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Abstract

Background: Participation in physical activity supports greater cardiorespiratory fitness (CRF), a correlate of cognitive control. However, the

relationship between muscular fitness (MF) and cognitive control is less clear. The present study investigated the differential relationship of

CRF and MF with cognitive control in older adolescents.

Methods: This cross-sectional study involved students (15�17 years old, n = 541, 43% female) from 20 secondary schools who completed tests

of inhibition (modified flanker task), working memory (n-back task), CRF (Progressive Aerobic Cardiovascular Endurance Run), and MF (stand-

ing long jump and push-up test). Multilevel analyses tested the association between CRF or MF and cognitive outcomes while accounting for the

influence of the other fitness variable and relevant demographic factors.

Results: CRF predicted response accuracy during incongruent flanker trials, the condition requiring greater inhibition. For the working memory

task, CRF predicted greater target accuracy and greater d’ scores on the 1-back task, requiring lesser amounts of working memory. In the 2-back

task, which requires greater amounts of working memory, CRF also predicted greater target and non-target accuracy and d’ scores. Compara-

tively, MF did not predict any cognitive outcomes after adjustment for CRF.

Conclusion: CRF was selectively related to better performance during task conditions that require greater amounts of inhibition and working

memory. This finding suggests that CRF, but not MF, may benefit cognitive control in older adolescents. This selective influence of CRF on older

adolescents’ cognition highlights the value of aerobic physical activity.
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1. Introduction

The growing trend of physical inactivity is now considered

a pandemic1 and is forecasted to rise even further in the coming

decades.2 In 2013, scholars estimated that physical inactivity

accounted for at least USD68.5 billion of the global economic bur-

den due to expenses associated with healthcare costs and produc-

tivity loss.3 In adolescents,4 much of these costs are a consequence

of increased prevalence of comorbid diseases, such as type 2 diabe-

tes and the metabolic syndrome. Critically, adverse effects of phys-

ical inactivity further extend to cognitive health.5,6 Participation in

physical activity, in part, may prevent the onset and severity of
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non-communicable diseases7,8 and can lead to gains in physical fit-

ness,9 including both cardiorespiratory and muscular fitness (MF).

Cardiorespiratory fitness (CRF) provides a number of health bene-

fits in childhood and adolescence10 and predicts health status into

adulthood.11 Concurrently, MF (i.e., muscle strength, endurance,

and power) can benefit indices of health in both children and ado-

lescents.10,12 The benefits of physical fitness have also been

extended to cognitive and brain health. In particular, CRF pro-

motes greater cognitive functioning across the lifespan13 and is

related to enhanced academic achievement14�16 and brain develop-

ment in children and adolescents.17,18

Childhood CRF has been associated with cognitive con-

trol,19,20 which is an umbrella term (also known as executive

function, central executive, or executive control) that denotes

a network of processes underlying adaptive, goal-directed
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Table 1

Demographic information on participants.

Female

(n = 235)

Male

(n = 306)

Total

(n = 541)

Characteristics (mean § SD)

Age (year) 16.5 § 0.4 16.5 § 0.4 16.5 § 0.4

SES (SEIFA percentile) 51.5 § 26.0 50.5 § 24.8 51.0 § 25.3

BMI (kg/m2) 23.1 § 3.6 22.8 § 4.4 22.9 § 4.1

PACER (lap) 33.7 § 18.8 61.5 § 22.4 49.4 § 25.0

Push-ups (repetition) 6.1 § 6.4 16.1 § 8.1 11.8 § 8.9

Standing long jump (cm) 146.1 § 22.9 199.7 § 28.5 176.4 § 37.3

Cultural background (n (%))

Australian 175 (74.5) 207 (67.6) 382 (70.6)

European 22 (9.4) 27 (8.8) 49 (9.1)

African 2 (0.9) 3 (1.0) 5 (0.9)

Asian 9 (3.8) 26 (8.5) 35 (6.5)

Middle Eastern 2 (0.9) 2 (0.7) 4 (0.7)

Other 25 (10.5) 41 (13.4) 66 (12.2)

Note: SES was determined by population percentile using the socioeconomic

indexes for areas of relative socioeconomic disadvantage on the basis of resi-

dential postcode; 2 participants did not provide their residential postcode.

Abbreviations: BMI = body mass index; PACER = progressive aerobic cardio-

vascular endurance run; SEIFA = socio-economic indexes for areas;

SES = socio-economic status.
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behavior and is commonly categorized along the dimensions

of inhibition, working memory, and mental flexibility.21 Chil-

dren with higher CRF often outperform less fit children on

tasks requiring greater amounts of cognitive control.22 While

growing evidence has supported these benefits, less is known

about whether the benefits are generalized across aspects of

physical fitness or are specific to particular domains of fitness.

Interestingly, research in children and adolescents has shown

that greater CRF, but not MF, relates to higher academic

achievement.15,23 However, Kao and colleagues24 found that

greater MF, independent of CRF, predicted increased response

accuracy on a working memory task, as well as on math per-

formance, providing evidence that MF may be related to

aspects of cognitive control and scholastic performance.

Together, the link between CRF and cognitive control is well-

established in the literature; however, the relationship between

MF and cognitive control remains less clear.

Curiously, the literature concerning fitness and cognitive

control in youth has involved preadolescent (»8�10 years

old) and younger adolescent (»11�14 years old) populations,

while late adolescent (»15�18 years old) populations have

largely been overlooked (see references25,26 for exceptions).

The brain undergoes a multitude of changes from childhood to

adolescence27,28 and cognitive control abilities consequently

develop in their complexity as well.29 Thus, adolescence is

vital to the development of brain mechanisms underlying cog-

nitive control; however, it is also a volatile period of vulnera-

bility to risk factors, including physical inactivity. Research

indicates that <20% of adolescents are sufficiently active,30

which is concerning given that physical inactivity has been

related to poor physical and mental health.31 Moreover, poor

CRF and MF are linked to cardiovascular disease prevalence

and metabolic risk in adolescents.32 Late adolescence also

includes a period of schooling dominated by academic (e.g.,

standardized testing, rigorous curriculum, etc.) and social

stressors, which can hinder physical activity opportunities in

schools31. In Australia, for example, the outcome is reflected

in the dismal 6% of older adolescents who meet daily physical

activity recommendations.33 These issues warrant inquiry into

late adolescents’ physical fitness in relation to cognitive con-

trol. Such an analysis may provide insight into factors that pro-

tect against harmful lifestyle factors.

The current study investigated the relationship between

older adolescents’ physical fitness and cognitive control.

Based on previous findings in studies of preadolescents,20,24,34

we hypothesized that CRF and MF would both be positively

associated with cognitive outcomes and that the relationships

would be greater for task conditions requiring greater amounts

of cognitive control.

2. Methods

2.1. Participants

Participants were recruited for a large school-based project

(Burn 2 Learn) conducted in New South Wales, Australia,

between March and April in both 2018 and 2019.35 Ethics

approval for the study was obtained from the University of
Newcastle, Australia (H85 2016-0424), and from the New

South Wales Department of Education (SERAP 2017116).

School principals, teachers, parents, and study participants

provided informed written consent prior to enrolment. The

Burn 2 Learn trial was registered with the Australian and New

Zealand Clinical Trials Registry (ACTRN12618000293268).

Government schools with senior school students were

recruited in 2 cohorts. In Cohort 1, ten schools located within

a 90-min drive from the University of Newcastle were

recruited. In Cohort 2, ten schools located within a 150-min

drive from the University of Newcastle were recruited. The

selected geographical regions (i.e., Hunter-Central Coast, Syd-

ney, Northern Sydney, Western Sydney, and New England)

are broadly representative of urban and regional secondary

schools in New South Wales. Eligible participants were older

adolescents (15�17 years old) in Grade 11 at consenting study

schools. Participants had no health or medical conditions that

would preclude their participation in vigorous physical activ-

ity. Prior to testing, all participants and their parents/guardians

provided written informed assent and consent, respectively.

The current investigation used baseline data that was collected

prior to randomization to treatment conditions. A total of 669

students were recruited and performed baseline testing. Partici-

pants who provided complete data for all measures were

included in the analyses (n = 541). Participants missing body

mass index (n = 3) and socioeconomic status (n = 2) were

imputed with the average within age, sex, and school.
2.2. Demographics

Participants completed a questionnaire in order to provide

demographic information (Table 1), including age, sex, and

cultural background. Height (cm) and weight (kg) were col-

lected to calculate body mass index (kg/m2). Socioeconomic
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status was determined by population tertile using the Socio-

Economic Indexes for Areas, Index of Relative Socioeconomic

Disadvantage on the basis of residential postcode.36 For the

analyses, sex (0 = female, 1 = male) and school (1�20) were

dummy coded into variables.

2.3. Cardiorespiratory assessment

The cardiorespiratory assessment was conducted by trained

research assistants at the study schools during Term 1 of the

school year (February�April). CRF was assessed via the 20-m

Progressive Aerobic Cardiovascular Endurance Run (PACER)

test using FitnessGram testing procedures (the Cooper Institute,

Dallas, TX, USA).37 The PACER test is the most widely used

field-based measure of CRF, demonstrating high reliability and

validity in adolescent populations.38 Participants were instructed

to run back and forth between 2 sets of lines 20 m apart in accor-

dance with an accompanying audio file. Participants were famil-

iarized with the testing parameters, and the test began at a speed

of 8.5 km/h and progressively increased by 0.5 km/h with each

minute. The test continued until participants failed to maintain

the required pace for 2 consecutive laps, or upon volitional

fatigue. Test administrators provided verbal encouragement to

participants while completing the test in order to maximize moti-

vation. The total number of PACER laps successfully completed

was used as the measure of CRF.

2.4. MF assessment

MF was assessed using measures of upper body muscular

endurance and lower body muscular power. Upper body muscular

endurance was assessed using a modified version of the push-up

test (push-ups completed),39 which has acceptable reliability in ado-

lescents.40 Participants were instructed to perform as many push-

ups as they could in accordance with a metronome set to a cadence

of 40 beats per minute. The test concluded when the participants

either failed to lower themselves to the required depth on 2 non-

consecutive repetitions (warnings verbalized by assessor), failed to

maintain movement coordinating with the metronome, or voluntar-

ily ceased the exercise. The standing long jump test was used as a

measure of lower body muscular power (maximum distance

jumped), which has acceptable reliability and validity in adoles-

cents.41 From a standing position behind the starting line marked at

0 cm, participants were instructed to take off and land with 2 feet.

Upon landing, the distance was recorded from the heel of the rear-

most foot. Participants performed a total of 2 jumps, with the longer

of the 2 jumps providing a measure of lower body MF.42 Absolute

scores of push-ups and standing long jump were standardized (i.e.,

(value � mean)/SD), accounting for body mass according to the

weight-bearing nature of each test.43�45 A measure of total MF

was calculated by adding each standardized test score together.46

2.5. Cognitive tasks

Cognitive tasks were completed on Dell Latitude E5470 lap-

tops (Dell Computers, Round Rock, TX, USA) in the classroom.

All cognitive tasks were completed prior to physical fitness tests.

Participants were monitored by an experimenter to ensure their
understanding of the task. All tasks used the buttons “Q” and

“P”. The order of tasks was counterbalanced across participants.

Cognitive tasks were presented focally on a black background of

a 14-inch computer screen using PsychoPy software (Version

1.83.04; PsychoPy, Nottingham, UK).47 Behavioral performance

data (response accuracy and reaction time (RT)) for the flanker

task and the 1-back and 2-back tasks were processed and reduced

using MATLAB 2017a (The Math Works Inc., Natick, MA,

USA).

2.5.1 Flanker task

Amodified flanker task48,49 was used to test inhibitory control.

Participants responded to the directionality of a centrally pre-

sented target arrow amid either congruent (pointing in the same

direction) or incongruent (pointing in the opposite direction)

flanking arrows. Participants were instructed to respond by press-

ing the “Q” key with their left index finger if the middle arrow

faced left or the “P” key with their right index finger if the middle

arrow faced right. Participants were instructed to respond as

quickly and accurately as possible. Congruency and directionality

of the stimuli were equiprobable for each block of trials. Each

participant completed 25 practice trials and an additional block if

a 70% response accuracy or greater was not achieved. Subse-

quently, 1 block of 150 randomized trials were completed, where

stimuli were presented for 100 ms with a variable inter-stimulus

interval (900 ms, 1050 ms, and 1200 ms). Stimuli consisted of

five 3-cm tall white arrows. Participants were presented with one

of 2 counterbalanced sets of stimuli.

2.5.2. N-back task

A serial n-back task with 1-back and 2-back conditions was

used to assess working memory. In the 1-back condition, par-

ticipants were instructed to view a series of shapes. If the cur-

rent shape matched the previous shape (i.e., target trial),

participants responded with a “P” key press. If the current

shape did not match the previous shape (i.e., non-target trial),

they responded with a “Q” key press. In the 2-back condition,

participants responded to whether the stimulus from 2 trials

prior (i.e., n � 2) matched the current stimulus. In each condi-

tion, a match of the 1-back or 2-back stimulus was denoted as

a target trial and a non-match was denoted as a non-target trial.

Each condition started with a practice block consisting of 20

trials, and an additional practice block was completed if the

response accuracy was �70%. Participants then completed 2

blocks of 72 trials (24 target, 48 non-target) each for the 1-back

and 2-back conditions. Stimuli were each shown for 250 ms fol-

lowed by an inter-stimulus interval of 2500 ms and consisted of

3 cm colored shapes (i.e., moon, circle, triangle, and star) on a

black background. The order of the 1-back and 2-back tasks

were counterbalanced across participants.

2.6. Statistical analyses

RT and response accuracy means were calculated for all

cognitive measures. For the flanker task, interference effects were

calculated as an index of differences in inhibitory control require-

ments between congruency conditions: congruent�incongruent

response accuracy (i.e., response accuracy interference) and
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incongruent�congruent RT (i.e., RT interference). The d prime

(d’) was calculated as an additional measure of accuracy for the

1-back and 2-back tasks. The use of d’ is advantageous because it

factors in response accuracy along with false alarm rate (i.e.,

when a non-target is mistakenly given a target response).

Specifically, a formula was used to subtract the z-score of

false alarm rate from the z-score of target response accu-

racy.50 Maximum and minimum probability adjustments were

made to correct for cases of 100% target accuracy (2�(1/n);

n = number of trials) as well as cases with a false alarm rate

of 0% (1 � (2�(1/n))). A high d’ score demonstrates increased

discriminatory ability between target and non-target stimuli,

with a highest achievable score of 4.9.

Bivariate correlation analyses were conducted in SPSS (Ver-

sion 23.0; IBM corp., Armonk, NY, USA) to explore associations

among demographic, cognitive, MF, and CRF measures. Further-

more, multilevel modeling analyses were utilized to assess fitness

associations with cognitive outcomes while accounting for the

clustered nature of the data. R software (nlme package, Version

3.1-141; R Core Team, Vienna, Austria)51 was used for multi-

level modeling, and the coefficients representing the strength of

association between fitness and outcome variables were standard-

ized to facilitate interpretation. As an a priori approach, all mod-

els included demographic factors known to influence physical

fitness during adolescence (i.e., age, sex, and socioeconomic

status)52,53 and were adjusted for school-level clustering. This

strategy allowed for a robust assessment of the association of

each fitness component to cognitive outcomes while accounting

for individual differences and possible influences of the partic-

ipants’ schools. MF and CRF were individually assessed in the

first model (henceforth referred to as Model 1). If the fitness vari-

able significantly predicted a cognitive outcome, a follow-up
Table 2

Multilevel modeling summary for MF and cognitive outcomes.

Model 1

bMF (SE)

Flanker

Congruent accuracy 0.12 (0.05)

Incongruent accuracy 0.09 (0.05)

Accuracy interference �0.03 (0.05)

Congruent RT �0.13 (0.05)

Incongruent RT �0.07 (0.05)

RT interference 0.06 (0.05)

1-back

Non-target accuracy 0.10 (0.05)

Target accuracy 0.05 (0.05)

d’ 0.09 (0.05)

Non-target RT �0.11 (0.05)

Target RT �0.11 (0.05)

2-back

Non-target accuracy 0.10 (0.05)

Target accuracy 0.14 (0.05)

d’ 0.14 (0.05)

Non-target RT �0.05 (0.05)

Target RT �0.05 (0.05)

*p � 0.05, **p � 0.01.

Abbreviations: CRF = cardiorespiratory fitness; MF =muscular fitness; CRF Adj. =
model was constructed to include the other fitness variable in

order to adjust for its potential influence on the fitness variable

being assessed (henceforth referred to as Model 2).

3. Results

A total of 541 participants were included in the analysis

after excluding outliers (i.e., §3 SD) in overall response accu-

racy and RT, as well as d’ for the 1-back and 2-back tasks.

Pearson product-moment correlation analyses were conducted

for demographic variables and cognitive outcomes. CRF was

positively correlated with congruent flanker response accu-

racy, non-target 1-back accuracy, and non-target and target

2-back accuracy and d’, as well as negatively correlated with

congruent and incongruent flanker RT, and with 1-back non-

target RT. MF showed nearly the same pattern of correlations,

with an additional significant negative association with 1-back

target RT.

3.1. Muscular fitness

A summary of the multilevel modeling analyses can be

found in Table 2.

3.1.1. Model 1

MF significantly predicted congruent and incongruent

flanker response accuracy as well as congruent flanker RT (all

p � 0.05). However, MF did not predict incongruent flanker

RT, or interference outcomes for either response accuracy or

RT (all p � 0.13). For the 1-back task, MF significantly pre-

dicted non-target response accuracy as well as non-target and

target RT (all p = 0.02). MF also showed a trend for d’

(p = 0.06). However, MF did not predict target response
Model 2

p bMF (SE) CRF Adj. p

0.010** 0.07 (0.05) 0.200

0.050* 0.03 (0.05) 0.540

0.480 — —

0.005** �0.08 (0.05) 0.110

0.130 — —

0.230 — —

0.020* 0.06 (0.05) 0.250

0.250 — —

0.060 — —

0.020* �0.06 (0.05) 0.260

0.020* �0.08 (0.05) 0.130

0.040* 0.03 (0.05) 0.560

0.002* 0.09 (0.05) 0.090

0.003* 0.08 (0.05) 0.120

0.340 — —

0.250 — —

adjusted for cardiorespiratory fitness; RT = reaction time; SE = standard error.
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accuracy (p=0.25). For the 2-back task, MF predicted non-target and

target response accuracy as well as d’ (all p � 0.04). However, MF

did not predict non-target or target RT (all p� 0.25).

3.1.2. Model 2

Follow-up analyses were conducted on outcomes significantly

predicted by MF in Model 1. In these analyses, the association of

MF with flanker and n-back outcomes failed to reach significance

when CRF was accounted for in the model (all b (standard error

(SE)) � 0.09 (0.05), all p � 0.09), suggesting that the variance

accounted for by MF was not independent of CRF.

3.2. Cardiorespiratory fitness

A summary of the full set of multilevel modeling analyses

can be found in Table 3. Fig. 1 depicts the standardized linear

coefficients with confidence intervals for the association of

CRF with each cognitive outcome observed in Model 2.

3.2.1. Model 1

CRF significantly predicted congruent and incongruent accu-

racy as well as congruent RT (all p� 0.05) and showed a trend for

accuracy interference (p= 0.07). CRF did not predict incongruent

flanker RT or RT interference (all p � 0.10). For the 1-back task,

CRF significantly predicted all accuracy and RT outcomes across

conditions (all p � 0.03). For the 2-back task, CRF predicted non-

target and target accuracy as well as d’ (all p< 0.001), and showed

a trend for target RT (p = 0.09). CRF did not predict non-target RT

(p= 0.40).

3.2.2. Model 2

Follow-up analyses were conducted on outcomes that CRF

significantly predicted in Model 1. CRF remained a significant
Table 3

Multilevel modeling summary for CRF and cognitive outcomes.

Model 1

bCRF (SE) p

Flanker

Congruent accuracy 0.15 (0.05) 0

Incongruent accuracy 0.16 (0.05) 0

Accuracy interference 0.09 (0.05) 0

Congruent RT �0.15 (0.05) 0

Incongruent RT �0.08 (0.05) 0

RT interference 0.06 (0.05) 0

1-back

Non-target accuracy 0.14 (0.05) 0

Target accuracy 0.13 (0.05) 0

d’ 0.17 (0.05) 0

Non-target RT �0.15 (0.05) 0

Target RT �0.11 (0.05) 0

2-back

Non-target accuracy 0.18 (0.05) <0

Target accuracy 0.18 (0.05) <0

d’ 0.19 (0.05) <0

Non-target RT �0.05 (0.05) 0

Target RT �0.09 (0.05) 0

* p � 0.05, **p � 0.01.

Abbreviations: CRF = cardiorespiratory fitness; MF =muscular fitness; MF Adj. = ad
predictor of incongruent response accuracy performance even

when adjusting for MF (b (SE) = 0.16 (0.05), p = 0.002), sug-

gesting that CRF was related to greater incongruent trial

response accuracy. However, the association of CRF with con-

gruent trial response accuracy (b (SE) = 0.11 (0.06), p = 0.06)

and congruent trial RT (b (SE) = �0.11 (0.06), p = 0.08) were

reduced to a trend when MF was included in Model 2. For the

1-back task, CRF remained a significant predictor of target

response accuracy and d’ even when adjusting for MF

(b (SE) � 0.13 (0.06), all p < 0.03), suggesting that greater

CRF was related to better performance on this task condition.

The association of CRF with non-target trial response accuracy

(b (SE) = 0.10 (0.06), p = 0.09) and RT (b (SE) =�0.12 (0.06),

p = 0.053) was reduced to trends when MF was included in

Model 2. The association of CRF with target RT failed to reach

significance when adjusting for MF. For the 2-back task, CRF

remained a significant predictor of target and non-target

response accuracy and d’ even when adjusted for MF (all

b (SE) � 0.13 (0.06), all p < 0.04, suggesting that greater

CRF was related to better performance across measures of

response accuracy on the 2-back task.

4. Discussion

The current study investigated the relationship of older

adolescents’ physical fitness with their performance on meas-

ures of cognitive control. Greater CRF was related to greater

response accuracy across tasks that modulated inhibitory con-

trol and working memory demands. Specifically, CRF pre-

dicted response accuracy on the incongruent condition of the

flanker task, even when MF was accounted for in the model,

suggesting that higher levels of CRF are related to greater

response accuracy during task conditions that require greater
Model 2

bCRF (SE) MF Adj. p

.004** 0.11 (0.06) 0.060

.002** 0.14 (0.06) 0.020*

.070 � �

.003** �0.11 (0.06) 0.070

.100 � �

.250 � �

.009** 0.11 (0.06) 0.080

.010* 0.13 (0.06) 0.030*

.001** 0.16 (0.06) 0.010**

.004** �0.12 (0.06) 0.053

.030* �0.07 (0.06) 0.270

.001** 0.17 (0.06) 0.007**

.001** 0.13 (0.06) 0.040*

.001** 0.14 (0.06) 0.020*

.400 � �

.090 � �

justed for muscular fitness; RT = reaction time; SE = standard error.



Fig 1. Multilevel modeling CRF associations with cognitive outcomes. Standardized regression coefficients of CRF in Model 2 (adjusted for demographics and MF).

*p< 0.05. Positive values for accuracy, interference, and d’ = better performance; negative values for RT = better performance. CRF = cardiorespiratory fitness; RT = reac-

tion time.
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amounts of inhibitory control. Such a finding has been reported

previously in preadolescent children.20 Greater CRF also pre-

dicted working memory performance in the 1-back and 2-back

tasks. However, MF did not predict performance on any of the

cognitive outcomes when CRF was included in the model.

Accordingly, greater levels of CRF, independent of MF, were

associated with task performance across tasks that manipulated

different aspects of cognitive control. Together, these findings

indicate that higher levels of CRF selectively support older

adolescents’ cognitive operations during engagement in inhibi-

tory control and working memory tasks.

Studies that have investigated the association of physical

fitness with cognitive control have typically focused on CRF

(see reference24 for an exception). While the current results

support previous findings indicating a positive relationship

between CRF and cognitive control,20,22,54,55 it was unex-

pected that MF would not demonstrate an independent rela-

tionship with any of the cognitive outcomes. This result

contradicts a recent study by Kao and colleagues,24 which

found a selective association between MF and working mem-

ory performance independent of CRF. However, there were

notable differences between studies; for example, Kao et al.24

assessed preadolescent children and the current study assessed

older adolescents. Furthermore, MF was assessed differently

across studies, with Kao et al.24 using a full-body battery of

assessments consisting of 7 different muscle endurance exer-

cises, whereas the current study utilized push-up (muscular

endurance) and standing long jump (maximal strength/power)

tests. Finally, Kao et al.24 used a more valid and precise mea-

sure of CRF (i.e., VO2max test), whereas the current study used

a field-based measure (i.e., PACER test) that was more suited

for assessing large groups of participants. Despite this limita-

tion, the PACER test remains a valid and reliable assessment
of CRF.38 Therefore, the current findings may differ from prior

reports because of the population sampled or the manner in

which MF was assessed. Regardless, research investigating

links between MF and cognitive control remains sparse. The

hypothesis that MF would benefit cognition is logical given its

link to a multitude of health benefits, including decreased cen-

tral adiposity, reduction of metabolic risk factors, improved

bone health, molecular growth factors, and psychological fac-

tors such as positive self-esteem.56 Such health benefits may

support greater cognitive functioning;57,58 thus, the notion that

MF could benefit cognitive control remains plausible. Indeed,

MF may influence aspects of cognition (e.g., cognitive flexibil-

ity) that were not assessed in the current study protocol. Fur-

ther research is necessary to fully unpack the findings,

including the possibility of divergence in the association

between MF and cognitive performance across adolescent

development. Given that this has only been explored in cross-

sectional studies, future research should explore causality with

more robust study designs.

The literature has been more straightforward regarding the

beneficial relationship between CRF and cognitive control. In

preadolescent children, it has been previously established that

greater CRF is associated with greater task performance (as

measured via response accuracy) on tasks of cognitive control,

including inhibition and working memory.20,34,59 Furthermore,

increased CRF in preadolescent children has most often been

reported relative to response accuracy compared to RT for

tasks of inhibitory control20 and working memory.60,61 It is

notable that such a pattern of results differs in older adulthood,

where RT appears more sensitive during this period of the life-

span.62 The current study corroborated previous research in

children, finding that greater CRF predicted increased response

accuracy across cognitive tasks, particularly during conditions
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requiring greater amounts of inhibitory control and working

memory. However, these findings differ from recent cross-sec-

tional studies of CRF and cognitive control in younger adoles-

cents.54,55 For instance, Huang and colleagues55 found that

higher CRF was associated with shorter RT, rather than greater

response accuracy, across congruency conditions in a modified

flanker task, whereas Westfall et al.54 found that higher CRF

was related to greater accuracy and shorter RT across congru-

ency conditions on the same flanker task. Thus, while greater

levels of CRF are specifically beneficial to response accuracy

in preadolescent children, greater CRF in older adolescents

may impart varying, more general benefits to response accu-

racy and RT. Regardless, the extant literature is consonant in

reporting that CRF has a positive relationship with inhibitory

control, which is consistent across studies sampling from pop-

ulations at different stages of development. The current study

also provided unique evidence of an association of greater

CRF with response accuracy on tasks of working memory in

older adolescents. Further research may help elucidate

whether, similar to inhibitory control, the behavioral benefits

of greater CRF on working memory in adolescents are variable

or more specific to response accuracy, as observed during pre-

adolescence. Nevertheless, the accumulating work in this area

has further implications for adolescents, a population charac-

terized by decreased physical activity behaviors. The current

findings support the idea that physical activity is a vital com-

ponent of the school day, especially given the heightened aca-

demic and social pressures that older adolescents often

experience. Engaging in activities that support CRF may help

to improve cognitive processes that underlie adolescents’

scholastic performance and psychological well-being.

As evidence mounts regarding the importance of fitness for

cognition, there appears to be a clear advantage in maintaining

activities that support CRF throughout childhood and adolescence.

The current study supports this notion, albeit with cross-sectional

evidence. The effects found in the current study were small yet

significant in magnitude. However, even small effects are mean-

ingful when considering that one’s capacity for cognitive control

is determined by a vast multitude of internal and external factors.

The fact that small positive effects of fitness on cognition have

been shown to be consistent and repeatable is inherently meaning-

ful.63 Moreover, the current study parceled out other factors influ-

ential to cognitive performance (i.e., demographics) in its

analyses. Thus, the current findings provide a robust platform for

future research on fitness and cognition in older adolescents. A

natural progression, therefore, would be to investigate the effect

of physical activity interventions on cognitive and academic out-

comes. Previous research on long-term, CRF training-centered

interventions in preadolescent children has shown a positive effect

on cognitive and brain function.34,59 Conducting research of this

nature provides vital support for prioritizing physical activity in

school curricula, especially for older adolescents, whose atten-

dance in physical education classes remains below recommended

levels.64 Such a trend is counterintuitive to the mounting findings

of an association of physical fitness to academic achievement in

children and adolescents.14,16,23 Moreover, physical activity inter-

ventions have also been found to be effective in improving time-
on-task behavior in the classroom.65,66 Future research should

continue to assess how the implementation of physical activity

interventions (including physical education), especially those that

promote CRF, may support scholastic performance and the under-

lying cognitive and brain processes.

One of the strengths of the current study is its sample size,

albeit with the caveat that data collection occurred within

classrooms across different schools. There was potential for

selection bias because more of the classes that participated

were senior physical education classes rather than other types

of classes, which could have resulted in the inclusion of more

physically active participants than would be expected in the

broader population. There were also limitations imposed by

environmental factors. Given the restricted quantity of equip-

ment (i.e., laptops) and space constraints, cognitive assess-

ments occurred while other participants were in the same

room, which may have led to interference from a “busy” test-

ing environment. Experimenters attempted to minimize dis-

tractions and supervise participants as much as possible to

ensure that they understood and were engaged in the tasks;

however, the participants’ performance could have been influ-

enced by the presence of other people in the room. Collecting

data in schools always poses these types of challenges, as well

as requiring coordination with students’ course schedules.

Testing conditions such as those utilized in the current study

cannot replicate the control that a lab setting affords. Future

research in school settings should endeavor to minimize partic-

ipant distraction within the context of testing.

5. Conclusion

The current study investigated the associations of older

adolescents’ physical fitness (i.e., CRF and MF) and cognitive

control in a large sample of older adolescents. The main find-

ings revealed significant associations of CRF on inhibitory

control and working memory outcomes, even when MF was

accounted for in the model. Greater CRF was associated with

greater response accuracy across cognitive tasks, which is con-

sistent with previous findings of a positive relationship between

levels of CRF and behavior on tasks of cognitive control. On

the other hand, MF did not predict performance on any of the

cognitive measures, especially when CRF was accounted for in

the model. These results provide support for emphasizing older

adolescents’ engagement in activities that support CRF as a

means for improving their cognitive function.
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