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Abstract: The purpose of this pilot study was to examine the acute effect of vigorous physical
activity on executive control in eighth grade students from the U.S. Participants were eighth grade
students (N = 68; 26 girls, 42 boys) recruited from one middle school located in the Mountain
West region of the U.S. Two groups of participants were assigned to receive either a vigorous
physical activity or a sedentary condition within a counter-balanced cross-over design using a 2-week
washout. Both groups were administered Trails Making Tests A (TMT-A) and B (TMT-B) at 20- and
25-min post-treatment, respectively. Mixed design ANOVA tests with repeated measures examined
differences between treatments on TMT-A and TMT-B performance and the modifying effect of sex.
Students who completed the physical activity condition displayed a faster time to completion on
the TMT-B compared to students who completed the sedentary condition (Mean difference = −6.5 s,
p = 0.026, d = 0.42). There were no differences between treatment groups on TMT-A and no sex
× treatment interactions (p > 0.05). This pilot study suggests that vigorous physical activity may
improve executive control in middle-school students and adds to the existent literature that continues
to examine the emerging link between physical activity and cognition in school-based settings.

Keywords: cognitive control; intervention; physical activity; schools; students

1. Introduction

Core cognitive processes collectively termed ‘Executive Control’ include inhibition, working
memory, and cognitive flexibility—functions mediated by pre-frontal cortex networks that ‘control’
non-routine behaviors [1]. These executive control functions are integral elements for learning [2].
Within the child-aged controlled laboratory setting literature, researchers have examined the relationship
between physical activity (PA) and executive control using a number of cognitive instruments to
measure both the speed and accuracy of response, with PA as a stimulant for learning [3]. Studies
have reported a wide array of cognitive improvements after PA including facilitating information
processing, decreasing response times [3,4], and influencing executive control performance, but not in
the predicted U-shape response function [5].

Within the Physical Education (PE) literature, cross-sectional correlational approaches have
historically been utilized to determine plausible associations among PA, executive control, and
youth academic achievement. In many seminal chronic-PA based studies, test results have been
correlated with Grade Point Average and health-related fitness testing scores, particularly the fitness
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domain of cardiorespiratory endurance [6,7], across student populations encompassing large sample
sizes. There have also been a number of translational studies that have considered an acute causal
relationship between PA and improvements in executive control within an authentic real-world setting,
the most recent using more academic-based tests (such as math tests) as the assessment instrument [8].
However, only a small number of studies have considered how PA may affect executive control in
school-settings using scientifically validated assessment instruments. Previous studies in lab settings
have involved participants completing doses of exercises on a treadmill or stationary bike [9,10].
Intensities using treadmills and exercise bikes may not reflect the sporadic and transient nature of
pediatric physical activity in naturalistic settings. Additionally, lab assessments have included the
use of electroencephalograms or magnetic resonance imaging to measure neural activation [11,12].
Lab exercises and assessments may have weak ecological validity when generalizing results to school
settings; therefore, more real-world applied research is needed in this growing field. Previous
studies have tended to focus on the ‘dose-response’ between PA and executive control, ranging from
reported high doses of PA (>40 min) leading to higher executive control post-test scores [13], and a
PA intensity above the vigorous target heart rate zone yielding beneficial effects on executive control
performance [14]. These past results suggest that the optimal PA dosage needed for an increase in
executive control may be close to an individual’s anaerobic threshold.

Despite the aforementioned findings, there are limited studies that have reported an improvement
in the Trails Making Test (TMT) within the pediatric population. Again, in terms of intensity, it has
been suggested that TMT improvement is associated with children who spent time above their aerobic
target heart rate zone during an after-school ‘Fitness Improves Thinking’ intervention [15]. However,
despite positive findings in the current research, no study has focused on TMT performance using a
PA stimulus during middle-school PE class. The current study could be an important contribution
in validating both PA opportunities and the importance of PE within the educational curriculum.
Therefore, the primary purpose of this pilot study was to examine the effect of an acute bout of vigorous
intensity PA on TMT-A and B performance in middle-school students from the U.S. It was hypothesized
that TMT-A and B performance will increase following a single bout of vigorous PA during PE and
remain unchanged or decrease following a period of sedentary behavior.

2. Materials and Methods

2.1. Participants

Participants were a convenience sample of students enrolled in eighth-grade PE classes from a
middle school located in the Mountain West region of the U.S. Based on the results from an a priori
power analysis using a medium-sized effect and an alpha level set at p < 0.05, a sample size of 34
participants per treatment group was needed to achieve at least 80% statistical power. After participant
dropout (absences/injury) the number of participants with complete data in the current study was
N = 72, with n = 36 within each treatment group: group 1 (n = 36; males = 21, females = 15) and group
2, (n = 36; males = 23, females = 13). Using a counter-balanced cross-over design, in-tact classes were
assigned to a treatment of vigorous PA during PE or a sedentary condition consisting of sitting and
watching a video related to PE content. Participants who were unable to participate in PE lessons
without modifications were excluded from this pilot study. Group 1 performed the PA condition first
and the sedentary condition second, while group 2 performed the sedentary condition first and PA
condition second. Permission to conduct the pilot study was obtained from the University Institutional
Review Board, the school district, the school administration, and teachers prior to the start of data
collection. The participants provided written informed assent and parents provided written informed
consent prior to data collection.
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2.2. Instrumentation

The Trail Making Test A (TMT-A) and Trail Making Test B (TMT-B) are two tests based on the
Army Individual Battery Test from 1944. Historically, the TMT-A and B have predominantly been used
as a measurement instrument for neuropsychological research to distinguish brain-damaged patients
from healthy control participants. The TMT-A (congruent task) and TMT-B (an incongruent task where
the participant has to elicit inhibitory control due to interference) include connecting 25 numbers (in
a dot-to-dot process) spread out on an A4 piece of paper, in numerical order, as quickly as possible.
Test B (incongruent task) is exactly the same as Test A (congruent task) except for the inclusion of
letters; the participant must alternate between consecutive numbers and letters in order to complete
the task. Test-B is 56.9 cm longer than Test A; therefore, it takes longer to complete, and there are at
least one or more items that are located in the pathway of the trail.

TMT-A and TMT-B have often been used measurement tools in neuropsychological research [16].
Yet the construct validity of the instrument has been questioned due to the complex nature of the
cognitive mechanisms underlying TMT-B and lack of consensus of what the test actually measures.
Yet the components of executive control that the TMTs are purported to measure have always
been consistent, but researchers have chosen to focus on certain measurement elements in the last
30 years, from visual perception and fine motor abilities [17], visual/nonverbal intelligence and spatial
abilities [18], visual attention and processing speed [19], to task set inhibition [20]. The TMT-A is a
low-functioning cognitive test that requires visuo-perceptual capabilities [21] whereas the TMT-B is
a high-functioning cognitive test that adds higher level cognitive control skills [22] that of mainly
working memory, and then task switching (consecutively switching between numbers and letters).

Due to the instrument’s application within brain health research most studies have involved the
senior population as the target group, concentrating on aging executive control decline. Other results
suggest that poor performance of TMT-B is a predictor of walking speed in older adults [23].

There are four different forms of the TMT. The Intermediate form (youth specific) of the TMT-A
and B was chosen, from the Halstead-Reitan neuropsychological test battery [24] to align with the age
of the participants. The benefits of using the TMT-A/B as the measurement instrument are numerous;
the tests can be feasibly used in a school setting; they are short in duration and are cost effective; the
protocols of test-retest are easy to administer, and children are familiar with dot-to-dot matrices.

In this study, the researcher compared the time (in seconds) for each individual test taken within
the two different treatments. The TMT test-retest reliability was shown to be at Intraclass Correlation
Coefficient (ICC) = 0.79 for Test A, and Intraclass Correlation Coefficient ICC = 0.89 for Test B [24].
E600 Polar Heart Rate monitors were used to assess PA intensity during the PA condition and were
pre-programmed at a calculated 70–85% age predicted maximum heart rate as per Centers for Disease
Control (CDC) guidelines [25]. Each participant was instructed to maintain their heart rate within the
target zone (144 bpm to 175 bpm) while working physically at each station of the aerobic circuit for one
minute. Heart rate monitors were not worn during the sedentary condition. Research has suggested
that Polar Heart Rate Monitors yield energy expenditure estimates more accurately than in other
calibrated devices with high test-retest reliability (ICC = 0.86 to 0.99) in school-based research [26,27].

2.3. Procedures

Two initial visits were made to the research site prior to data collection. The first visit was to
acclimate the participants to wearing heart rate monitors during their PE lessons. During the second
visit, the participants were familiarized with the aerobic circuit that would be used as the PA condition.
This was done to enhance fidelity of the treatment. Students were also shown methods to increase or
decrease heart rate in order to stay within the target heart rate zone. The PA condition included the
participants wearing the heart rate monitors and participating in twenty minutes of vigorous intensity
PA via an aerobics circuit. The intensity was set at 70–85% of age-predicted maximum heart rate.
This intensity was preprogrammed on each heart rate monitor for each participant. The monitor was
set to beep if a respective participant did not maintain the designated heart rate within the exercise
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session. In order to yield vigorous PA within the PE lesson, an aerobics circuit was designed based on
the previous fitness literature [28]. Aerobic circuits used were incorporated into normal PE lessons at
the research site; therefore, the exercises were familiar to the participants. The aerobic circuit included
nine aerobic stations that were spaced within a gymnasium (see Table 1). The stations were organized
to concurrently accommodate four participants, working for a one-minute period, with a trained
assigned research assistant at each station supervising each activity. The participants rotated to the
next station within a 7 s transfer time.

Table 1. Description of the employed aerobics circuit during the physical activity treatment condition.

Name of Exercise Description

Line Jumps The participants will jump sideways across and back over a line with both feet together.
Ladder Run Running through an agility ladder/set of cones, and then run down the side of the ladder/cones to

repeat the process.
Hurdles The participant will hurdle over small 6-12-inch hurdles and then run down the side of the hurdles

to repeat the process.
Step Ups The participant will step up and down on 18-inch-high aerobic steps.
High Knees The participant will lift alternate knees high into the air on the spot.
Shuttle Drills The participant will sprint to cones and back, 3, 5 and 10 yards away.
Z Pattern Run The participant will run through a set of cones arranged in a zig-zag pattern 5 yards away from each

other, and then run down the side of the cones to repeat the process.
Jump Rope The participant will jump rope on the spot.
Jumping Jacks The participants will complete jumping jacks on the spot.

Although the participants were ‘switching tasks’ during the aerobics circuit, there is no reported
evidence within the literature to suggest that this would have an advantageous effect on the
task-switching nature of the TMT-B. A mediator that seems to be a component of the PA-executive
control relationship is elevating the heart rate within the vigorous heart rate zone [13,14]. Elevated
heart rate indicates a higher exercise intensity, which may manifest additional multi-level physiological
mechanisms to improve executive control including increasing in brain-derived neurotropic factor
(BDNF) and insulin-like growth factor-1 (IGF-1) at the molecular level, angiogenesis and neurogenesis
at the cellular level, and improvements in gray matter volume and hippocampal volume on the
structural level [29]. The concept of switching from one aerobic task to another within the circuit was
to stave off volitional fatigue by overworking one particular muscle group, and alleviate boredom
from one single aerobic task, a common practice in PE class.

At the end of the 20 min aerobic circuit, the PA group returned their heart rate monitors to the
researcher so the data could be downloaded confirming that the participants remained within the
target heart rate training zone. The participants then dressed out in the locker room, and walked to
a classroom, imitating normal practice after a PE class. The PA condition group then sat in silence,
with no communication allowed between peers, the researcher, and research assistants, and TMT-A
was completed at 20 min post treatment. They then sat quietly, reading, and then had the TMT-B
administered at 25 min post treatment. At completion of the test, the participants were dismissed and
returned to class. Research assistants timed the tests for each participant individually.

The sedentary treatment included the group assigned to the non-active condition being taken,
by the researcher, to a classroom. During the treatment, the participants watched a video in silence for
20 min, with no communication with the researchers, teachers, or peers allowed. This condition was
employed to maintain heart rate at approximately resting levels. Immediately after the non-active
condition (i.e., after a total of 20 min sedentary behavior) participants completed TMT-A and then sat
quietly reading, and then had the process repeated with TMT-B administered at 5 min post non-active
condition (i.e., after a total of 25 min sedentary behavior). Graduate assistants timed the tests for each
participant individually. At completion of the test the participants were dismissed and returned to
class. Approximately two weeks were provided (a washout period) before testing conditions alternated
for group 1 and group 2.
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Testing was conducted in the manner of a regularly scheduled PE class in whereby some students
were sitting in class and took the test, while some students were in the gym being physically active.
This authenticity was compounded and repeated during the second visit (after a passage of two weeks
of time to prevent learning effects) where the researcher collected data using the same protocol as the
first visit, except with the two classes switching treatments.

2.4. Statistical Analysis

Data were screened for outliers using z-scores and box plots and checked for Gaussian distributions
using k-density plots. Approximately four participants with complete data were dropped because of
outlier scores (5.6% of the sample). Therefore, the final sample size was N = 68, with n = 34 within
each treatment group. Two separate 2 × 2 × 2 mixed design Analysis of Variance (ANOVA) tests
with repeated measures were used to examine the effect of treatment (PA, sedentary) on TMT-A
and TMT-B performance. Carry-over effects were examined using an order term within the factorial
design (PA condition first, sedentary condition first). The possible modifying effect of sex (female,
male) was also tested using a sex × treatment interaction term. Sex and order were between-subjects’
factors and treatment was the within-subjects factor. Effect sizes were computed using Cohen’s d with
<0.2 representing a small effect, d ≈ 0.5 representing a medium effect, and ≥ 0.8 representing a large
effect. Statistical significance was set at p < 0.05 for all statistical tests. Analyses were conducted using
SPSS v24.0 statistical software package (IBM, Armonk, NY, USA).

3. Results

All participants in the PA condition were within their target heart rate zone for the entirety
of the treatment (100% adherence). Average heart rate during the PA condition was 157.5 bpm.
The descriptive data are presented in Table 2 and the results from the mixed-design ANOVA test
are presented in Table 3. For TMT-A testing performance, there were no statistically significant
differences between treatment groups (F = 1.5, p = 0.226) and no statistically significant sex × treatment
interaction (F = 2.1, p = 0.155) or order main effects (F = 0.2, p = 0.631). However, for TMT-B testing
performance, there was a statistically significant treatment main effect (F = 5.1, p = 0.026). Students
who completed the PA condition displayed faster response times (i.e., faster time to completion) on
the TMT-B compared to students who completed the sedentary condition (Mean difference = −6.5 s,
p < 0.05). This difference approached a medium-sized effect (Cohen’s d = 0.42). There was no sex ×
treatment interaction (F = 1.9, p = 0.170) and no order effect (F = 0.1, p = 0.770) within the ANOVA
model for TMT B performance.

Table 2. Trail Making Test A and B performance (in seconds) for the total sample, within sex groups,
and within allocation group order (means and standard deviations).

Sample Test
Type

TMT-A
Post SA

TMT-A
Post PA

TMT-B
Post SA

TMT-B
Post PA

N Group1 Group2 Group1 Group2 Group1 Group2 Group1 Group2
Total

Sample 68 23.2
(6.4)

20.8
(3.9)

20.7
(6.7)

24.5
(6.6)

57.5
(18.8)

48.0
(17.0)

46.9
(15.5)

48.7
(10.2)

Male 42 23.8
(7.0)

21.1
(4.0)

20.7
(7.5)

24.1
(4.3)

58.3
(21.7)

50.5
(13.5)

46.9
(17.4)

47.5
(9.3)

Female 26 22.2
(5.4)

20.3
(3.8)

20.8
(5.1)

25.3
(9.0)

55.2
(12.6)

44.5
(20.9)

47.0
(12.0)

50.5
(11.5)

Note: SA stands for sedentary activity; PA stands for physical activity; TMT-A stands for Trail Making Test A; TMT-B
stands for Trail Making Test B; Group is the group order allocation number.
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Table 3. Analysis of Variance table for TMT-A and TMT-B test scores.

Test Effect F-Statistic p-Value Eta-Squared

TMT-A Treatment 1.5 0.226 0.005
Sex 0.6 0.461 0.001

Sex ×
Treatment 2.1 0.155 0.006

Order 0.2 0.631 0.004
TMT-B Treatment 5.1 † 0.026 0.018

Sex 0.5 0.501 0.002
Sex ×

Treatment 1.9 0.170 0.012

Order 0.1 0.770 0.014

Note: TMT-A stands for Trail Making Test A; TMT-B stands for Trail Making Test B; bold and † indicates statistical
significance, p < 0.05.

4. Discussion

The purpose of this pilot study was to examine the effects of an acute bout of vigorous intensity
PA on TMT-A and B performance in U.S. middle-school students. We hypothesized that performance
on both the TMT-A and B tasks would improve (i.e., a faster time-to-completion) following a single
bout of vigorous PA during PE and remain unchanged or possibly decrease following sedentary
behavior. Results were that TMT-B performance improved after the vigorous PA condition relative to
the sedentary condition. Findings from this pilot study support the current literature that suggests that
brief bouts of vigorous PA during the school day can be beneficial for improving cognitive functioning in
school-settings. This novel study is an attempt in examining the association between PA and executive
control in an authentic environment, using a scientifically rigorous cross-over experimental design.

Although the data reported statistical significance for the effect of an acute bout of vigorous PA
on TMT-B performance, results should be considered from a cautionary perspective. The trigger
mechanism that may explain how PA affects executive control is partially unknown; however, evidence
has shown that habitual and acute PA and exercise may improve attention span and working memory
by altering the neurochemicals serotonin, dopamine, norepinephrine, in addition to brain-derived
neurotrophic factor, synaptic proteins, and insulin-like growth factor-1 [30,31]. Indeed, the acute
effect of PA on cognitive functioning also seems to be dose-dependent, in that PA or exercise of
higher intensities have a more significant beneficial impact on tests of cognitive function than PA or
exercise of lower intensities [32,33]. The duration, intensity, and time frame for improved executive
control performance, known as the dose-response, is individualistic by nature, due to fitness levels,
social-economic status, BMI, adiposity, and trajectory of cognitive development [34–37]. It is also
logically valid to suggest that within the primary endeavor of learning, children are more attuned to
academic testing, rather than testing executive control skills within the academic classroom.

There are some interesting questions that arise from the results of the current study. It is becoming
clear in the literature that children are not affected in the same U-shape PA-induced arousal pattern as
adults, as bouts of high intensity PA do not interfere with learning in a negative manner [3]. Previous
research suggests that lasting effects on cognition may occur anytime between 16 to 48 min post PA
condition [13,38], leading to questions regarding an ‘optimal time’ for improved executive control
(and the positive results from the current study fall within this theoretical construct). It has also
been widely reported that TMT-A is a low-functioning cognitive test that is not a predictor of overall
cognitive abilities and measures differing cognitive demands as opposed to TMT-B. Therefore, a lack
of statistical significance using the TMT-A should be expected [5]. Some researchers have reported that
a component of executive control that the TMT-B measures, task-switching, is not been as sympathetic
to change, after a bout of PA, as compared to other instruments such as the Stroop Test [39]. However,
in the current study, the average time to completion of the TMT-B after a bout of vigorous PA was
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6.5 s faster than after the sedentary condition, aligning with current PA-TMT research [15,40,41]. These
differences did approach a medium-sized effect and thus may be practically meaningful.

The strengths of this pilot study include the targeting of a vigorous PA intensity assessed using
objective heart rate monitoring. Another strength was the use of an experimental cross-over research
design and improves internal validity evidence that the PA condition directly effects performance
on the TMT-B. The intervention was also administered within a real-world setting, which provides
strong ecological validity evidence for the results. However, there are limitations to this pilot study
that must be considered before any generalizations can be made. First, this sample comprised of eighth
grade students located from the Mountain West region of the U.S.; therefore, the external validity of
the results is questionable if generalized to younger or older age groups and students from different
regions. Second, although the sample yielded adequate statistical power, having a larger sample
size may have manifested results with greater internal validity that is needed to establish efficacy.
Third, within cross-over research designs there is always a possibility of a carry-over effect between
study periods. Although the order effect from the ANOVA was not statistically significant, there
may have been learned behavior between study periods, such as TMT test familiarity, which may
have confounded the results. Fourth, the nature of school-based design increases limitations related
to scientific rigor; however, the lack of previous child-based research in authentic settings hinders
the translation debate [42]. Also related to the research design, baseline or pre-test data were not
collected during each study phase, precluding the analysis of change which is recommended when
employing future non-pilot efficacy studies. Furthermore, use of the age-predicted maximum heart
rate normally used to calculate exercise intensity provides only an estimate of maximum heart rate;
use of measured maximum heart rate may have improve the internal validity of the results. Use of
the rate of perceived exertion may have provided an alternative means to estimate exercise intensity.
Fifth, the exercise exposure was highly variable in that many different exercises were used, each
having its own unique effect on heart rate and possibly other mediators of executive control. A more
homogenous exercise exposure may have provided greater specificity of the observed results. Finally,
it is now commonly believed that executive control is a complex, multi determined construct, with
many separate cognitive skills, that requires different types of measurement tests to measure different
types of cognitive processes. Within this paradigm lies a major limitation of this study - admittedly, a
stand-alone single cognitive measurement pencil/paper test of convenience such as the TMT-A and B
has a limited focus on measuring cognitive processes, and although it is an efficient way to collect
data, results are further diminished by the nature of a school-based design, which increases limitations
related to scientific rigor.

5. Conclusions

Bouts of vigorous PA may improve cognitive health in school-aged children, and as cognitive
performance is essential for learning, physical education classes with aerobic-based PA opportunities
may support a learning role within the educational curriculum. PA opportunities throughout the
school day should be considered as an integral conduit in not only aiding academic behaviors and
performance, but just as importantly, to the development of overall mental health of young people,
in a setting where they are present for more than six hours a day (school).

This study was an attempt to translate past laboratory-based findings into an authentic field-based
context. Elements of executive control, of selective attention, inhibition, task switching, working
memory and manipulation, and understanding context are integral to success in the classroom and are
a better predictor of math and reading success than intelligent quotient tests [2,43–45]. It is therefore
salient to consider the effect of PA on assisting school-aged children with the ability to plan, schedule,
and deal with attention/focus interferences within the classroom, and possible consequent effect on
academic performance.

This study should be viewed as a positive step forwards in endeavoring to consider questions
that until of late, have been relatively unanswered. In essence, improvement in performance of the
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TMT-B as a cognitive instrument used with children in a school-based setting after a bout of PA should
be considered a marker of improved executive control performance. The current study aligns with
recent literature that suggests vigorous PA may trigger mechanisms that lead to better executive
control and possibly better academic achievement. This study directly contributes to the growing body
of knowledge considering how higher levels of PA as an appropriate vehicle for executive control
change in youth, and to the continual striving to translate the laboratory into the classroom to inform
educational policy and practice.

Author Contributions: Conceptualization, D.S.P., J.C.H., and R.D.B.; formal analysis, R.D.B.; resources, J.C.H.;
data curation, D.S.P.; writing—original draft preparation, D.S.P., B.B.G., J.C.H., and R.D.B.; writing—review and
editing, D.S.P., J.C.H., B.B.G., and R.D.B.; supervision, J.C.H.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank the students and teachers who participated in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pessoa, L. How do emotion and motivation adirect executive control. Trends Cogn. Sci. 2009, 13, 160–166.
[CrossRef] [PubMed]

2. Clair-Thompson, H.L.S.; Gathercole, S.E. Executive functions and achievements in school: Shifting, updating,
inhibition and working memory. Q. J. Exp. Psychol. 2006, 59, 745–759. [CrossRef] [PubMed]

3. Hillman, C.H.; Buck, S.M.; Themanson, J.R.; Pontifex, M.B.; Castelli, D.M. Aerobic fitness and cognitive
development: Event-related brain potential and task performance indices of executive control in preadolescent
children. Dev. Pyschol. 2009, 45, 114–129. [CrossRef] [PubMed]

4. Tomporowski, P.D. Effects of acute bouts of exercise on cognition. Acta Psychol. 2003, 112, 297–324. [CrossRef]
5. Tomporowski, P.D. Cognitive and behavioral responses to acute exercise in youth: A Review.

Pediatric Exerc. Sci. 2003, 15, 348–359. [CrossRef]
6. Grissom, J.B. Physical fitness and academic achievement. J. Exerc. Physiol. 2005, 8, 11–25.
7. Welk, G.J.; Jackson, A.W.; Morrow, J.R., Jr.; Haskell, W.H.; Meredith, M.D.; Cooper, K.H. The association of

health-related fitness with indicators of academic performance in Texas schools. Res. Q. Exerc. Sport 2010, 81
(Suppl. 3), S16–S23. [CrossRef]

8. Travlos, A.K. High intensity physical education classes and cognitive performance in eighth grade students:
An applied study. USEP 2010, 8, 302–311. [CrossRef]

9. Won, J.; Wu, S.; Ji, H.; Carson Smith, J.; Park, L. Executive function and the P300 after treadmill exercise and
futsal in college soccer players. Sports 2017, 5, 73. [CrossRef]

10. Chen, A.-G.; Zhu, L.-N.; Xiong, X.; Li, Y. Acute aerobic exercise alters executive control network in
preadolescent children. J. Sports Psychol. 2017, 26, 132–137.

11. Hillman, C.H.; Pontifex, M.B.; Castelli, D.M.; Khan, N.A.; Raine, L.B.; Scudder, M.R.; Drollette, E.S.;
Moore, R.D.; Wu, C.-T.; Kamijo, K. Effects of the FITKids randomized controlled trial on executive control
and brain function. Pediatrics 2014, 134, e1063–e1071. [CrossRef] [PubMed]

12. Khan, N.A.; Hillman, C.H. The relation of childhood physical activity and aerobic fitness to brain function
and cognition: A review. Pediatric Exerc. Sci. 2014, 26, 138–146. [CrossRef] [PubMed]

13. Davis, C.L.; Tomorowski, P.D.; Boyle, C.A.; Waller, J.L.; Miller, P.H.; Naglieri, J.A.; Gregorski, M. Effects of
aerobic exercise on overweight children’s cognitive functioning: A randomized controlled trial. Res. Q.
Exerc. Sport 2007, 78, 510–519. [CrossRef] [PubMed]

14. Castelli, D.M.; Hillman, C.H.; Hirsch, J.; Hirsch, A.; Drollettte, E. FIT Kids: Time in target heart rate zone and
cognitive performance. Prev. Med. 2011, 52, S55–S59. [CrossRef]

15. Harverson, A.T.; Hannon, J.C.; Brusseau, T.A.; Podlog, L.; Papadopoulos, C.; Durrant, L.H.; Hall, M.S.;
Kang, K. Acute effects of 30 min resistance and aerobic exercise on cognition in a high school sample. Res. Q.
Exerc. Sport 2016, 87, 214–220. [CrossRef]

16. Rabin, L.A.; Barr, W.; Burton, L. Assessment practices of clinical neuropsychologists in the United States and
Canada: A survey of INS, NAN, and APA Division 40 members. Arch. Clin. Neuropsychol. 2005, 20, 33–65.
[CrossRef]

http://dx.doi.org/10.1016/j.tics.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19285913
http://dx.doi.org/10.1080/17470210500162854
http://www.ncbi.nlm.nih.gov/pubmed/16707360
http://dx.doi.org/10.1037/a0014437
http://www.ncbi.nlm.nih.gov/pubmed/19209995
http://dx.doi.org/10.1016/S0001-6918(02)00134-8
http://dx.doi.org/10.1123/pes.15.4.348
http://dx.doi.org/10.1080/02701367.2010.10599690
http://dx.doi.org/10.1080/1612197X.2010.9671955
http://dx.doi.org/10.3390/sports5040073
http://dx.doi.org/10.1542/peds.2013-3219
http://www.ncbi.nlm.nih.gov/pubmed/25266425
http://dx.doi.org/10.1123/pes.2013-0125
http://www.ncbi.nlm.nih.gov/pubmed/24722921
http://dx.doi.org/10.1080/02701367.2007.10599450
http://www.ncbi.nlm.nih.gov/pubmed/18274222
http://dx.doi.org/10.1016/j.ypmed.2011.01.019
http://dx.doi.org/10.1080/02701367.2016.1146943
http://dx.doi.org/10.1016/j.acn.2004.02.005


Int. J. Environ. Res. Public Health 2019, 16, 3949 9 of 10

17. Groff, M.G.; Hubble, L.M. A factor analytic investigation of the Trail Making Test. Clin. Neuropsychol. 1981, 3,
11–13.

18. Larrabee, G.J.; Curtiss, G. Construct validity of various verbal and visual memory tests. J. Clin.
Exp. Neuropsychol. 1995, 17, 536–547. [CrossRef]

19. Gaudino, E.A.; Geisler, M.W.; Squires, N.K. Construct validity in the Trail Making Test: What makes part B
harder? J. Clin. Exp. Neuropsychol. 1995, 17, 529–535. [CrossRef]

20. Arbuthnott, K.; Frank, J. Trail making test, part B as a measure of executive control: Validation using a
set-switching paradigm. J. Clin. Exp. Neuropsychol. 2000, 22, 518–528. [CrossRef]

21. Sánchez-Cubillo, I.; Periáñez, J.A.; Adrover-Roig, D.; Rodríguez-Sánchez, J.M.; Ríos-Lago, M.; Tirapu, J.;
Barceló, F. Construct validity of the Trail Making Test: Role of task-switching, working memory,
inhibition/interference control, and visuomotor abilities. J. Int. Neuropsychol. Soc. 2009, 15, 438–450.
[CrossRef] [PubMed]

22. Strauss, E.; Sherman, E.M.S.; Spreen, O. A Compendium of Neuropsychological Tests: Administration, Norms,
and Commentary, 3rd ed.; Oxford University Press: New York, NY, USA, 2006.

23. Reitan, R.M.; Wolfson, D. The Halstead-Retain Neuropsychological Test. Battery: Theory and Clinical Interpretation,
2nd ed.; Neuropsychology Press: Tuscon, AZ, USA, 1993.

24. Dikmen, S.S.; Heaton, R.K.; Grant, I.; Tempkin, N.R. Test–retest reliability and practice effects of Expanded
Halstead–Reitan Neuropsychological Test Battery. J. Int. Neuropsychol. Soc. 1999, 5, 346–356. [CrossRef]
[PubMed]

25. Centers for Disease Control. Target. Heart Rate and Estimated Maximum Heart Rate; Centers for Disease Control
and Prevention: Atlanta, GA, USA, 2011. Available online: http://www.cdc.gov/physicalactivity/everyone/

measuring/heartrate.html (accessed on 15 September 2011).
26. Crouter, S.E.; Albright, C.; Bassett, D.R. Accuracy of polar S410 heart rate monitor to estimate energy cost of

exercise. Med. Sci. Sports Exerc. 2004, 36, 1433–1439. [CrossRef] [PubMed]
27. Bar-Or, T.; Bar-Or, O.; Waters, H.; Hirji, A.; Russell, S. Validity and social acceptability of the Polar Vantage

XL for measuring heart rate in preschoolers. Pediatric Exerc. Sci. 1996, 8, 115–121. [CrossRef]
28. Brown, L.E.; Ferrigno, V. Training for Speed, Agility and Quickness; Human Kinetics: Champaign, IL, USA, 2005.
29. Stillman, C.M.; Cohen, J.; Lehman, M.E.; Erickson, K.I. Mediators of physical activity on neurocognitive

function: A review at multiple levels of analysis. Front. Hum. Neurosci. 2016, 10, 626. [CrossRef] [PubMed]
30. Winter, B.; Breitenstein, C.; Mooren, F.C.; Voelker, K.; Fobker, M.; Lechtermann, A.; Krueger, K.; Fromme, A.;

Korsukewitz, C.; Knecht, S.; et al. High impact running improves learning. Neurobiol. Learn. Mem. 2007, 87,
597–609. [CrossRef] [PubMed]

31. Hsieh, S.S.; Fung, D.; Tsai, H.; Chang, Y.K.; Huang, C.J.; Hung, T.M. Differences in working memory as a
function of physical activity in children. Neuropsychology 2018, 32, 797–808. [CrossRef]

32. Berwid, O.G.; Halperin, J.M. Emerging support for a role of exercise in attention-deficit/hyperactivity disorder
intervention planning. Curr. Psychiatry Rep. 2012, 14, 543–551. [CrossRef]

33. Tsukamoto, H.; Takenaka, S.; Suga, T.; Tanaka, D.; Takeuchi, T.; Hamaoka, T.; Isaka, T.; Hashimoto, T. Impact
of exercise intensity and duration on postexercise executive function. Med. Sci. Sports Exerc. 2017, 49,
774–784. [CrossRef]

34. Pontifex, M.B.; Kamijo, K.; Hillman, C.H. The differential association of adiposity and fitness with cognitive
control in preadolescent children. Monogr. Soc. Res. Child Dev. 2014, 79, 72–92. [CrossRef]

35. Khan, N.A.; Raine, L.B.; Donovan, S.M.; Hillman, C.H. The cognitive implications of obesity and nutrition in
childhood. Monogr. Soc. Res. Child Dev. 2014, 79, 51–71. [CrossRef] [PubMed]

36. Huizinga, M.M. Age-related change in executive function: Developmental trends and a latent variable
analysis. Neuropsychologia 2006, 44, 2017–2036. [CrossRef] [PubMed]

37. Best, J.R.; Miller, P.H.; Jones, L.L. Executive function after age 5: Changes and correlates. Dev. Rev. 2009, 29,
180–200. [CrossRef] [PubMed]

38. Hillman, C.H.; Castelli, D.M.; Buck, S.M. Aerobic fitness and neurocognitive function in healthy preadolescent
children. Med. Sci. Sports Exerc. 2005, 3, 1967–1974. [CrossRef]

39. Alves, C.R.R.; Gualano, B.; Takao, P.P.; Avakian, P.; Fernandes, R.M.; Morine, D.; Takito, M.Y. Effects of acute
physical exercise on executive functions: A comparison between aerobic and strength exercise. J. Sport
Exerc. Psychol. 2012, 34, 539–549. [CrossRef]

http://dx.doi.org/10.1080/01688639508405144
http://dx.doi.org/10.1080/01688639508405143
http://dx.doi.org/10.1076/1380-3395(200008)22:4;1-0;FT518
http://dx.doi.org/10.1017/S1355617709090626
http://www.ncbi.nlm.nih.gov/pubmed/19402930
http://dx.doi.org/10.1017/S1355617799544056
http://www.ncbi.nlm.nih.gov/pubmed/10349297
http://www.cdc.gov/physicalactivity/everyone/measuring/heartrate.html
http://www.cdc.gov/physicalactivity/everyone/measuring/heartrate.html
http://dx.doi.org/10.1249/01.MSS.0000135794.01507.48
http://www.ncbi.nlm.nih.gov/pubmed/15292754
http://dx.doi.org/10.1123/pes.8.2.115
http://dx.doi.org/10.3389/fnhum.2016.00626
http://www.ncbi.nlm.nih.gov/pubmed/28018195
http://dx.doi.org/10.1016/j.nlm.2006.11.003
http://www.ncbi.nlm.nih.gov/pubmed/17185007
http://dx.doi.org/10.1037/neu0000473
http://dx.doi.org/10.1007/s11920-012-0297-4
http://dx.doi.org/10.1249/MSS.0000000000001155
http://dx.doi.org/10.1111/mono.12131
http://dx.doi.org/10.1111/mono.12130
http://www.ncbi.nlm.nih.gov/pubmed/25387415
http://dx.doi.org/10.1016/j.neuropsychologia.2006.01.010
http://www.ncbi.nlm.nih.gov/pubmed/16527316
http://dx.doi.org/10.1016/j.dr.2009.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20161467
http://dx.doi.org/10.1249/01.mss.0000176680.79702.ce
http://dx.doi.org/10.1123/jsep.34.4.539


Int. J. Environ. Res. Public Health 2019, 16, 3949 10 of 10

40. Tombs, M.; Tyler, K.; Johnson, P.J. The benefits of physical activity for cognitive functioning in a student
population. Educ. Health 2013, 31, 91–94.

41. Norton, K.; Norton, L.; Lewis, N. Effects of short-term physical activity interventions on simple and choice
response time. BioMed. Res. Int. 2016, 2016, 5613767. [CrossRef]

42. Donnelly, J.E.; Hillman, C.H.; Castelli, D.M.; Szabo-Reed, A.N. Physical activity, fitness, cognitive function,
and academic achievement in children: A systematic review. Med. Sci. Sports Exerc. 2016, 48, 1197–1222.
[CrossRef]

43. Miyaki, A.; Friedman, N.P.; Emerson, M.J.; Witzki, A.H.; Howerter, A.; Wagner, 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]

44. Duncan, G.J.; Dowsett, C.J.; Claessens, A.; Magnuson, K.; Huston, A.C. School readiness and later achievement.
Dev. Psychol. 2007, 43, 1428–1446. [CrossRef]

45. Borella, E.; Carretti, B.; Pelgrina, S. The specific role of inhibition in reading comprehension in good and poor
comprehenders. J. Learn. Dis. 2010, 43, 541–552. [CrossRef] [PubMed]

© 2019 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/10.1155/2016/5613767
http://dx.doi.org/10.1249/MSS.0000000000000901
http://dx.doi.org/10.1006/cogp.1999.0734
http://dx.doi.org/10.1037/0012-1649.43.6.1428
http://dx.doi.org/10.1177/0022219410371676
http://www.ncbi.nlm.nih.gov/pubmed/20606207
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Instrumentation 
	Procedures 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

