms were
evoked by a white light flash (3.0 × 10−5 cd·s/m2) with an
LS-100 (Mayo; Nagoya, Japan), a light-emitting device, and
were recorded with a corneal electrode and Powerlab data
acquisition system (AD Instruments, Mountain View, CA, USA).
The amplitudes of the STR were quantified by measuring from
the baseline to the maximum peak of the waveforms.

Statistics
Differences between groups were analyzed using unpaired
student’s t-test (Figures 1A,B) or two-way ANOVA with
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FIGURE 1 | Effect of aging on the expression of apelin and APJ in the retina
of mice. (A,B) Apelin (A) and APJ (B) mRNA expression levels in the retinas
of wild-type (WT) mice at 2 and 12 months of age were assessed by real-time
polymerase chain reaction (RT-PCR; n = 12 mice per group). 36B4 (encodes
acidic ribosomal phosphoprotein PO) was used as the internal standard to
normalize mRNA levels. (C,E) Representative images show
immunofluorescence of apelin (C) and double immunofluorescence of APJ
and Brn-3a [an Retinal ganglion cell (RGC) marker; E] in retinal sections from
WT mice at 2 and 12 months of age. (D) Immunostaining of apelin and
Brn-3a was performed on adjacent sections from WT mice at 2 months of
age. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer. Scale bars, 20 µm. Data were analyzed by unpaired student’s t-test
and represent the mean ± SEM. ∗∗p < 0.01.

Bonferroni’s post hoc test (Figures 2B,D). P-values < 0.05 were
considered statistically significant. All results are expressed as the
mean± SEM.

RESULTS

Influence of Aging on Apelin and APJ
Expressions in the Retina
To investigate the influence of aging on apelin and APJ
expression in the retina, we measured their expression levels

FIGURE 2 | Apelin deficiency accelerates the age-related loss of RGCs in
mice. (A) Representative waveforms show the STR evoked by 3.0 × 10-5

cd·s/m2 in the retinas of WT and apelin-knockout (KO) mice at 2 and
12 months of age. (B) The STR amplitudes were quantified by measuring
from the baseline to the maximum peak in the waveforms (n = 15 mice per
group for WT-2-months, n = 8 mice per group for WT-12-months,
n = 12 mice per group for KO-2-months, n = 13 mice per group for
KO-12-months). (C) Representative images show immunofluorescence of
Brn-3a in retinal sections from WT and apelin-KO mice at 2 and 12 months of
age. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer. Scale bars, 20 µm. (D) The number of Brn-3a-positive cells per retinal
section was counted (n = 6 mice per group). Data were analyzed by two-way
ANOVA with Bonferroni’s post hoc test and represent the mean ± SEM.
∗p < 0.05 and ∗∗p < 0.01 vs. 2-months, †p < 0.05 and ††p < 0.01 vs. WT.

in the retinas of 2-months- and 12-months-old mice. Real-time
RT-PCR demonstrated that the expression of retinal apelin
mRNAwasmarkedly lower in the oldmice than that in the young
ones (Figure 1A). In contrast, retinal APJ mRNA expression
was significantly higher in the old mice than in the young ones
(Figure 1B). To determine apelin and APJ expressing cells, we
performed immunostaining for apelin and APJ in the retina of
2-months- and 12-months-old mice. Apelin immunoreactivity
was observed in cells belonging to the ganglion cell layer
(GCL) and cells located in the inner part of the inner nuclear
layer (INL) in the retinas of 2-months- and 12-months-old
mice (Figure 1C). The apelin immunoreactivities did not show
overlap with Brn-3a- (an RGC marker) positive cells in adjacent
sections (Figure 1D). APJ was detected in the Brn-3a-positive
RGCs of the old mice, as well as in those of the young mice
(Figure 1E).

Apelin Deficiency Accelerates the
Age-Related Loss of RGCs
To examine the effect of apelin deficiency on the decline of
RGCs with age, we assessed the scotopic threshold response
(STR), which mainly reflects the activity of RGCs determined
by electroretinography, in WT and apelin-KO mice at 2 and
12 months of age. There was no significant difference in the
STR between WT and apelin-KO mice at 2 months of age
(Figures 2A,B). In contrast, the STR in the apelin-KO mice
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at 12 months of age was markedly reduced compared with
that in the age-matched WT mice (Figures 2A,B). Consistent
with the results of the electroretinography, apelin deficiency
enhanced the decrease in the number of Brn-3a-positive cells in
the 12-months-old mice (Figures 2C,D). Eosin and Hematoxylin
staining also showed that the number of the cells in the GCL was
significantly decreased in aged apelin-KO mice (WT-2-months:
306.61 ± 1.93, KO-2-months: 293.11 ± 7.45, WT-12-months:
278.21± 1.01, KO-12-months: 246.14± 7.63).

DISCUSSION

Aging decreases the expression levels of apelin and APJ in
multiple organs and tissues (Rai et al., 2017). In keeping with
the report, apelin expression was markedly reduced in the retina
of the old mice, indicating that senescence down-regulated the
expression of apelin in the retina. Apelin immunoreactivity was
detected in cells belonging to the GCL and cells located in the
inner part of the INL, suggesting that the decrease of apelin
expression is associated with the loss or dysfunction of cells
present in the GCL and the loss of INL cells such as amacrine
cells, which decrease with age-associated loss of RGCs (Samuel
et al., 2011; Akopian et al., 2016). In contrast to apelin, the
expression of APJ was up-regulated in the aging retina. Although
we could not identify the retinal cells with increased expression
of APJ with age, we showed that APJ was present in RGCs,
whereas apelin was expressed in some cells surrounding RGCs in
young mice. Moreover, we found that apelin deficiency in mice
facilitated RGC degeneration with age in both histological and
functional aspects. These results suggest that the up-regulation
of APJ expression in the older mice might be a compensatory
response to the decrease in apelin expression to promote RGC
survival and that the apelin-APJ system contributes to RGC
maintenance; however, further investigations are needed to
elucidate the phenomenon.

Apelin deficiency facilitated the loss of RGCs in the old
mice, but it did not affect that in the young ones, thus
suggesting that chronic lack of apelin renders RGCs vulnerable
to age-induced cell loss. Recent studies showed that long-term
administration of apelin from periphery suppresses age-related
cardiac hypertrophy and the degenerative loss of skeletal
muscle (Rai et al., 2017; Vinel et al., 2018), indicating that
apelin supplementation could rescue tissues and organs from
senescence. In contrast to these tissues, the retina does not receive
apelin from the bloodstream because of the blood-retinal barrier.
Therefore, it is necessary to design APJ agonists that can cross the
blood-retinal barrier and confirm their protective effect against
the loss of RGCs with age in future work.

Although the data reported here provide that endogenous
apelin plays a role in protecting RGCs against aging, the
underlying mechanisms remain to be established. The loss
of RGCs with age is considered to be induced by, at least
in part, abnormal glutamate metabolism (Henneberry et al.,
1989). Indeed, the expression of GLAST, which is a glutamate
transporter expressed in Müller cells and regulates the synaptic
activity in the inner retina, was markedly decreased in the
aging retina (Young, 1.00 ± 0.08; Old, 0.14 ± 0.02). Our

previous study showed that RGCs of apelin-KO mice are
vulnerable to glutamate-induced excitotoxicity (Ishimaru et al.,
2017). Therefore, endogenous apelin might protect against the
age-related loss of RGCs by suppressing glutamate excitotoxicity
induced by the decline of glutamate uptake into Müller cells.
However, further investigations are required, given the role of
apelin on oxidative stress, autophagy (Foroughi et al., 2019), and
mitochondrial dysfunction (Zeng et al., 2010), all of which are
associated with the degeneration of RGCs with age (Militante and
Lombardini, 2004; Chrysostomou et al., 2010; Boya, 2017).

In the present study, we used apelin-KO mice and their
WT controls mice maintained on a C57BL/6N background.
C57BL/6N mice are a common strain used worldwide for the
creation of single-gene KOs, but the mice carry an rd8 mutation
and several ocular abnormalities (Mattapallil et al., 2012; Moore
et al., 2018). We examined the rd8 mutation in our mice and
observed the presence of the rd8 mutation in homozygous
form in both WT mice and apelin-KO mice (Supplementary
Figure S1). Although the aforementioned reports revealed
that the rd8 mutation causes degeneration in the inner and
outer nuclear layers, the outer plexiform layer, as well as the
photoreceptor outer segments, there was no obvious change
in the ganglion cell layer in C57BL/6N mice with or without
the rd8 mutation. In addition, electroretinography in the
rd8 mutation mice remains relatively stable for 1 year (Chang
et al., 2002). Therefore, our data, taken together with others,
imply that the accelerated degeneration of RGCs in apelin-KO
mice at 12 months of age was due to apelin deficiency but not
the rd8 mutation, it is necessary, however, to examine the effect
of apelin deficiency on the aging retina under conditions of the
rd8-free background.

In conclusion, to our knowledge, this is the first report
showing that endogenous apelin plays a protective role in retinal
tissue during aging and that the apelin-APJ system may be a new
target for preventing age-related degeneration of RGCs; however,
further studies, including the effect of APJ-KO and intravitreal
injection of apelin on the aging retina, are necessary to determine
the precise role of the apelin-APJ system on the loss of RGCs
with age.
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With the aging population and consequent increase in associated prevalence of frailty,

dementia, and multimorbidity, primary care physicians will be overwhelmed with the

complexity of the psychosocial and clinical presentation. Geriatric syndromes including

frailty, sarcopenia, cognitive impairment, and anorexia of aging (AA) either in isolation or in

combination are associated with an increased risk of adverse outcomes and if recognized

early, and appropriately managed, will lead to decreased disability. Primary care practices

are often located in residential settings and are in an ideal position to incorporate

preventive screening and geriatric assessment with personalizedmanagement. However,

primary care physicians lack the time, multidisciplinary resources, or skills to conduct

geriatric assessment, and the limited number of geriatricians worldwide further

complicates the matter. There is no one effective strategy to implement geriatric

assessment in primary care which is rapid, cost-effective, and do not require geriatricians.

Rapid Geriatric Assessment (RGA) takes <5min to complete. It screens for frailty,

sarcopenia, AA, and cognition with assisted management pathway without the need

of a geriatrician. We developed RGA iPad application for screening with assisted

management in two primary care practices and explored the feasibility and overall

prevalence of frailty, sarcopenia, and AA. The assessment was conducted by trained

nurses and coordinators. Among 2,589 older patients ≥65 years old, the prevalence

of frailty was 5.9%, pre-frail 31.2%, and robust 62.9%. Fatigue was present in 17.8%,

and among them, the prevalence of undiagnosed depression as assessed by the

Patient Health Questionnaire (PHQ)-9 was 76.4% and 13.5% of total. The prevalence

of sarcopenia was 15.4%, and 13.9% experienced at least one fall in the past year. AA

was prevalent in 10.9%. The time taken to do the assessment with defined algorithm
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was on average 5min or less per patient, and 96%managed to complete the assessment

prior to seeing their doctor in the same session. The RGA app is a rapid and feasible tool

to be used by any healthcare professional in primary care for identification of geriatric

syndrome with assisted management.

Keywords: geriatric syndrome, primary care, rapid geriatric assessment, iPad application, older adult, frailty,

sarcopenia, anorexia of aging

INTRODUCTION

With the aging population and consequent increase in associated
prevalence of frailty, dementia, and multimorbidity, primary
care physicians will be overwhelmed with the complexity of the
psychosocial and clinical presentation. There is evidence that
geriatric syndromes, e.g., frailty, sarcopenia, falls, polypharmacy,
anorexia/weight loss, cognitive impairment, and depression,
if recognized early and appropriately managed will lead to
decreased disability and mortality with better quality of life
in older persons (1, 2). The World Health Organization
Integrated Care for Older People guidelines recommends
assessing older persons for declining physical and mental
capacities with necessary interventions (3). Comprehensive
geriatric assessment (CGA), initially introduced by Marjory
Warren, extends beyond traditional medical history and
incorporates an interdisciplinary diagnostic process to identify
medical, functional, and psychosocial issues in order to develop a
personalized care plan to maximize the well-being of the older
adult (4, 5). The effectiveness of the CGA and evaluation was
further supported by a meta-analysis which showed reduced
hospitalization, death, and institutionalization (6). Geriatric
assessment is often conducted by geriatricians or geriatric nurse
practitioners and can take between 20 and 45min (7). In the
current acute-care centric setting and disease model of care,
proactive screening for geriatric syndromes and case finding is
done on ad hoc basis, and in many instances, it is not followed up
with intervention (8, 9). While CGA is effective in hospitalized
older adults presenting with falls, fracture, functional decline, and
delirium andwith shortage of geriatricians worldwide, preventive
screening and geriatric assessment in primary care are the best
possible solutions in the provision of upstream goal-directed
person-centered care (7, 10, 11).

Primary care is the foundation of healthcare system in
Singapore. More than 20 subsidized polyclinics and 1,700 general
practice clinics are located island-wide in the residential setting
and are in ideal position to do CGA with the necessary
interventions (12). They are often the first line of contact
and treat a whole range of conditions from upper respiratory
tract infections to chronic diseases and keep the population
healthy through preventive population health. The concept of
teamlet was introduced in 2014 in the polyclinic where patient-
centered care is provided for those with chronic diseases by a
team of doctors, care coordinators, and supported by in-house
allied healthcare staff (13). The teamlet focuses on patients’
medical, functional, and psychological needs and provides
holistic integrated care within the primary care setting. The
focus has largely been on chronic diseases, and they work

under constraints of limited time and limited multidisciplinary
resources and may not have the necessary skills to conduct CGA.
While not a problem locally, reimbursement issues in certain
countries may be an obstacle for them to implement CGA as a
routine practice. There is no one effective strategy to implement
CGA in primary care which is rapid and cost-effective and does
not require geriatricians or geriatric trained nurse clinicians to
perform the assessments (10, 14). Many brief screening tools
have been developed worldwide to be used in primary care
including Gerontopôle Frailty Screening Tool (GFST) which
includes a dedicated pathway for disability prevention, Kihon
Checklist (KCL) which is a self-reported comprehensive health
checklist, Vulnerable Elders Survey-13 (VES-13) which is a
self-administered questionnaire with the aim of identifying
those at risk of death or functional decline, Easycare Two-
step Older persons Screening (Easycare-TOS) which is a brief
standardized tool for assessing perceptions of older adults about
their health and care needs, and the Electronic Frailty Index
in the United Kingdom (11, 15, 16). Most assessment tools are
predominantly screening or case finding tools with limited or no
interventions recommended.

Rapid Geriatric Assessment (RGA) is one of the most practical
tools developed at St. Louis University and takes <5min to
screen for frailty, sarcopenia, anorexia of aging (AA), and
cognition and does not require a geriatrician to administer
the assessment (1, 16). RGA comprises of four screening tools
including the FRAIL scale for frailty, the SARC-F scale for
sarcopenia, the Simplified Nutritional Appetite Questionnaire
(SNAQ) for AA, and the Rapid Cognitive Screen (RCS) for
cognition (17) (Supplementary 1).

The aim of this study was to explore the feasibility and
implementation of RGA iPad application in two busy primary
care practices and to determine overall prevalence of frailty,
sarcopenia, and AA.

MATERIALS AND METHODS

An iPad mobile application for RGA was developed in English
and Chinese, and screening was carried out in two primary
care practice teamlets in the Western region of Singapore from
April 2019 to December 2019 (Figure 1). Screening was done by
trained care coordinators and/or nurse for 2,710 older patients
≥65 years old, and 2,589 had complete data collected. The
assessment was carried out for those who had appointments to
see their doctor on the same day. There are no copyright issues
with RGA as the questionnaires belong to John E. Morley.
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FIGURE 1 | RGA mobile iPad app and screening.

As part of the RGA, frailty was screened using the FRAIL
scale with dedicated care pathway, sarcopenia using SARC-F,
nutrition status using the SNAQ, and cognition using the RCS
(Figure 2) (18). The assessment tool in RGA has been validated
in many different countries and clinical conditions and has been
shown to predict adverse outcomes such as mortality, functional
decline, falls, and hospitalization (19). The five-item FRAIL scale
(Fatigue, Resistance, Aerobic, Illness, and Loss ofWeight) screens
for frailty. The scores range from 0 to 5, where scores of 1–
2 are considered pre-frail and 3–5 represent frail. The SARC-F
screens for sarcopenia and comprises of five questions including
strength, rise from a chair, assistance with walking, climbing
stairs, and falls in the past year. A total score of ≥4 indicates
sarcopenia. SARC-F has sensitivity ranging from 25 to 50% and
specificity ranging from 90 to 98% (20, 21). The SNAQ includes
four questions on appetite, taste of food, portion consumed, early
satiety, and number of meals consumed daily. The total SNAQ
score ranged from 4 to 20, and score of ≤14 predicts at least
5% of weight loss within 6 months with a sensitivity of 81.5%
and a specificity of 76.4% (22). RCS includes four questions to

screen for mild cognitive impairment or dementia. It includes
five-item recall, clock drawing, and story recall. A total score of
≤5 indicates dementia, 6–7 mild cognitive impairment, and 8–10
indicates normal cognition (23).

The assisted management pathway algorithm is shown in
Figure 2. For those who screened positive for fatigue, additional
questions included screening for sleep apnea and depression.
Depression was assessed using the Patient Health Questionnaire
(PHQ-9) which is a self-administered version of the PRIME-MD
diagnostic instrument for common mental disorders. It consists
of nine items, and each item is assessed on a four-point scale (0
= not at all, 1 = several days, 2 = more than half the days, 3 =

nearly every day) with scores ranging from 0 to 27 (24). PHQ-9
has been locally validated in Asian primary care setting (25).

While most information on the iPad app was self-explanatory,
the coordinators and nurses were trained in administering the
RGA. There was no prior CGA carried out in the primary
care setting. Feasibility and practicality were measured using
the average time taken to complete the assessment including
the algorithm and the completeness of the assessment prior
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FIGURE 2 | Rapid geriatric assessment and personalized management.

to seeing their doctor on the same day. There was no
additional time allocated nor were the patients advised to come
early for the assessment. The patients were given a piece of
paper incorporating the assessment findings and scores to be
handed over to their doctor on the same day. Outcome and
recommended interventions of RGA were not evaluated.

Data were analyzed using SPSS Version 25.0 (IBM Corp.,
2017). Characteristics of participants were presented as
mean, standard deviation for continuous variables, while
categorical variables were presented as frequencies (percentages).
Differences between genders were assessed using two-sample
t-test (when normality and homogeneity assumptions were
satisfied); otherwise, Mann–Whitney U-test was used for
continuous variables, while chi-square test was used for
categorical variables. Statistical significance was set at p-value
of <0.05.

As this was performed as part of the routine clinical care in the
teamlets within primary care, no ethics approval was necessary.
The ethics approval was obtained, and consent was required if
the older patients who were identified as pre-frail or frail were
interested to participate in a subsequent intervention study.

RESULTS

Among the 2,589 older patients, 1,358 (52.5%) were women,
and overall mean age was 73.1 years (Table 1). For living
arrangements, almost two thirds were still living with family, with
only 116 (8.5%) women and 77 (6.3%) men living alone. Among
them, 579 (22.4%) were still working with only 13.2% in full-time

employment. The overall prevalence of frailty was 5.9%, pre-
frail 31.2%, and robust 62.9%. There was a significant difference
between men and women where 6% of women compared with
4.2% of men were frail. The prevalence of sarcopenia was
15.4, and 20.6% of women compared with 9.6% of men were
assessed to be sarcopenic. AA was prevalent in 283 (10.9%)
older patients with prevalence in women being almost double
that of men. RCS has not been validated locally, and hence the
data for cognition is only available for 190 older patients. One
third of the older patients screened had evidence of underlying
cognitive impairment.

Figure 3 is the breakdown of geriatric syndromes among the
old (65–79 years old) and old-old (≥80 years old). Prevalence of
frailty among the old-old was 15.4%, which is almost five times
more compared with 3.8% of the young old. More than one in
three of the old-old were sarcopenic compared with one in 10 of
the old group. Prevalence of dementia as assessed using the RCS
was 35.9% among the old-old.

FRAIL has five items (Fatigue, Resistance, Aerobic, Illness,
and Loss of Weight) and as shown in Figure 2, each item has
personalized care management pathway. Fatigue was present in
17.8%:15.4% of men and 20% of women (Table 2A). Among
those who were fatigued, the prevalence of sleep apnea was
4.8%. Depression as assessed by the PHQ-9 was prevalent in 352
(76.4%) older patients who were feeling fatigued and 13.6% of
total. Almost half had minimal depression, and one in 10 had
moderate to severe depression which had not been diagnosed
prior to the implementation of RGA. One in seven older patients
was unable to climb one flight of stairs, and similar numbers
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TABLE 1 | Demographics of participants.

Overall

N =

2,589

Men

1,226

(47.4)

Women

1,358

(52.5)

P-value

Age (mean, SD) 73.1, 6.5 72.8, 6.2 73.3, 6.7 0.030

Living arrangement <0.001

Alone 193 (7.5) 77 (6.3) 116 (8.5)

Spouse 699 (27.0) 423 (34.6) 275 (20.3)

Family

(Spouse/Children/

Others/Friend)

1,651 (63.7) 716 (58.4) 930 (68.5)

Domestic Helper 30 (1.2) 4 (0.3) 26 (1.9)

Landlord/Tenant 17 (0.7) 6 (0.5) 11 (0.8)

Employment <0.001

Retired 1,042 (40.2) 789 (64.4) 558 (41.1)

Full time 341 (13.2) 250 (20.4) 186 (13.7)

Part time 238 (9.2) 124 (10.1) 115 (8.5)

Home

maker/housewife

821 (31.7) 24 (2.0) 418 (30.8)

Unemployed 148 (5.7) 39 (3.2) 81 (6.0)

Smoking <0.001

Never smoked 2,090 (80.7) 770 (62.8) 1,315 (96.8)

Current smoker 164 (6.3) 144 (11.7) 19 (1.4)

Past smoker 336 (13.0) 312 (25.4) 24 (1.8)

Frailty Status <0.001

Robust 1,628 (62.9) 821 (67.0) 818 (60.2)

Pre-frail 809 (31.2) 349 (28.5) 459 (33.8)

Frail 151 (5.9) 56 (4.1) 81 (6.0)

Sarcopenia 399 (15.4) 118 (9.6) 280 (20.6) <0.001

Anorexia of Aging 283 (10.9) 96 (7.8) 185 (13.6) <0.001

Cognitive Impairment1 190 97 (51.1) 92 (48.9) 0.060

Normal 125 (65.8) 70 (72.2) 55 (59.8)

MCI 26 (13.7) 14 (14.4) 12 (13.0)

Dementia 39 (20.5) 13 (13.4) 26 (27.2)

Values are n (%) unless otherwise noted.
1Rapid Cognitive Screenwas conducted in 190 participants; percentages are of remaining

men and women participants. Bold implies significance.

were also unable to walk one bus-stop distance which is about
50m. Overall, 252 (9.8%) older patients had five or more chronic
illnesses, which they were treated for, with only 7.9% of women
compared with 11.8% of men. Loss of 5% or more weight in
the last 6 months was reported by 3.6% of men and 4.6% of
women. Among those with weight loss, additional questions on
eating problems found that 8.3% reported issues with choking or
coughing on eating, and 6.5% have issues with chewing or lack of
teeth (Supplementary 2).

Sarcopenia was assessed using SARC-F comprising of five
questions including strength, rise from a chair, assistance with
walking, climbing stairs, and falls in the past year. Overall,
one in four older patients had difficulties carrying 4.5 kg of
weight, with one in three women and one in six men reporting
difficulties (Table 2B). More women (17.3%) compared with
men (9.9%) reported difficulties walking across the room. More

than one in four had difficulties transferring from chair to bed,
and similar numbers also had difficulties climbing one flight
of stairs, with prevalence being much higher in women; 33.2%
had difficulty transferring from a chair or bed, and 31.9% had
difficulty climbing a flight of 10 stairs. The overall prevalence of
one or more falls was 13.9% affecting 142 (11.6%) of men and 218
(16.1%) women.

The time taken to do the assessment and generate the above
assessment was on average 5min or less per patient as time was
shown on the iPad screen. Time taken to complete was evaluated
both by the authors for their own clinic patients before rolling
out officially, and feedback was obtained from care coordinators
and nurses. Not all patients were required to complete the full
algorithm. As there was no additional time allocated, and patients
usually came on time for their appointment, 2,710 patients were
assessed, and full assessment was available for 2,589 patients. The
rest could not complete assessments as they were called in by their
doctors. Overall, 96% managed to complete the assessment prior
to seeing their doctor.

DISCUSSION

Geriatric syndromes including frailty, sarcopenia, cognitive
impairment, and AA either in isolation or combination are
associated with increased risk of adverse outcomes including
hospitalization, falls, functional decline, institutionalization, and
mortality (26–29). Current healthcare is based on traditional
disease-based model which is no longer sustainable in countries
with a fast aging population where rise in multimorbidity
and associated consequences will require proactive, upstream,
person-centered care, multidisciplinary primary care approach
to early identification of geriatric syndrome, assessment, and
management (30).

Frailty is characterized by diminished strength and endurance
due to accumulation of multiple deficits and known to be due
to loss of harmonic interactions between different dimensions
including psychological, socioeconomic, genetic, biological, and
functional domains contributing to higher adverse outcomes
(31). It is a state of gradual functional decline over 5–10 years
eventually leading to disability during which there are many
opportunities for early case finding and intervention before the
onset of disability. The prevalence of frailty increases with age,
and half of frail older adults are still independent (32, 33).
Sarcopenia is an age-related loss of strength, skeletal muscle
mass, and function. SARC-F is the recommended screening
tool for sarcopenia in many international guidelines and has
been validated in many countries worldwide and has a good
predictive value for future dependency (34–36). Nutrition, frailty,
and sarcopenia are closely related, and a potentially modifiable
factor for prevention or delaying onset of frailty and sarcopenia.
AA is a precursor for geriatric syndromes and malnutrition.
The SNAQ has been validated worldwide in different diseases
and settings to identify those at risk of malnutrition. The
concurrent assessment for frailty, sarcopenia, AA, and cognition
is important for upstream interventions even before the onset
of geriatric syndromes. The above conditions share similar risk
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FIGURE 3 | Prevalence of geriatric syndromes in the old and old–old in primary care. *indicated significant between the two age groups. 65–79 years old 2,117

(81.8%), ≥80 years 472 (18.2%). ∧Rapid cognitive screen conducted in 190 patients, 65–79 years old 151 (79.5%), ≥80 years 38 (20.5%).

factors which are reversible with early intervention including
polypharmacy, low physical activity, nutrition, chronic diseases
including diabetes, depressive symptoms, poor social network,
and undiagnosed cognitive impairment (37–40).

While it may be preferred for screening tools in primary
care to have high sensitivity for the diagnosis of frailty and
other geriatric syndromes, screening tools in RGA incorporating
assisted management pathway provide not just diagnosis but
intervention even before the onset of geriatric syndromes which
makes it unique. A person with falls identified with SARC-
F and at risk of AA may not screen positive for sarcopenia
or frailty, but early intervention and assessment may delay
the onset of sarcopenia and frailty. Sarcopenia can lead to
physical frailty, causing poor balance, low muscle strength, falls,
and fracture.

Primary care is the core component of healthcare where
preventive healthcare is most feasible due to the accessibility and
location within the community setting. In addition to assessing
for frailty, the British Geriatric Society (BGS) recommends
referral to the geriatric team for CGA (41). Due to limited
numbers of geriatricians and the fact that frailty, sarcopenia,
AA, and cognitive impairment are often difficult to diagnose in
earlier stages, a fast and practical tool is needed to facilitate case
finding in primary care (42). Primary care practices worldwide
are often overwhelmed with multitudes of clinical issues ranging
from neonates to frail older adults, and CGA is often not on
their cards as it is time-consuming. Despite advances worldwide
in developing practical tools in primary care, the overall take-
up has been low due to multiple reasons including lack of skills,
time, and reimbursement (9, 16). In addition, in countries like

TABLE 2A | Frailty and subcomponents.

Frailty Overall

2,589

Men

1,226

(47.4)

Women

1,358

(52.5)

P-value

Fatigue 461 (17.8) 189 (15.4) 272 (20.0) 0.003

Sleep apnea* 21 (4.8) 11 (5.8) 10 (3.6) 0.007

Depression* 352 (76.4) 126 (66.7) 226 (83.1) 0.199

Minimal depression 192 (48.0) 69 (45.7) 123 (49.4)

Mild depression 119 (29.8) 45 (29.8) 74 (29.7)

Moderate to severe depression 41 (10.3) 12 (7.9) 29 (11.6)

Unable to climb 1 flight of stairs 351 (13.6) 103 (8.4) 248 (18.2) <0.001

Unable to walk 1 Bus Stop 358 (13.8) 126 (11.8) 232 (17.1) <0.001

Five or more chronic illnesses 252 (9.8) 145 (11.8) 107 (7.9) 0.001

Loss of weight 107 (4.1) 44 (3.6) 63 (4.6) 0.181

Values are n (%) unless otherwise noted.

*Percentages are of remaining men and women participants who complained of fatigue.

Bold implies significance.

Singapore where we have different ethnic groups, there’s often
a language barrier in conducting CGA. To address these issues,
RGA app was developed in English and Chinese. In addition,
primary care physicians were not required to do CGA or RGA;
they were just told to manage relevant positive findings.

Fatigue in the FRAIL scale is a well-known presenting
complaint for those who are depressed, suffering from sleep
apnea, or have underlying medical conditions such as anemia,
hypothyroidism, hypotension, and B12 deficiency. Fatigue,
depression, and B12 deficiency also accelerates cognitive decline.
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TABLE 2B | Sarcopenia and subcomponents.

SARC-F Overall

2,589

Men

1,226

(47.4)

Women

1,358

(52.5)

P-value

Sarcopenia 399 (15.4) 118 (9.6) 280 (20.6) <0.001

Difficulty lifting and

carrying 4.5 kg

658 (25.4) 199 (16.2) 458 (33.7) <0.001

Difficulty walking across

a room

357 (13.8) 121 (9.9) 236 (17.3) <0.001

Difficulty transferring

from a chair or bed

705 (27.2) 252 (20.6) 452 (33.2) <0.001

Difficulty climbing a

flight of ten stairs

663 (25.6) 229 (18.7) 433 (31.9) <0.001

Falls in the last year 361 (13.9) 142 (11.6) 218 (16.1) 0.005

Values are n (%) unless otherwise noted.

The “R” and “A” component of FRAIL and sarcopenia can be
managed with resistance exercise and a high-protein diet. The
“I” refers to more than five illnesses which can be managed by
reviewing medications and reducing inappropriate prescribing.
Loss of weight and/or AA has many treatable factors (Figure 2).
In addition, SARC-F also has a question on falls, and if
screened positive can be referred for additional evaluation which
includes vision.

The prevalence of frailty in primary care was 5.1% which
is very similar to community prevalence (32). In addition
to prevalence of frailty, among those who were fatigued, the
prevalence of undiagnosed depression was 76.4%, which makes
it 13.6% overall. While the number is significant, the prevalence
is much lower than that in other studies where it ranged
from 29.9 to 37.2% (43, 44). However, the prevalence in our
study is similar to other studies done locally reporting the
prevalence between 3.7 and 13.3% (25, 45, 46). Depression in
older adults in primary care often goes unrecognized and carries
a poor prognosis, and RGA made it possible to screen for
depression using a simple question of fatigue where almost three
quarters were screened to have depression (47). Sleep apnea has
been associated with fatigue, cognitive impairment, falls, and
functional impairment (48). The overall self-reported prevalence
in our patients was 4.8%which is much lower than the prevalence
reported using polygraphy in the population-based cohort study
not restricted to older adults (49, 50). The prevalence of sleep
apnea increases with age and often under-recognized by patients
and caregivers (51).

The prevalence of sarcopenia in our older patients in
primary care was 15.4%, significantly higher in women. More
importantly, RGA was able to identify those with difficulties
transferring and climbing one flight of stairs and those who
suffered a fall. As there is no gold standard for diagnosis of
sarcopenia, the prevalence within community varies from 4 to
23% (52).

Malnutrition and AA are often used interchangeably, when
in fact one is a precursor of the other and early interventions
may prevent malnutrition, weight loss, and cachexia (53–55).
Slightly more than half of older adults at risk of malnutrition

are known to be either frail or pre-frail (56). The prevalence of
AA ranges between 10.7 and 25% in community-dwelling older
adults (57, 58). Despite its high prevalence and significance, it
is often overlooked by healthcare professionals and attributed
to normal aging. The prevalence of AA in our older patients in
primary care was 10.9%, being significantly higher in women,
which is very similar to the Japanese (58). Only 4.1% of the older
patients reported significant weight loss.

The RGA app was not intended to replace assessment
by primary care clinicians but to enhance and enable case
finding among those at risk. There were initial concerns
among primary care doctors on consultation time if additional
issues needed addressing. While the additional issues were
flagged up to managing primary care physician, we do not
have data on interventions offered and outcome including
the development of geriatric syndrome and/or healthcare
utilization. In addition, we do not have data on behavior
change or knowledge on geriatric syndromes among primary
care physicians. Longitudinal follow-up of these patients will
be required. However, the process was seamless, and it was
eventually accepted as usual practice. The RGA app is unique
compared to other geriatric assessment tools developed for
primary care in that it includes personalized management
assistance pathway and can be administered by any health care
professional and/or coordinator. The time taken was evaluated
initially before and just after rolling out, and feedback was
obtained from the team subsequently. It was both feasible,
requiring on average 5min or less per patient, and practical
where it did not require additional resources, and complete
data were obtained for 96% of the patients assessed. RGA with
management assistance iPad application is rapid and practical
and can be used in any primary care practice for identification
and management of geriatric syndromes without the need of
additional time or resources.

CONCLUSION

The RGA app is a rapid and feasible tool to be used in
primary care for identification of geriatric syndrome and assisted
management. It can be used by any healthcare professional to
identify the at-risk population. Psychosocial aspects especially
loneliness can be incorporated in the future including the use
of artificial intelligence to further fine-tune the identification of
at-risk seniors (59).
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