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Abstract
Objective. Whether the beneficial effect of coordination &xes on executive function
extends to obese adolescents remains understutiieabastudy to date has examined the
effect of exercise on food-cue related executivefion. The aim of this randomized
controlled trial was to investigate the effect@aafoordination exercise program on executive
function in obese adolescents.
Design. Arandomized controlled trial.
Methods. Eighty obese adolescents were randomly assignad Bsweek coordination
exercise program or a waitlist control group antahdieom 70 participants (n=35 for each
group) were analyzed. The after-school exercisgrara involving a multifaceted
moderate-intensity jump rope program performedéwieekly for 75 min per session. The
primary outcome of normal and food-cue related &Gir@ask performance was assessed prior
to and following the intervention. Secondary outesnncluded physical fithess and body
mass index (BMI).
Results. The coordination exercise intervention improvethbwrmal and food-cue related
cognitive function. Similar beneficial effects weaatso found for physical fithess and BMI.
However, pre-to-post intervention change in phyditeess and BMI did not significantly
mediate enhanced cognitive and executive functesfopnance.
Conclusion. In obese adolescents, a coordination exercisevarigon is an effective
approach to improve multiple aspects of cognitivection while enhancing physical fithess
and reducing obesity. These findings also suggpssaible role of cognitive inhibition in
exercise-associated weight loss among obese adotssc

Keywords:. physical activity, cognitive control, inhibitiostroop task, obesity
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A randomized controlled trial of coordination exercise on cognitive function in obese
adolescents

With the adoption of sedentary lifestyles and egamdoric consumption, the
prevalence and severity of obesity during childhand adolescence has risen substantially
in less than a generation. Approximately 20.5%dafl@scents aged 12 to 19 years are obese
and over one third (34.5%) are considered overvigigbbese in the United States (Ogden,
Carroll, Kit, & Flegal, 2014). The obesity epidenmscalso a global phenomenon, with
increasing rates observed from 1980 to 2013 in betkeloped and developing countries (Ng
et al., 2014). Obesity in youth and adolescencebkas linked to numerous comorbidities
and is recognized as a primary risk factor for naitp and premature mortality during
adulthood (Biro & Wien, 2010; Reilly & Kelly, 2011)

The adverse health consequences associated waltyobave also been extended to
cognitive function. While obesity has been assedatith impairments in multiple cognitive
domains (e.g., memory, global functioning, and aédbilities), deficits in executive
function have been specifically reported in obds&len and adolescents (Smith, Hay,
Campbell, & Trollor, 2011). Executive function, miving inhibition, updating, and shifting
(Miyake et al., 2000), refers to a higher or meteel of cognitive processing that helps to
guide, regulate, and optimize goal-directed belrayjarticularly in novel circumstances
(Banich, 2009; Etnier & Chang, 2009). Elevated botss index (BMI) has been inversely
associated with executive processes of inhibitiwh @witching (Cserjési, Luminet, Poncelet,
& Lénard, 2009; Cserjési, Molnar, Luminet, & Lén4d2807), and obese children were found
to exhibit worse cognitive performance relativelteir healthy weight counterparts in task
conditions engaging inhibition (Kamijo et al., 2014

The relationship between obesity and executivetiangs likely reciprocal, such that

executive function (e.g., inhibition, updating) nfasip to regulate or prevent unhealthy
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obesity-related behaviors in youth (Riggs, Huh, GHgpruijt-Metz, & Pentz, 2012; Riggs,
Spruijt-Metz, Chou, & Pentz, 2012). For instancanpared to normal weight children,
children with obesity demonstrated less activatromhibition-related brain regions (e.g.,
prefrontal cortex) when responding to unhealthydfooes, suggesting that obese children
may be at increased risk of food advertising angl haae difficulty engaging healthy food
decisions (Bruce et al., 2013). Indeed, attentibred to food images has been associated
with delayed inhibitory control (Braet & CrombeZ)(3; Garcia-Garcia et al., 2013; Yokum,
Ng, & Stice, 2011) and altered prefrontal cortemdtioning (Garcia-Garcia et al., 2013;
Yokum et al., 2011) among overweight and obeseviddals. Obesity is a complex
biological process that is influenced by factorsatous levels of analysis (e.g.,
molecular/cellular, systems, behavioral [dietatgke, physical activity], and environmental,
(Biro & Wien, 2010); however, recent findings rélatto executive function suggest that
inhibition or inhibitory control may serve as a @oftial neurobehavioral correlate or
mechanism of obesity.

Existing and emerging cross-sectional evidencechasistently demonstrated that
higher cardiorespiratory fitness is associated githater executive function, particularly in
inhibition, during childhood and adolescence (Hertet al., 2011; Pontifex, Scudder,
Drollette, & Hillman, 2012; Wu et al., 2011). Retignthe FITKids randomized trial
demonstrated that an afterschool physical actptibgram not only reduced total and central
adiposity and improved cardiovascular fitness (Katal., 2014), but also enhanced the
inhibitory domain of executive function as reflattey behavioral and neurophysiological
(i.e., event-related potential) evidence (Hillmamle 2014). Importantly, these beneficial
effects were disproportionately larger for the mtion-related task and a potential
dose-response relation was found between changeysical fithess and improvement in

inhibition, suggesting a causal influence of ex@@nd physical fithess on this component of
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executive function. Furthermore, exercise has lodserved to improve the efficiency and
connectivity of multiple brain regions, includinget anterior cingulated and prefrontal
cortices (Voss et al., 2010), which are criticafiyolved in inhibition. Nonetheless, these
previous studies were limited to aerobic fithess tna cardiovascular fithess-based physical
activity program for children. Given that relatitizss between other components of physical
fitness (e.g. muscular fitness, body compositi@ordination) and cognition have recently
been proposed in children with ADHD (Chang, HungaHg, Hatfield, & Hung, 2014; Hung
et al., 2013) and among older adults (Niemann, @p&d/oelcker-Rehage, 2014;
Voelcker-Rehage, Godde, & Staudinger, 2010), pioissible that these exercise and
fitness-related associations may extend to obesleszkents. Adolescence represents a
critical transitional stage of physical and psyciyital development that generally occurs
during the period from puberty to legal adulthoadd may be a particularly important
developmental stage to implement evidence-baseavimehl interventions.

Despite the emerging associations between exephigsical fitness, obesity, and
cognitive function, it remains unknown whether bemeficial effect of exercise on inhibition
extends to adolescents with obesity. This is ingdytgiven the potential for a ‘critical
window’ during adolescence to address obesity astillihealthy eating behaviors.
Improving executive function in general, and inhdm in particular, may help strengthen
positive behavioral choices as well as restraimhéwe unhealthy options. For instance,
exercise-induced improvements in executive-functiene recently found to mediate
improvements in dietary self-restraint on a subsatjlaboratory taste test involving
high-calorie snack foods (Lowe, Kolev, & Hall, 2Q1&iven that the few available
randomized controlled trials (RCTs) of exercisecognition in youth have relied on aerobic
forms of exercise, RCTs incorporating other compisef physical fithess are warranted.

Moreover, no study to date has explored the etitekercise on food-cue related inhibitory
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control, even though suggestions towards healttedlself-regulatory behaviors have been
suggested (Hofmann, Schmeichel, & Baddeley, 2012).

Therefore, the aim of this RCT was to evaluateetifects of a novel, multi-faceted
exercise program on cognition and food-cue relatkibition as well as physical fithess and
BMI in obese adolescents. A secondary exploratmnyveas to determine whether pre-to-post
intervention changes in cognition and food-cueteglanhibition were mediated by changes
in physical fitness and BMI. We predicted that ardmnation-based exercise program would
improve cognition and food-cue related inhibitias,well as physical fithess and BMI.
Furthermore, it was hypothesized that improved gay$itness and BMI would mediate
enhanced normal and food-cue related cognitiveopadnce.

Methods
Study Design

A 12-week RCT design was used to investigate tlgaitive effects of a coordination
exercise program in adolescents with obesity. €hgth of the trial was determined based on
a previous meta-analysis suggesting a positivetedfiechronic exercise on cognitive
function in children (Sibley & Etnier, 2003) angbeevious RCT of aerobic exercise for
overweight children (Davis et al., 2007). Twelveeks has also been suggested as a
minimum duration for school-based interventionpttevent childhood obesity (Brown &
Summerbell, 2009). The primary outcome of thid ttias cognitive function and inhibitory
control assessed through Stroop task (includingrtbeified food-related Stroop task);
Secondary outcomes included physical fithess andl &Mvell as additional cognitive
function measures (i.e., Tower of London task). £aering the primary outcome and
purpose of the trial was focused on inhibition &bl-cue related inhibitory control, only
cognitive performance data from the Stroop tagkesented herein. A trained experimenter

masked to group allocation administered the prinagy secondary outcome measures.
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Participants, Screening, and Allocation

Ninth to eleventh grade adolescents were recr@iited a junior high school in New
Taipei City, Taiwan. Eligibility criteria includedi) ages 12 to 16 years; b) obesity with a
body mass index (BMI) > 24 kghnc) ability to safely engage in exercise as deirech by
the physical activity readiness questionnaire (FR3)Rd) normal intelligence (Taiwan Junior
High School Intelligence Examination (TJHSIE) > 9Mote: excellence > 120, outstanding
= 90-100, low = 70-89); e) normal or correct-toimaf vision without color-blindness; f) free
from a history of brain injuries or psychiatric diders; and g) a score of < 1500 metabolic
equivalents/week on the International Physical vistiQuestionnaire (IPAQ). After baseline
assessments, 80 eligible participants stratifieddrnyder were randomly allocated using a
pseudorandom computer-generated algorithm to edtlvenrdination exercise group or to
waitlist control group for 12-weeks. Allocation wasrformed and participants were
informed about group allocation by a research &sgisvho was not involved in the pre- and
post-intervention assessments or the coordinatiercese training. Seventy participants
(n=35 for each group) completed both pre- and pastsssnents, and were included in the
analysis. The number of included participantsnsilsir to previous trials of exercise and
obesity in children (Davis et al., 2007), althoughy be low for reliable statistical estimates
within the context of previous meta-analytic evidewf exercise and cognition (Sibley &
Etnier, 2003). A CONSORT study flow diagram is pred in Figure 1. All participants and
their parents or guardian provided written infornasdent/consent prior to participation in
the study, which was approved by a governmentsiedenstitutional Review Board.
Outcome Measures

Cognitive Function. As a primary outcome, a modified version of thessia Stroop

color-word conflict task that assesses multiplesapof cognitive function and has

demonstrated sensitivity to exercise interventi@isang, Tsai, Huang, Wang, & Chu, 2014)
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was employed. The stimuli were three color word esupresented in Chinese &s
(BLUE). 4L (RED). #t (GREEN), and colored rectangles. The Stroop taskinprised of

three congruency conditions: a) in the congruentliteon the meaning of the word matches
the color ink (e.g., the word BLUE is presentedblue ink); b) in the color condition a
rectangle is presented in one of the ink colord; @nn the incongruent condition the
meaning of the word and color of the ink conflietd., the word BLUE is presented in red
ink). To examine obesity-related executive functiwe created an additional food
cue-related Stroop task condition (i.e., food-caedition). In this condition, stimuli were

three different food cues# & (Burger), XExf (fried chicken), andZ % (French fries)

presented in one of the ink colors. The Stroop tes& administered in the same order both at
baseline (pre-test) and following the 12-week wé@tion (post-test, i.e., congruent, color,
incongruent, and food cue-related task conditions).

Each of the four conditions consisted of 50 stimaiidomly presented on a sheet of
paper. Following verbal instructions, participawtse presented with the stimuli and asked
to identify and verbally name the color ink of eatimulus from top to bottom (10 stimuli)
and left to right (5 columns) as quickly and acteisaas possible. Once an error occurred, a
trained experimenter administering the task infafriiee participant that an error had
occurred, and to verbally name the color ink agéie main outcome measure was response
time(s) across each block of the Stroop task, wivak assessed using stopwatch by a trained
experimenter masked to treatment allocation.

Physical Fitness. As a secondary outcome, physical fithess was asdessng a

nationally based test battery designed specifidalychool-aged students that is
administered by the Ministry of Education (MOE)Taiwan. The fitness test battery assesses
four components of physical fitness: cardiovasciitaess was determined based on time to

completion during a 1600 m (male) or 800 m (femal@)walk test; muscular endurance and
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flexibility were determined through a one-min sg-4est and a sit-and-reach test, respectively.
Lastly, anaerobic power was quantified as the deggerformed in a standing long jump. All
fitness tests were conducted and supervised byldigd and certified instructor, and
participants were encouraged provide maximal eftoreach test.

Obesity. As a secondary outcome, body composition was assessng BMI, computed
as weight in kg divided by height in“nBMI has frequently been used as an indirect nreasu
of obesity in children and adolescents (Cole, F&tbtrobelli, & Heo, 2005).

Testing Procedures. Each participant completed the outcome measureaadh test
session (pre-and-post intervention) in the follayvarder: cognitive function testing,
BMI-assessment, and the physical fitness testiyaiach testing session was conducted in a
specific classroom within the school. Given thadagal constraints of conducting a RCT
within a school setting, including recruiting paipiants from different classes and
conducting the measures individually, all outcomeasures were conducted within a week
prior to and following the intervention, respective
Exercise I ntervention

The exercise intervention was a novel after-schoub rope program designed to
address both cardiovascular and coordinative coemsrof physical fithess. The modified
program (Davis et al., 2011; Gutin, Riggs, Fergugo@wens, 1999) was proposed to reduce
BMI and enhance children’s physical fitness. ThenEzk exercise program consisted of two
sessions/week for 75 min/session, and each sestsidad and ended with an 8 min warm up
(brisk walking) and cool down (slow walking, stasicetching), as well as two 20 min bouts
of the main jump rope exercise with a 5-10 min net&rval between the two exercise bouts.
The jump rope exercise program emphasized inte(midgyntaining HR at approximately
150-170 bpm), fun, and safety rather than competitParticipants wore Polar HR monitors

(S610i; Polar Electro, Oy, Finland) during exer@sel were encouraged to maintain their
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target HR throughout sessions. Participants whaged above or below 150-170 bpm were
instructed to decrease or increase intensity totaia the moderate intensity of exercise. The
exercise instructor was a physical educator withSadegree in exercise physiology and was
jump rope certified. The student-teacher ratio s€tthe program administration was 9 to 1.
Statistical Analysis

Statistical analyses were performed by a reseambeked to group allocation by
labelling the groups with nonidentifying terms. @nsple size calculation was performed with
G*Power version 3.1 (Faul, Erdfelder, Lang, & Buehr2007) based on the assumption of a
medium to large effect size in favor of coordinatexercise in obese adolescents (05;
1-p=0.8). We used a medium to large effect size (Cafen0.35) for our trial considering
small effects for exercise on cognition observedmgnyouth in general (Sibley & Etnier,
2003), and larger effects found for the inhibitsiwmain of executive function among obese
children (Reinert & Barkin, 2013), and for the Sfpatask relative to other executive function
measures (Brush, Olson, Ehmann, Osovsky, & Alderrd@h6). This indicated that
approximately 33 participants per group (~67 tptaticipants) were needed to detect
significant effects. The trial was not powered BdI or fithess-related secondary outcomes.
However, collection of these data enabled assesdsshéasibility of this data collection
relative to a coordinative exercise program in asoénts, and the provision of effect size
estimates to inform sample size for subsequens tieescriptive statistics were initially
performed on participant demographic, physicaks) and cognitive data.

The Stroop task data, including findings from the&p food-cue task condition, were
analyzed using analyses of covariance (ANCOVA) bseanethodological studies suggest
that controlling for baseline scores is advantageelative to conventional pre-post
comparisons or analyses using change scores (giékaitman, 2001). This analytical

approach also increases statistical power rel&iyee-test/post-test designs, and accounts
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for baseline differences and potential for reg@s$o the mean. Specifically, we used
ANCOVA to examine differences in post-test scoreeaction time measures for the Stroop
trials by group (coordination exercise, waitlishtrol) controlling for pre-test scores (de Boer,
Waterlander, Kuijper, Steenhuis, & Twisk, 2015)abtdition, ANCOVA was used to explore
possible changes in the four physical fithess nreasfie., cardiovascular fitness, muscular
fitness, flexibility, and power) and BMI from pre-post intervention, while controlling for
baseline values. The analyses were identical usitiy a per-protocol and an
intention-to-treat (ITT) strategy, and the per-pomtl analysis is presented considering all
participants with post-intervention data. Significa tests were conducted with a family-wise
alpha level set at .05 and effect sizes are predeat partial eta-squan%Q().

Finally, bivariate correlations were conductedaraine relationships between change
in physical fitness, BMI, and cognition. Exploratanediation analyses were also conducted
to further explore these relationships. The separadiation models postulated that the
coordination exercise intervention would predi@ thediating variable, i.e. change physical
fitness and BMI, which in turn would predict enhadaormal and food-cue related Stroop
task performance at post-intervention, while cdhtrg for baseline values (Fairchild &
MacKinnon, 2014). For the mediation analyses, chaugpres for all four fitness variables
and BMI werez-scored and collapsed into a single physical feanesiable. Mediation
analyses were conducted using PROCESS softwa&H86 (v2.15; Hayes, 2013) using
5000 resamples and bias corrected bootstrapped:®bfitience intervals. For all analyses,
regression was conducted for path a (predietanediator), path b (mediates outcome),
path ¢ (predictor~ outcome), and path c’ (true indirect effect). Btatal significance of the
mediation was achieved if the estimated 95% confidanterval for the indirect effect (paths
c-¢’) did not include zero.

Results
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Participant Demographics

Table 1 summarizes participants’ demographic chanatics. Both the coordination
exercise group and the control group were companatih respect to demographics, fitness,
and cognitive performance at baseline. Althoughrigdor baseline differences in
pre-test/post-test designs has been argued to ltespurpose and may potentially be
misleading (de Boer et al., 2015), these data oortthe groups were comparable at baseline.
Cognitive Function Assessment

Table 2 presents the results of the ANCOVA modaigte Stroop cognitive outcomes
as well as physical fithess and BMI variables byugr, controlling for baseline scores. For
the Stroop task analysis, group comparisons shomadoordination exercise group
improved performance on all Stroop task conditian®llow-up relative to the waitlist
control group jos < 0.001,r|p2 values> 0.33) (Figure 2a). Relative to the Stroop food-cue
condition, the ANCOVA analyses revealed faster oasp times at follow-up for the
coordination exercise relative to waitlist contgobup,p < .OOl,np2: .33, Figure 2b).
Physical Fitness

ANCOVA analyses revealed significant group differesramong cardiovascular fitness,

suggesting a shorter time-to-completion at podtdespared to pre-test for the coordination
exercise groupp(< 0.001,np2= 0.50; see Table 2, Figure 3a). Similarly, thelysia for
muscular fitness revealed significantly more sitrepetitions at post-test compared to
pre-test for the coordination exercise gropg, 0.00l,npzz 0.49. Analyses for flexibility
(np2= 0.30) and anaerobic powerp?(: 0.55) also revealed significant group differenaes
follow-up, ps < 0.001.
Obesity (BMI) Assessment

Group differences were observed for BMI at follop;-with the coordination exercise

group having a lower BMI than the control gropps .001,np2: 0.58. BMI was
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nonsignificantly higher at post-intervention congzhto baseline for the control groygps
0.16, Table 2, Figure 3b.

Bivariate Correlation and Mediation Analyses

Cardiovascular fithess was significantly associatét indices of the Stroop tasks(=
0.31to 0.51ps< 0.001), with greater pre-to-post increase in aascular fitness
associated with greater positive change in cognperformance (Table 3). A similar
correlation pattern was also observed between atdares of physical fithess (muscular
fitness, flexibility, and power) and cognition ieds (Figure 4a). BMI was also significantly
associated with Stroop task performanse=0.46 to 0.68)s< 0.001), with greater
pre-to-post change in BMI associated with moretp@schange in cognitive performance
(see Figure 4b). The exploratory mediation analysisag changes in physical fithess (and
BMI) from pre-to-post intervention demonstrated significant paths a and b and significant
paths c and ¢’ for all Stroop outcome measures.cldeefficient represents the total effect
and suggests a significant overall effect of camation exercise on the cognitive
performance outcomes. The significant ¢’ coeffitimpresents the direct effect and
demonstrates an effect of the coordination exemmiegram on the Stroop task outcomes
while controlling for the mediating variable (cha&nig physical fitness). However, the true
indirect effect for the model (c — ¢’) of the trewnt intervention enhancing cognitive
performance outcomes through change physical &tnes not significant for Stroop
Congruent§ = —=0.08, 95% CI (-0.76, 0.06), Incongrue# 0.13, 95% CI (-1.00, 0.19),
Color (3= -0.10, 95% CI (-0.56, 0.07), or the food-cuetedanhibition = -0.10, 95% CI
(-1.13, 0.43) tasks.
Discussion

In this RCT, we tested the effect of a novel 12«veeordinative exercise-training

program for improving cognition and the inhibitioomponent of executive function in a
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sample of obese adolescents. A secondary aim waeteéamine whether physical fithess and
BMI improve following the intervention, and whethgranges in these physical health
outcomes mediate intervention-related improvement®gnitive function. We also aimed to
advance the literature by examining food-cue rédlatiibition using an adapted Stroop task
paradigm. Relative to the waitlist control groupe toordination exercise group showed an
improvement in multiple aspects of cognitive pemrance. That is, adolescents assigned to
the 12-week coordination exercise program outperéal participants randomized to the
waitlist control in all conditions of the Stroopstafollowing the intervention, including the
food-cue related inhibitory control task conditiddotably, obese adolescents who
participated in the coordination exercise progréso aignificantly improved in a number of
physical fitness indices reflecting aerobic fitnessiscular fitness, flexibility, and anaerobic
power, as well as demonstrated a reduction in BNéitive to adolescents assigned to the
waitlist comparison group. Although the treatmesiited improvement of physical fitness
and BMI outcomes were positively associated withagiced Stroop task performance, these
physical health outcomes did not significantly nagelichange in cognitive performance
outcomes in exploratory mediation analyses. Thesfihdings suggest that a novel 12-week
coordinative exercise program results in improvegspral health outcomes and
improvements in executive function and inhibitoontrol cognitive processes in obese
adolescents. We believe these findings provideming foundation for future research to
examine alternative modes of exercise to improgmitive function, as well as interventions
aimed at younger cohorts who may be at a critizaesof development and who are at risk
of early unhealthy behaviors (e.g., inactivity, aatihy eating).

In accordance with the results of previous cardsouar and aerobic exercise
intervention studies, (Davis et al., 2011; Hillmetral., 2014; Pontifex et al., 2011; Pontifex

et al., 2012; Wu et al., 2011), enhanced cognpéormance was observed following the
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12-week coordination exercise intervention. Thermapd cognitive function performance
observed from pre-to-post intervention in our stigdglightly larger (Cohen’d values
ranged from 0.56 to 0.60) than findings from a pyes study (Hillman et al., 201d;= 0.27
to 0.34), but is within the range of effects repdrin the Sibley and Etnier (2003)
meta-analysisds = 0.00 to 1.49). The larger improvement founchis study might be
associated with the nature of the intervention. Garad to previous studies that involved
daily physical education or low-intensity walkirayr intervention resulted in maintenance of
a moderate level of exercise intensity across ee@gessions. Importantly, the coordination
exercise group also exhibited enhanced performandke food-cue related task condition of
Stroop task. These findings suggest that a coordenexercise program may be effective at
impacting inhibitory control brain regions that legereviously been implicated in obesity.
That is, obese versus normal weight individualsehiaeen shown to exhibit greater
attentional bias and reward-associated brain né&tactivation to high-fat/calorie food
images (Yokum et al., 2011), but less activatiopnefrontal regions responsible for the
inhibition component of executive function (StiGgoor, Bohon, Veldhuizen, & Small, 2008).
Kamijo et al., 2014 observed that overweight cleifdselectively recruit lower prefrontal
neural resources during an inhibitory control taslggesting that obese children may
experience deficits in inhibition to food cues. @indings demonstrated enhanced cognitive
performance following 12 weeks of coordination exs, and extend these cognitive
benefits to food-cue related inhibition. Althougtesulative, these findings suggest that
facilitation of food-cue related inhibition followg the coordination exercise intervention
may play a role in the improved physical fithesd daceased BMI measures in obese
adolescents. However, it should be noted thatigstssociations of change scores across the
intervention does not necessarily imply that changditness and BMI serve as mediators of

the improved cognitive outcomes following the caoation exercise intervention. And
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indeed, changes in these physical health outcomasotl mediate the improvements in
cognition and inhibition found at post-interventionthe coordinative exercise group. Future
studies similarly incorporating regression-basatistical mediation analyses (Hayes &
Rockwood, 2016) in RCT designs are warranted terdehe whether changes in key fitness
or physiological variables serve to mediate treatnnelated improvements in cognitive
function, with a particular focus on the inclusioinarger sample sizes of participants at
known risk for cognitive decline (e.g., obese indials). Plausible mediators proposed to
explain the exercise and cognition relationshipude changes in cardiorespiratory fithess
(assessed through indirect calorimetry), ceredoadflow, and brain neurotransmitters and
neurotrophic factors implicated in neuronal prokfeon and survival, including
brain-derived neurotrophic factor.

Novel to our study was demonstrating for the fiiste that the consistent beneficial
effects of exercise interventions on cognitive fimrt extend to obese adolescents. Notably,
while improved performances were observed for thmewlitions of Stroop task, participants
assigned to the coordination exercise group exddlarger enhancement on the Stroop
incongruent condition that required more extenswgbitory control compared to Stroop
color and Stroop congruent conditions that reprielsasic information processing, suggesting
that the coordination exercise not only had a gdriacilitation effect on different cognitive
functions, but was more pronounced for executivetion. This disproportionately greater
effect for executive function is in line with preus studies that have applied other executive
function tasks (e.g., flanker task; Hillman et 2D14; Pontifex et al., 2011) and may be
attributed to mental and brain resources responsicardiovascular fitness. That is,
neurophysiological (i.e., event-related potenalyl neuroimaging studies indicate that

higher-fit children elicit a greater amount of n@uresources (Hillman et al., 2014; Pontifex
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et al., 2011) and more efficient neural proces¢flgaddock et al., 2012; Voss et al., 2011)
during executive function tasks relative to thewwér-fit counterparts.

In terms of mechanisms, the multifaceted coordamagéixercise program might share
similar mechanisms for improving cognition relattieemore traditional cardiovascular
fitness based exercise. Chang, Tsai, Chen, and i) observed that eight-weeks of an
alternative coordination exercise intervention. (iseccer) not only facilitated performance
on a flanker task among 5-6 year-old children,dso resulted in an increased allocation of
attentional resources during task completion. Sirtyil neural processes in older adults may
also be influenced by the type of exercise engagedlith several studies demonstrating
cardiovascular and motor physical fithess (e.gxjliety, motor coordination) were
associated with greater activation in sensorimatat visual-spatial networks, respectively
(Niemann et al., 2014; Voelcker-Rehage et al., 20@@lcker-Rehage, Godde, & Staudinger,
2011). Whether different types of exercise prograessilt in enhanced cognition through
diverse mechanisms and associated alterationgin &nd cognitive functions requires
further investigation. It is also possible thatiindual differences in exercise preference may
interact with traditional psychobiological mechangssuggested to underlie the
cognitive-enhancing benefits of exercise. The ablexercise preference in the cognitive
enhancing benefits of exercise warrants futurearebeattention.

Another noteworthy finding in this study was théeets of the coordinative exercise
program on physical health outcomes. The effecte@toordination exercise program on
cardiovascular fitness and BMI outcomes were sintdgrevious trial of aerobic exercise
(Hillman et al., 2014; Khan et al., 2014); howeaIt jump rope exercise program involved
moderate-to-vigorous exercise intensity with a alsaotor skill component and bilateral
coordination (Miyaguchi, Sugiura, & Demura, 2014attcollectively would likely lead to

additional physical fitness benefits. Furthermdaie, magnitude of BMI reduction following
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this novel, coordination exercise interventionaghbstatistically and clinically meaningful.
Specifically, the coordination exercise progranulesl in a moderate to large magnitude of
reduction in BMI (Cohen’sl = 0.71). The larger change might be associate watious
aspects of intervention (e.g., novelty) and th@assed motivation of the participants.
Compared to previous studies that involved in dalilysical education or walking, the
current intervention provided participants withewnand stimulating experience that many
considered fun and motivating. In addition, giviea bbesity status of the participants, many
may have had higher motivation to change their jgjugs Taken together, this coordination
exercise program may be an effective treatmentrprodor physical fithess improvements
and weight control in obese adolescents.

There are several strengths and limitations ofstwaly. This is the first randomized
trial assessing coordination exercise in obeseeadehts, emphasizing an effect of a
multi-faceted exercise program on diverse cognitivetions and specifically on the food
cue-related executive function task. However, elatively short intervention (12 weeks)
may be insufficient to reflect clinically meaningfthange in physical fithess, weight control,
and cognitive function, and thus longer intervemsiare encouraged in future studies.
Nevertheless, we found significant effects of therdination exercise intervention on these
diverse outcomes relative to both baseline andwaitist comparison control group. The
degree of change was in line with previous stutheshildren (Chang et al., 2013; Davis et
al., 2011; Hillman et al., 2014; Khan et al., 2014)

A critical issue in RCT design is the choice ohpary versus secondary outcomes and
the clear and transparent reporting of trial metihogly and findings (Schulz, Altman, &
Moher, 2010). Given the findings from the FITKidsk demonstrating an effect of an
afterschool physical activity program on cardiowdacfitness, adiposity, and inhibitory

control (Hillman et al., 2014), we selected theo8fr task (including the food-related Stroop
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inhibition task) as our primary outcome. We alsavpred our trial using a medium to large
effect size given that larger effects have beennteg for the inhibition domain of executive
function in obese children (Reinert & Barkin, 20183 well as the improved sensitivity for
the Stroop task relative to other executive functieeasures (Brush et al., 2016). However, it
is possible that the trial was not sufficiently pred, especially for the mediation analyses.
Given the time and resources available to comphetestudy, we could only recruit ~40
participants per group. After dropouts and diseamdtion, this left a total of 70 participants
in total for tests of our hypotheses on cognitiod &od-cue related inhibition as well as the
exploratory mediation of physical fithess and B®MIlarger sample size would have
increased the precision of our estimates of thecefif the coordination exercise program on
these outcomes. It is thus critical for future s#sdo recruit sufficient sample sizes and use
appropriate methods for randomized behavioral weteions to advance this area of research.
Furthermore, future studies with larger samplesssteould test for potential mediators of
cognitive outcomes following exercise interventio@sir findings herein suggest that
changes in physical performance and BMI healthauts, at least using standardized
field-based approaches, may not have the reqsieitsitivity to serve as plausible mediators
of the exercise-cognitive function relationshipstlg without including multiple points and
a follow-up period, it is unclear whether thesersterm benefits are sustainable. However,
the results extend previous correlational reseancthsuggestions about coordination-based
exercise routines (Diamond & Lee, 2011) and pro@debust preliminary test that warrants
further study in overweight and obese school-agmiladions.

Conclusion
The multifaceted coordination exercise program aféective at enhancing both
general and food-related executive function andawipg physical fithess and reducing BMI

among obese adolescents. However, the intervergiated changes in physical fitness did
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not significantly mediate the improved cognitived@ames observed following the
coordination exercise intervention, suggestingrbed for trials with larger sample sizes or
examination of alternative mediators of these r@tahips. Nonetheless, the current study
extends the pediatric literature on obesity, cogaitunction, and exercise, particularly
during the potential critical developmental perafchdolescence, and points to the need for
implementing evidence-based public health intereastfor overweight and obese

adolescents.
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Table 1. Participants’ baseline demographic charestics (mean £D).

Variables Coordination Exercise Waitlist Control
(n = 35) (n=35)

Age (year) 13.94+0.94 14.17+0.71
males/females (%) 20/15 (42.86%) 20/15 (42.86%)
Height (cm) 162.45+5.73 164.40+8.32
Weight (kg) 74.33£12.16 75.86+£13.95
Body mass index (kg/h 28.01+3.03 27.92+3.29
Intelligence Quotient (TJHSIE) 96.11+3.04 96.43#2.8

Education (yrs)
Father 14.00+3.01 14.57+2.80
Mother 14.60+2.99 14.46+2.94

Family income

< NT 20,000 8.57% 8.57%
NT 20,000 to 40,000 20% 17.14%
NT 40,000 to 60,000 20% 22.86%
NT 60,000 to 80,000 31.43% 25.71%
> NT 80,000 20% 25.71%
Resting heart rate (bpm) 91.86+12.49 95.66+11.26

IPAQ (MET min/week)
Baseline 916.00£105.09 913.80+96.18

After intervention 1713.14+105.05* 923.17+123.50

Note. TJHSIE = Taiwan Junior High School IntelligerExamination; NT = New Taiwan
Dollar; IPAQ = International Physical Activity Quesmnaire; METs = Metabolic equivalents.
*

p<.05
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Table 2. Group differences across time for cogeifinction, physical fithess and obesity varialffesant D)
Coordination Exercise Waitlist Control
(n = 35) (n = 35) ANCOVA
Variable Pre-test Post-test Pre-test Post-test F p-value
Stroop task
Congruent (sec.) 21.08+5.27 18.43+3.33 20.55+4 .42 0.5124.38 32.97 .00
Color (sec.) 28.47+6.29 24.94+5.67 28.04+4.84 28557 57.23 .00
Incongruent (sec.) 45.50+9.85 40.38+8.39 51.38#415.0 54.22+14.97 64.00 .00
Food-cue (sec.) 39.63+8.92 30.92+6.52 37.47+10.95 7.78310.05 33.77 .00
Physical fitness
Cardio. (sec.) 552.40+247.83 506.97+235.50 579.8013 634.97+295.10 65.93 .00
Muscular Fitness (rep.) 29.71+7.43 32.17+7.30 28201 26.29+7.67 63.86 .00
Flexibility (cm) 28.77+10.18 29.91+9.90 28.82+9.97 28.25+9.88 28.51 .00
Power (cm) 146.63+25.28 160.99+21.45 145.12+28.41 42.7183+27.87 81.53 .00
BMI (kg/m?) 28.01+3.03 25.99+2.67 27.92+3.29 28.16+3.34 93.92 .00

Note. Cardio = Cardiovascular fitness; BMI = Bodgss index; rep. = repetitions.
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Table 3. Bivariate correlation matrix for differenscores for physical fithess, BMI and

cognition outcomes.

Measure Cardiovascular fitness Muscle fitness Bletsi Power BMI

Stroop task

Congruent 31** -.31** -.24* -.36**  .46**
Color S -.53** -.36** -40%* 50

Incongruent .48** -.58** -.46** - 46**  .68**
Food-cue 39** -.35%* -.30** -.26* AT

*p < .05; *p< .001, BMI = Body mass index.
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114 adolescent assessed
for eligibility

34 excluded for randomization
21 not meet inclusion criteria
13 declined participation
5 no interested

g 4 parent decline
2 not available
2 travel
A 4

80 randomized

N\

40 allocated to 40 allocated to
exercise group control group

5 Discontinue the program
1 withdraw
1 miss pre-test
3 not interested

5 Discontinue the program
3 not stand intensity P 3
2 not available

\ 4 A 4
35 completed pre- and 35 completed pre- and
post-tests at week 12 post-tests at week 12

Figure 1.CONSORT study diagram for recruitment, allocatiamd intervention.
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significant difference between groups.
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Figure 4.Scatter plots demonstrating significant correlatibetween change scores in

outcomes of a) physical fithess and Stroop tastopaance; and b) BMI and Stroop task

performance.



=

Highlight

® Effect of the coordination exercise on executive function in obese adolescent remains
understudied

® The multifaceted coordination exercise program was effective at improving physical
fitness and reducing obesity.

® The program aso benefits to enhance both general and obesity-related executive
function among obese adol escents.

® Thereisapossiblerole of obesity-related inhibition in exercise-associated weight loss

among obese adol escents.



