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Objective: This study aimed to investigate the contribution of high body mass index
(BMI) to growth velocity among school-aged children who remained in the same BMI
categories for a 6-year period.

Methods: This retrospective cohort study included children who enrolled in the school
year 2009 and remained in the same BMI categories during their 1st, 4th, and 7th grades
(6-7, 9-10, 12-13 years of age). Annual linear growth velocity and weight gain were
calculated and compared between sexes, BMI groups, and different times. Risk analysis
and repeated measures analysis of variance were performed to identify the impact of BMI
on growth velocity.

Results: Of the 1,637 subjects, 53.0% were male, and 2.5% and 10.9% belonged to
BMI groups of overweight and obese, respectively. In students between 6 and 13 years of
age, obesity was associated with higher annual weight gain and height gain. Risk analysis
showed that obese subjects had higher linear growth velocity than normal BMI groups
of both sexes between 6 and 9 years of age. Unexpectedly, overweight and obese girls
between 9 and 13 years of age had less linear growth velocity than underweight girls
at the same interval. Repeated measures analysis of variance in both sexes showed a
significant statistical association between BMI and different times of growth. However,
the effect was less in girls between 9 and 13 years of age.

Conclusion: Puberty may dominate over BMI as the main contributor to high growth
velocity in girls with underweight BMI emerging into pubertal age.

Keywords: obesity, puberty, growth velocity, body mass index, anthropometry

Frontiers in Pediatrics | www.frontiersin.org

1 February 2021 | Volume 9 | Article 599730


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://doi.org/10.3389/fped.2021.599730
http://crossmark.crossref.org/dialog/?doi=10.3389/fped.2021.599730&domain=pdf&date_stamp=2021-02-12
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:tonyijane@hotmail.com
https://doi.org/10.3389/fped.2021.599730
https://www.frontiersin.org/articles/10.3389/fped.2021.599730/full

Hsiao et al.

Puberty Dominates BMI in Growth

INTRODUCTION

Childhood obesity continues to be a significant public health
concern globally in recent decades. In the United States, a report
warned that the levels of severe obesity in all children aged 2-
19 years and populations have increased in the past 18 years
(1). Many studies have reported that the prevalence of severe
obesity has increased quickly (2-4). In Taiwan, an increasing
trend in overweight and obesity was observed among Taiwanese
children and adolescents over a 2-year period (5). The Nutrition
and Health Survey in Taiwan 2013-2016 report showed that
the prevalence of childhood overweight and obesity among
children aged 7-12 years was 28.4%. In Hualien County, the
prevalence of overweight or obese was 25% among children aged
7-12 years after analyzing the dataset of the school year 2010
(6). In Taiwan, routine health examinations for students are a
suitable way to identify health problems, such as obesity, early
and refer them for further evaluation (6). Childhood obesity
has increased the risk of adulthood obesity and its related
complications, including cardiovascular and metabolic diseases,
which will reduce quality of life (2). Associations of growth
velocity and pubertal timing are possible predictors of health
problems, including a higher risk of early cardiovascular and
metabolic morbidity and mortality (5-7).

The worldwide pandemic of childhood obesity has increased
interest in the relationship between obesity and growth patterns
during childhood and adolescence. Growth velocity and puberty
are associated with complex mechanisms that involve the
neuroendocrine system, and obesity has a significant impact on
the neuroendocrine system (7). Rapid weight gain in infants has
been associated with a higher rate of childhood obesity, which
has been associated with a higher risk of obesity in adulthood
(8,9). The number of adipocytes present in the body in adulthood
is related to obesity and correlates with the rate of increase in
adipocyte counts in childhood and adolescence (10). Increased
risk of obesity-related complications is significantly associated
with childhood obesity (11, 12). Thus, early intervention to
prevent childhood obesity is needed (13).

Children with early-onset obesity seem to have higher
growth velocity before puberty and earlier onset of puberty
than normal-weight or underweight children (14). In 2014,
De Leonibus et al. (15) showed that pre-pubertal obese boys
and girls were predisposed to an early-onset of puberty and
achievement of pubertal maturation. In addition, obesity has
been associated with taller pre-pubertal stature, which is
subsequently lost, leading to similar adult heights between obese
and normal-weight children (15). Recent longitudinal studies
in the United States (16) and Sweden (17) have observed
inverse associations between high BMI for age in childhood and
linear growth during adolescence. Furthermore, recent evidence
has suggested a relationship between childhood obesity and
the timing of pubertal milestones in boys and girls (18, 19),
which is known to influence adolescent linear growth. In one
study conducted in both Belarus and the United States, the

Abbreviations: BMI, body mass index; GH, growth hormone; IGE insulin-like
growth factor.

authors supported the role of higher body mass index (BMI)
in accelerating linear growth in early childhood (ie., taller
stature and longer trunk length in those aged 3-6 years), but
earlier pubertal development and slower linear growth during
adolescence (12-17 years of age) (11).

Thus, this study aimed to investigate the contribution of high
BMI on growth velocity by retrospectively tracking multiple
anthropometric measurements among children 6-13 years old
who remained in the same BMI categories for a 6-year period.
We hypothesized that obesity would contribute primarily and
equally to high growth velocity in both sexes from childhood into
early adolescence.

MATERIALS AND METHODS
Subjects

The dataset in this retrospective cohort study was collected
from the annual health examination records of school-aged
children between 2009 and 2015 in Hualien County. The
Hualien County Government Education Bureau reviewed and
approved this study. This study was approved by the Research
Ethics Committee of Hualien Tzu Chi Hospital for data review
(REC No. IRB105-52-B). The students’ parents or guardians
provided written informed consent for participating in the
health examinations.

Measurement and Procedures

Well-trained pediatricians, family physicians, and nurses from
the medical center in Hualien County conducted health
examinations of all students during their Ist, 4th, and 7th
grade school years. Physical exam items recorded on student
health examination records included eyes, teeth ears-nose-throat
(ENT), head-neck, heart, chest-lung, abdomen, spine-limbs, male
genitalia (hydrocele and varicocele), and skin systems according
to the regulations set by the Taiwan Ministry of Education
(20). Private parts such as female breasts and genitalia were
not examined in school physical checkups. Tanner stages of
both sexes were not evaluated and recorded. Anthropometrics
including height, weight, and visual acuity were measured by
school nurses prior to the physical examination dates. The
portable stadiometer for height and weight measurement were
mostly Seca digital column scale with integrated measuring
rod (Seca, Germany) in school settings. Demographic data on
health examination records included age, sex, and aboriginal and
urban residential status, which was categorized into three groups:
urban, suburban, and rural, according to the population densities
of the residential areas (21). The flowchart of our study design
is shown in Figure 1. Demographic data and anthropometric
measurements of first graders enrolled in the 2009 school year,
and their follow-up dataset as fourth (in 2012) and seventh (in
2015) graders were collected from the dataset of student health
examination records. Students with missing data, such as age,
sex, aboriginal and urban residential status, and BMI in 2012
and 2015 were excluded. Students with complete follow-up data
were categorized into underweight, normal weight, overweight,
and obese groups according to the age-sex-specific BMI cut-
off values from the new growth charts for Taiwanese children
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Study subjects
* Study period: 2009/2012/2015
* First graders in 2009 (n=3,261 students)

v

Eligible subjects
* Subjects with complete follow-up
(n=2,620 students)

* Lost to follow-up in 2012 & 2015
» Data missing in age, gender, urbanization, and BMI

Exclusion criterion 1

v

* Subjects who do not remain in the same BMI
category during follow-up period

Exclusion criterion 2

N

Longitudinal study cohort
* Demographics
* BMI vs. health examination items
* Risk analysis (n=1,637 students)

FIGURE 1 | Flowchart of participant recruitment. BMI, body mass index.

and adolescents, based on the World Health Organization
(WHO) standards, and health-related physical fitness, which was
developed by the Department of Health in Taiwan in 2010 (6).

Statistical Analysis

According to their BMIs, the students were categorized into four
different groups: underweight, normal weight, overweight, and
obesity groups (11). Annual linear growth velocity and weight
gain were calculated and compared between sexes, BMI groups,
and times. Multiple linear regression and repeated measures
analysis of variance were performed to identify the impact of BMI
on growth velocity since all subjects were examined three times
during the follow-up period.

Descriptive statistics for sex, aboriginal and urban residential
status are presented as frequencies or proportions. Annual
height gain and annual weight gain are presented as mean
+ standard deviation or median (lower quartile, upper
quartile). The chi-square test was performed to evaluate the
associations between categorical examination components and
BMI groups. Analysis of variance was used to determine
differences in means of continuous variables among different
BMI groups. Multiple comparisons were performed using
Bonferroni correction. Multiple linear regression models were
used to simultaneously analyze the association between constant
examination components and risk factors encountered.

Multiple logistic regression was performed to analyze
categorical variables. Adjusted beta coefficients, odds ratios,
and 95% confidence intervals were also calculated. Statistical
significance was defined as p < 0.05. All statistical analyses were
performed with Statistical Package for the Social Sciences version
17.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Demographic Data

In total, 3,261 1st graders enrolled in the school year 2009
and their follow-up dataset as fourth graders (in 2012) and
seventh graders (in 2015) were also collected. Two thousand
six hundred twenty students who had complete follow-up data
were categorized into underweight, normal weight, overweight,
and obese groups according to the age-sex-specific BMI cut-off
points from the new growth charts for Taiwanese children and
adolescents as mentioned previously. Those 1,637 subjects who
remained in the same BMI category over the 6-year period (2009—
2015) were included for data analysis in the study (Figure 1).
The demographic data including age, sex, urban residential
status, aboriginal status, height, weight, and BMI are shown
in Supplementary Tables 1, 2. The average height and weight
among male and female groups of the same age did not show any
significant difference (Supplementary Figure 1).

In Table 1, obesity was associated with higher annual weight
gain (p < 0.001 in both sexes) and higher height gain in male
students alone (p < 0.001 in male subjects and p = 0.09 in female
subjects) between 6 and 13 years of age. There was no association
between obesity and urban residential status.

Associated Factors With Physical Growth

Table 2 illustrates the factors associated with height gain and
weight gain for male and female students, including BMI and
different periods of growth (6-9 and 9-13 years of age). In female
subjects aged 6-9 years, the growth showed higher linear growth
velocity and weight gain in overweight and obese groups than
in the normal BMI groups; at the same time, underweight girls
had less linear growth velocity and weight gain than girls with
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TABLE 1 | Demographics among BMI groups (2009-2015) (N = 1,637).

Variable Underweight Normal Overweight Obese Total P-value Post-hoc test

Male subjects (N = 867)

N 33 700 24 110 867

Urbanization 0.084

Urban, n(%) 29 (87.9) 511 (73.0) 17 (70.8) 82 (74.5) 639 (73.7)

Suburban, n(%) 4 (12.1) 124 (17.7) 7(29.2) 23 (20.9) 158 (18.2)

Rural, n(%) 0(0.0) 65 (9.3) 0(0.0) 5(4.5) 70 (8.1)

Aborigine 0.025*

No, n(%) 22 (91.7) 337 (68.9) 12 (80.0) 60 (78.9) 431 (71.4)

Yes, n(%) 2(8.3) 162 (31.1) 3(20.0) 16 (21.1) 173 (28.6)

Female subjects (N = 770)

N 32 653 17 68 770

Urbanization 0.712

Urban, n(%) 24 (75.0) 467 (71.5) 14 (82.4) 48 (70.6) 553 (71.8)

Suburban, n(%) 8(25.0) 153 (23.4) 2(11.8) 15 (22.1) 178 (23.1)

Rural, n(%) 0(0.0) 33 (5.1) 1(6.9 5(7.4) 39 (5.1)

Aborigine 0.262

No, n(%) 22 (91.7) 333 (74.2) 10 (71.4) 38 (77.6) 4083 (75.2)

Yes, n(%) 2 (8.3 116 (25.8) 4 (28.6) 11 (22.4) 133 (24.8)

Annual height gain (AHG) and Annual weight gain (AWG) of male subjects

AHG 1st—4th grade 5.20 + 0.63 5.13 (4.93, 5.49 + 0.76 5.50 (5.07, 5.96 + 0.64 5.93 (5.38, 6.28 + 0.73 6.25 (5.83, 5.59 + 0.80 5.60 (5.13, <0.001*  Obese, overweight > normal,
(mean £ SD, cm) 5.50) 5.93) 6.49) 6.78) 6.03) underweight

AHG 4th—7th grade 6.09 + 1.455.93 (4.78, 6.74 +1.47 6.60 (5.57, 6.93 +£1.257.12 (5.68, 6.83 + 1.03 6.80 (6.19, 6.73 + 1.42 6.67 (5.60, 0.050

(mean £ SD, cm) 7.20) 7.90) 8.16) 7.51) 7.87)

AHG 1st—7th grade 5.64 + 0.84 5.53 (4.90, 6.12 + 0.87 6.08 (5.50, 6.44 4+ 0.80 6.66 (5.59, 6.55 + 0.69 6.53 (6.07, 6.16 + 0.87 6.17 (5.53, <0.001*  Obese, overweight > normal
(mean + SD, cm) 6.10) 6.80) 6.98) 7.08) 6.83) > underweight

AWG 1st—4th grade 1.84 +£0.37 1.87 (1.67, 2.79 £0.82 2.63 (2.27, 4.72 £ 0.78 4.45 (4.20, 6.41 £ 1.34 6.32 (5.53, 3.26 +£1.54 2.77 (2.30, <0.001* Obese > overweight >
(mean + SD, kg) 2.05) 3.23) 5.38) 7.38) 3.77) normal > underweight
AWG 4th—7th grade 3.08 +1.01 2.87 (2.27, 4.52 +1.30 4.43 (3.53, 5.97 +1.08 5.82 (4.94, 7.85 +2.21 7.65 (6.08, 4.93 +1.85 4.70 (3.60, <0.001* Obese > overweight >
(mean + SD, kg) 3.77) 5.43) 6.87) 9.31) 5.83) normal > underweight
AWG 1st-7th grade (mean  2.46 + 0.58 2.38 (2.03, 3.65 + 0.86 3.61 (3.05, 5.34 + 0.69 5.33 (4.82, 7.13+1.47 6.84 (6.18, 4.10 +1.54 3.78 (3.08, <0.001*  Obese > overweight >
=+ SD, kg) 2.78) 4.25) 5.86) 8.06) 4.70) normal > underweight
Annual height gain (AHG) and Annual weight gain (AWG) of female subjects

AHG 1st—4th grade 5.48 + 0.99 5.57 (5.26, 5.95 + 1.08 5.83 (5.33, 6.87 +1.02 6.97 (6.05, 6.87 + 0.92 6.72 (6.33, 6.03 + 1.11 5.88 (5.37, <0.001*  Obese, overweight > normal,
(mean + SD, cm) 5.83) 6.50) 7.65) 7.33) 6.63) underweight

AHG 4th—7th grade 6.54 +1.02 6.78 (5.53, 6.33 + 1.10 6.50 (5.73, 5.47 +1.56 5.80 (4.43, 5.07 +£1.395.15 (4.21, 6.21 4+ 1.20 6.40 (5.57, <0.001*  Normal, underweight >
(mean £ SD, cm) 7.30) 7.10) 6.63) 6.07) 7.03) obese, overweight

(Continued)
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Values beneath mean + SD are median (lower quartile, upper quartile). *p < 0.05 was considered statistically significant after test. AWG, annual weight gain; AHG, annual height gain; BMI, body mass index; SD, standard deviation.

normal BMI. Among female subjects between 9 and 13 years of
age, overweight and obese girls had less linear growth than girls
with normal BMI. Underweight boys between 6 and 13 years of
age had less linear growth velocity and weight gain than boys
with normal BMI. The obese boys between 6 and 9 years of age
had higher linear growth velocity than boys with normal BMI.
However, the overweight and obese boys aged 9-13 years did not
show a significant difference in linear growth velocity compared
to boys with normal BML

Supplementary Tables 3, 4 show the results of repeated
measures analysis of variance for male and female subjects.
In both sexes, a significant statistical association was observed
between BMI and different times of growth (Figure 2). High BMI
to the range of overweight and obese had strong effects on high
linear growth in subjects between 6 and 13 years of age (Ist to
7th grade); on the contrary, this effect was less in female subjects
between 9 and 13 years of age (4th to 7th grade).

DISCUSSION

This study revealed that obese boys and girls had higher linear
growth velocity between 6 and 9 years of age (1st to 4th grade)
on risk analysis, but the finding was different in children aged
9-13 years (4th to 7th grade). The growth pattern among boys
and girls was not the same—the obese and overweight girls had
less linear growth velocity than underweight girls between 9
and 13 years old, which was not consistent with our hypothesis
that obesity would contribute equally to high growth velocity in
both sexes from childhood into early adolescence. It has been
found that the average age of menarche in Taiwanese girls is
about 12 years of age (general range, between 11 and 13 years of
age) (22). Additionally, the age of female pubertal growth spurt
was 2-3 years before menarche occurred. Obesity has also been
related to the early onset of puberty including early menarche
(19, 23, 24). Peripheral adipose tissue and interaction of leptin
with the kisspeptin system may be associated with obesity and
puberty (19). Many studies have found that the trend of obesity
and early puberty onset is more prominent in girls than in boys
(19, 23, 25, 26). Although we did not collect data on the onset
of puberty or age of menarche, we speculated that overweight
and obese girls in our study had an earlier onset of puberty and
earlier age of menarche than normal and underweight BMI girls
based on our clinical observation. Overweight and obese girls had
earlier timing of growth spurt when compared with underweight
BMI girls within the same age interval, between 9 and 13 years
old, which may explain the low linear growth velocity of obese
and overweight girls observed in the present study. However, the
maximum growth velocity of boys was generally 2 years behind
the growth spurt of girls, e.g., 10-12 years in girls vs. 12-14 years
in boys.

Overweight and obese boys between 9 and 13 years of age
did not show a significant difference in linear growth velocity
when compared with boys with normal BMI. On the other hand,
boys with underweight BMI between 6 and 13 years of age
revealed less growth velocity than boys with normal BMI in the
present study. Although overweight and obese boys between 6
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TABLE 2 | Factors associated with height gain and weight gain.

AHG (6-9 years of age)

AHG (9-13 years of age)

AWG (6-9 years of age) AWG (9-13 years of age)

Variable B (95% CI) P-value B (95% CI) P-value B (95% CI) P-value B (95% CI) P-value
MALE STUDENTS (N = 867)

BMI group$§

Normal Reference Reference Reference Reference

Underweight —0.333 (—0.624, —0.043)  0.025* —0.816(—1.395, —0.237) 0.006* —0.972(-1.321, —0.622) <0.001* —1.365 (—1.953, —0.776) <0.001*
Overweight 0.345 (—-0.018, 0.708) 0.063 0.033 (—0.691, 0.757) 0.928 1.766 (1.328, 2.203) <0.001* 1.405 (0.670, 2.140) <0.001*
Obese 0.886 (0.715, 1.057) <0.001*  0.196 (—0.144, 0.537) 0.258 3.805 (3.600, 4.011) <0.001* 3.517 (3.171, 3.869) <0.001*
FEMALE STUDENTS (N = 770)

BMI group§

Normal Reference Reference Reference Reference

Underweight —0.432 (—0.840, —0.024)  0.038* 0.170 (-0.289, 0.629) 0.468 —1.029 (—1.408, —0.650) <0.001* —1.152(—1.658, —0.647) <0.001*
Overweight 1.043 (0.516, 1.570) <0.001* —0.852 (—1.445, —0.259) 0.005* 2.222(1.733,2.710) <0.001*  0.576 (—0.077, 1.228) 0.084
Obese 0.920 (0.628, 1.213) <0.001* —1.303 (—1.632, —0.974) <0.001* 3.705 (3.434, 3.977) <0.001* 2.828 (2.466, 3.190) <0.001*

*P < 0.05 was considered statistically significant. §Adjusted for aborigine status and urbanization. AWG, annual weight gain; AHG, annual height gain; Cl, confidence interval; BMI, body

mass index.
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FIGURE 2 | (A-D) Results of repeated measures analysis of variance for male and female subjects.
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and 9 years of age had significant high growth velocity compared
to boys with normal BMI, high BMI did not have a strong
impact on growth velocity in boys between 9 and 13 years of
age when emerging into puberty. It is still controversial whether
obesity has an impact on the early onset of puberty in boys
(11). The present study illustrated that low BMI still reduced the

growth velocity in underweight boys aged 9-13 years. However,
longitudinal growth data from previous studies revealed that
adult heights were not different among different BMI groups
(17). In addition, taller standing heights during early adolescence
(10-15 years of age) were observed among children with higher
BMIs during mid-childhood (6-9 years of age). Furthermore,
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the greater heights in early adolescence were mainly attributable
to longer trunks, rather than longer legs (11). De Leonibus et
al. (15) reported that mean ages at the onset of pubertal boys
were about 11.66 years in the obese group and 12.12 years in
the normal-weight group. Similarly, late puberty was reached at a
younger age in obese children. Mean ages at late puberty of boys
were 13.33 years in obese children and 14.47 years in normal-
weight children (15). Although the present study lacks data on
the physical findings of Tanner stages in both sexes, we could
still speculate that obese and overweight boys may have lower
growth velocity than boys with normal or underweight BMI after
13 years of age because most of the obese and overweight boys
would complete their growth spurt by then. More data on the
growth velocity of male students after 13 years of age should be
collected in the future to confirm this hypothesis.

Nutrition status and BMI have been associated with growth
velocity, as well as weight and height in childhood, and obese
subjects are taller than non-obese ones in childhood (11, 14, 27).
Some possible mechanisms have been proposed as responsible
for this association, and correlations of growth hormone-binding
protein, fasting insulin level, and insulin-like growth factor
(IGF)-1 level with BMI were mentioned in some studies (11,
14, 27-29). The regulation of the growth hormone (GH)-IGF-
1 axis has also been associated with prepuberty BMI (29). GH
secreted from the anterior pituitary gland not only promotes
the growth of bone and muscle but also has an essential
role in the regulation of lipids. GH stimulates the secretion
of IGF-1, and both GH and IGF-1 have been proven to be
related to linear growth (30). In obese children, decreased
GH secretion has been noted (28). However, hyperinsulinemia
due to obesity-related insulin resistance may also be related
to elevated free IGF-1 levels in obese children. An increase
in free IGF-1 level is thought to be associated with rapid
linear growth and skeletal maturation (14, 31). Thus, the
above mechanisms may explain our finding of higher linear
growth velocity in pre-pubertal obese children aged 6-10 years
of age.

In Taiwan, parents and grandparents are usually proud
of the high linear growth velocity of their obese children,
rather than of obesity itself. They have a strong belief in
our traditional proverb “childhood obesity is not obese at all”
and often seek medical assistance for their children late when
obesity-related complications, such as hypertension and high
blood sugar or cholesterol, occur; however, delayed intervention
for obesity leads to more harm to health. To achieve good
family health, physicians should engage the concerns of parents
to empower their knowledge of healthy literacy in nutrition,
exercise, and parenting skills. A family-based exercise plan,
healthy diet plan, and structural daily schedule will provide a
supportive environment for children after leaving the school
campus. Reward options should not include snacks, sweetened
beverages, or high calorie foods; instead, outdoor sports or tours
are recommended to promote physical activity. Management
of childhood obesity is progressive and age-dependent, and it
should be initiated as early as possible (32, 33). Based on the
report of the Commission on Ending Childhood Obesity by the

WHO in 2016, comprehensive programs that promote healthy
school environments, health and nutrition literacy, and physical
activity among school-age children and adolescents should
be established and assisted by family-based, multicomponent
lifestyle weight management services (34).

LIMITATIONS

This study has some limitations that need to be addressed. First,
the retrospective data in our study were collected from the annual
health examination dataset of elementary school students in
Hualien County; we did not have information of the subjects
outside the period evaluated. Thus, we did not know their
physical measurements after birth, Tanner stage, and final height
in adulthood. Second, many factors affect the linear growth
velocity in addition to obesity, such as exercise, diet, underlying
diseases, and parents’ heights, which were not collected during
the regular school health examinations in our dataset. Further
studies should be conducted to evaluate the associations between
these factors and growth velocity. Third, the timing of puberty
onset is essential to evaluate the change of growth velocity,
especially in subjects with different BMIs. They should have
different times for the onset of puberty, but no reliable physical
findings of puberty were recorded in the present study.

CONCLUSIONS

We support current models that higher BMI accelerates linear
growth in childhood, but slows linear growth during early
adolescence. Our findings illustrated that obese subjects tended
to have higher linear growth velocity than subjects with normal
BMI. However, underweight girls had higher linear growth
between 9 and 13 years of age, which coincided with the onset
of puberty and a growth spurt. Thus, we propose that puberty
dominates over BMI as the main contributor to high growth
velocity in underwent early adolescent girls.

DATA AVAILABILITY STATEMENT

All data generated or analyzed during this study are included in
this article.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Research Ethics Committee of Hualien Tzu Chi
Hospital. Written informed consent to participate in this study
was provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

C-HC, Y-HC, J-SC, R-H]J, S-HY, M-CC, S-YC, P-CL, C-EC,
P-YC, and Y-HL contributed to data collection. J]-HW and Y-CC
analyzed and interpreted the subjects’ data. Y-CH and Y-CC were

Frontiers in Pediatrics | www.frontiersin.org

February 2021 | Volume 9 | Article 599730


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Hsiao et al.

Puberty Dominates BMI in Growth

major contributors to writing the manuscript. All authors read
and approved the final manuscript.

ACKNOWLEDGMENTS

We wish to thank staff of the Department of Medical Affairs
for organizing the school children’s health examinations and
all members of the Department of Pediatrics, Family Medicine,
and Dentistry in Hualien Tzu Chi Hospital, Buddhist Tzu

REFERENCES

10.

11.

12.

13.

14.

. Skinner AC, Ravanbakht SN, Skelton JA, Perrin EM, Armstrong SC.

Prevalence of obesity and severe obesity in US children, 1999-2016. Pediatrics.
(2018) 141:€20173459. doi: 10.1542/peds.2017-3459

. Abarca-Gomez L, Abdeen ZA, Hamid ZA, Abu-Rmeileh NM, Acosta-Cazares

B, Acuin C, et al. Worldwide trends in body-mass index, underweight,
overweight, and obesity from 1975 to 2016: a pooled analysis of 2416
population-based measurement studies in 128-9 million children, adolescents,
and adults. Lancet. (2017) 390:2627-42. doi: 10.1016/s0140-6736(17)
32129-3

. Chang HC, Yang HC, Chang HY, Yeh CJ], Chen HH, Huang KC,

et al. Morbid obesity in Taiwan: prevalence, trends, associated social
demographics, and lifestyle factors. PLoS ONE. (2017) 12:e0169577.
doi: 10.1371/journal.pone.0169577

. Nam HK, Kim HR, Rhie YJ, Lee KH. Trends in the prevalence of

extreme obesity among Korean children and adolescents from 2001 to
2014. J Pediatr Endocrinol Metab. (2017) 30:517-23. doi: 10.1515/jpem-201
6-0456

. Chen LJ, Fox KR, Haase A, Wang JM. Obesity, fitness and health in

Taiwanese children and adolescents. Eur J Clin Nutr. (2006) 60:1367-75.
doi: 10.1038/sj.ejcn.1602466

. Chu CH, Wang JH, Jan RH, Huang CH, Cheng CF. Association

between health examination items and body mass index among
school children in Hualien, Taiwan. BMC Public Health. (2013) 13:975.
doi: 10.1186/1471-2458-13-975

. Vazquez MJ, Velasco I, Tena-Sempere M. Novel mechanisms for the metabolic

control of puberty: implications for pubertal alterations in early-onset
obesity and malnutrition. ] Endocrinol. (2019) 242:R51-65. doi: 10.1530/JOE-
19-0223

. Stettler N, Zemel BS, Kumanyika S, Stallings VA. Infant weight gain and

childhood overweight status in a multicenter, cohort study. Pediatrics. (2002)
109:194-9. doi: 10.1542/peds.109.2.194

. Winter JD, Langenberg P, Krugman SD. Newborn adiposity by body

mass index predicts childhood overweight. Clin Pediatr. (2010) 49:866-70.
doi: 10.1177/0009922810369698

Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, Bergmann
O, et al. Dynamics of fat cell turnover in humans. Nature. (2008) 453:783-7.
doi: 10.1038/nature06902

Aris IM, Rifas-Shiman SL, Zhang X, Yang S, Switkowski K, Fleisch AF, et al.
Association of BMI with linear growth and pubertal development. Obesity.
(2019) 27:1661-70. doi: 10.1002/0by.22592

Marinkovic T, Toemen L, Kruithof CJ, Reiss I, van Osch-Gevers L,
Hofman A, et al. Early infant growth velocity patterns and cardiovascular
and metabolic outcomes in childhood. ] Pediatr. (2017) 186:57-63.e4.
doi: 10.1016/j.jpeds.2017.02.004

Militello LK, Kelly S, Melnyk BM, Smith L, Petosa R. A review of
systematic reviews targeting the prevention and treatment of overweight
and obesity in adolescent populations. ] Adolesc Health. (2018) 63:675-87.
doi: 10.1016/j.jadohealth.2018.07.013

He Q, Karlberg J. BMI in childhood and its association with height
gain, timing of puberty, and final height. Pediatric Res. (2001) 49:244-51.
doi: 10.1203/00006450-200102000-00019

Chi Medical Foundation for their devotion and work. We
also want to thank staff of the Ministry of Education for
their assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at:

https://www.frontiersin.org/articles/10.3389/fped.

2021.599730/full#supplementary-material

20.

21.

22.

23.

24.

25.

26.

27.

28.

De Leonibus
Chiarelli
in obese
Pediatr
00176.x

C, Marcovecchio ML, Chiavaroli V, de Giorgis T,
E Mohn A. Timing of puberty and physical growth
children: a longitudinal study in boys and girls.
Obes.  (2014)  9:292-9.  doi:  10.1111/j.2047-6310.2013.

. Sunder M. Shrinking due to corpulence? BMI in childhood predicts

subsequent linear growth among US children and youth, 1963-
1970. Ann Hum Biol. (2008) 35:432-8. doi: 10.1080/030144608022
32706

Holmgren A, Niklasson A, Nierop AF, Gelander L, Aronson AS, Sjoberg A, et
al. Pubertal height gain is inversely related to peak BMI in childhood. Pediatric
Res. (2017) 81:448-54. doi: 10.1038/pr.2016.253

Frisch RE, Revelle R. Height and weight at menarche and a hypothesis of
menarche. Arch Dis Child. (1971) 46:695-701.

Reinehr T, Roth CL. Is there a causal relationship between
obesity and puberty? Lancet Child Adolesc Health. (2019) 3:44-54.
doi: 10.1016/S2352-4642(18)30306-7

Liu W, Lin R, Liu A, Du L, Chen Q. Prevalence and association
between obesity and metabolic syndrome among Chinese elementary
school children: a school-based survey. BMC Public Health. (2010) 10:780.
doi: 10.1186/1471-2458-10-780

Liu CY, Hung YT, Chuang YL, Chen Y], Weng WS, Liu JS. Incorporating
development stratification of Taiwan townships into sampling design
of large scale health interview survey. ] Health Manage. (2006)
4:1-22. doi: 10.29805/JHM.200606.0001

Lee C-T, Tsai M-C, Lin C-Y, Strong C. Longitudinal effects of self-
report pubertal timing and menarcheal age on adolescent psychological
and behavioral outcomes in female youths from Northern Taiwan.
Pediatr  Neonatal. ~ (2016)  58:313-20. doi:  10.1016/j.pedneo.2016.
04.004

Li W, Liu Q, Deng X, Chen Y, Liu S, Story M. Association between
obesity and puberty timing: a systematic review and meta-analysis.
Int ] Environ Res Public Health. (2017) 14:1266. doi: 10.3390/ijerph14
101266

Nokoff N, Thurston J, Hilkin A, Pyle L, Zeitler PS, Nadeau KJ, et al.
Sex differences in effects of obesity on reproductive hormones and glucose
metabolism in early puberty. J Clin Endocrinol Metab. (2019) 104:4390-7.
doi: 10.1210/j¢.2018-02747

Bygdell M, Kindblom JM, Celind J, Nethander M, Ohlsson C. Childhood
BMI is inversely associated with pubertal timing in normal-weight
but not overweight boys. Am ] Clin Nutr. (2018) 108:1259-63.
doi: 10.1093/ajcn/nqy201

Lian Q, Mao Y, Luo S, Zhang S, Tu X, Zuo X, et al. Puberty timing associated
with obesity and central obesity in Chinese Han girls. BMC Pediatr. (2019)
19:1. doi: 10.1186/s12887-018-1376-4

De Simone M, Farello G, Palumbo M, Gentile T, Ciuffreda M, Olioso P, et al.
Growth charts, growth velocity and bone development in childhood obesity.
Int ] Obes Relat Metab Disord. (1995) 19:851-7.

Juul A, Dalgaard P, Blum WE Bang P, Hall K, Michaelsen KF, et al. Serum
levels of insulin-like growth factor (IGF)-binding protein-3 (IGFBP-3) in
healthy infants, children, and adolescents: the relation to IGF-I, IGF-II,
IGFBP-1, IGFBP-2, age, sex, body mass index, and pubertal maturation. J Clin
Endocrinol Metab. (1995) 80:2534-42. doi: 10.1210/jcem.80.8.7543116

Frontiers in Pediatrics | www.frontiersin.org

February 2021 | Volume 9 | Article 599730


https://www.frontiersin.org/articles/10.3389/fped.2021.599730/full#supplementary-material
https://doi.org/10.1542/peds.2017-3459
https://doi.org/10.1016/s0140-6736(17)32129-3
https://doi.org/10.1371/journal.pone.0169577
https://doi.org/10.1515/jpem-2016-0456
https://doi.org/10.1038/sj.ejcn.1602466
https://doi.org/10.1186/1471-2458-13-975
https://doi.org/10.1530/JOE-19-0223
https://doi.org/10.1542/peds.109.2.194
https://doi.org/10.1177/0009922810369698
https://doi.org/10.1038/nature06902
https://doi.org/10.1002/oby.22592
https://doi.org/10.1016/j.jpeds.2017.02.004
https://doi.org/10.1016/j.jadohealth.2018.07.013
https://doi.org/10.1203/00006450-200102000-00019
https://doi.org/10.1111/j.2047-6310.2013.00176.x
https://doi.org/10.1080/03014460802232706
https://doi.org/10.1038/pr.2016.253
https://doi.org/10.1016/S2352-4642(18)30306-7
https://doi.org/10.1186/1471-2458-10-780
https://doi.org/10.29805/JHM.200606.0001
https://doi.org/10.1016/j.pedneo.2016.04.004
https://doi.org/10.3390/ijerph14101266
https://doi.org/10.1210/jc.2018-02747
https://doi.org/10.1093/ajcn/nqy201
https://doi.org/10.1186/s12887-018-1376-4
https://doi.org/10.1210/jcem.80.8.7543116
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Hsiao et al.

Puberty Dominates BMI in Growth

29.

30.

31.

32.

33.

steroids. Interactions in
(2001)  30:529-44.

Mauras N. Growth hormone and sex
puberty.  Endocrinol Metab Clin North Am.
doi: 10.1016/s0889-8529(05)70200-0

Dehkhoda F, Lee CMM, Medina J, Brooks AJ. The growth hormone receptor:
mechanism of receptor activation, cell signaling, and physiological aspects.
Front Endocrinol. (2018) 9:35. doi: 10.3389/fend0.2018.00035

Artz E, Haqq A, Freemark M. Hormonal and metabolic consequences of
childhood obesity. Endocrinol Metab Clin North Am. (2005) 34:643-58.
doi: 10.1016/j.ec1.2005.04.004

Cuda SE, Censani M. Pediatric obesity algorithm: a practical approach
to obesity diagnosis and management. Front Pediatr. (2019) 6:431.
doi: 10.3389/fped.2018.00431

Imoisili OE, Goodman AB, Dooyema CA, Park S, Harrison M, Lundeen
EA, et al. Referrals and management strategies for pediatric obesity—
docstyles survey 2017. Front Pediatr. (2018) 6:431. doi: 10.3389/fped.2018.
00367

34.

World Health Organization. Report of the Commission on Ending
Childhood ~ Obesity. (2016). Available online at: https://www.who.
int/end- childhood- obesity/news/launch-final-report/en/ (accessed
January 2, 2021).

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Hsiao, Wang, Chu, Chang, Chen, Jan, Yang, Chen, Chou, Chu,
Lai, Cheng, Chiu, Liu and Chang. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org

February 2021 | Volume 9 | Article 599730


https://doi.org/10.1016/s0889-8529(05)70200-0
https://doi.org/10.3389/fendo.2018.00035
https://doi.org/10.1016/j.ecl.2005.04.004
https://doi.org/10.3389/fped.2018.00431
https://doi.org/10.3389/fped.2018.00367
https://www.who.int/end-childhood-obesity/news/launch-final-report/en/
https://www.who.int/end-childhood-obesity/news/launch-final-report/en/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Comparison of Growth Velocity Among School Age Children With Different Body Mass Index From Childhood Into Early Adolescence in Hualien County, Taiwan: A Retrospective Cohort Study
	Introduction
	Materials and Methods
	Subjects
	Measurement and Procedures
	Statistical Analysis

	Results
	Demographic Data
	Associated Factors With Physical Growth

	Discussion
	Limitations
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


