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Abstract

The understanding on the roles of obesity and lifestyle behaviors in predicting executive
function of adolescents has been limited. Low executive function proficiency may have
adverse effects on adolescents’ school academic performance. This cross-sectional study
aimed to examine the relationship between BMI-for-age and multiple lifestyle behaviors
(operationalized as meal consumption, physical activity, and sleep quality) with executive
function (operationalized as inhibition, working memory, and cognitive flexibility) on a sam-
ple of Malaysian adolescents aged between 12 and 16 years (N = 513). Participants were
recruited from two randomly selected schools in the state of Selangor in Malaysia. Using a
self-administered questionnaire, parent participants provided information concerning their
sociodemographic data, whereas adolescent participants provided information regarding
their meal consumptions, physical activity, and sleep quality. The modified Harvard step test
was used to assess adolescents’ aerobic fitness, while Stroop color-word, digit span, and
trail-making tests were used to assess adolescents’ inhibition, working memory, and cogni-
tive flexibility, respectively. Three separate hierarchical regression analyses were conducted
for each outcome namely, inhibition, working memory, and cognitive flexibility. After adjusted
for sociodemographic factors and BMI-for-age, differential predictors of inhibition and work-
ing memory were found. Habitual sleep efficiency significantly and positively predicted inhi-
bition. Regular dinner intakes, physical activity levels, and sleep quality significantly and
positively predicted working memory. Household income emerged as a consistent predictor
for all executive function domains. In conclusion, an increased trend of obesity and
unhealthy lifestyles among adolescents were found to be associated with poorer executive
function. Regular dinner intakes, higher physical activity levels and better sleep quality pre-
dicted better executive function despite the inverse relationship between obesity and execu-
tive function. Future studies may explore how lifestyle modifications can optimize the
development of executive function in adolescents as well as relieve the burden of obesity.
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Introduction

During the transitional stage between childhood to adulthood (henceforth referred to as ado-
lescence), individuals undergo considerable physiological, psychosocial, and cognitive devel-
opment changes [1]. The changes are further accompanied by elevations in sensation and
exploration of new things. The elevations mentioned may promote an enthusiasm for learning
and adapting. Conversely, the elevations may result in increased vulnerability to risk-taking
behaviors [2]. In the transitional stage from childhood to adulthood, individuals’ success in
accomplishing developmental tasks highly depends on their self-regulatory abilities, namely
executive function (EF).

The EF is governed by the prefrontal cortex (PFC). The EF is a cluster of cognitive pro-
cesses that underlie planning, organizing, and regulation. Thus, it is responsible for the
achievement of purposeful, goal-directed behaviors [3]. According to the concept of “unity
and diversity of EF” [4], EF consists of three interrelated but distinct domains. The first,
known as inhibition, concerns the ability to resist distraction and to maintain focus. The sec-
ond, working memory (WM), is related to the ability to store, maintain, and manipulate
information over a brief period of time. The third, cognitive flexibility (CF), concerns the
ability to shift attention, select information, and alter response strategies in response to
changing task demands. Findings from previous studies have suggested that inhibition, WM,
and CF share a few common underlying processes. Nonetheless, the three domains are disso-
ciable when measured using different neurocognitive tests [5]. The domains of EF are crucial
for the lifelong wellbeing of adolescents. Not only does EF serve as ground support for con-
temporaneous learning capabilities such as time management, it also promotes future learn-
ing capabilities and career success [6]. The role of EF has also been attributed to negative
health outcomes, in which EF deficits were associated with psychosocial problems such as
aggression, externalizing and internalizing behaviors [7]. Undeniably, EF affected physical,
mental, social, and psychological well-being of individuals from childhood to adolescence
and then subsequently adulthood [8].

There has been increased research on the relationship between obesity and EF, which in
line with the rising global burden of childhood obesity [9]. Growing body of evidence linked
obesity to adverse neurodevelopmental outcomes in adults, such as impaired grey and white
matter of the brain and the degeneration of PFC regions which has led to poor EF [10]. It was
found that even where there was an absence of degenerative effects of the aging process and
other obesity co-morbidities, subtle brain alterations with lower EF levels were uncovered
among obese adolescents [11]. Previous studies have shown a consistent relationship between
a high body mass index (BMI) and poor inhibition among adolescents [10]. Nevertheless, the
relationship between obesity and other domains of EF have remained under-examined and
findings for such a relationship have been inconclusive [12].

A ‘healthy lifestyle behavior’ is a broad term encompassing behaviors such as being physi-
cally active, not smoking, moderate consumption of alcohol, and healthy dietary intakes.
Healthy lifestyle behaviors have been shown to facilitate protection against dementia and cog-
nitive decline among older adults [13]. The cognitive benefits of adopting a healthy lifestyle
may not be restricted to adults. In fact, some lifestyle behaviors such as skipping breakfast,
physical inactivity, and sleep deprivation were commonly observed in adolescents. Moreover,
such behaviors persisted when the adolescents became adults [14]. Extensive studies have
reported that unhealthy lifestyle behaviors could potentially deteriorate academic [15] and
cognitive performances, such as academic-related skills [16], and intelligence quotients (IQ)
[17]. Nevertheless, a few studies have simultaneously examined the relationship between mul-
tiple lifestyle behavior domains and EF in adolescents.
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It has been acknowledged that the lifestyle behavior, for instance breakfast consumption has
benefited the memory and attention of learning for children and adolescents. Nonetheless,
studies on EF have yielded mixed results [18, 19]. Moreover, previous studies have yet to take
into account the intakes of lunch and dinner, which could be important contributors to daily
nutritional intakes. A review paper suggested that physical exercise positively improved EF,
particularly notable for inhibition domain [20]. It was also found that aerobic fitness enhanced
inhibition [21]. On the other hand, there was a study that showed a lack of correlation between
daily physical activities and EF domains [22]. If the studies are viewed collectively, previous
scholars were often focused on a single domain of EF and their findings were inconsistent.
Another lifestyle behavior, sleep deprivation has been found to correlate with cognitive func-
tions [22] and affected school performance [16] of adolescents. The heavy burden of academic
work has resulted in a drastic drop in the sleep duration of children and adolescents since the
20" century. Indeed, the highest rate of sleep reduction was within the Asian population [23].
Despite this, there is a lack of data available on the relationship between sleep deprivation and
EF in adolescents in Asian countries.

From a general perspective, obesity and unhealthy lifestyle behaviors could plausibly con-
tribute to poor EF in adolescents. The transitional stage from childhood to adulthood could be
a critical period to ensure optimal EF development and thus conferring cognitive stability
thereafter. Nonetheless, the primary focus of EF research to date has been focused on only obe-
sity or single lifestyle behaviors. The relationship between obesity and multiple lifestyle behav-
iors with EF remains under-explored. Therefore, the objective of the present study was to
examine the relationships between obesity and several lifestyle behaviors of adolescents (opera-
tionalized as meal consumption patterns, physical activity, fitness levels, and sleep quality)
with EF, taking account the influences of socio-demographic factors.

Materials and methods
Study design and population

The present research was a cross-sectional study which targeted adolescents aged between 12
and 16 years old. A probability proportionate to size method was utilized and two secondary
schools in the state of Selangor, Malaysia were randomly selected. Adolescents who suffered
from neurological or psychiatric disorders (e.g., autism spectrum disorders, anxiety, and
depression), had medical conditions (e.g., sleep disorders, diabetes, thyroid disease, and car-
diovascular diseases), had learning disabilities or developmental delays, had a history or pres-
ence of traumatic brain injuries, and had difficulties in performing physical activities and
anthropometric measurements due to pre-existing illnesses were excluded from this study.
There were 560 eligible adolescents and 538 agreed to participate and completed the study
questionnaire. A total of 513 adolescents were retained in the final analysis due to a number of
parent participant questionnaires not being returned and a few adolescents were moved to
other schools. Consequently, the response rate was 92%.

Prior to the collection of data, ethical approval was obtained from the Ethics Committee for
Research Involving Human Subject of Universiti Putra Malaysia [Reference No. FPSK(EXP16)
P186]. Permission to conduct the study was also obtained from the Ministry of Education,
Selangor Department of Education and from the authorities of the selected schools. Several vis-
its to the respective schools were carried out. On the first visit, all eligible participants were
briefed on the study’s objectives and the activities they would participate in. The eligible partic-
ipants were provided with an information sheet. Parent and adolescent consent forms as well
as a set of questionnaire for parent participants requesting the provision of sociodemographic
information were issued to be taken home by adolescent participants. The completed forms
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were collected the next day. In subsequent visits, adolescent participants who returned the par-
ent and adolescent consent forms were guided to answer a self-administered questionnaire
regarding lifestyle behaviors on meal consumption patterns, physical activity, and sleep qual-
ity. The adolescent participants also had their anthropometric measurements taken and under-
went an aerobic fitness test. The researchers received training from a clinical psychologist
from the Universiti Putra Malaysia to assess the adolescent participants’ EF using three neuro-
cognitive tests in an empty classroom provided by the school authorities.

Neurocognitive tests

The construct of EF was shown by three main domains, namely inhibition, WM and CF [6].
The domains were measured by a specific neurocognitive test. Inhibition was assessed using
the Stroop color-word test [24] which consisted of three trials: (i) word tasks (participants read
color names printed in black ink), (ii) color tasks (participants read colors of Xs printed in
green, red, or blue), and (iii) word-color tasks (participants named the color of the ink which
the words were printed, ignoring the words that were printed). There were 5 columns of 20
items, totaling 100 items per trial. The adolescent participants in this study were instructed to
read items from the top to the bottom of the columns for 45 seconds. The number of items
correctly named were calculated as a raw score for each trial. Based on the formula provided in
the test manual [24], the interference score for each participant was calculated from the raw
scores, where the scores ranged between -50 to 37. Higher interference scores indicated a bet-
ter capacity of inhibition responses.

Working memory (WM) was assessed using the Digit Span test from the Wechsler Intelli-
gence Scale for Children-Fourth Edition [25]. The test was divided into two parts: Digit Span
Forward and Digit Span Backward. Each part contained 8 items with 2 trials per item. In each
trial, participants recited a string of digits at the rate of one digit per second. The participants
were required to repeat the string of digits as they heard it (Digit Span Forward) or in a reverse
manner (Digit Span Backward). Each trial had a digit length that began with 2 digits which
increased sequentially to 9 digits until recall errors were made for at least both trials of an item.
The participants in this study were awarded one point for every correct repeated digit string
and no points for recall errors. The points for both parts were summed up to generate a total
score. Higher scores indicated a better WM performance.

Cognitive flexibility (CF) was measured using a Trail-making test (TMT) [26]. The TMT
consisted of Trail-making A and B. In Part A, participants were given a piece of paper contain-
ing 25 randomly arranged, numbered circles. The participants were then instructed to draw
lines between the circles in an ascending order. In Part B, participants were given another
piece of paper containing 13 numbers (1-13) and 12 alphabets (A-L), which were intermixed.
The participants were asked to draw lines connecting the numbers and alphabets alternately in
a sequential order (i.e., 1-A-2-B-3-C etc.). They were then instructed to connect the numbers
and alphabets as fast as possible. The time to complete both parts were recorded, including the
time it took to make corrections if participants made errors when connecting the trails. A
task-switching score was calculated by subtracting the time it took to complete Part A from
Part B. A shorter time indicated a better CF. In other words, a lower score denoted a better
performance.

Self-administered questionnaires

Parent participants completed a Malay-English bilingual questionnaire which contained a pro-
vision of sociodemographic characteristics such as monthly household incomes, household
sizes, highest education levels, and number of years of education attained. On the other hand,
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using another self-administered questionnaire, adolescents were requested to provide informa-
tion regarding their age, date of birth, sex, ethnicity, meal consumption patterns, physical
activity, and sleep quality.

Meal consumption patterns. An Eating Behaviors Questionnaire (EBQ) was used to mea-
sure frequency of main meal intakes and snacking behavior of the adolescent participants [27].
The participants reported the number of days per week (0-7 days) they had their main meals
and snacks. The operational definitions of meal intakes were specified in the questionnaire as
follows: Breakfast referred to the first meal of the day which covered any food or beverages
(except plain water) consumed before 10 AM. Lunch and dinner referred to meals taken
between 11 AM to 3 PM and after 5 PM [27]. Snacking was defined as the consumption of any
food or beverages (except plain water) between the three main meals [28]. Adolescent partici-
pants were considered to skip breakfast/lunch/dinner if they consumed main meals fewer than
7 days per week. Moreover, those who had main meals every day were considered to have a
regular breakfast/lunch/dinner intake [28]. The internal consistency of EBQ in this study was
acceptable (Cronbach’s alpha = 0.60).

Physical activity levels. The Physical Activity Questionnaire for Older Children (PAQ-C)
was used to measure adolescents’ physical activity levels for one week [29]. The questionnaire
had ten items, the first nine items covered activities during physical education classes, leisure
time, recess, lunch times, evenings, and weekends, as well as the frequency of daily physical
activities. The last item covered unusual activities that prevented adolescents from carrying
out their regular activities. Each item was scored using a 5-point scale. Higher scores indicated
a higher level of physical activity. The summary activity score was calculated from the mean
score of the nine items to classify adolescents into different levels of physical activity: low
(1.00-2.33), moderate (2.34-3.66) and high (3.67-5.00) [30]. The internal consistency of
PAQ-C in this study was excellent (Cronbach’s alpha = 0.902).

Sleep quality. Adolescents’ sleep quality was measured over one month using the Pitts-
burgh Sleep Quality Index (PSQI) [31]. The index had 19 items encompassing 7 components
which were: subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency,
sleep disturbance, use of sleep medication, and daytime dysfunction (sleepiness). The fre-
quency of sleep problems were rated using a scale from 0 (not during the past month) to 3 (2-3
times per week). The length of time it took for participants to wake up and sleep on weekdays
and weekends were reported for their sleep duration calculation. Adolescents could be classi-
fied as short sleepers (i.e., < 9 hours) or normal sleepers (i.e., > 9 hours) [32]. A habitual
sleep efficiency percentage was generated (actual sleep duration/number of hours spent in
bed x 100%) to determine the percentage of actual sleep gained. The percentage excluded the
time spent in bed where a participant remained sleepless. A global sleep quality score (ranged
0 to 21) was generated from the sum of 7 component scores. Higher scores indicated a bad
sleep quality. If a participant’s global sleep quality score was less than 5, it indicated they had
good sleep quality. On the other hand, a score > 5 indicated poor sleep quality. The internal
consistency of PSQI in the current study was good (Cronbach’s alpha = 0.757).

Anthropometric measurements

All measurements were collected twice to obtain the mean values for data analysis. Body
weight (0.1 kg precision) and height (0.1 cm precision) of the adolescent participants were
measured in light clothing, with no shoes. A TANITA digital weighing scale THD-306
(TANITA Corporation, Arlington Heights, IL, USA) and a SECA portable stadiometer 213
(SECA, Hamburg, Germany) were used to carry out the measurements. The Body Mass Index
for age (BMI-for-age) z-score was calculated using the World Health Organization (WHO)
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AnthroPlus software version 1.0.4 (WHO, Geneva, Switzerland) to classify respondents into
several categories of body weight status according to the WHO Growth Reference 2007 [33].

Aerobic fitness

The step test was recommended as the more practical option for mass testing of aerobic fitness
compared to the direct measure of VO, max which involved sophisticated laboratory proce-
dures [34]. All the participants performed the modified Harvard Step Test in their sports attire
following a standardized protocol [35]. Physical fitness scores (PES) were derived by taking the
total duration of exercise in seconds x 100 and dividing it with the sum of three heart rates at
0, 1 and 2 minutes after the cessation of the exercise protocol [36]. The PFS was used to classify
the aerobic fitness levels of the participants. A PFS score < 55 was considered to be poor,
whereas a score of 55-64 was considered to be a low average. A score of 65-79 was deemed to
be a high average, 80-89 was good, and > 90 was excellent [35].

Statistical analysis

All analyses were performed using the IBM SPSS Statistics 24 (IBM Corp., Armonk, NY,
USA). The relationships between socio-demographic factors, BMI-for-age, lifestyle behaviors,
and EF were inspected using a Pearson product-moment correlation test. Three separate hier-
archical multiple regression analyses were conducted on each EF domain (inhibition, WM,
and CF). A proximal-distal approach was applied to determine the order to enter the study
variables into the model. Socio-demographic factors were treated as distal factors as they did
not exert direct influences on EF. Modifiable factors were treated as proximal factors. In order
to determine the differential contribution of each block of variables towards the prediction of
EF, socio-demographics (age, sex, monthly household income, parents’ years of education,
and household size) were entered in the first block. The BMI-for-age followed in the second
block and then all lifestyle behaviors (meal intakes, sleep quality, physical activity and aerobic
fitness) were placed in the last block. The level of significance for all tests was set at p < 0.05.

Results

Characteristics of the participants are outlined in Table 1. Out of 513 adolescents, 41.1% were
males and 58.9% were females. The mean age for the participants was 14.08 (SD = 1.32) years.
A majority of the participants came from families with monthly household incomes below
RM5600 (72.4%). Most of the participants fathers (60.3%) and mothers (59.7%) had attained a
secondary education. One third of the adolescents (32.6%) in this study were overweight or
obese. Unhealthy lifestyle behaviors were also prevalent in the adolescents. Around 70.0% of
the adolescents reported that they skipped breakfast, while 47.2% skipped lunch and 47.4%
skipped dinner. Only 6.2% the adolescents were found to engage in high levels of physical
activity. Similarly, only 9% of the adolescents had acceptable levels of aerobic fitness

(PES > 65). More than half of the adolescents did not have 9 hours of daily sleep (68.0%),
while 72.5% were classified as having poor sleep quality.

Correlations of BMI-for-age, lifestyle behaviors, and EF

Table 2 demonstrates that BMI-for age was negatively correlated with adolescents’ perfor-
mance of inhibition (r = -0.096, p = 0.029) and WM (r = -0.098, p = 0.027). Nonetheless, there
was not a significant correlation detected for CF (r = 0.038, p = 0.387). Regular meal intakes
were positively correlated with WM and CF. Physical activity trended towards a positive corre-
lation with WM (r = 0.086, p = 0.052), but it was not significant. Aerobic fitness did not
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Table 1. Characteristics of the participants (n = 513).

Variables n (%) Mean + SD
Age (years) 14.08 + 1.32
Sex
Male 211 (41.1)
Female 302 (58.9)
Ethnicity
Malay 303 (59.1)
Chinese 49 (9.6)
Indian 135 (26.3)
Others 26 (5.0)
Household sizes (members)
<5 267 (55.0)
>6 219 (45.0)
Monthly household income (RM)
< RM2300.00 188 (38.7)
RM2300.00 -RM5599.00 164 (33.7)
> RM5600.00 134 (27.6)
Mother number of years in education 13.01 +3.72
Secondary education and below 319 (65.6)
Tertiary education 167 (34.4)
Father number of years in education 13.09 + 3.66
Secondary education and below 321 (66.0)
Tertiary education 165 (34.0)
BMI-for-age z-score 0.25+1.52
Thinness 31(0.6)
Normal 311 (60.6)
Overweight 93 (18.1)
Obesity 74 (14.5)
Meal consumption patterns (intake per week)
Breakfast intakes 4.18 £2.39
Daily 159 (31.0)
< 7 days per week 354 (69.0)
Lunch intakes 5.43 +2.01
Daily 271 (52.8)
< 7 days per week 242 (47.2)
Dinner intakes 527 £2.25
Daily 270 (52.6)
< 7 days per week 243 (47.4)
Physical activity levels 2.56 + 0.64
Low (1.00-2.33) 199 (38.8)
Moderate (2.34-3.66) 282 (55.0)
High (3.67-5.00) 32 (6.2)
Aerobic fitness levels 62.96 +12.01
Poor (<55) 110 (21.4)
Low average (55-64) 218 (42.5)
High average (65-79) 139 (27.1)
Good (80-89) 29 (5.7)
Excellent (>90) 17 (3.3)
(Continued)
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Table 1. (Continued)

Variables n (%) Mean + SD
Sleep quality 6.23 £2.51
Poor quality (> 5) 372 (72.5)
Good quality (< 5) 141 (27.5)

Note. RM = Ringgit Malaysia

https://doi.org/10.1371/journal.pone.0195934.t001

correlate with any EF domains. Weekdays sleep duration correlated negatively with WM (r =
-0.102, p = 0.021) and CF (r = -0.116, p = 0.009). It was found that adolescents who slept less
than 9 hours tended to score better compared to those who had at least 9 hours of sleep during
weekdays. Nevertheless, a significant correlation was not found for weekend sleep durations.
Instead, habitual sleep efficiency was found to be positively correlated with inhibition (r =
0.123, p = 0.005) and WM (r = 0.097, p = 0.028). Furthermore, better sleep quality (lower
score) was significantly correlated with higher WM (r = -0.218, p < 0.001).

Predictors of EF domains

Tables 3-5 summarized the results of the hierarchical regression models for each EF domain.
The addition of multiple lifestyle behaviors increased the overall fit of all three models. More-
over, several variables were found to explain significant, unique variances in the EF domains.
Monthly household income consistently appeared as a significant predictor of all three
domains. Adolescents from higher income families (>RM5600) showed higher EF compared
to those who came from lower income families (<RM5600). BMI-for-age (8 = -0.097, p =
0.033) remained as a significant predictor of inhibition after socio-demographic variables were
controlled. It was also found that habitual sleep efficiency (8= 0.106, p = 0.019) positively pre-
dicted inhibition. Fathers’ years of education (8 = 0.121, p = 0.017) and household size signifi-
cantly predicted WM (f = -0.101, p = 0.024). After controlling socio-demographic variables,
BMI-for-age (8= -0.114, p = 0.010) negatively predicted WM (AR® = 0.013). It was also found
that sleep quality (8 =-0.196, p < 0.001), dinner intakes (8= 0.091, p = 0.037) and physical

Table 2. Pearson-product moment correlations between BMI-for-age and lifestyle behaviors with EF.

Variables Interference score WM total score Task-switching score
r p r P r P

BMI-for-age z-scores -0.096* 0.029 -0.098" 0.027 0.038 0.387
Breakfast intakes 0.025 0.577 0.134** 0.002 -0.011 0.795
Lunch intakes -0.007 0.877 0.166"* <0.001 -0.109* 0.013
Dinner intakes 0.075 0.092 0.190** <0.001 -0.099* 0.025
Physical fitness scores 0.032 0.464 -0.010 0.813 0.063 0.151
Physical activity levels -0.069 0.120 0.086 0.052 0.021 0.638
Habitual sleep efficacy 0.123* 0.005 0.097* 0.028 -0.039 0.383
Sleep quality scores -0.024 0.588 -0.218"* <0.001 0.045 0.306
Weekday sleep durations -0.033 0.462 -0.102* 0.021 0.116** 0.009
Weekend sleep durations -0.073 0.098 0.024 0.590 0.005 0.904

Note. EF = Executive Function; WM = Working Memory

*correlation is significant at p < 0.05

**correlation is significant at p < 0.01

https://doi.org/10.1371/journal.pone.0195934.t1002
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Table 3. Summary of hierarchical regression analyses predicting adolescents’ inhibition.

Predictors B AR?
Step 1 0.012
Age 0.037

Father number of years in education -0.070

Monthly household income 0.121*

Step 2 0.009
Age 0.038

Father number of years in education -0.066

Monthly household income 0.129*

BMI-for-age -0.097*

Step 3 0.011
Age 0.038

Father number of years in education -0.065

Monthly household income 0.127*

BMI-for-age -0.095*

Habitual sleep efficiency 0.106*

R*(Full model) 0.033

Inhibitory control: F (5,485) = 3.274, p<0.01

*p<0.05,

**p<0.01,

**p<0.001

Dummy coding: Monthly household income (<RM5600 = 0, >RM5600 = 1)

https://doi.org/10.1371/journal.pone.0195934.t003

activity levels (8 = 0.097, p = 0.028) positively predicted WM of adolescents (AR* = 0.064). In
addition to income, CF was significantly predicted by age, sex and household size (AR® =
0.046). As expected, older ages of adolescents were associated with a higher CF (8 = -0.144,

p =0.002). In comparison to females, males were found to have significantly better CF (5 =
0.110, p = 0.015). Greater household sizes were associated with lower CF (8 = 0.089, p = 0.047).
Nevertheless, none of the lifestyle behaviors significantly predicted CF in the final model after
socio-demographic and BMI-for-age factors were added.

Discussion

Evidence linking overweight and obesity to EF in adolescents has been accumulating [9, 37-
39]. Nonetheless, the extent that multiple lifestyle behaviors could have effects on EF after
controlling the influence of obesity has remained largely unexplored. To the best of the
researcher’s knowledge, this is the first study to examine the relative contributions of socio-
demographic factors, BMI-for-age, and lifestyle behaviors on EF, in a sample of Malaysian
adolescents.

The current study found that monthly household income consistently appeared as a signifi-
cant predictor for all EF domains. The findings were in line with previous studies which
showed that children and adolescents from higher income families performed better in the
neurocognitive testing of EF [40,41]. It has been reported in recent neurostructural data that
low family income and reduced brain integrity and volumes were predictive of poor EF among
children and adolescents [42]. The present study demonstrated that larger household sizes pre-
dicted poorer WM and CF. The findings supported Blair et al’s study [43], which similarly
found that household density correlated negatively with EF. The present study’s findings were
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Table 4. Summary of hierarchical regression analyses predicting adolescents’ working memory.

Predictors B AR?
Step 1 0.051
Age 0.088

Father number of years in education 0.121*

Household size -0.101*

Monthly household income 0.110*

Step 2 0.013
Age 0.089"

Father number of years in education 0.126"

Household size -0.100*

Monthly household income 0.119*

BMI-for-age -0.114*

Step 3 0.064
Age 0.127**

Father number of years in education 0.116*

Household size -0.071

Monthly household income 0.120*

BMI-for-age -0.083

Frequency of dinner intakes 0.091*

Global sleep quality -0.196***

Physical activity 0.097*

R*(Full model) 0.128

Working memory: F (9,485) = 7.753, p<0.001

*p<0.05,

**p<0.01,

#p<0.001

Dummy coding: Monthly household income (<RM5600 = 0, >RM5600 = 1), Physical activity (low & moderate = 0,
high =1)

https://doi.org/10.1371/journal.pone.0195934.t1004

also in line with Mohd Nasir et al’s study [44], which showed that the higher number of sib-
lings negatively predicted cognitive performances in young children. Large household sizes
and low family income levels could be a proxy for low socio-economic status (SES). Children
from poor SES backgrounds may experience impaired family functions and have limited
access to resources that foster cognitive skills [45]. As a result, it is suggested that adverse envi-
ronments could pose a threat to children’s mental and psychosocial development.

The current study found that a father’s educational level positively predicted WM. Numer-
ous studies have found positive relationships between maternal or parental education with EF
among younger children aged below 13 years [40-41,46]. Nonetheless, previous studies have
not investigated the differential effects of maternal and paternal education levels on EF. The
present study provides preliminary evidence for the role of paternal education in explaining
EF development. According to previous literature, women who received a higher education
were empowered with knowledge and skills required for employment and child bearing. The
skills enabled them to provide a home environment that actively stimulated children’s cogni-
tive and emotional growth [47]. However, the effect of maternal education on EF was only
apparent during childhood and seemed to slowly reduce in adolescence as other environmen-
tal influences such as schooling, neighborhood environment and social interactions played a
bigger role [40,46]. In contrast, recent longitudinal data revealed that paternal education could
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Table 5. Summary of hierarchical regression analyses predicting adolescents’ cognitive flexibility.

Predictors B
Step 1

Age -0.144**
Sex 0.110*
Household size -0.089"
Monthly household income 0.088"
Step 2

Age -0.145""
Sex 0.108*
Household size 0.088"
Monthly household income -0.092*
BMI-for-age 0.039
Step 3

Age -0.123
Sex 0.074
Household size 0.069
Monthly household income -0.068
BMI-for-age 0.048
Frequency of lunch intake -0.053
Frequency of dinner intake -0.063
Weekdays sleep duration 0.063
Physical fitness score 0.060
R?(Full model)

Cognitive flexibility: F (9,485) = 3.452, p<0.001
*p<0.05,
**p<0.01

AR?

0.046

0.002

0.014

0.061

Dummy coding: Sex (male = 0, female = 1), Monthly household income (<RM5600 = 0, >RM5600 = 1), Weekdays

sleep duration (<9 hours = 0, >9 hours = 1)

https://doi.org/10.1371/journal.pone.0195934.t1005

have a pervasive effect on the achievements of children [48]. Although the underlying mecha-
nisms are still uncertain, it is possible that fathers with a higher education may plausibly pro-
mote better acquisition of EF in adolescents through positive parenting behaviors, a higher

quality of family interactions, and better living and learning resources [49].

After sociodemographic influences were taken into consideration, the present study identi-
fied a significant relationship between high BMI-for-age and poor inhibition and WM in ado-
lescents. The findings were consistent with findings in previous studies [37,38]. It was found
that overweight and obese adolescents may have greater difficulties in suppressing irrelevant
automated responses, directing attention, and manipulating and holding information in their
minds [38]. Similar to the findings in previous studies, [11,50], the association between BMI-
for-age and CF was not significant in the present study. Conversely, other studies demon-
strated that increased BMI predicted cognitive inflexibility in relatively small samples of ado-
lescents with a large proportion of obese individuals (> 40%) [37,39]. It was plausible that the
deteriorating effects of adiposity on CF were more likely to be detectable over a threshold and

perhaps only in a large proportion of an obese sample of individuals [51].

Lifestyle behaviors were also predictive of EF development during adolescence. After the
BMI-for-age factor was controlled, meal intakes, physical activity, and sleep quality emerged as
significant predictors of EF. The present study found that regular meal intakes throughout a
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day and especially dinner intakes were found to predict better WM and CF. The finding was in
line with Mohd Nasir et al.’s [44] study which documented that regular dinner consumption
was a significant contributor to general cognitive abilities of 1,933 Malaysian preschoolers. It is
important to note that regular meal intake finding was not conclusive. Dinner was found to be
the most important meal for Malaysians, contributing to a low meal skipping rate. For adults,
dinner contributed to high proportion of calorie intakes per day [52]. Similarly, irregular
intakes of lunch and dinner, but not breakfast, contributed significantly to lower intakes of
macronutrients and total energy among Malaysian children and adolescents [28]. Such find-
ings may plausibly suggest that adolescents who skipped dinner could be at risk of inadequate
macronutrients. Macronutrients such as glucose are main substrates of brain cells and can
thus affect the function of PFC that governs EF.

Other than meal skipping, sleep deprivation was another pervasive habit observed in ado-
lescents in this study. The present findings are similar to previous findings [53,54] identified
that sleep parameters including habitual sleep efficiency and sleep quality were related to WM
and inhibition. Adolescents in this study who had shorter sleep durations (< 9 hours) per-
formed surprisingly better for WM and CF compared to those who had longer sleep durations
(> 9 hours). A systematic review of sleep studies among children and adolescents suggested
that optimal sleep duration for those aged 10 years and above was at least 9 hours sleep per day
[32]. It was acknowledged that longer durations of sleep may be related to higher EF [55]. Nev-
ertheless, the recommendation of 9 hours of sleep per day might not be relevant for Asian
countries including Malaysia, due to a great diversity in sleep patterns across countries [56]. In
fact, it has been found that bedtime behaviors and sleep duration were affected by cultural
practices including homework ethics [57]. It could be possible that Asian adolescents required
less sleep than Caucasians due to cultural factors, although more investigation is needed.
Moreover, a neuroimaging study by Telzer et al. [58] found that poorer sleep quality was corre-
lated with less activation of dorsolateral PFC but higher insula activation in adolescents. Telzer
et al’s [58] finding suggested that adolescents who had poor sleep quality were prone to low
vigilance in decision making and a high orientation of risk taking.

The present study reported that better WM was predicted by a higher level of PA in adoles-
cents. The finding echoes previous findings [59,60]. Although there was a cognitive benefit of
PA on inhibition, its effect was rather short-term, as the cognitive measurements were per-
formed just after a single bout of acute exercise [20]. In fact, chronic exercise was more likely
to demonstrate long-term beneficial effects [60]. The benefits were brought about by perma-
nent physiological changes in the brain, such as the formation and extension of new vessels
and the release of neurotrophic factors that enhanced neural growth and survival. All together
the physiological changes induced brain cognitive reserves. Padilla et al. [60] found that the
association between PA and inhibition was no longer significant after WM was controlled as a
covariate, suggesting the substantial contribution of WM in inhibitory processes. In fact, inhi-
bition and WM have been consistently found as independent, yet interrelated domains of EF
that shared limited brain resources to perform the tasks [4,61]. Thus, the performance of
inhibitory tasks was likely to depend on the interaction of both domains for resource sharing
and the level of task demands on each domain [61]. This implies that the individual differences
in performing a task is observable only when task demands for WM and inhibition exceed a
certain threshold. Plausibly, the task that was used to measure inhibition (i.e.; the Stroop test),
required less WM resources. Thus, a significant relationship between PA and inhibition could
not be observed.

The present study did not find a significant association between aerobic fitness and inhibi-
tion, which replicated previous findings that similarly used SCWT as a measure of inhibition
[62]. Nonetheless, the results were in contradiction with other studies that applied a flanker
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task [63, 64]. The inconsistent findings could be due to the variation in tests of EF, aerobic fit-
ness and the adjustment of confounders across studies. It is undeniable that the relationship
between aerobic fitness and EF can still be debated. It has been suggested that people who exer-
cise regularly and intensively tend to be more fit and have higher EF [64]. Nevertheless, evi-
dence on this suggestion has not been conclusive, as aerobic fitness was partly determined by
genetics and may not adequately reflect one’s level of daily physical activity [65].

Several limitations are worth-noting in the current study. Firstly, the cross-sectional design
of this study did not confirm the causality of BMI-for-age and lifestyle behaviors with EF. It
could be that adolescents who had poor EF were predisposed to unhealthy behaviors which
progressively contributed to obesity. Secondly, large variations in neurocognitive tests across
studies might not allow a direct comparison of results. Thus, a more uniform assessment
method should be considered in future studies [12]. The EF construct was quite complex; thus,
it is suggested that multiple measures for each domain could be used to capture more informa-
tion, rather than using a single measure. Nevertheless, selection of instruments should be care-
ful and should be based on the age range of a study sample and an ability to separate various
domains of EF. Standardized tests may be preferable for enhanced sensitivity with comparison
norms provided [66], which has been applied in the current study. Thirdly, the use of self-
administered questionnaires may encounter problems of over or underreporting. This problem
can be resolved by complementing the study with objective measures. The objective measures
may have strengthened the theoretical links that were examined in the present study. For
instance, sleep patterns could be captured using polysomnographic recordings, while magnetic
resonance imaging could be used to validate neurocognitive test results. On the other hand, the
strengths of this study were relatively high participation rates (92%) and separate assessments
of EF domains being used. It was clear that sociodemographic factors potentially influenced
both obesity and EF. Thus, it was important to control sociodemographic variables when exam-
ining the relationships concerning family income, parents’ years of education and household
sizes. Furthermore, this study examined the relationship between a wide range of lifestyle
behaviors and EF in adolescents, as existing findings only focused on a single lifestyle facet.

Conclusions

The present findings suggested there was a relationship between obesity and impaired EF
among adolescents. Moreover, lifestyle behaviors such as regular meal intakes, higher levels of
physical activity and better sleep quality significantly predicted better EF over and above BMI-
for-age and sociodemographic influences. Therefore, there is a window of opportunity to
improve EF by modifying lifestyle behaviors during adolescence. The current study has pro-
vided important information on the relationship between obesity and multiple lifestyle behav-
iors with EF of adolescents. The present study has also highlighted the need for interventions
which target modifiable lifestyle behaviors in order to maximize cognitive benefits, especially
during the critical period of brain development of adolescents.

Supporting information

S1 File. Dataset. Data used for the analyses presented in this paper.
(XLSX)

Acknowledgments

We would like to thank the participating schools and students for their willingness to partici-
pate in this study. We would also like to express our sincere appreciation to all enumerators

PLOS ONE | https://doi.org/10.1371/journal.pone.0195934  April 17,2018 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195934.s001
https://doi.org/10.1371/journal.pone.0195934

@° PLOS | ONE

Obesity, lifestyle behaviors and executive function

who helped us throughout the data collection process. We would also like to thank Dr. Thava-
maran Kanesan’s group for proofreading this manuscript.

Author Contributions

Conceptualization: Joyce Ying Hui Tee, Wan Ying Gan, Kit-Aun Tan, Yit Siew Chin.
Data curation: Wan Ying Gan.

Formal analysis: Joyce Ying Hui Tee, Wan Ying Gan.

Funding acquisition: Wan Ying Gan.

Investigation: Joyce Ying Hui Tee.

Methodology: Joyce Ying Hui Tee, Wan Ying Gan, Kit-Aun Tan, Yit Siew Chin.
Project administration: Joyce Ying Hui Tee.

Resources: Joyce Ying Hui Tee, Wan Ying Gan, Kit-Aun Tan, Yit Siew Chin.
Supervision: Wan Ying Gan, Kit-Aun Tan, Yit Siew Chin.

Validation: Joyce Ying Hui Tee.

Writing - original draft: Joyce Ying Hui Tee.

Writing - review & editing: Wan Ying Gan, Kit-Aun Tan, Yit Siew Chin.

References

1. Choudhury S, Blakemore SJ, Charman T. Social cognitive development during adolescence. Soc Cogn
Affect Neurosci. 2006; 1(3):165—174. https://doi.org/10.1093/scan/nsl024 PMID: 18985103

2. SpearLP. The adolescent brain and age-related behavioral manifestations. Neurosci Biobehav Rev.
2000; 24(4):417-463. PMID: 10817843

3. Alvarez JA, Emory E. Executive function and the frontal lobes: A meta-analytic review. Neuropsychol
Rev. 2006; 16(1):17-42. https://doi.org/10.1007/s11065-006-9002-x PMID: 16794878

4. Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A, Wager TD. The unity and diversity of
executive functions and their contributions to complex “Frontal Lobe” tasks: a latent variable analysis.
Cogn Psychol. 2000; 41(1):49-100. https://doi.org/10.1006/cogp.1999.0734 PMID: 10945922

5. BestJR, Miller PH. A developmental perspective on executive function. Child Dev. 2010; 81(6):1641—
1660. https://doi.org/10.1111/j.1467-8624.2010.01499.x PMID: 21077853

6. BestJR, Miller PH, Jones LL. Executive functions after age 5: Changes and correlates. Dev Rev. 2009;
29(3):180-200. https://doi.org/10.1016/j.dr.2009.05.002 PMID: 20161467

7. Poland SE, Monks CP, Tsermentseli S. Cool and hot executive function as predictors of aggression in
early childhood: Differentiating between the function and form of aggression. Br J Dev Psychol. 2016;
34(2):181-97. https://doi.org/10.1111/bjdp.12122 PMID: 26615980

8. Moffitt TE, Arseneault L, Belsky D, Dickson N, Hancox RJ, Harrington H, et al. A gradient of childhood
self-control predicts health, wealth, and public safety. Proc Natl Acad Sci. 2011; 108(7):2693-2698.
https://doi.org/10.1073/pnas.1010076108 PMID: 21262822

9. LiangJ, Matheson BE, Kaye WH, Boutelle KN. Neurocognitive correlates of obesity and obesity-related
behaviors in children and adolescents. Int J Obes. 2014; 38(4):494-506.

10. Bocarsly ME, Fasolino M, Kane GA, LaMarca EA, Kirschen GW, Karatsoreos IN, et al. Obesity dimin-
ishes synaptic markers, alters microglial morphology, and impairs cognitive function. Proc Natl Acad
Sci. 2015; 112(51):15731-15736. https://doi.org/10.1073/pnas. 1511593112 PMID: 26644559

11.  YauPL, Kang EH, Javier DC, Convit A. Preliminary evidence of cognitive and brain abnormalities in
uncomplicated adolescent obesity. Obesity. 2014; 22(8):1865—1871. https://doi.org/10.1002/0by.20801
PMID: 24891029

12. Reinert KRS, Po EK, Barkin SL. The Relationship between Executive Function and Obesity in Children
and Adolescents : A Systematic Literature Review. J Obes. 2013; 2013(2):1-10.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195934  April 17,2018 14/17


https://doi.org/10.1093/scan/nsl024
http://www.ncbi.nlm.nih.gov/pubmed/18985103
http://www.ncbi.nlm.nih.gov/pubmed/10817843
https://doi.org/10.1007/s11065-006-9002-x
http://www.ncbi.nlm.nih.gov/pubmed/16794878
https://doi.org/10.1006/cogp.1999.0734
http://www.ncbi.nlm.nih.gov/pubmed/10945922
https://doi.org/10.1111/j.1467-8624.2010.01499.x
http://www.ncbi.nlm.nih.gov/pubmed/21077853
https://doi.org/10.1016/j.dr.2009.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20161467
https://doi.org/10.1111/bjdp.12122
http://www.ncbi.nlm.nih.gov/pubmed/26615980
https://doi.org/10.1073/pnas.1010076108
http://www.ncbi.nlm.nih.gov/pubmed/21262822
https://doi.org/10.1073/pnas.1511593112
http://www.ncbi.nlm.nih.gov/pubmed/26644559
https://doi.org/10.1002/oby.20801
http://www.ncbi.nlm.nih.gov/pubmed/24891029
https://doi.org/10.1371/journal.pone.0195934

@° PLOS | ONE

Obesity, lifestyle behaviors and executive function

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lee Y, Back JH, Kim J, Kim S-H, Na DL, Cheong H-K, et al. Systematic review of health behavioral risks
and cognitive health in older adults. Int Psychogeriatrics. 2010; 22(2):174-187.

Craigie AM, Lake AA, Kelly SA, Adamson AJ, Mathers JC. Tracking of obesity-related behaviours from
childhood to adulthood: A systematic review. Maturitas. 2011; 70(3):266—284. https://doi.org/10.1016/j.
maturitas.2011.08.005 PMID: 21920682

Stea TH, Torstveit MK. Association of lifestyle habits and academic achievement in Norwegian adoles-
cents: a cross-sectional study. BMC Public Health. 2014; 14(1):829.

Dewald JF, Meijer AM, Oort FJ, Kerkhof GA, Bogels SM. The influence of sleep quality, sleep duration
and sleepiness on school performance in children and adolescents: A meta-analytic review. Sleep Med
Rev. 2010; 14(3):179-189. https://doi.org/10.1016/j.smrv.2009.10.004 PMID: 20093054

Esteban-Cornejo |, Tejero-Gonzalez CM, Sallis JF, Veiga OL. Physical activity and cognition in adoles-
cents: A systematic review. Sport Med Aust. 2014; 18(5):534-539.

Cooper SB, Bandelow S, Nute ML, Morris JG, Nevill ME. Breakfast glycaemic index and cognitive func-
tion in adolescent school children. Br J Nutr. 2012; 107(12):1823-1832. https://doi.org/10.1017/
S0007114511005022 PMID: 22017815

Defeyter MA, Russo R. The effect of breakfast cereal consumption on adolescents’ cognitive perfor-
mance and mood. Front Hum Neurosci. 2013; 7(789):1-10.

Verburgh L, Kénigs M, Scherder EJA, Oosterlaan J. Physical exercise and executive functions in pread-
olescent children, adolescents and young adults: a meta-analysis. Br J Sports Med. 2013; 0:1-8.

van der Niet AG, Smith J, Scherder EJA, Oosterlaan J, Hartman E, Visscher C. Associations between
daily physical activity and executive functioning in primary school-aged children. J Sci Med Sport. 2015;
18(6):673-677. https://doi.org/10.1016/j.jsams.2014.09.006 PMID: 25262450

Kopasz M, Loessl B, Hornyak M, Riemann D, Nissen C, Piosczyk H, et al. Sleep and memory in healthy
children and adolescents—A critical review. Sleep Med Rev. 2010; 14(3):167-177. https://doi.org/10.
1016/j.smrv.2009.10.006 PMID: 20093053

Matricciani L, Olds T, Petkov J. In search of lost sleep : Secular trends in the sleep time of school-aged
children and adolescents. Sleep Med Rev. 2011; 16(3):203-211. https://doi.org/10.1016/j.smrv.2011.
03.005 PMID: 21612957

Golden ZL, Golden CJ. Patterns of performance on the Stroop Color and Word Test in children with
learning, attentional, and psychiatric disabilities. Psychol Sch. 2002; 39(5):489-495.

Wechsler D. Wechsler intelligence scale for children—Fourth Edition (WISC-1V). In: San Antonio, TX:
The Psychological Corporation. 2003.

Reitan RM. Trail making test results for normal and brain-damaged children. Percept Mot Skills. 1971;
33(2):575-581. https://doi.org/10.2466/pms.1971.33.2.575 PMID: 5124116

Chin YS, Nasir M. Eating Behaviors among Female Adolescents in Kuantan District, Pahang, Malaysia.
Pakistan J Nutr. 2009; 8(4):425-432.

Chong KH, Wu SK, Noor Hafizah Y, Bragt MCE, Poh BK. Eating habits of Malaysian children: Findings
of the South East Asian Nutrition Surveys (SEANUTS). Asia-Pacific J Public Heal. 2016; 28(5,
Suppl):59S-73S

Crocker PR, Bailey D a, Faulkner R a, Kowalski KC, McGrath R. Measuring general levels of physical
activity: preliminary evidence for the Physical Activity Questionnaire for Older Children. Med Sci Sports
Exerc. 1997; 29(10):1344-1349. PMID: 9346166

Dan SP, Mohd Nasir M, Zalilah MS. Sex and Ethnic Differentials in Physical Activity Levels of Adoles-
cents in Kuantan. Malays J Nutr. 2007; 13(2):109—120. PMID: 22691749

Buysse DJ, Reynolds CF 3Rd, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh Sleep Quality Index: A
new instrument for psychiatric practice and research. Psychiatry Res. 1989; 28(2):193-213. PMID:
2748771

Chen X, Beydoun MA, Wang Y. is sleep duration associated with childhood obesity? A systematic
review and meta-analysis. Obesity. 2008; 16(2):265—274. https://doi.org/10.1038/0by.2007.63 PMID:
18239632

World Health Organization. WHO Reference 2007: Growth reference data for 5-19 years. Geneva:
World Health Organization. 2007. http://www.who.int/growthref/growthref_who_bull/en/ Accessed 15
May 2017.

Watkins J. Step tests of cardiorespiratory fitness suitable for mass testing. Br J Sports Med. 1984;
18(2):84—89. PMID: 6466935

Keen EN, Sloan AW. Observations on the Harvard Step Test. J Appl Physiol. 1958; 13(2):241-243.
https://doi.org/10.1152/jappl.1958.13.2.241 PMID: 13575336

PLOS ONE | https://doi.org/10.1371/journal.pone.0195934  April 17,2018 15/17


https://doi.org/10.1016/j.maturitas.2011.08.005
https://doi.org/10.1016/j.maturitas.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21920682
https://doi.org/10.1016/j.smrv.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/20093054
https://doi.org/10.1017/S0007114511005022
https://doi.org/10.1017/S0007114511005022
http://www.ncbi.nlm.nih.gov/pubmed/22017815
https://doi.org/10.1016/j.jsams.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25262450
https://doi.org/10.1016/j.smrv.2009.10.006
https://doi.org/10.1016/j.smrv.2009.10.006
http://www.ncbi.nlm.nih.gov/pubmed/20093053
https://doi.org/10.1016/j.smrv.2011.03.005
https://doi.org/10.1016/j.smrv.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21612957
https://doi.org/10.2466/pms.1971.33.2.575
http://www.ncbi.nlm.nih.gov/pubmed/5124116
http://www.ncbi.nlm.nih.gov/pubmed/9346166
http://www.ncbi.nlm.nih.gov/pubmed/22691749
http://www.ncbi.nlm.nih.gov/pubmed/2748771
https://doi.org/10.1038/oby.2007.63
http://www.ncbi.nlm.nih.gov/pubmed/18239632
http://www.who.int/growthref/growthref_who_bull/en/
http://www.ncbi.nlm.nih.gov/pubmed/6466935
https://doi.org/10.1152/jappl.1958.13.2.241
http://www.ncbi.nlm.nih.gov/pubmed/13575336
https://doi.org/10.1371/journal.pone.0195934

@° PLOS | ONE

Obesity, lifestyle behaviors and executive function

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Bajaj A, Appadoo SS, Bector CR, Chandra S. Measuring physical fitness and cardiovascular efficiency
using harvard step test approach under fuzzy environment. Adm Sci Assoc Canada. 2008; 29(2):129—
143.

Delgado-Rico E, Rio-Valle JS, Gonzalez-Jiménez E, Campoy C, Verdejo-Garcia A. BMI predicts emo-
tion-driven impulsivity and cognitive inflexibility in adolescents with excess weight. Obesity. 2012; 20
(8):1604—1610. https://doi.org/10.1038/0by.2012.47 PMID: 22421897

Maayan L, Hoogendoorn C, Sweat V, Convit A. Disinhibited eating in obese adolescents is associated
with orbitofrontal volume reductions and executive dysfunction. Obesity. 2011; 19(7):1382-1387.
https://doi.org/10.1038/0oby.2011.15 PMID: 21350433

Verdejo-Garcia A, Pérez-Expdsito M, Schmidt-Rio-Valle J, Fernandez-Serrano MJ, Cruz F, Pérez-Gar-
cia M, et al. Selective alterations within executive functions in adolescents with excess weight. Obesity.
2010; 18(8):1572—1578. https://doi.org/10.1038/0by.2009.475 PMID: 20057376

Hackman DA, Betancourt LM, Gallop R, Romer D, Brodsky NL, Hurt H, et al. Mapping the trajectory of
socioeconomic disparity in working memory: Parental and neighborhood factors. Child Dev. 2014; 85
(4):1433-1445. https://doi.org/10.1111/cdev.12242 PMID: 24779417

Piccolo LR, Arteche AX, Fonseca RP, Grassi-Oliveira R, Salles JF. Influence of family socioeconomic
status on 1Q, language, memory and executive functions of Brazilian children. Psicol Reflexao e Critica.
2016; 29(23):1-10.

Ursache A, Noble KG. Socioeconomic status, white matter, and executive function in children. Brain
Behav. 2016; 6(10):1-13.

Blair C, Granger DA, Willoughby M, Mills-Koonce R, Cox M, Greenberg MT, et al. Salivary cortisol medi-
ates effects of poverty and parenting on executive functions in early childhood. Child Dev. 2011; 82
(6):1970-1984. https://doi.org/10.1111/j.1467-8624.2011.01643.x PMID: 22026915

Mohd Nasir MT, Norimah AK, Hazizi AS, Nurliyana AR, Loh SH, Suraya I. Child feeding practices, food
habits, anthropometric indicators and cognitive performance among preschoolers in Peninsular Malay-
sia. Appetite. 2012; 58(2):525-30. https://doi.org/10.1016/j.appet.2012.01.007 PMID: 22265752

Conger RD, Donnellan MB. An interactionist perspective on the socioeconomic context of human devel-
opment. Annu Rev Psychol. 2007; 58:175-99. https://doi.org/10.1146/annurev.psych.58.110405.
085551 PMID: 16903807

Hackman DA, Gallop R, Evans GW, Farah MJ. Socioeconomic status and executive function: develop-
mental trajectories and mediation. Dev Sci. 2015; 18(5):686—702. https://doi.org/10.1111/desc.12246
PMID: 25659838

Carneiro P, Meghir C, Parey M. Maternal education, home environments, and the development of chil-
dren and adolescents. J Eur Econ Assoc. 2013; 11(suppl. 1):123-160.

Erola J, Jalonen S, Lehti H. Parental education, class and income over early life course and children’s
achievement. Res Soc Stratif Mobil. 2016; 44(2016):33—43.

Fatima S, Sheikh H, Ardila A. Association of parent—child relationships and executive functioning in
South Asian adolescents. Neuropsychology. 2016; 30(1):65-74. https://doi.org/10.1037/neu0000216
PMID: 26052717

Gunstad J, Spitznagel MB, Paul RH, Cohen RA, Kohn M, Luyster FS, et al. Body mass index and neuro-
psychological function in healthy children and adolescents. Appetite. 2008; 50(2—3):246-51. https://doi.
org/10.1016/j.appet.2007.07.008 PMID: 17761359

Smith E, Hay P, Campbell L, Trollor JN. A review of the association between obesity and cognitive func-
tion across the lifespan: Implications for novel approaches to prevention and treatment. Obes Rev.
2011; 12(9):740-755. https://doi.org/10.1111/j.1467-789X.2011.00920.x PMID: 21991597

Institute for Public Health (IPH). National Health and Morbidity Survey 2014: Malaysian Adult Nutrition
Survey (MANS) Vol. 2: Survey Findings. 2014. 343 p.

Lo JC, Groeger JA, Cheng GH, Dijk D-J, Chee MWL. Self-reported sleep duration and cognitive perfor-
mance in older adults: a systematic review and meta-analysis. Sleep Med. 2016; 17:87-98. https://doi.
org/10.1016/j.sleep.2015.08.021 PMID: 26847980

Ferraro FR, Holfeld B, Frankl S, Frye N, Halvorson N. Texting/iPod dependence, executive function and
sleep quality in college students. Comput Human Behav. 2015; 49:44—49.

Benitez A, Gunstad J. Poor sleep quality diminishes cognitive functioning independent of depression
and anxiety in healthy young adults. Clin Neuropsychol. 2012; 26(2):214—223. https://doi.org/10.1080/
13854046.2012.658439 PMID: 22335237

Olds T, Blunden S, Petkov J, Forchino F. The relationships between sex, age, geography and time in
bed in adolescents: A meta-analysis of data from 23 countries. Sleep Med Rev. 2010; 14(6):371-378.
https://doi.org/10.1016/j.smrv.2009.12.002 PMID: 20207558

PLOS ONE | https://doi.org/10.1371/journal.pone.0195934  April 17,2018 16/17


https://doi.org/10.1038/oby.2012.47
http://www.ncbi.nlm.nih.gov/pubmed/22421897
https://doi.org/10.1038/oby.2011.15
http://www.ncbi.nlm.nih.gov/pubmed/21350433
https://doi.org/10.1038/oby.2009.475
http://www.ncbi.nlm.nih.gov/pubmed/20057376
https://doi.org/10.1111/cdev.12242
http://www.ncbi.nlm.nih.gov/pubmed/24779417
https://doi.org/10.1111/j.1467-8624.2011.01643.x
http://www.ncbi.nlm.nih.gov/pubmed/22026915
https://doi.org/10.1016/j.appet.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22265752
https://doi.org/10.1146/annurev.psych.58.110405.085551
https://doi.org/10.1146/annurev.psych.58.110405.085551
http://www.ncbi.nlm.nih.gov/pubmed/16903807
https://doi.org/10.1111/desc.12246
http://www.ncbi.nlm.nih.gov/pubmed/25659838
https://doi.org/10.1037/neu0000216
http://www.ncbi.nlm.nih.gov/pubmed/26052717
https://doi.org/10.1016/j.appet.2007.07.008
https://doi.org/10.1016/j.appet.2007.07.008
http://www.ncbi.nlm.nih.gov/pubmed/17761359
https://doi.org/10.1111/j.1467-789X.2011.00920.x
http://www.ncbi.nlm.nih.gov/pubmed/21991597
https://doi.org/10.1016/j.sleep.2015.08.021
https://doi.org/10.1016/j.sleep.2015.08.021
http://www.ncbi.nlm.nih.gov/pubmed/26847980
https://doi.org/10.1080/13854046.2012.658439
https://doi.org/10.1080/13854046.2012.658439
http://www.ncbi.nlm.nih.gov/pubmed/22335237
https://doi.org/10.1016/j.smrv.2009.12.002
http://www.ncbi.nlm.nih.gov/pubmed/20207558
https://doi.org/10.1371/journal.pone.0195934

@° PLOS | ONE

Obesity, lifestyle behaviors and executive function

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

McLaughlin Crabtree V, Beal Korhonen J, Montgomery-Downs HE, Faye Jones V, O’Brien LM, Gozal
D. Cultural influences on the bedtime behaviors of young children. Sleep Med. 2005; 6(4):319-324.
https://doi.org/10.1016/j.sleep.2005.02.001 PMID: 15978515

Telzer EH, Fuligni AJ, Liebermann MD, Galvan A. The effect of poor quality sleep on brain fucntion and
risk taking in adolescence. Neuroimage. 2013; 71:275-283. https://doi.org/10.1016/j.neuroimage.2013.
01.025 PMID: 23376698

Stillman CM, Watt JC, Grove GA Jr, Wollam ME, Uyar F, Mataro M, et al. Physical activity is associated
with reduced implicit learning but enhanced relational memory and executive functioning in young
adults. PLoS One. 2016; 11(9):e0162100. https://doi.org/10.1371/journal.pone.0162100 PMID:
27584059

Padilla C, Pérez L, Andrés P. Chronic exercise keeps working memory and inhibitory capacities fit.
Front Behav Neurosci. 2014; 8(49):1-10.

Nyberg L, Brocki K, Tillman C, Bohlin G. The proposed interaction between working memory and inhibi-
tion. Eur J Cogn Psychol. 2009; 21(1):84—111.

Buck SM, Hillman CH, Castelli DM. The relation of aerobic fitness to stroop task performance in preado-
lescent children. Med Sci Sports Exerc. 2008; 40(1):166—172. hitps://doi.org/10.1249/mss.
0b013e318159b035 PMID: 18091008

Chaddock L, Hillman CH, Pontifex MB, Johnson CR, Raine LB, Kramer AF. Childhood aerobic fitness
predicts cognitive performance one year later. J Sports Sci. 2012; 30(5):421-430. https://doi.org/10.
1080/02640414.2011.647706 PMID: 22260155

Scudder MR, Lambourne K, Drollette ES, Herrmann SD, Washburn RA, Donnelly JE, et al. Aerobic
capacity and cognitive control in elementary school-age children. Med Sci Sports Exerc. 2014; 46
(5):1025-1035. https://doi.org/10.1249/MSS.0000000000000199 PMID: 24743109

Dencker M, Andersen LB. Accelerometer-measured daily physical activity related to aerobic fitness in
children and adolescents. J Sports Sci. 2011; 29(9):887-895. https://doi.org/10.1080/02640414.2011.
578148 PMID: 21604226

Salimpoor VN, Desrocher M. Increasing the utility of EF assessment of executive function in children.
Dev Disabil Bull. 2006; 34(1-2):15—42.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195934  April 17,2018 17/17


https://doi.org/10.1016/j.sleep.2005.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15978515
https://doi.org/10.1016/j.neuroimage.2013.01.025
https://doi.org/10.1016/j.neuroimage.2013.01.025
http://www.ncbi.nlm.nih.gov/pubmed/23376698
https://doi.org/10.1371/journal.pone.0162100
http://www.ncbi.nlm.nih.gov/pubmed/27584059
https://doi.org/10.1249/mss.0b013e318159b035
https://doi.org/10.1249/mss.0b013e318159b035
http://www.ncbi.nlm.nih.gov/pubmed/18091008
https://doi.org/10.1080/02640414.2011.647706
https://doi.org/10.1080/02640414.2011.647706
http://www.ncbi.nlm.nih.gov/pubmed/22260155
https://doi.org/10.1249/MSS.0000000000000199
http://www.ncbi.nlm.nih.gov/pubmed/24743109
https://doi.org/10.1080/02640414.2011.578148
https://doi.org/10.1080/02640414.2011.578148
http://www.ncbi.nlm.nih.gov/pubmed/21604226
https://doi.org/10.1371/journal.pone.0195934

