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Background: Associations between body composition and execution function

(EF) were currently studied in low altitude (LA) areas. However, the research on

the correlation between waist circumference (WC) and EF among adolescents

living at high altitude (HA) was limited.

Objective: We sought to explore the association between WC and EF in Chinese

Tibetan adolescents aged 13–18 years in HA areas.

Methods: After excluding invalid data and extreme values, 1,228 participants

(583 boys and 645 girls) were eventually included. The areas of Lhasa (average

elevation of 3650 m), Nagqu (4500 m), Qamdo (3500 m), and Nyingchi (3100 m)

in China were chosen as study sites. Participants completed tasks to measure

inhibitory control, working memory, and cognitive flexibility. The predictive

association between WC and EF was explored by One-way ANOVA, Pearson

correlation, and linear regression analysis.

Results: After controlling for concomitant variables, the reaction time (RT) of

responding to inhibitory control (difference incongruent and congruent), working

memory (1-back, 2-back), and cognitive flexibility (heterogeneous, difference in

heterogeneous and homogeneous) stimuli in subjects with WC ≥ 85th percentile

was longer than that in those with WC of the 15th percentile or below [by 1.785 ms

(95% CI: 0.078, 3.491), 208.734 ms (95% CI: 96.886, 320.582), 106.679 ms (95%

CI: 16.485, 196.873), 82.307 ms (95% CI: 19.171, 145.442), and 58.397 ms (95% CI:

0.343,116.452), respectively], (P < 0.05).

Conclusion: After adjustment for concomitant variables, WC was significantly

positively associated with the RT of inhibitory control, working memory, and

cognitive flexibility among Chinese Tibetan adolescents in HA areas.
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1. Introduction

Executive function (EF) is an umbrella term for the related but
distinct processes involved in the effortful control of goal-directed
behavior (1), including three main factors, namely inhibitory
control, working memory, and cognitive flexibility (2). Its purpose
is to regulate and control the cognitive process (3). EF is known
to be particularly sensitive to oxygen; studies have shown that
the EF of people who live in high altitude (HA) areas with low
temperatures and hypoxia may be impaired (4–6). Recently, the
health question of humans in HA areas has become a topic under
increasing discussion, and the impact of HA exposure on cognition
has attracted the attention of scholars. Long-term exposure to HA
areas may lead to cognitive deficits, such as in inhibitory control,
working memory, and cognitive flexibility (7–9). Zhu et al. showed
that the cognitive level of students in HA areas was relatively
lower than that of students in low altitude (LA) areas, postulated
to be mainly driven by chronic hypoxia in HA areas (10). Long-
term exposure to HA areas has been shown to negatively affect
individuals’ spatial working memory and significantly reduce their
inhibitory control (11, 12).

As one of the factors influencing EF and underlying brain
developmental processes in adolescents, body composition may
be statistically correlated with EF (13–15). Soaring obesity rates
and declining physical health have become among the most
serious public health concerns worldwide (16, 17), notably in
places as diverse as the United States (18, 19), Serbia (20), and
China (21). Meanwhile, recent evidence suggests that obesity
may have adverse health effects. Obesity has also been associated
with cognitive performance across the life cycle, particularly with
negative associations with EF (22, 23). As an effective indicator
of abdominal obesity mass, waist circumference (WC) is used to
define abdominal obesity (24), reflecting the accumulation of fat
in the abdomen and valid predictor of future cardio-metabolic
and chronic diseases (25). Even after controlling for body mass
index (BMI), high WC appeared to be particularly detrimental
to metabolic regulation, affecting type 2 diabetes risk (26). Most
studies have focused on the relationship between BMI and EF (27,
28), but, there have been few studies on the correlations between
WC and EF in HA areas.

At present, the correlation between WC and EF was not very
uniform. Some studies have confirmed that high WC was negatively
associated with EF (29, 30). In structural equation modeling in
adolescents, WC through a higher metabolic risk factor cluster
score (MetS-cluster score) and through lower high-density lipid
cholesterol (HDLc) displayed a statistically significant negative
relationship with reaction time (RT) of incongruent stimuli (29).
Research has also found that the combined adverse effects of high
WC on academic performance were observed in both boys and
girls for grade point average (GPA) indicator (30). However, some
other studies found that high WC was positively correlated EF
(31). The results were inconsistent with other research regarding
the relationship between WC and EF, which found that higher
WC predicted higher cognitive ability among Indian children
aged 9–10 years (31). The relationship between WC and EF
remains unclear.

Most previous studies have focused on the relationship between
BMI and EF. However, the research on the relationship between

WC and EF remains limited. In addition, previous studies have
mainly focused on adolescents in LA areas (32), while there have
been few studies on the relationship between WC and EF among
adolescents in HA areas. As one of the highest-altitude populations
in the world, making it more likely to observe differences among
Chinese Tibetan adolescents in HA areas. Hence, this paper sought
to clarify the independent and joint correlations among WC and EF
of Tibetan adolescents living in HA areas.

2. Materials and methods

2.1. Data sources and participants
recruitment

A stratified random cluster sampling method was adopted to
identify test sites determined by surveys on the physical health of
Tibetan students. Lhasa, Nagqu, Qamdo, and Nyingchi were chosen
as test sites for this study (with average altitudes of 3650, 4500,
3500, and 3100 m, respectively). After performing the EF test, the
valid data were the ones whose accuracy rate of each task reached
over 80%. The specific inclusion criteria of the participants were
people aged 13–18 years without color blindness or serious physical
or mental illness. After excluding invalid data and extreme values,
based on a gender ratio of approximately 1:1, data from 1,228
subjects (583 for boys and 645 for girls) were collected for this
analysis in the Tibet Autonomous Region in China from August
2019 to December 2020 (Figure 1).

2.2. Waist circumference

Waist circumference was measured according to the specific
requirements of the physical health survey of students in China
(33). In the test, the participants were asked to stand upright and
breathe gently. The investigators faced the participants and put the
nylon tape 1 centimeter (cm) above the navel on the horizontal
plane of the waist. The line of sight was on the same level as the
nylon tape, and the reading was in cm (accuracy: two decimal
place). The test error could not exceed 0.01 cm.

2.3. Body mass index

Body mass was measured to the nearest 0.1 kg on an electronic
scale (Tanita BWB-800S, Tanita Corporation, Tokyo, Japan).
Stature was measured to the nearest 0.5 cm using a portable
stadiometer (SECA 214, Seca Corporation, Hamburg, Germany).
BMI was calculated according to the results of the recorded
height and weight test using the standard formula. BMI = weight
(kg)/height (m2) (33).

2.4. Executive function and related
assessments

The EF task-cueing paradigm was that developed by Aiguo et al.
(34), including inhibitory control test developed by Flanker (35),
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working memory test (36), and cognitive flexibility test (37). The
RT for a correct test was recorded as the final result, and a shorter
RT reflected a better performance. The RTs of the congruent and
incongruent exercise were used to show inhibitory control. The
1-back and 2-back tests were used to indicate working memory.
The difference in RTs between heterogeneous and homogeneous
blocks was used to estimate cognitive flexibility. The EF tests were
conducted on a computer using a program created by the E-prime
1.1 software system (Psychology Software Tools Inc., Pittsburgh,
PA, USA).

2.4.1. Inhibitory control
The Flanker task involved two types of tests, congruent and

incongruent. Participants gaze at the center of the computer screen
for 500 ms, and then a series of five capital letters appear on
the screen for 1000 ms. One of two different situations appear

randomly: one situation is congruent (LLLLL or FFFFF) and the
other incongruent (LLFLL or FFLFF). The center of the screen
alternates with a + sign, and each stimulus appears at an interval
of 2 s. Participants press either the “F” or “L” key with their left or
right index finger. The test was divided into pre-test practice, stage
1, and stage 2. The pre-test practice was 12 rounds of the judgment
response task, and stage 1 and stage 2 included 48 rounds each. The
inhibitory control was calculated as the difference in response time
between incongruent and congruent stimuli.

2.4.2. Working memory
The 1-back task displayed five uppercase letters (A, S, P, G,

T) in the center of the screen. The participants attempted to
accurately remember the letters that appeared by pressing the “F”
key if the letter appeared consistent with the previous letter, or
the “J” key if it was inconsistent. The formal test was divided

FIGURE 1

Flowchart of the study design.

FIGURE 2

Directed acyclic graph of the associations between waist circumference and executive function.
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into two stages of 25 repetitions each. The stimulus interval for
each capital letter was 3 s, and the time for the letter to appear
on the screen was 2000 ms. In this study, the test age of 1-back
was 10–18 years.

The task if the 2-back exercise was to indicate whether the letter
in the center of the screen was consistent with the one letter in front,
pressing the “F” key quickly if it was, or pressing the “J” key if not.
Other test requirements and methods were the same as with the 1-
back test.

2.4.3. Cognitive flexibility
This experimental test was divided into three parts. Part 1: At

the beginning of the task, a black Arabic number (1–4 and 6–
9, in random order) continuously appeared in the center of the

computer screen. Participants judged the size of a “5” by pressing
the D key if the digit was smaller than the 5 and pressing the F
key if the digit was larger than the 5. The final result for each
participant was their average RT across all trials. Part 2: A green
number (1–4 and 6–9, in random order) appeared in the center
of the screen at the beginning of the task. Participants pressed the
J key if the digit was odd and pressed the K key if it was even.
The final result for each participant was his average RT across all
tasks. The heterogeneous conditions comprised Parts 1 and 2. Part
3 was then conducted: This test randomly interspersed the tasks
used in Part 1 and Part 2. That is, if the number was black, the
participant judged the size of the 5 (by pressing the D key if it
was smaller and the F key if it was larger, in both cases using the
left hand). If the number was green, participants judged whether

TABLE 1 Characteristics and assessments of adolescent subjects.

Variable Total sample Standard error IQR Kurtosis Skewness Coefficient variable

N 1228

Boys (%) 583 (47.48)

Girls (%) 645 (52.52)

Age 15.77 ± 1.68 0.048 3.00 −1.166 −0.215 10.64%

Waist circumference (cm) 68.21 ± 7.13 0.201 7.40 3.629 1.231 10.32%

WC < percentile 15 (%) 205 (16.69)

WC ≥ percentile 15
and < percentile 85 (%)

870 (70.85)

WC ≥ percentile 85 (%) 153 (12.46)

BMI (kg/m2) 20.38 ± 2.68 0.076 3.15 1.835 0.919 13.15%

Underweight (%) 63 (5.13)

Normal weight (%) 1020 (83.06)

Overweight (%) 115 (9.36)

Obesity (%) 30 (2.45)

VO2max (mL/kg/min) 38.37 ± 7.82 0.232 12.01 −0.599 0.011 20.37%

Moderate-to-vigorous physical
activity per week (h)

4.42 ± 0.85

Breakfast times per week (times) 2.89 ± 0.40

Sugar-sweetened beverage times
per week (times)

1.41 ± 0.59

Inhibitory control (ms)

Congruent (ms) 774.94 ± 84.43 2.409 107.07 0.063 0.576 10.90%

Incongruent (ms) 794.51 ± 83.76 2.390 104.28 0.078 0.595 10.54%

Difference in incongruent and
congruent (ms)

19.55 ± 6.52 0.186 11.03 −1.268 0.116 33.36%

Working memory (ms)

1-back (ms) 965.67 ± 429.13 12.246 490.59 246.192 10.803 44.44%

2-back (ms) 1078.05 ± 377.96 10.786 621.04 −0.94 −0.092 35.06%

Cognitive flexibility (ms)

Homogeneous (ms) 744.15 ± 123.04 3.511 198.67 −0.798 0.244 16.54%

Heterogeneous (ms) 1125.69 ± 266.37 7.601 307.08 −0.307 0.707 23.66%

Difference in heterogeneous and
homogeneous (ms)

381.55 ± 231.02 6.592 272.66 0.099 0.437 60.55%

WC, waist circumference; BMI, body mass index; VO2max , maximum oxygen uptake.
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it was an odd or even number (by pressing the J key if it was odd
and the K key if it was even, in both cases using the right hand).
A participant’s final result was their average RT across all trials (i.e.,
homogeneous RT). The whole test consisted of six stages, which
were conducted in the order of A, B, C, C, B, A. A was Part 1
(i.e., the size judgment), and was performed 16 times in total. B
was the parity judgment, Part 2, and was performed 16 times in
total. C was the size/parity judgment, Part 3, which was performed
32 times in total. A practice round was not included in the test
score; it was performed eight times before Part 1 and Part 2, and
16 times before Part 3.

2.5. Statistical analyses

Waist circumference was categorized according to percentile
by the Lambda Mu Sigma (LMS): very low (WC < 15th
percentile), normal (15th percentile ≤ WC < 85th percentile), high

(WC ≥ 85th percentile) (38). Many studies have demonstrated
that EF could be affected by obesity rate (22, 23), dietary intake
(39), physical activity (40), and maximum oxygen uptake (VO2max)
(41). Therefore, sociodemographic and dietary intake information,
BMI, WC, moderate-to-vigorous physical activity (MVPA), and
VO2max were used as covariates in this study. Based on previous
studies and data in this study on the relationship between WC
and EF in adolescents, directed acyclic graph (DAG) was used to
identify possible covariates on exposure, and outcomes (Figure 2)
(42). Three models were developed for this study: Model 1 was
conducted after adjusting for demographic indicators (gender,
age, BMI, and site location) by questionnaires. Based on Model
1, Model 2 controlled for MVPA, VO2max. Physical activity
status was obtained by the following two questions: “In the past
7 days, how many times did you have MVPA on school days
and weekends, respectively?” If students answered more than 0
times, they were further asked about the duration each time,
“On average, how long does each activity last?” The VO2max was

TABLE 2 Status of executive function by WC percentile groups.

RT (ms) Waist circumference N Mean SD Partial η2 Cohen’sf F P

Inhibitory control

Congruent WC < percentile 15 153 763.85 78.34 0.006 0.075 3.402 0.034a

WC ł percentile 15 and < percentile 85 870 774.1 82.05

WC ł percentile 85 205 786.81 96.92

Incongruent WC < percentile 15 153 782.42 78.35 0.007 0.083 4.199 0.015a

WC ł percentile 15 and < percentile 85 870 793.53 81.27

WC ł percentile 85 205 807.65 95.88

Difference in incongruent and
congruent

WC < percentile 15 153 18.57 6.11 0.009 0.095 5.479 0.004b

WC ł percentile 15 and < percentile 85 870 19.44 6.55

WC ł percentile 85 205 20.77 6.54

Working memory

1-back WC < percentile 15 153 845.12 266.8 0.018 0.135 11.165 0.000b

WC ł percentile 15 and < percentile 85 870 964.67 470.09

WC ł percentile 85 205 1059.91 305.65

2-back WC < percentile 15 153 972.55 368.13 0.014 0.119 8.63 0.000b

WC ł percentile 15 and < percentile 85 870 1082.7 376.3

WC ł percentile 85 205 1137.05 378.32

Cognitive flexibility

Homogeneous WC < percentile 15 153 727.69 120.54 0.006 0.076 3.51 0.030b

WC ł percentile 15 and < percentile 85 870 742.9 123.79

WC ł percentile 85 205 761.69 120.14

Heterogeneous WC < percentile 15 153 1079.95 239.39 0.019 0.141 12.171 0.000b

WC ł percentile 15 and < percentile 85 870 1115.13 266.12

WC ł percentile 85 205 1204.68 272.15

Difference in heterogeneous
and homogeneous

WC < percentile 15 153 352.26 220.33 0.015 0.123 9.315 0.000b

WC ł percentile 15 and < percentile 85 870 372.22 233.67

WC ł percentile 85 205 442.99 217.76

RT, reaction time.
aP < 0.05.
bP < 0.01.
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estimated by 20 m SRT and the details measurement of 20 m
SRT was provided in our previous study (38). Based upon Model
2, Model 3 included breakfast, sugar-sweetened beverage intake
as additional variables. The associations between WC and EF
were evaluated using one-way ANOVA, Pearson correlation, and
linear regression analysis. Data were analyzed using IBM SPSS 25.0
software (IBM Corp., Armonk, NY, USA); the test significance level
was α = 0.05. Results were considered statistically significant if
P < 0.05.

3. Results

3.1. Descriptive characteristics for
various variables

Among the 1,228 Tibetan adolescents studied, there were
583 boys (47.48%) and 645 girls (52.52%), with an average
age of 15.77 ± 1.678 years. The average WC of children and
adolescents aged 13–18 years was 68.21 ± 7.13 cm. Grouped
by WC, the proportions of subjects in the <15th percentile
WC group, the ≥ 15th and <85th percentile WC group, and
the ≥ 85th percentile WC group were 16.69, 70.85, and 12.46,
respectively. The average values of congruent, incongruent, 1-
back, 2-back, heterogeneous, and homogeneous were 774.94,
794.51, 965.67, 1078.05, 744.15, and 1125.69 ms, respectively
(Table 1).

3.2. Performance of different WC
percentile groups in EF-measuring tasks

All measures of EF index [including inhibitory control RT,
working memory RT (1-back, 2-back), and cognitive flexibility
RT] differed significantly by WC percentile groups (F = 5.479,
11.165, 8.63, and 9.315, respectively, P < 0.05). The RTs
of EF (inhibitory control, working memory, and cognitive
flexibility) increased with WC percentile in different groups
(Table 2).

3.3. Bivariate correlations between study
variables

Table 3 showed the analysis of the double variable
pearson correlations of the various variables of the subjects.
There were no mean differences by gender in performance
of executive function variables (P > 0.05). In general, the
higher the WC, the longer the congruent RT, incongruent RT,
difference in incongruent and congruent RT, 1-back RT, 2-
back RT, homogeneous RT, heterogeneous RT, and difference
in heterogeneous and homogeneous RT (r = 0.095, 0.102,
0.085, 0.092, 0.122, 0.076, 0.148, and 0.130, respectively,
P < 0.05). In other words, there was a positive correlation
between WC and inhibitory control, working memory,
and cognitive flexibility RT, with shorter RT indicating
better EF.
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3.4. The multiple linear regression of
executive function with different WC
percentile groups

The correlation between WC and executive function is
presented in Table 4. After controlling for concomitant variables,
the RTs of inhibitory control (difference incongruent and
congruent), working memory (1-back, 2-back), and cognitive
flexibility (heterogeneous, difference in heterogeneous and
homogeneous) stimuli in subjects with WC ≥ 85th percentile
was longer than that in those with WC of the 15th percentile or
below [by 1.785 ms (95% CI: 0.078, 3.491), 208.734 ms (95% CI:
96.886, 320.582), 106.679 ms (95% CI: 16.485, 196.873), 82.307 ms
(95% CI: 19.171, 145.442), and 58.397 ms (95% CI: 0.343,116.452),
respectively], (P < 0.05). In the RTs of inhibitory control evalution,
the subjects in the WC ≥ 85th percentile rate significantly different

in the inhibitory control compared to those in the WC ≥ 15th
percentile and <85th percentile (P < 0.05).

4. Discussion

This study showed that WC was negatively associated with
the inhibitory control, working memory, and cognitive flexibility
among Chinese Tibetan adolescents in HA aeras. The RT
of inhibitory control (difference incongruent and congruent),
working memory (1-back, 2-back), and cognitive flexibility
(heterogeneous, difference in heterogeneous and homogeneous)
stimuli in subjects with WC ≥ 85th percentile was longer than
that in those with WC of the 15th percentile or below, respectively.
There were no mean differences by sex in performance EF variables,
consistent with findings in prior research (43, 44).

TABLE 4 The multiple linear regression of executive function by WC percentile groups (n = 1228).

RT (ms) WC Model 1 Model 2 Model 3

Inhibitory control

Congruent WC < percentile 15 0 (Reference) 0 (Reference) 0 (Reference)

WC ł percentile 15 and < percentile 85 14.098 (-0.433 28.629) 12.58 (-0.645 25.806) 13.088 (-0.156 26.331)

WC ł percentile 85 31.854 (11.609 52.098)b 9.354 (-9.642 28.350) 9.467 (-9.525 28.460)

Incongruent WC < percentile 15 0 (Reference) 0 (Reference) 0 (Reference)

WC ł percentile 15 and < percentile 85 14.755 (0.401 29.110)a 13.434 (0.408 26.460)a 13.99 (0.949 27.030)a

WC ł percentile 85 33.678 (13.679 53.678)b 11.14 (-7.570 29.849) 11.276 (-7.426 29.977)

Difference incongruent
and congruent

WC < percentile 15 0 (Reference) 0 (Reference) 0 (Reference)

WC ł percentile 15 and < percentile 85 0.654 (-0.496 1.804) 0.855 (-0.333 2.042) 0.904 (-0.286 2.094)

WC ł percentile 85 1.745 (0.143 3.348)a 1.762 (0.056 3.467)a 1.785 (0.078 3.491)a

Working memory

1-back WC < percentile 15 0 (Reference) 0 (Reference) 0 (Reference)

WC ł percentile 15 and < percentile 85 128.362 (52.815 203.908)b 123.963 (46.143 201.784)b 123.938 (45.947 201.929)b

WC ł percentile 85 247.089 (141.834 352.343)b 209.68 (97.906 321.454)b 208.734 (96.886 320.582)b

2-back WC < percentile 15 0 (Reference) 0 (Reference) 0 (Reference)

WC ł percentile 15 and < percentile 85 105.681 (40.250 171.113)b 100.836 (38.022 163.650)b 100.895 (38.003 163.786)b

WC ł percentile 85 151.559 (60.398 242.720)b 107.829 (17.608 198.049)a 106.679 (16.485 196.873)a

Cognitive flexibility

Homogeneous WC < percentile 15 0 (Reference) 0 (Reference) 0 (Reference)

WC ł percentile 15 and < percentile 85 16.525 (-5.191 38.242) 16.517 (-4.676 37.709) 18.155 (-3.034 39.344)

WC ł percentile 85 36.954 (6.698 67.210)a 23.146 (-7.293 53.585) 23.909 (-6.478 54.297)

Heterogeneous WC < percentile 15 0 (Reference) 0 (Reference) 0 (Reference)

WC ł percentile 15 and < percentile 85 39.242 (-7.810 86.295) 32.48 (-11.461 76.420) 34.468 (-9.556 78.493)

WC ł percentile 85 135.369 (69.813 200.925)b 81.264 (18.152 144.377)a 82.307 (19.171 145.442)a

Difference in
heterogeneous and
homogeneous

WC < percentile 15 0 (Reference) 0 (Reference) 0 (Reference)

WC ł percentile 15 and < percentile 85 22.717 (-18.362 63.796) 15.963 (-24.405 56.332) 16.313 (-24.168 56.794)

WC ł percentile 85 98.415 (41.182 155.648)b 58.119 (0.137 116.100)a 58.397 (0.343 116.452)a

RT, reaction time; WC, waist circumference; Model 1, adjusting for gender, age, BMI, and site location; Model 2, adjusting for moderate-to-vigorous physical activity per week, maximum
oxygen uptake; Model 3, adjusting for breakfast times per week, sugar-sweetened beverage times per week.
aP < 0.05.
bP < 0.01.
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In terms of inhibitory control, after controlling for concomitant
variables, WC was negatively correlated with inhibitory control
among Tibetan adolescents in HA areas in China. The associations
between WC and inhibitory control in the study were generally
consistent with those of previous studies. A study found that
WC was negatively correlated with inhibitory control (P = 0.008)
in Danish adolescents (23). At the same time, in the structural
equation model, WC was indirectly positively correlated with
incongruent RT through higher metabolic risk factor cluster (MetS-
cluster) score and lower HDLc. The only statistically significant
direct relationship between WC and inhibitory control was for the
incongruent RT in the model including HDLc as a mediator (29).
Longitudinal associations between inhibitory control and body
composition throughout childhood found that better inhibitory
control predicted lower subsequent obesity at each measured time
point (45). Recent prospective studies (46) reported evidence
suggesting that low inhibitory control in adolescents increases the
risk of gaining more weight and WC. Interestingly, this paper found
that high WC values the factors that predisposes the development
of low inhibitory control.

In this study, after adjustment in concomitant variables,
the RT of working memory (1-back, 2-back) in the highest
percentiles of WC was slower than among those in the lowest
percentiles of WC. WC was negatively correlated with working
memory of children and adolescents. There have been numerous
studies on the associations between WC and working memory
that were consistent with the results of this study. Khan
et al. explored the associations between abdominal adipose and
hippocampal memory forms among pre-pubertal children (7–
9-year-olds, n = 126) and found that total abdominal adipose
tissue had a significant negative association with hippocampal-
dependent relational memory behavioral accuracy (47). Hassevoort
et al. found that central adiposity was negatively correlated with
hippocampal-dependent relational memory among 7–10-year-old
children (n = 40) who completed a task designed to assess
relevant memory performance (P < 0.05) (48). After adjusting for
multiple factors, we observed lower visuospatial function, executive
performance, and language scores in the abdominal obesity group
(WC ≥ 90 cm for men and ≥85 cm for women) compared with
those in the non-abdominal obesity group, which was supported
by the negative correlation between WC and visuospatial function
(49). Some studies have linked obesity to an increased risk of
memory problems in children (50). Gonzales found that larger WC
was associated with decreased associated with diminished working-
memory-related blood oxygen level-dependent (BOLD) response
in the right superior frontal gyrus (β = −0.008, P = 0.001, 95% CI:
−0.012 to −0.004) (51).

However, the results were not in accord with a previous
southern Indian study of the relationship between WC and
working memory performance (31). This cross-sectional study
of 540 children reported that after adjusting for age, sex, and
socioeconomic factors, higher WC predicted greater cognitive
ability (i.e., long-term retrieval/storage, memory, reasoning, verbal
abilities, attention, and concentration) in South India (31). The
reasons for the discrepancy between this study and previous results
may be that the subjects lived in Tibetan HA areas and were
therefore exposed to chronic hypoxia (4–6). A study found that
acute short-term exposure to HA areas could cause significant WM
deficits in healthy children; this effect was particularly significant

and more severe in children who lived at HA for a long time (7).
The response accuracy of the HA group was significantly reduced
in the linguistic and spatial working memory tasks compared with
that of the LA group (4). Furthermore, obese children did not
demonstrate significant retrieval-induced forgetting (RIF), whereas
RIF was present in children (8–12-year-olds) without obesity and
in adolescents (13–18-year-olds) with and without obesity (44).
One longitudinal study showed that better working memory in
grade three predicted lower subsequent body composition in grade
four (45).

After adjustment for concomitant variables, WC was negatively
associated with cognitive flexibility (heterogeneous, difference
in heterogeneous and homogeneous) among subjects living at
HA in this study. To support this theory, cognitive flexibility
was impaired in obese adolescents (52, 53). Cross-sectional and
longitudinal studies involving performance-based cognitive tasks
have shown that overweight children and adolescents exhibit
poorer cognitive flexibility than do their healthy-weight peers.
These findings demonstrated that selective alterations in specific
components of cognitive flexibility of overweight adolescents (52,
53). The relationship between WC and cognitive flexibility remains
to be confirmed by longitudinal studies. Currently, there is a
lack of relevant longitudinal studies on this topic, but Tomaso
et al. conducted a longitudinal study on the relationship between
cognitive flexibility and body composition (45). A longitudinal
study showed that better SF in third grade predicted lower
subsequent BMI in fourth grade, but, BMI did not predict
subsequent cognitive flexibility performance at any point in
time (45).

The results in this study were basically consistent with those of
previous studies that also reported a negative correlation between
high WC and EF of adolescents. A relatively consistent finding
was that obesity was associated with poor EF across the life cycle,
particularly in children and adolescents (54). One investigation
found that obese (high visceral adipose tissue, H-VAT) children
performed significantly lower on cognitive function tests than
did normal-weight children (13). Another found that obesity (in
terms of waist-hip ratio) in children and adolescents was negatively
correlated with all areas of cognitive control (27). However,
these results were reversed in the southern Indian study of the
relationship between WC and cognitive performance noted above
(31). Other studies have differed as well. One study found that
Raven colored progressive matrices (CPM) scores were poorer
among students with either the lowest or highest body fat percentile
(BF%) than among other BF% groups (P < 0.05) (55).

Therefore, there is no consensus about the correlation between
WC and EF. Improvement in EF levels has been associated
with weight loss among overweight and obese adolescents (56),
suggesting that EF could be improved and have a positive impact
on weight loss (57). EF may have a protective effect on weight
problems, especially in young adolescents when these abilities
have had more time to develop and children begin to gain
more independence (45). The findings suggested that the adverse
association between obesity and EF may be attributed to visceral
fat (VF), rather than fat stored elsewhere in the body (28). Both
obesity and cognitive function could have strong associations with
environmental influencing factors (socioeconomic status), though
those associations can vary considerably in different directions
depending on the setting (58). The results of multiple studies
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highlight the necessity of developing comprehensive adolescent
health plans that promote both healthy body composition and brain
function in the future.

4.1. Strengths and limitations

Many previous studies have compared WC and executive
function in adolescents; nevertheless, their datasets have generally
been small and unrepresentative. The strengths of this study
include its large sample size (N = 1228) for WC and use of
multiple-aspect executive function tasks among adolescents living
at HA in China. Most previous studies have focused on the
associations between BMI and EF, and without regard to elevation;
few systematic studies have examined the relationship between WC
and EF in HA areas.

This study has some limitations to note. First, this study did not
include participants at LA, and we did not compare the differences
between the LA and HA. Second, this was a cross-sectional
investigation, and therefore could not discern a causal relationship
between WC and EF. Third, the investigation of influencing factors
in this study was largely based on the participants’ recall ability and
attitude, which inevitably led to certain deviations in the survey
results. In the future, objective instruments could be used for
accurate testing of physical activity parameters.

5. Conclusion

In general, after adjustment for concomitant variables, WC
was significantly positively associated with the RT of inhibitory
control, working memory, and cognitive flexibility tasks measuring
executive function among Chinese Tibetan adolescents in HA areas.
The reasons for these results should be further investigated by
longitudinal studies. Furthermore, effective measures should be
taken to reduce obesity and improve EF among adolescents in
the HA areas of Chinese Tibet. Further investigation is needed to
provide an evidence base for efforts to improve the physical health
and EF of adolescents in these areas.
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