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Abstract: Introduction: Regular aerobic exercise is associated with better executive function in
older adults. It is unclear if high-intensity-interval-training (HIIT) elicits moderate-intensity continuous
training (MICT) or resistance training (RT). We hypothesized that HIIT would augment executive
function more than MICT and RT. Methods: Sixty-nine older adults (age: 68 ± 7 years) performed
six weeks (three days/week) of HIIT (2 × 20 min bouts alternating between 15 s intervals at 100% of
peak power output (PPO) and passive recovery (0% PPO); n = 24), MICT (34 min at 60% PPO; n = 19),
or whole-body RT (eight exercise superior improvements in executive function of older adults
than moderate-intensity-continuous-training, 2 × 10 repetitions; n = 26). Cardiorespiratory fitness
(i.e., V̇O2max) and executive function were assessed before and after each intervention via a progressive
maximal cycle ergometer protocol and the Stroop Task, respectively. Results: The V̇O2max findings
revealed a significant group by time interaction (p = 0.001) in which all groups improved following
training, but HIIT and MICT improved more than RT. From pre- to post-training, no interaction in
the naming condition of the Stroop Task was observed (p > 0.10). However, interaction from pre-
to post-training by group was observed, and only the HIIT group exhibited a faster reaction time
(from 1250 ± 50 to 1100 ± 50 ms; p < 0.001) in switching (cognitive flexibility). Conclusion: Despite
similar improvements in cardiorespiratory fitness, HIIT, but not MICT nor RT, enhanced cognitive
flexibility in older adults. Exercise programs should consider using HIIT protocols in an effort to
combat cognitive decline in older adults.
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1. Introduction

Advancing age is associated with a decline in higher order cognitive processes [1] known as
executive functions (EFs), which are responsible for updating, shifting, and inhibiting cognitive
actions [2]. These adverse age-related changes in cognitive functions increase older individuals’ risk of
developing major neurocognitive disorders and diseases (e.g., dementia and Alzheimer’s disease) [3,4].
The Stroop Task is a commonly used assessment of executive function [5], and performance on this
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task predicts age-related cognitive decline [6]. The task consists of multiple conditions that vary in
complexity, which permits the isolation of executive versus processing speed components (e.g., reading
and responding) [7–9]. Importantly, executive functions are modifiable in older individuals [10],
highlighting the importance of determining the impact of lifestyle interventions (e.g., exercise) on
improving these higher-order cognitive processes in persons at risk for future neurocognitive disorders.

Engaging in regular physical activity and exercise has been associated with greater higher order
cognitive functions in older adults. Specifically, cross-sectional and interventional studies have
demonstrated that greater aerobic fitness and aerobic exercise favorably influence executive function in
older adults [11,12]. However, the majority of exercise intervention studies have been conducted using
moderate-intensity continuous training (MICT) protocols (as reviewed by Sáez de Asteasu et al. [13]).
High-intensity interval training (HIIT) has been shown to improve cardiorespiratory fitness and
vascular function to a greater extent than MICT in older adults [14,15], but whether HIIT enhances
cognitive functions to a greater extent than MICT in this population is unclear since the number of
studies is surprisingly limited [16,17]. However, several studies have suggested that high-intensity
training could have a greater impact on our brain and that there would be a positive relationship
between exercise intensity and brain adaptations to training.

Several exercise longitudinal studies have suggested that the intensity of aerobic training plays
a particular role in improving the cognitive functions of the elderly. Van Gelder et al. [18] reported
that older adults who exercised at a lower intensity (using questionnaire) were more likely to develop
dementia 10 years later compared with those who exercised at a higher intensity. Angeraven et al. [19]
also found that the average intensity of the weekly physical activities of middle aged and older
adults are positively associated with cognitive performance. In addition, Brown et al. [20] indicated
that the intensity, rather than the quantity, of physical activity might be more important to improve
cognitive functions. From a neurophysiological point of view, a higher intensity of exercise provides
a greater stimulus for the release of growth factors (e.g., brain-derived neurotrophic factor) [21],
which are implicated in maintaining and improving several aspects of brain function [22,23]. Altogether,
it is plausible that repeated high-intensity interval exercise translates to more favorable adaptations in
higher-order cognitive functions than lower intensity exercise.

These previous findings provide some rationale to test the hypothesis that HIIT may provide
an optimal strategy to enhance cognitive function in older adults. Recently, animal and human
studies have provided findings with either null [24,25] or positive effects of HIIT on cognition [26–31].
Furthermore, Kovacevic et al. [27] found that 12 weeks of HIIT had a greater impact on cognitive
function (e.g., working memory) than moderate-intensity continuous exercise in older adults. However,
these results need to be confirmed because another study failed to observe an improvement in the
incongruent condition (more executive condition) of the computerized Stroop Task following 16 weeks
of HIIT (90:70% maximum heart rate at intervals of 4:3 min for 30 min) in cognitively healthy older
adults [31]. Though these results are encouraging, there is still very little evidence that HIIT has
superior effects on cognition when compared to moderate intensity exercise in older adults.

It has long been thought that only aerobic training and the improvement of cardiorespiratory
capacity could explain the improvement in cognitive performance in the elderly, but other forms
of exercise training may enhance cognitive function in older adults. Resistance training (RT) is a
commonly recommended form of physical exercise for older adults, primarily as a means of preserving
muscle and bone function [32]. As reviewed by Northey et al. [33], RT provides an effective stimulus to
enhance the cognitive function of a magnitude similar to that of MICT among older adults. Most studies
evaluating the impact of RT on cognition have been greater than 12 weeks in duration and/or in
populations with mild cognitive impairments [13,33]. Though Berryman et al. [34] stipulated that
“all roads lead to Rome,” there has been no study comparing HIIT, MICT, and RT on the several
executive processes of older adults.

The primary purpose of the present study was to test the hypothesis that aerobic exercise training
(HIIT or MICT) would improve cognitive function more than a non-aerobic RT group, and that HIIT
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would augment cognitive performances more than MICT and RT in older adults. The secondary
purpose of the study was to test the hypothesis that cardiorespiratory fitness, as measured through
V̇O2max would be most improved following HIIT, and that HIIT and MICT would exhibit greater
increases in aerobic fitness than the RT group.

2. Materials and Methods

2.1. Participants

Sixty-nine volunteer participants (46 females; 68 ± 7 years) were recruited from the Acadia Active
Aging (AAA) Program. Prior to starting this study, participants were active three times a week through
the AAA program. All participants were healthy and had normal-to-corrected vision. None of the
participants had a history of neurological or psychiatric disorders, colour blindness, surgery with
general anaesthesia during the previous 6 months, nor did they have involuntary tremors, epilepsy,
or drug/alcohol problems. Participants were excluded if they (a) had any signs or symptoms of
cardiovascular, pulmonary and/or metabolic diseases, (b) had a resting heart rate above 100 bpm or a
resting blood pressure above 160/90 mmHg, (c) experienced orthopaedic or musculoskeletal problems
that could affect their exercise ability, (d) score < 24 on the Mini-Mental State Examination (MMSE),
and (e) if they were taking any medication that could affect cognitive function or heart rate. All criteria
were assessed during a telephone screening and the first meeting at the research center with a certified
exercise physiologist. The protocol was reviewed and approved by the Institutional Research Ethics
Board in the Health Sciences of Acadia University (code: REB 15-09), and all participants provided
written, informed consent.

2.2. Experimental Design

Participants were assessed in the laboratory before and after the exercise training interventions.
At each visit, participants underwent a complete physical evaluation and a cognitive evaluation
that included measurements of height, weight, MMSE, a computerized Stroop Task, and a maximal
continuous graded cycle exercise test. In order to minimize known confounding influences during
exercise testing, participants refrained from consuming caffeine or smoking within 2 h and drinking
alcohol within 6 h of any testing, consistent with the exercise testing guidelines from the Canadian
Society for Exercise Physiology (CSEP). Additionally consistent with the CSEP exercise testing
guidelines, participants were asked to refrain from moderate (3–6 Metabolic Equivalent (METs)) to
vigorous (>6 METs) exercise 24 h prior to their testing and were also asked to consume a normal
breakfast on the morning of the test. No effort was made to control the nutrition of the participants.
Participants were then randomly assigned to one of the three experimental groups: HIIT, MICT, or RT.
We used a stratified randomization procedure [35] to ensure that the intervention groups were balanced
at baseline for sex and fitness levels. All training was completed under the supervision of a trained
exercise physiologist. All study visits were performed in a thermoneutral environment (21 ◦C).

2.3. Maximal Continuous Graded Exercise Test

The maximal continuous graded exercise test was performed on cycle ergometer (Lode B.V.,
Groningen, The Netherlands). The initial workload was set at 1 W/kg body mass. The workload
was increased by 15 W every minute until voluntary exhaustion. Strong verbal encouragement was
given throughout the test. The power of the last completed stage was considered as the peak power
output (PPO, measured in W). The relative volume rate of oxygen uptake (V̇O2, in mL/min/kg) was
determined continuously on a 30-s basis using an automated cardiopulmonary exercise system (Parvo
Medics TrueOne 2400, Salt Lake City, UT, USA). Gas analyzers were calibrated before each test using a
gas mixture of known concentrations (15% O2 and 5% CO2). The primary criterion for the attainment
of V̇O2max was a plateau in V̇O2 (change < 2.1 mL/min/kg) despite an increase in workload. In the
absence of a plateau, the attainment of V̇O2peak was based upon a respiratory exchange ratio of ≥1.10
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and the inability to maintain a pedaling cadence of 60 revolutions/min. Furthermore, V̇O2max was
considered to be the highest V̇O2max value attained during the test if the following criteria were observed:
(1) a respiratory exchange ratio of ≥1.10 and (2) a peak heart rate ≥95% age-predicted maximum
(i.e., 220 − age). Approximately 85% of the participants attained both criteria. Electrocardiographic
activity was continuously monitored using a 12-lead electrocardiogram (ECG) (Philips, Netherlands).
All tests were administered by a certified exercise physiologist.

2.4. Exercise Training Protocols

For the three training protocols, all sessions were supervised and conducted 3 days per week
(Mondays, Wednesdays, and Fridays) for 6 weeks. Eighty percent of the 18 sessions had to be completed
to be eligible for post-testing (see Figure 1)

1 
 

 
Figure 1. Schematic of the experimental design and each of the high-intensity interval training (HIIT),
moderate-intensity continuous training (MICT), and whole-body resistance training (RT). PPO: peak power
output (measured in watts). * The RT protocol consisted of 8 exercises targeting all major muscle groups
for 2 sets of 10 repetitions.

The HIIT session was based on previous studies that compared the time to exhaustion, participant
preference, and time spent near the V̇O2max of various interval protocols [17]. The group performed
15 s cycling intervals at 100% PPO with 15 s of passive recovery (stop cycling, 0% of PPO) between.
The cycling intervals were performed for two sets of 20 min (40 min total), with 5 min of passive
recovery between. This was performed for the first 2 weeks and then increased to a total of 45 min for
the remaining 4 weeks. During the last 2 weeks, the intensity was increased by 15 W. The last 2 training
sessions (tapering sessions) were performed at the same intensity for a total of 35 min. All exercise
training sessions began with a 5 min warm-up and recovery at 25% PPO.
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The MICT protocol was based on the American College of Sports Medicine (ACSM) physical
activity guidelines that recommend at least 30 min of daily moderate aerobic physical activity (18).
Continuous cycling at 60% PPO for 34 min was initially prescribed. This duration was adjusted to
ensure that the MICT protocol was isoenergetic to the HIIT protocol based on the assumption that
mechanical efficiency, aerobic fitness, and PPO were similar between groups; that 20 min at 100% PPO
expends the same energy as 34 min at 60% PPO (MICT = 122 kJ vs. HIIT = 120 kJ for an individual
with a PPO of 100 W). To support this assumption, the HIIT and MICT groups demonstrated similar
pre-training V̇O2max and PPO (both, p = 1.00). To accommodate the matched increase in energy
expenditure, the total exercise time was prolonged to 39 min for the remaining 4 weeks, and power
output was increased by 15 W for the final 2 weeks. For the final 2 MICT sessions, participants
decreased their cycling time from 39 to 30 min in preparation for the post-training determination of
maximal aerobic fitness. Both the HIIT and MICT protocols were identical to the protocols used by
O’Brien et al. [36].

The RT training was also based on resistance training guidelines for older adults from the ACSM
(8–10 exercises using major muscles with 8–12 repetitions of each exercise). Each RT session began
and ended with 3 min of light cycling at 25% PPO. Thereafter, participants completed a total of
8 strength exercises, alternating between muscle groups. The exercises were primarily isokinetic
machine-based and included the leg press, bench press, hamstrings curl, shoulder press, and leg
extensions. Cable-exercises included seated row and latissimus pull-down, as well as bird-dogs
(i.e., a core exercise that involves kneeling on the floor and simultaneously extending the hip while
flexing the contralateral shoulder). Each participant performed 2 × 10 repetitions at 70% of perceived
one repetition maximum (1 RM) for the first 2 weeks. Both sets of each exercise were performed
before starting the next exercise with 30–60 s of rest between sets. Upper- and lower-body exercises
were alternated. Participants were instructed to increase the number of repetitions to 12 ad libitum.
Once participants were able to perform 2 × 12 repetitions, the resistance was proportionally increased
to a weight that equated to 10 repetitions of their new estimated 70% of 1 RM with the assistance of the
supervising Canadian Society of Exercise Physiology Certified Exercise Physiologist (CSEP-CEP).

2.5. Cognitive Testing

The executive functions and speed of processing abilities were assessed with a computerized
modified Stroop Task [7–9]. This test included 3 conditions. In the first condition (naming), the participant
had to read 1 of 4 possible words appearing on the screen: “RED,” “BLUE,” “YELLOW,” or “GREEN.”
These words were displayed in the same colour as their meaning. The answers were mapped to the
letters “u,” “i,” “o,” and “p” on a keyboard, which participants used to give their answers with the
right hand. The mapping remained the same throughout the task. The order was “index finger—red,”
“middle finger—green,” “ring finger—blue,” and “little finger—yellow.” This condition was the
simplest condition and it provided a measure of speed of processing. The second block consisted of
a classic inhibition task that required naming the font colour of a colour-word, the meaning of the
word being incongruent with the colour of the font (e.g., the word “BLUE” displayed in green font).
This condition was more difficult, as it required participants to inhibit their reading of the colour
word and only respond to the colour of the font. In these first three blocks, a fixation cross appeared
for 500 ms, followed by the word for 3000 ms. The third block consisted of a switching task, which was
identical to the inhibition task, except a square appeared instead of the fixation cross that for 25% of
the trials, and when the square appeared, participants were asked to read the colour-word instead of
naming the font colour. The reading trials appeared randomly throughout the block, which made this
condition one of cognitive flexibility as the participant had to remember the rules (square vs. fixation
cross) and respond based on these rules. Each of the three blocks contained 60 trials, and the screen
was blank between the trials. Before each condition, participants completed practice trials; 12 for the
congruent condition, 12 for the inhibition condition, and 20 for the switching condition. During
practice and experimental trials, a visual feedback (“error”) was given for incorrect responses only.
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2.6. Data and Statistical Analyses

Relative V̇O2 data were averaged over 15 s intervals for the duration of the graded exercise protocol.
Maximum or peak V̇O2 were considered as the greatest 30 s averaged V̇O2. Reaction times for each trial
(60 trials per condition) were averaged for each of the Stroop Test conditions. All statistical analyses
were done on SPSS v.25 for Mac. The significance level was set at p < 0.05 for all analyses. Standard
statistical methods were used for the calculation of means and standard deviations. The normal
Gaussian distribution of the data was verified by the Shapiro–Wilk test, and homoscedasticity was
verified by a modified Levene’s Test. The compound symmetry, or sphericity, was checked by
Mauchly’s test. When the assumption of sphericity was not met, the degree of freedom of F-ratios were
adjusted according to the Greenhouse–Geisser procedure when the epsilon correction factor was <0.75,
or according to the Huynh–Feldt procedure, when the epsilon correction factor was >0.75. For V̇O2max,
a 3 group (HIIT, MICT, and RT) × 2 time (pre- vs. post-training) mixed ANOVA (α = 0.05) with group
as the between-subjects factor and time as the within-subjects factor. For the Stroop Test, initially a
3 Stroop Task (naming, inhibition and switching) × 2 group (HIIT, MICT, and RT) × 2 time mixed
ANOVA was conducted with group as the between subjects factor. To follow on a significant three-way
interaction, separate 3 group × 2 time ANOVAS on each Stroop Task were run to determine if there
was a significant two-way interaction that would indicate that the groups showed differential change
in score pre- to post-training. Both the naming and inhibition task showed near ceiling effects in terms
of accuracy (99.7% ± 0.6% correct and 98.7% ± 2.5% correct on average, respectively), so analysis
was not run on these tasks. There was more variability in the accuracy scores for the switching task
(89.7% ± 6.6%). An arcsine transformation was applied to the proportional data to account that the
high end of the distribution was likely to be truncated by ceiling accuracy. The transformed proportion
correct was analyzed by a 2 group (HIIT, MICT and RT) × 2 time mixed ANOVA. All post-hoc t-tests
were Bonferroni-corrected for multiple comparisons3.

3. Results

3.1. Participant Characteristics

The descriptive characteristics of the participants can be found in Table 1.

Table 1. Characteristics of participants.

HIIT MICT RT

PRE POST ES PRE POST ES PRE POST ES

Sex 15 F, 9 M – 10 F, 9 M – 17 F, 9 M –
Age 67 ± 5 – 68 ± 7 – 67 ± 7 –

Height (m) 1.6 ± 0.1 – 1.7 ± 0.1 – 1.6 ± 0.1 –
Weight (kg) 73 ± 12 73 ± 11 0.0 75 ± 13 75 ± 13 0.0 74 ± 12 75 ± 14 0.0
BMI (kg/m2) 26 ± 4 26 ± 4 0.0 26 ± 4 26 ± 4 0.0 26 ± 7 27 ± 4 0.0

MMSE 29 ± 1 29 ± 1 28 + 1

Note: m: meters; kg: kilograms; BMI: body mass index; F: female; M: male; ES: effect size; MMSE: Mini-Mental
State Examination.

3.2. Cardiorespiratory Fitness

All data from the graded cycle exercise tests are presented in the Figure 2. First of all, we found
no significant difference between groups on V̇O2max: F(3,68) = 0.53, p = 0.66, and η2 = 0.02. There was
a main effect of time—F(1,68) = 62.2, p < 0.001, and η2 = 0.48—but this was superseded by the
group × time interaction, where F(3,68) = 6.05, p = 0.001, and η2 = 0.21. All intervention groups showed
an increase in V̇O2max (HIIT, t(23) = 9.10, p < 0.001, d = 1.86; MICT, t(18) = 4.90, p < 0.001, d = 1.12;
RT, t(20) = 4.25, p < 0.001, and d = 0.92). However, examining the effect sizes showed that group × time
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interaction was driven by the HITT group having the greatest improvement in V̇O2max from the pre to
post-test, followed by the MICT, and then the RT groups.Brain Sci. 2020, 10, x FOR PEER REVIEW 7 of 13 
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Figure 2. Comparison of changes in V̇O2max from pre- to post-training following high-intensity interval
training (HIIT), moderate-intensity continuous training (MICT), and whole-body resistance training (RT).
Data are presented as means ± SEM. * different from pre-training (p < 0.05).

3.3. Cognitive Task

For the initial three-way ANOVA including group, Stroop Task, and timepoint, all main effect and
two-way interactions were significant (p < 0.05) (Figure 3). Critically though, the three way interaction
was significant, with F(3.12,101.3) = 5.67, p = 0.001, and η2 = 0.15. To follow up on the significant
three-way interaction, separate group x time ANOVAs were run for each Stroop Task.   
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Figure 3. Comparison of changes in reaction time of the Stroop Task from pre- to post-training following
high-intensity interval training (HIIT), moderate-intensity continuous training (MICT), and whole-body
resistance training (RT). Data are presented as means ± SEM. * Group × time interaction, different from
pre- training only for HIIT group (p < 0.05).

For the naming portion of the Stroop Task, there was no main effect of group on reaction time,
with F(2,65) = 0.718, p = 0.49, and η2 = 0.02. The main effect of time was significant—F(1,66) = 18.43,
p < 0.001, and η2 = 0.22—with response time increasing from the pre-training. The interaction between
group and time was not significant, with F(2,65) = 0.794, p = 0.46, and η2 = 0.03, thus indicating that
the increase in response time did not differ between groups.

For the interference portion of the Stroop Task, there was no main effect of group on reaction time,
with F(2,65) = 2.07, p = 0.13, and η2 = 0.06. There was a main effect of time—with F(1,65) = 7.06, p = 0.01,
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and η2 = 0.10—in which the score increased from pre to post-training. Finally the two way interaction
between group and timepoint was not significant, with F(2,65) = 2.47, p = 0.09, and η2 = 0.07.

For the switching portion of the Stroop Task, there was a main effect of group on reaction time
(F(1,65) = 10.1, p < 0.001, and η2 = 0.24), but this was superseded by a higher order interaction. The main
effect of timepoint was not significant, with F(1,65) = 0.704, p = 0.40, and η2 = 0.01. There was a
significant interaction between group and timepoint, with F(2,65) = 11.0, p < 0.001, and η2 = 0.25
(Figure 3). There was a significant decrease in response time following training in the HIIT group only,
with t(23) = 6.89, p < 0.001, and d = 1.06. No other group had a significant change in response time
(MICT, t(18) = 0.90, p = 0.38, d = 0.19; RT, t(20) = 1.07, d = 0.20, and p = 0.15) (see Figure 3). Differences
between groups were not due to a speed–accuracy trade-off, as there were no significant effects of
group, time, or the interaction between them (all p > 0.30).

4. Discussion

The purpose of the present study was to test the hypothesis that aerobic exercise training (HIIT or
MICT) would improve cognitive function more than a non-aerobic RT group and that HIIT would
augment cognitive performances more than MICT and RT in older adults. Consistent with our
hypothesis, HIIT favorably improved reaction time in the switching condition of the Stroop Task.
However, neither MICT nor RT improved Stroop Task performance in this group of cognitively healthy
older adults. In line with our hypothesis, cardiorespiratory fitness was more enhanced following HIIT
than it was following MICT and RT. Our findings demonstrate that short-term HIIT has the capacity
to result in meaningful improvements in executive function, whereas other frequently implemented
training protocols failed to elicit such beneficial adaptations in an older population.

A considerable amount of previous research has sought to determine if exercise-training
interventions modify cognitive function in older populations [12,13,33]. Despite this, limited studies
have evaluated the impact of engaging in higher-intensity interval training on cognition. Adding
to the current literature, our HIIT, but not MICT or RT protocols, elicited a sufficient stimulus
for augmenting executive function in older adults (see Figure 3). Specifically, HIIT resulted in an
enhanced, faster reaction time during the switching condition of the Stroop Task. Executive function
declines with ageing, and impairments in these processes may be an early sign of the development
and progression of cognitive diseases. We demonstrated that as little as six weeks of HIIT elicited
improvements in higher-order cognitive functions that may combat the age-associated decline in these
functions. Given that it is well-established that engaging in HIIT is safe for healthy older adults and
that this population appears to enjoy this type of exercise training more than MICT [37,38], our findings
suggest that exercise training programs aimed at enhancing or preventing the decline in cognitive
function should incorporate HIIT-based protocols among older individuals.

Our findings support previous work conducted with children [28], adolescents [26], young
adults [30,39], healthy older adults [27], and those who have had a stroke [29]. Additionally, our results
on switching cognitive performance are consistent with those reported by Paliesen et al. [29] and
Mekari et al. [39]. Indeed, these authors reported a positive effect of HIIT only on Trail B and not
on Trail A. These results confirm the idea that more executive functions are sensitive to physical
training and to aerobic improvement. Additionally, our cognitive flexibility data are consistent
with similar processes reported by Jeaon et al. [26] in adolescents. However, none of these studies
compared high-intensity training with moderate-intensity training and often used an active control
group for comparison. Only Mekary et al. [39] found similar results on the switching condition of the
same Stroop Task in young adults comparing interval training to continuous training. Specifically,
young adults improved cognitive performance in the same switching task following HIIT (ES = 0.7).
Furthermore, our study is the only one to confirm the superior effect of HIIT training on flexibility
cognitive performance in older adults. This enhanced effect was recently reported in an elderly subject
on memory functions. Kovacevic et al. [39] reported that 12 weeks of HIIT training improved selective
memory function in healthy older adults. Interestingly, Costoe et al. [39] reported no positive effect of
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12 weeks of HIIT on the inhibitory process (using the Stroop Task) in healthy older adults. Our results
are partially in accordance with these results because we found no changes in reaction time during
the inhibition task. Furthermore, we observed a greater effect of HIIT on cognitive flexibility than
inhibition. This suggests that aerobic fitness may have a greater impact on the most challenging and
complex cognitive processes. The lack of positive results reported by Cotsoe et al. was probably due
to several reasons. This study was limited by a small sample size (HIIT: n = 11), and the complex
(i.e., incongruent) condition implemented in their study consisted of 24 trials with only two response
options (using right and left arrow keys), which may not have been challenging enough to test executive
function, as exhibited by the short, similar reaction times (neural condition: ~25–30 s; incongruent:
35–40 s). It is likely that their relatively simple incongruent condition may have been largely dependent
upon non-executive aspects of cognitive function (e.g., processing speed).

Our laboratory and others have previously demonstrated that greater cardiorespiratory fitness is
positively associated with enhanced cognitive function in older adults [9,40]. Specifically, cognitive
flexibility seems to be very sensitive to cardiorespiratory changes. In a cross-sectional study, Dupuy et al. [9]
reported that more fit women (e.g., greater V̇O2max) displayed better reaction times in the same cognitive
flexibility paradigm using the Stroop Task. A longitudinal study from Pedrovan et al. [41] found the
same results after aerobic training.

Our HIIT and MICT groups exhibited greater enhancements in V̇O2max following training than
the RT group. Given that the aerobic and resistance training protocols produced improvements in
V̇O2max but only HIIT improved executive function, it appears that other factors beyond changes in
cardiorespiratory fitness are responsible for enhancements in executive function in older populations.
Though we were able to rule out cardiorespiratory fitness as a contributing factor to the enhancements
in executive function, we were unable to determine the precise mechanisms responsible for our
observations. In comparison to MICT, HIIT has been shown to provide a greater stimulus for the
synthesis of brain-derived neurotrophic factor (BDNF), which is neurotrophic factor largely implicated
in cognitive processes [21]. Furthermore, individuals with cognitive decline typically have lower levels
of insulin-like growth factor 1 (IGF-1) [42]. Previous research by Herbert et al. [43] demonstrated that
six weeks (one session every five days) of HIIT (6 × 30 s at ~140% of PPO interspersed with three min
of active recovery) increased systemic IGF-1 levels in physically inactive older men. It is plausible that
our HIIT protocol increased BDNF and/or IGF-1 to a greater extent than MICT or RT. Additionally,
little is known about the impact of HIIT on the cerebrovasculature and how this relates to changes
in cognitive function (see the work of Lucas et al. [17] for review). Recently, Guadagni et al. [44]
demonstrated that six months of MICT (three days per week of 20–40 min at 30–70% heart rate reserve)
augmented executive function in older adults and that this improvement was associated with improved
cerebrovascular regulation. In the present study, larger blood flow responses and fluctuations in
metabolic intensity in response to HIIT may have resulted in greater changes in cerebrovascular
function than MICT and RT in six weeks, and these beneficial effects could translate to favourable
improvements in higher-order cognitive functions. Future mechanistic studies are needed to determine
the precise mechanisms responsible for the HIIT-induced improvements in executive function.

Though this study had a number of strengths including multiple exercise training protocols and
direct measures of cardiorespiratory fitness in a large sample (n = 69) of older adults, it was not without
limitations. Though widely used in the literature, we recognize that the MMSE has some limitations
and does not replace a more rigorous neuropsychological testing battery when it comes to screening
for dementia. We also acknowledge that our study focused only on the executive components of the
computerized Stroop Task. Future studies that are able to administer a comprehensive cognitive battery
could generate more information and help us in understanding the role of HIIT on all cognitive function
in older adults. Furthermore, our study did not include additional measures that would provide
mechanistic insight into our observed findings. Importantly, the study was not designed to uncover
such information; it was instead designed to add to the current literature in that it demonstrated that
HIIT provides greater enhancements in cognitive function than other frequently implemented training
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protocols (here being MICT and RT) in older adults. Additionally, exercise training studies in which
samples are primarily comprised of older females demonstrated greater improvements in executive
function than studies comprised of older males (as reviewed in Barha et al. [45]). Though our study
groups consisted of a combination of older males and females, the proportion of each sex was similar
in each group (%♀: HIIT = 63%; MICT = 53%; RT = 73%). More importantly, statistically controlling for
sex did not influence the outcomes of the present study. Additionally, in this study, the lack of positive
results of RT on cognitive performance could have been due to the relatively short duration protocol,
which was not sufficient to induce neurophysiological and cognitive changes.

5. Conclusions

The findings of this study demonstrate that six weeks of HIIT were superior to MICT and RT
at eliciting improvements in executive function in cognitively healthy older adults. HIIT produced
enhanced improvements in executive function in the short-term, which may help to combat the
negative influence of age on cognitive function and reduce the risk of future cognitive impairments.
Exercise training programs aimed at enhancing executive function in older adults should consider
implementing a higher-intensity and shorter duration form of HIIT, which may be the most effective
program at improving executive function in this population.

Author Contributions: Conceptualization: S.M., H.F.N., S.F., D.S.K. and O.D.; methodology: S.M., M.E., R.M.,
K.E., D.S.K., H.F.N., S.F. and O.D.; formal analysis: S.M., S.F., H.F.N. and O.D.; original draft preparation:
S.M., H.F.N., M.W.O., K.E., S.F. and O.D.; writing—reviewing and editing: S.M., H.F.N., S.F., M.W.O., R.M., K.E.,
M.E., R.A., J.C., Q.H., D.S.K. and O.D.; supervision: S.M.; project administration: S.M., M.W.O., R.M., K.E., M.E.,
R.A., J.C. and Q.H. All authors have read and agreed to the published version of the manuscript.

Funding: Support for the work was provided by a Dalhousie University, Faculty of Health Research Development
grant (to D.S. Kimmerly), a Nova Scotia Health Research Foundation (NSHRF) Development/Innovation grant
(to D.S. Kimmerly and S. Mekary), as well as the Acadia University McCain Foundation Fund (to S. Mekary).
M.W. O’Brien was supported by a Killam PreDoctoral Scholarship, Heart & Stroke Foundation of Canada BrightRed
Scholarship, a Nova Scotia Graduate Scholarship, and a NSHRF Scotia Scholars Award.

Conflicts of Interest: The authors report no conflict of interest. The results of the study are presented clearly,
honestly, and without fabrication, falsification, or inappropriate data manipulation. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.

References

1. Fjell, A.M.; Sneve, M.H.; Grydeland, H.; Storsve, A.B.; Walhovd, K.B. The Disconnected Brain and Executive
Function Decline in Aging. Cereb. Cortex 2017, 27, 2303–2317. [CrossRef] [PubMed]

2. Miyake, A.; Friedman, N.P.; Emerson, M.J.; Witzki, A.H.; Howerter, A.; Wager, T.D. The unity and diversity
of executive functions and their contributions to complex “Frontal Lobe” tasks: A latent variable analysis.
Cogn. Psychol. 2000, 41, 49–100. [CrossRef] [PubMed]

3. Clark, L.R.; Schiehser, D.M.; Weissberger, G.H.; Salmon, D.P.; Delis, D.C.; Bondi, M.W. Specific measures of
executive function predict cognitive decline in older adults. J. Int. Neuropsychol. Soc. 2012, 18, 118–127. [CrossRef]

4. Levy, G.; Jacobs, D.M.; Tang, M.X.; Côté, L.J.; Louis, E.D.; Alfaro, B.; Mejia, H.; Stern, Y.; Marder, K. Memory
and executive function impairment predict dementia in Parkinson’s disease. Mov. Disord. 2002, 17, 1221–1226.
[CrossRef] [PubMed]

5. CM, M. The Stroop task: The “gold standard” of attentional measures. J. Exp. Psychol. Gen. 1992, 121, 12–14.
6. Sinai, M.; Phillips, N.A.; Chertkow, H.; Kabani, N.J. Task switching performance reveals heterogeneity

amongst patients with mild cognitive impairment. Neuropsychology 2010, 24, 757–774. [CrossRef] [PubMed]
7. Mekari, S.; Earle, M.; Martins, R.; Drisdelle, S.; Killen, M.; Bouffard-Levasseur, V.; Dupuy, O. Effect of High

Intensity Interval Training Compared to Continuous Training on Cognitive Performance in Young Healthy
Adults: A Pilot Study. Brain Sci. 2020, 10, 81. [CrossRef]

8. Goenarjo, R.; Bosquet, L.; Berryman, N.; Metier, V.; Perrochon, A.; Fraser, S.A.; Dupuy, O. Cerebral
Oxygenation Reserve: The Relationship Between Physical Activity Level and the Cognitive Load During a
Stroop Task in Healthy Young Males. Int. J. Environ. Res. Public Health 2020, 17, 1406. [CrossRef]

http://dx.doi.org/10.1093/cercor/bhw082
http://www.ncbi.nlm.nih.gov/pubmed/27073220
http://dx.doi.org/10.1006/cogp.1999.0734
http://www.ncbi.nlm.nih.gov/pubmed/10945922
http://dx.doi.org/10.1017/S1355617711001524
http://dx.doi.org/10.1002/mds.10280
http://www.ncbi.nlm.nih.gov/pubmed/12465060
http://dx.doi.org/10.1037/a0020314
http://www.ncbi.nlm.nih.gov/pubmed/20919763
http://dx.doi.org/10.3390/brainsci10020081
http://dx.doi.org/10.3390/ijerph17041406


Brain Sci. 2020, 10, 796 11 of 12

9. Dupuy, O.; Gauthier, C.J.; Fraser, S.A.; Desjardins-Crepeau, L.; Desjardins, M.; Mekary, S.; Lesage, F.; Hoge, R.D.;
Pouliot, P.; Bherer, L. Higher levels of cardiovascular fitness are associated with better executive function and
prefrontal oxygenation in younger and older women. Front. Hum. Neurosci. 2015, 9, 66. [CrossRef]

10. Shea, T.B.; Remington, R. Cognitive Improvement in Healthy Older Adults Can Parallel That of Younger
Adults Following Lifestyle Modification: Support for Cognitive Reserve During Aging. J. Alzheimers Dis. Rep.
2018, 2, 201–205. [CrossRef]

11. Kawagoe, T.; Onoda, K.; Yamaguchi, S. Associations among executive function, cardiorespiratory fitness,
and brain network properties in older adults. Sci. Rep. 2017, 7, 40107. [CrossRef]

12. Guiney, H.; Machado, L. Benefits of regular aerobic exercise for executive functioning in healthy populations.
Psychon Bull. Rev. 2013, 20, 73–86. [CrossRef]

13. Sáez de Asteasu, M.L.; Martínez-Velilla, N.; Zambom-Ferraresi, F.; Casas-Herrero, Á.; Izquierdo, M. Role of
physical exercise on cognitive function in healthy older adults: A systematic review of randomized
clinical trials. Ageing Res. Rev. 2017, 37, 117–134. [CrossRef] [PubMed]

14. Weston, K.S.; Wisløff, U.; Coombes, J.S. High-intensity interval training in patients with lifestyle-induced
cardiometabolic disease: A systematic review and meta-analysis. Br. J. Sports Med. 2014, 48, 1227–1234.
[CrossRef] [PubMed]

15. Ramos, J.S.; Dalleck, L.C.; Tjonna, A.E.; Beetham, K.S.; Coombes, J.S. The impact of high-intensity interval
training versus moderate-intensity continuous training on vascular function: A systematic review and
meta-analysis. Sports Med. 2015, 45, 679–692. [CrossRef]

16. Calverley, T.A.; Ogoh, S.; Marley, C.J.; Steggall, M.; Marchi, N.; Brassard, P.; Lucas, S.J.E.; Cotter, J.D.;
Roig, M.; Ainslie, P.N.; et al. HIITing the brain with exercise: Mechanisms, consequences and practical
recommendations. J. Physiol. 2020, 598, 2513–2530. [CrossRef]

17. Lucas, S.J.; Cotter, J.D.; Brassard, P.; Bailey, D.M. High-intensity interval exercise and cerebrovascular health:
Curiosity, cause, and consequence. J. Cereb. Blood Flow Metab. 2015, 35, 902–911. [CrossRef] [PubMed]

18. Van Gelder, B.M.; Tijhuis, M.A.; Kalmijn, S.; Giampaoli, S.; Nissinen, A.; Kromhout, D. Physical activity in
relation to cognitive decline in elderly men: The FINE Study. Neurology 2004, 63, 2316–2321. [CrossRef] [PubMed]

19. Angevaren, M.; Vanhees, L.; Wendel-Vos, W.; Verhaar, H.J.; Aufdemkampe, G.; Aleman, A.; Verschuren, W.M.
Intensity, but not duration, of physical activities is related to cognitive function. Eur. J. Cardiovasc. Prev. Rehabil.
2007, 14, 825–830. [CrossRef]

20. Brown, B.M.; Peiffer, J.J.; Sohrabi, H.R.; Mondal, A.; Gupta, V.B.; Rainey-Smith, S.R.; Taddei, K.; Burnham, S.;
Ellis, K.A.; Szoeke, C.; et al. Intense physical activity is associated with cognitive performance in the elderly.
Transl. Psychiatry 2012, 2, e191. [CrossRef]

21. Jimenez-Maldonado, A.; Renteria, I.; Garcia-Suarez, P.C.; Moncada-Jimenez, J.; Freire-Royes, L.F. The Impact
of High-Intensity Interval Training on Brain Derived Neurotrophic Factor in Brain: A Mini-Review.
Front Neurosci. 2018, 12, 839. [CrossRef] [PubMed]

22. Cotman, C.W.; Berchtold, N.C. Exercise: A behavioral intervention to enhance brain health and plasticity.
Trends Neurosci. 2002, 25, 295–301. [CrossRef]

23. Cotman, C.W.; Berchtold, N.C.; Christie, L.A. Exercise builds brain health: Key roles of growth factor cascades
and inflammation. Trends Neurosci. 2007, 30, 464–472. [CrossRef]

24. Freitas, D.A.; Rocha-Vieira, E.; De Sousa, R.A.L.; Soares, B.A.; Rocha-Gomes, A.; Chaves Garcia, B.C.;
Cassilhas, R.C.; Mendonca, V.A.; Camargos, A.C.R.; De Gregorio, J.A.M.; et al. High-intensity interval
training improves cerebellar antioxidant capacity without affecting cognitive functions in rats. Behav. Brain Res.
2019, 376, 112181. [CrossRef] [PubMed]

25. Nicolini, C.; Toepp, S.; Harasym, D.; Michalski, B.; Fahnestock, M.; Gibala, M.J.; Nelson, A.J. No changes
in corticospinal excitability, biochemical markers, and working memory after six weeks of high-intensity
interval training in sedentary males. Physiol. Rep. 2019, 7, e14140. [CrossRef] [PubMed]

26. Jeon, Y.K.; Ha, C.H. The effect of exercise intensity on brain derived neurotrophic factor and memory in
adolescents. Environ. Health Prev. Med. 2017, 22, 27. [CrossRef] [PubMed]

27. Kovacevic, A.; Fenesi, B.; Paolucci, E.; Heisz, J.J. The effects of aerobic exercise intensity on memory in older
adults. Appl. Physiol. Nutr. Metab. 2019. [CrossRef]

28. Moreau, D.; Kirk, I.J.; Waldie, K.E. High-intensity training enhances executive function in children in a
randomized, placebo-controlled trial. Elife 2017, 6. [CrossRef]

http://dx.doi.org/10.3389/fnhum.2015.00066
http://dx.doi.org/10.3233/ADR-180056
http://dx.doi.org/10.1038/srep40107
http://dx.doi.org/10.3758/s13423-012-0345-4
http://dx.doi.org/10.1016/j.arr.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28587957
http://dx.doi.org/10.1136/bjsports-2013-092576
http://www.ncbi.nlm.nih.gov/pubmed/24144531
http://dx.doi.org/10.1007/s40279-015-0321-z
http://dx.doi.org/10.1113/JP275021
http://dx.doi.org/10.1038/jcbfm.2015.49
http://www.ncbi.nlm.nih.gov/pubmed/25833341
http://dx.doi.org/10.1212/01.WNL.0000147474.29994.35
http://www.ncbi.nlm.nih.gov/pubmed/15623693
http://dx.doi.org/10.1097/HJR.0b013e3282ef995b
http://dx.doi.org/10.1038/tp.2012.118
http://dx.doi.org/10.3389/fnins.2018.00839
http://www.ncbi.nlm.nih.gov/pubmed/30487731
http://dx.doi.org/10.1016/S0166-2236(02)02143-4
http://dx.doi.org/10.1016/j.tins.2007.06.011
http://dx.doi.org/10.1016/j.bbr.2019.112181
http://www.ncbi.nlm.nih.gov/pubmed/31465796
http://dx.doi.org/10.14814/phy2.14140
http://www.ncbi.nlm.nih.gov/pubmed/31175708
http://dx.doi.org/10.1186/s12199-017-0643-6
http://www.ncbi.nlm.nih.gov/pubmed/29165142
http://dx.doi.org/10.1139/apnm-2019-0495
http://dx.doi.org/10.7554/eLife.25062


Brain Sci. 2020, 10, 796 12 of 12

29. Pallesen, H.; Bjerk, M.; Pedersen, A.R.; Nielsen, J.F.; Evald, L. The Effects of High-Intensity Aerobic Exercise
on Cognitive Performance After Stroke: A Pilot Randomised Controlled Trial. J. Cent. Nerv. Syst. Dis. 2019, 11.
[CrossRef]

30. Venckunas, T.; Snieckus, A.; Trinkunas, E.; Baranauskiene, N.; Solianik, R.; Juodsnukis, A.; Streckis, V.;
Kamandulis, S. Interval Running Training Improves Cognitive Flexibility and Aerobic Power of Young
Healthy Adults. J. Strength Cond. Res. 2016, 30, 2114–2121. [CrossRef]

31. Coetsee, C.; Terblanche, E. The effect of three different exercise training modalities on cognitive and physical
function in a healthy older population. Eur. Rev. Aging Phys. Act. 2017, 14, 13. [CrossRef] [PubMed]

32. American College of Sports, M. American College of Sports Medicine position stand. Progression models in
resistance training for healthy adults. Med. Sci. Sports Exerc. 2009, 41, 687–708. [CrossRef]

33. Northey, J.M.; Cherbuin, N.; Pumpa, K.L.; Smee, D.J.; Rattray, B. Exercise interventions for cognitive function
in adults older than 50: A systematic review with meta-analysis. Br. J. Sports Med. 2018, 52, 154–160.
[CrossRef] [PubMed]

34. Berryman, N.; Bherer, L.; Nadeau, S.; Lauzière, S.; Lehr, L.; Bobeuf, F.; Lussier, M.; Kergoat, M.J.; Vu, T.T.;
Bosquet, L. Multiple roads lead to Rome: Combined high-intensity aerobic and strength training vs. gross
motor activities leads to equivalent improvement in executive functions in a cohort of healthy older adults.
Age 2014, 36, 9710. [CrossRef] [PubMed]

35. Kernan, W.N.; Viscoli, C.M.; Makuch, R.W.; Brass, L.M.; Horwitz, R.I. Stratified randomization for clinical
trials. J. Clin. Epidemiol. 1999, 52, 19–26. [CrossRef]

36. O’Brien, M.W.; Johns, J.A.; Robinson, S.A.; Bungay, A.; Mekary, S.; Kimmerly, D.S. Impact of High-Intensity
Interval Training, Moderate-Intensity Continuous Training, and Resistance Training on Endothelial Function
in Older Adults. Med. Sci. Sports Exerc. 2020, 52, 1057–1067. [CrossRef] [PubMed]

37. Francois, M.E.; Little, J.P. Effectiveness and safety of high-intensity interval training in patients with type 2
diabetes. Diabetes Spectr. 2015, 28, 39–44. [CrossRef] [PubMed]

38. Guiraud, T.; Nigam, A.; Gremeaux, V.; Meyer, P.; Juneau, M.; Bosquet, L. High-intensity interval training in
cardiac rehabilitation. Sports Med. 2012, 42, 587–605. [CrossRef]

39. Ainslie, P.N.; Cotter, J.D.; George, K.P.; Lucas, S.; Murrell, C.; Shave, R.; Thomas, K.N.; Williams, M.J.;
Atkinson, G. Elevation in cerebral blood flow velocity with aerobic fitness throughout healthy human ageing.
J. Physiol. 2008, 586, 4005–4010. [CrossRef]

40. Mekari, S.; Dupuy, O.; Martins, R.; Evans, K.; Kimmerly, D.S.; Fraser, S.; Neyedli, H.F. The effects of
cardiorespiratory fitness on executive function and prefrontal oxygenation in older adults. Geroscience 2019,
41, 681–690. [CrossRef]

41. Predovan, D.; Fraser, S.A.; Renaud, M.; Bherer, L. The effect of three months of aerobic training on stroop
performance in older adults. J. Aging Res. 2012, 2012, 269815. [CrossRef] [PubMed]

42. Angelini, A.; Bendini, C.; Neviani, F.; Bergamini, L.; Manni, B.; Trenti, T.; Rovati, R.; Neri, M. Insulin-like
growth factor-1 (IGF-1): Relation with cognitive functioning and neuroimaging marker of brain damage in a
sample of hypertensive elderly subjects. Arch. Gerontol. Geriatr. 2009, 49 (Suppl. 1), 5–12. [CrossRef]

43. Herbert, P.; Hayes, L.D.; Sculthorpe, N.; Grace, F.M. High-intensity interval training (HIIT) increases
insulin-like growth factor-I (IGF-I) in sedentary aging men but not masters’ athletes: An observational study.
Aging Male 2017, 20, 54–59. [CrossRef] [PubMed]

44. Guadagni, V.; Drogos, L.L.; Tyndall, A.V.; Davenport, M.H.; Anderson, T.J.; Eskes, G.A.; Longman, R.S.;
Hill, M.D.; Hogan, D.B.; Poulin, M.J. Aerobic exercise improves cognition and cerebrovascular regulation in
older adults. Neurology 2020, 94, e2245–e2257. [CrossRef] [PubMed]

45. Barha, C.K.; Davis, J.C.; Falck, R.S.; Nagamatsu, L.S.; Liu-Ambrose, T. Sex differences in exercise efficacy to
improve cognition: A systematic review and meta-analysis of randomized controlled trials in older humans.
Front. Neuroendocr. 2017, 46, 71–85. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1177/1179573519843493
http://dx.doi.org/10.1519/JSC.0000000000001322
http://dx.doi.org/10.1186/s11556-017-0183-5
http://www.ncbi.nlm.nih.gov/pubmed/28811842
http://dx.doi.org/10.1249/MSS.0b013e3181915670
http://dx.doi.org/10.1136/bjsports-2016-096587
http://www.ncbi.nlm.nih.gov/pubmed/28438770
http://dx.doi.org/10.1007/s11357-014-9710-8
http://www.ncbi.nlm.nih.gov/pubmed/25194940
http://dx.doi.org/10.1016/S0895-4356(98)00138-3
http://dx.doi.org/10.1249/MSS.0000000000002226
http://www.ncbi.nlm.nih.gov/pubmed/31876667
http://dx.doi.org/10.2337/diaspect.28.1.39
http://www.ncbi.nlm.nih.gov/pubmed/25717277
http://dx.doi.org/10.2165/11631910-000000000-00000
http://dx.doi.org/10.1113/jphysiol.2008.158279
http://dx.doi.org/10.1007/s11357-019-00128-5
http://dx.doi.org/10.1155/2012/269815
http://www.ncbi.nlm.nih.gov/pubmed/23304504
http://dx.doi.org/10.1016/j.archger.2009.09.006
http://dx.doi.org/10.1080/13685538.2016.1260108
http://www.ncbi.nlm.nih.gov/pubmed/28042739
http://dx.doi.org/10.1212/WNL.0000000000009478
http://www.ncbi.nlm.nih.gov/pubmed/32404355
http://dx.doi.org/10.1016/j.yfrne.2017.04.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Design 
	Maximal Continuous Graded Exercise Test 
	Exercise Training Protocols 
	Cognitive Testing 
	Data and Statistical Analyses 

	Results 
	Participant Characteristics 
	Cardiorespiratory Fitness 
	Cognitive Task 

	Discussion 
	Conclusions 
	References

