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ARTICLE INFO ABSTRACT

Keywords: Objectives: Cognitive and physical performance is impaired by aging and fatigue. Cognitive and exercise training
Cognitive training may mitigate such impairments. Accordingly, we investigated the effect of Brain Endurance Training (BET) —
Fatigue

combined cognitive and exercise training — on cognitive and physical performance when fresh and fatigued in
older adults.

Design: Twenty-four healthy sedentary women (65-78 years) were randomly allocated to one of three training
groups: BET, exercise training, and control (no training). The BET and exercise training groups completed the
same physical training protocol comprising three 45-min exercise sessions (20-min resistance exercise plus 25-
min endurance exercise) per week for eight weeks. The BET group completed a 20-min cognitive task prior to
exercise tasks. Cognitive (tasks: psychomotor vigilance, Stroop) and physical (tests: walk, chair-stand, arm curl)
performance was tested when fresh and fatigued (before and after a 30-min cognitive task) at weeks O (pre-test),
4 (mid-test), 8 (post-test), and 12 (follow-up test).

Results: Cognitive and physical and performance was generally superior when fresh and fatigued at mid-test and
post-test for both BET and exercise training groups compared to the control group. The BET group outperformed
the exercise group when fatigued at mid-test and post-test both cognitively (always) and physically (sometimes).
The pre-to-post changes in cognitive performance when fresh and fatigued averaged 3.7 % and 7.8 % for BET,
3.6 % and 4.5 % for exercise, and —0.4 % and 0.3 % for control groups. The corresponding changes in physical
performance averaged 16.5 % and 29.9 % for BET, 13.8 % and 22.4 % for exercise, and 10.8 % and 7.1 % for
control groups.

Conclusion: These findings show that BET can improve cognitive and physical performance in older adults.

Healthy aging
Older adults
Physical training

1. Introduction

Mental fatigue, a psychobiological state elicited by prolonged and
demanding cognitive activities, can impair cognitive and physical per-
formance (Van Cutsem et al., 2017, 2022). For instance, mental fatigue
can compromise balance control and thereby increase the risk of falls
and accidents (Pitts & Bhatt, 2023). Accordingly, the cognitive demands
of activities of daily life can create a heighted state of mental fatigue
with the potential for negative health consequences (Chen et al., 2023).

Aging is characterized by declines in both cognitive and physical
performance (Pellegrini-Laplagne et al., 2023). Mental fatigue has the
potential to exacerbate age-related impairments in cognitive and phys-
ical performance. For instance, previous studies in older adults have
shown that experimentally-induced mental fatigue impairs subsequent
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cognition (Zhang et al., 2023) and postural stability (Nikooharf Salehi
etal., 2023; Varas-Diaz et al., 2020). This effect could negatively impact
individual healthspan (i.e., period of life when individual is healthy) in
older adults and increase societal healthcare system costs (Li et al.,
2018). Accordingly, it is important to determine the effect of mental
fatigue on cognitive and physical performance in older adults and to
explore potential mental fatigue countermeasures in this vulnerable
population.

To address these issues and thereby reduce the incidence of falls and
accidents, non-pharmacological interventions, such as cognitive and
exercise training, have been advocated (Pellegrini-Laplagne et al.,
2023). Indeed, there is good evidence that both cognitive and exercise
training can benefit older adults’ cognitive and physical performance
(Gavelin et al, 2021; Mowszowski et al., 2016; Sadeghi et al., 2021). For
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instance, cognitive training aided walking and reduced the risk of falling
in adults with (Lipardo & Tsang, 2018) and without (Raichlen et al.,
2020) cognitive impairment.

Evidence suggests that combined cognitive and physical training
improves cognitive performance more than separate cognitive or phys-
ical training alone. Pellegrini-Laplagne et al. (2023) reported that
combined training for two 30-min sessions per week for 24 weeks
improved cognitive function (response inhibition during Stroop task)
more than separate training in older adults. Montero-Odasso et al (2023)
showed that combined training for three 90-min sessions per week for 20
weeks improved cognitive function (attention, memory, orientation),
with the extent of these improvements better than those accompanying
exercise training alone. Neither of these studies reported benefits for
physical performance outcomes, whereas Phirom et al. (2020) found
that interactive physical-cognitive game-based training improved
cognitive performance and reduced fall risk in older adults. Evidence in
young physically active adults has established that combined cognitive
and physical training (i.e., Brain Endurance Training, BET) benefits
cognitive (Dallaway et al., 2021; Staiano et al., 2022, 2023) and exercise
(e.g., Barzegarpoor et al., 2021; Dallaway et al., 2021, 2023; Diaz-Garcia
et al, 2024; Staiano et al., 2022, 2023) performance more than standard
physical training alone. Building on these literatures, the present study
was designed to examine the effects of BET on cognitive and physical
performance in older adults.

Cognitive (tasks: psychomotor vigilance, Stroop) and exercise (tests:
walk, chair-stand, arm curl) performance was tested when fresh and
fatigued both before and after eight weeks of BET, physical training, or
no training (control). We operationally define these states as follows: a
fresh state is a participant’s condition at the start of a session before
completing any demanding cognitive and physical tasks, whereas a
fatigued state is a participant’s condition after completing demanding
cognitive and physical tasks. In the current study, we operationally
define mental fatigue as a decline in response speed and accuracy during
cognitive probe tasks. All the exercise tasks used in our study were
selected based on their positive application to the daily life activity of
older adults. With regard to the squats, improving leg strength can have
positive benefits for older women, including longer walking distances
and less fatigue after walking. The same benefits are associated with
walking exercise training. With regard the biceps curls, improving arm
strength can benefit daily life activities, such carrying shopping and
cleaning.

Our study purposes were threefold. First, we investigated whether
BET improved exercise performance compared to physical training
alone and no training. We hypothesized that BET would improve exer-
cise performance compared to physical training alone and no training.
Second, we explored changes in performance of cognitive tasks as a
function of training. We hypothesized that BET would improve cognitive
performance compared to physical training alone and no training. Third,
we determined the effect of mental fatigue, following exercise and
cognitive tasks, on subsequent performance. We hypothesized that
participants would perform worse when fatigued than when fresh, and
that this impairment would be moderated by training. Crucially, we
expected that the cognitive task would elicit less mental fatigue and
exert less impact on subsequent performance following BET than phys-
ical training alone and no training.

2. Method
2.1. Participants

Twenty-four healthy older women (range 65-78, M = 71.42, SD =
4.02 years) were recruited from the community (a small town in rural
Spain) and gave informed consent to participate. They reported that
they did not perform any regular physical activity. The inclusion criteria
were age (over 65 years) and sex (women only). The exclusion criteria
were engagement in physical or cognitive training in the last three years
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and presence of mental or physical medical conditions that interfered
with performing the cognitive and exercise tasks. We encouraged par-
ticipants to maintain their diet but avoid alcohol ingestion. The protocol
was approved by the Ethics Committee at the University of Extremadura
in accordance with the Declaration of Helsinki. Power calculations
focused on the group by test interaction effects associated with our 3
group by 4 test experimental design and analysis. Specifically, GPower
(Faul et al., 2007) indicated that with a sample size of 24, our study was
powered at 80 % to detect significant (p < .05) between-within (i.e.,
group by test) interaction effects (f = .28, nf, = .07) corresponding to a
small-to-medium effect size by analysis of variance (Cohen, 1992).
Previous studies have documented the performance benefits of BET
compared to standard physical training with similar sample sizes: 20
(Barzegarpoor et al., 2021), 22 (Staiano et al., 2022), 24 (Dallaway
et al., 2023), and 24-26 (Staiano et al., 2023), and young adult athletes.
Accordingly, the current sample size was deemed adequate to explore
the effects of BET on performance.

2.2. Tasks and measures

Chair-stand test. The 30-s chair-stand test (Jones et al., 1999)
assessed lower body (leg) strength. Participants sat on a chair with arms
crossed at the chest and hands over shoulders, stood up, and sat down
again. This squat-stand sequence was repeated as many times as possible
in 30 s. A successful repetition was counted for each complete knee
extension. The number of repetitions was recorded.

Arm-curl test. The 30-s arm-curl test (Rikli & Jones, 2013) assessed
upper body (arm) strength. Participants sat on a chair, held a 1 kg
dumbbell in their dominant hand, curled the elbow until fully flexed to
touch the shoulder, and slowly lowered the dumbbell to the starting
position. This action was repeated as many times as possible in 30 s. A
successful repetition was counted for each complete movement. The
number of repetitions was recorded.

Walk test. The 6-min walk test (ATS, 2002) assessed aerobic exercise
capacity. Participants walked up and down a flat 30 m corridor. They
walked as far as possible in 6 min. The distance (m) covered was
recorded. Upon completion, participants provided a rating of perceived
exertion, on a scale anchored by 0 = minimal and 10 = maximal (Borg,
1982).

Brief Stroop Task. Response inhibition, an executive function and
core cognitive operation, was assessed by a 45 s incongruent Stroop task
performed on a smartphone (UMH-MEMTRAIN, Elche, Spain). The
number of words that participants read out loud were recorded. A
researcher told the participant when their answer was incorrect; they
responded until correct. Performance was measured as the number of
correct responses.

Brief Psychomotor Vigilance Task (PVT-B). A 3-min PVT-B was used
to assess simple reaction time (Dinges & Powell, 1985) using a smart-
phone app (PVT Research Tool, The Texas A&M University). The
interstimulus duration was random and ranged from 1 to 4 s. Partici-
pants were required to touch the screen of a smartphone as fast as
possible after a visual stimulus appeared in the center of the screen. A
“false start” message was displayed if they touched the screen before a
stimulus appeared. Performance was measured as reaction time (ms).

2.3. Manipulation

A 30-min incongruent Stroop test (UMH-MEMTRAIN, Elche, Spain)
was used to elicit mental fatigue. A word representing one of four colors
(blue, green, red, yellow) was displayed on a 69 x 55 cm monitor in a
different color on a black background. Participants were instructed to
press a button to indicate the meaning of the words as quickly and
accurately as possible. All words were displayed in a different color to
their meaning (i.e., 100 % incongruent trials). The interstimulus interval
was 1900 ms. A researcher sat behind the participant to check
compliance.
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2.4. Design

Participants completed four testing sessions at weeks 0O (pre-test), 4
(mid-test), 8 (post-test), and 12 (follow-up test). Sessions took place at
the same time of day. They were encouraged to sleep at least 7 h the
previous night and to refrain from caffeine and alcohol for 12 h before
each session. In each testing session, participants completed a series of
performance tests (chair-stand test, arm-curl test, walk test, rating of
perceived exertion on a 0 (minimal) to 10 (maximal) scale (Borg, 1998),
PVT-B, and brief Stroop) before and after a 30-min Stroop task.

Before the start of the study, participants were randomly allocated to
one of three groups: BET (n = 8), exercise training (n = 8), or no training
control (n = 8). Both the BET and exercise groups completed the same
training sessions, comprising 20-min resistance training (1-min squat,
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1.5-min rest, 1-min biceps curl, 1.5-min rest; repeated 4 times) and 25-
min walking outside. Researchers encouraged participants to train at an
intensity ranging between 7 and 8 of their perceived exertion. The BET
group performed a 20-min Stroop task prior to exercise training (see
Dallaway et al., 2023). More details about the intervention is provided
in Table S1 (Supplementary Materials). The study protocol is depicted in
Figure S1 (Supplementary Materials).

2.5. Data analysis

A series of mixed factorial ANOVAs, with group (BET, Exercise,
Control) as the between-participants factor and with test (pre-, mid-,
post-, follow-up) and fatigue state (before Stroop, after Stroop) as the
within-participants factors, were performed on the measures of physical
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Figure 1. Mean (SE) walk, chair-stand, and arm curl exercise performance as a function of group (BET, Exercise, Control), test (pre-, mid-, post-, follow-up) and state
(before Stroop, after Stroop). T tests: B = different from BET group, E = different from Exercise group.
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and cognitive performance. We report the multivariate solution to
minimize the risk of violating sphericity and compound symmetry as-
sumptions in ANOVA designs (Vasey & Thayer, 1987). Partial
eta-squared (n%p) was reported as a measure of effect size, with values of
.02, .13 and .26 indicating small, medium, and large effect sizes,
respectively (Cohen, 1992). Significance was set at p < .05. T-tests were
used to directly compare groups following significant group by test (by
state) interactions. Analyses were conducted using the Statistical Pack-
age for the Social Sciences (SPSS) software (IBM, United States).

3. Results

A series of 3 group (BET, Exercise, Control) by 4 test (pre-, mid-, post-
, follow-up) by 2 state (before Stroop, after Stroop) ANOVAs on exercise
performance yielded large main effects for test and state for all three
forms of exercise (see Figure 1 and Table 1), whereby performance
improved with training and then fell back after training as well as per-
formance being worse after compared to before the 30-min Stroop task.
Importantly, large group by test, group by state, and/or group by test by
state interaction effects were found for each exercise task. Post hoc
comparisons directly compared the exercise performance of the three
groups at each test and state (Figure 1). At the mid-test, the BET group
performed better than the Control group for one exercise in the fresh
state (before Stroop) and three exercises in the fatigued state (after
Stroop). At the post-test, the BET group performed better than the
Control group for two exercises in the fresh state and three exercises in
the fatigued state. At the follow-up test, the BET group performed better
than the Control group for two exercises in the fatigued state. Moreover,
at the post-test, the Exercise group performed better than the Control
group for two exercises in the fresh and fatigued states. Finally, the BET
group performed more chair stands in the fatigued state than the Exer-
cise group at mid-, post- and follow-up tests.

The 3 group by 4 test by 2 state ANOVA on ratings of perceived
exertion yielded large effects for test (decreased progressively with
training before partly increasing after training), state (increased after
Stroop task), and group by test (see Figure 2 and Table 1). Perceived
exertion remained stable across tests for the Control group. Perceived
exertion was lower during mid-test and post-test than pre-test and
follow-up test for the Exercise group. Perceived exertion fell from pre-
test to mid-test to post-test, and, remained at this low point at follow-
up for the BET group. Post hoc comparisons exploring the group by
test interaction confirmed that perceived exertion was lower for the
Exercise group than Control group at mid-test, lower for the BET and
Exercise groups than Control group at post-test, and lower for the BET
group than Exercise and Control groups at follow-up test.

The 3 group by 4 test by 2 state ANOVAs on cognitive performance
yielded large main effects for test and state for both cognitive tasks (see
Figure 2 and Table 1), with performance improving with training and
then falling back after training as well as performance being worse after
compared to before the 30-min Stroop task. Importantly, large group by
test and group by test by state interaction effects were found for both
cognitive task measures. Post hoc comparisons directly compared the
cognitive performance of the three groups at each test and state

Table 1
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(Figure 2). At mid-, post-, and follow-up tests, the BET and Exercise
groups responded faster and more accurately than the Control group in
both tasks in both fresh and fatigued states. Finally, the BET group
performed better than the Exercise group in the fatigued state at both
mid-test and post-test.

4. Discussion

Our study determined the effects of BET on older women’s cognitive
and physical performance when initially in a relatively fresh state and
later in a more fatigued state. We compared the effectiveness of BET
against standard exercise only training and no training groups, and
found evidence that BET is the most effective training method to
improve the cognitive and physical performance of older adults. We also
found that BET improved fatigue resilience and performance when the
tasks were performed following a long and demanding cognitive task.

Aging is characterized by a decline in both cognitive and physical
performance (Pellegrini-Laplagne et al., 2023). This age-related decline
can reduce independence, well-being, and quality of life (Mendonca
et al., 2016). Regular physical activity can tackle the detrimental effects
of age on performance and improve independence and health (Roberts
et al., 2017). A systematic review and meta-analysis (Salzman et al.,
2022) coupled with recent intervention studies provide preliminary
evidence that combined cognitive and physical training produces
greater benefits than separate cognitive or physical training for cogni-
tion in older adults (e.g., Montero-Odasso et al., 2023; Pelle-
grini-Laplagne et al., 2023; Phirom et al., 2020). In line with our first
and second study hypotheses, the findings confirm that BET, a form of
combined cognitive and exercise training, can improve the cognitive and
physical performance of healthy older adults more than no training or
exercise training alone. Specifically, an 8-week prior BET intervention
enhanced upper (arm curls) and lower (squats) body resistance exercise
as well as aerobic (walking) exercise performance. These BET-related
enhancements (expressed as pre-test to post-test changes for curls,
squats, and walking) averaged 15.4 %, 24.4 %, and 9.6 % (when fresh)
and 13.4 %, 59.4 %, and 16.9 % (when fatigued). By comparison, the
corresponding exercise training only changes in exercise performance
were 11.2 %, 24.3 %, and 6.0 % (when fresh) and 7.2 %, 47.5 %, and
12.5 % (when fatigued). Notably, this combined prior BET intervention
also made walking feel easier — a similar finding to that observed in
previous BET studies (see Dallaway et al., 2021; Staiano et al., 2022,
2023) - and reduced symptoms of fatigue.

BET enhanced cognition, assessed here by response speed during the
PVT-B task and response accuracy during the brief Stroop task indicative
of greater readiness to respond and inhibitory control, respectively. The
BET-related enhancements (from pre-test to post-test for speed and ac-
curacy) averaged 1.7 % and 5.7 % (when fresh) and 3.4 % and 12.1 %
(when fatigued). By comparison, the corresponding exercise-training
improvements in cognition were 1.6 % and 5.5 % (when fresh) and
2.0 %, and 6.9 % (when fatigued). These BET-related enhancements in
cognition exceed those found for physical training alone when in a state
of fatigue. We speculate that these enhancements in cognitive and
physical functioning should increase healthspan and lower risk of

Summary of the 3 group (BET, Exercise, Control) by 4 test (pre-, mid-, post-, follow-up) by 2 state (before Stroop, after Stroop) ANOVAs on exercise performance,

perceived exertion, and cognitive performance.

Group Test State Group x Test Group x State Test x State Group x Test x State
Measures F(2, 21) 0} F(3,19) n3 F(1, 21) n3 F(6, 38) 13 F(2,2D) n3 F(3,19) n3 F(6, 38) n3
Walk Distance 3.44*% .25 60.32%** 91 . g 20.76%** .77
Chair Stands 6.45%* .38 o .86 .12
Arm Curls 1.63 .14 41 .06
RPE 1.67 .14 . . 4.82* 43
PVT-B RT 26.31%%* 72 945.11%** 98 21.29%** 77 18.26%** .74
Stroop Words 10.09%** .49 1163.01*** .98 7.76*** 55 36.43%** 78 7.08*%* 53 3.82** .38

Note: *p < .05, **p < .01, ***p < .001.
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state (before Stroop, after Stroop). T tests: B = different from BET group, E = different from Exercise group.

accidents and falls.

In support of our third study hypothesis, the findings show, for the
first time, that BET is an effective countermeasure against mental fatigue
and its detrimental effects on performance in older adults. Our findings
are in line with previous evidence that BET is an effective method to
develop mental fatigue resilience in young adult athletes (e.g., Dallaway
et al.,, 2021, 2023; Diaz-Garcia et al., 2023; Staiano et al., 2022).
Accordingly, BET can be recommended for use by older adults to
improve performance and tackle the detrimental effects of mental fa-
tigue on behavior, with the likely benefits being improved balance
control and less incidence of falls and accidents (see Pitts & Bhatt, 2023).

4.1. Practical applications

The findings of the present study show that cognitive training prior

to exercise training (i.e., prior BET) enhanced older women’s cognitive
and exercise performance. Notably, this method of combined training
improved their mental fatigue resilience enabling them to perform
better when fatigued by previous exercise and cognitive tasks. Although
the exercise only group also generally improved their cognitive and
physical performance compared to control (i.e., no training), our find-
ings suggest that we should encourage older women and men to engage
in BET. In sum, we show that the prior BET method was most beneficial
for performance, however, a decision about the optimal training method
must await confirmation (cf., Salzman et al., 2022).

4.2. Strengths, limitations and guidelines

Despite the present study yielding novel and important findings that
can help improve older adults’ cognition, fitness, and fatigue resilience,
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some limitations should be acknowledged. First, only women were
tested. Future studies should replicate the findings in older sedentary
men. Second, the sample size was relatively small. This can affect
measurement error. Accordingly, future studies could recruit larger
samples. Third, we only assessed mental fatigue via performance on a
cognitive probe task, namely, the PVT-B. Future studies should include
other markers of mental fatigue, such as subjective ratings and physio-
logical responses (e.g., heart rate variability), to triangulate the mea-
surement process and thereby better assess changes in mental fatigue
associated with the experimental manipulations and interventions.
Fourth, we examined a limited number and range of performance tasks.
Studies should evaluate the extent to which BET benefits activities of
everyday living and skill-based tasks in older adults (Diaz-Garcia et al.,
2023; Staiano et al., 2022). Finally, we only evaluated one BET method —
prior BET (see Dallaway et al., 2023). Programmatic studies are needed
that compare the benefits of different BET features, such as the dose
(intensity and duration) of the individual training sessions as well as the
entire intervention. This information will help identify the optimal BET
method and program.

5. Conclusions

The present study demonstrated that BET, which combines cognitive
and exercise training, enhanced cognitive and physical performance in
older adults. These enhancements were observed for attention and ex-
ecutive function cognitive operations as well as endurance and resis-
tance exercise activities. Importantly, these BET-related enhanced
performances were seen relative to both no training (most of the time)
and exercise training (sometimes). Finally, we confirmed that BET
developed resilience to mental fatigue and recalibrated the relationship
between exercise and perceived effort. Research studies with large
samples are required to replicate and extend these findings to other
groups (e.g., men, age cohorts, clinical diseases), exercise types (e.g.,
balance, flexibility, strength), cognitive operations (e.g., memory
updating, switching), and activities of daily living.
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