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Objectives: The objective of this study is to investigate whether body mass index (BMI)
changes are associated with fasting glucose and insulin resistance (IR) in early childhood.

Methods: From the Environment and Development of Children (EDC) cohort, 334
children who visited at ages 2 and 4 were included in this study. Height and weight
were measured at ages 2 and 4, and fasting glucose and insulin were assessed at age 4.
Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated as insulin
(mIU/ml) × glucose (mg/dl)/405. The BMI Z-score [BMI (Z)] quartiles for each age group
were defined as Q4, ≥75th percentile; Q2–3, 25th to 75th percentile; and Q1, <25th
percentile. Glucose, insulin, and the HOMA-IR were compared between groups
according to the change in BMI (Z) from age 2 to 4.

Results:Children who stayed in Q4 at both ages had higher fasting glucose (92.2 vs. 88.0
and 87.1 mg/dl), insulin (3.2 vs. 2.5 and 2.3 mIU/ml), and HOMA-IR (0.68 vs. 0.54 and
0.52) than children who stayed in Q1 or Q2–3 (all P<0.01). Children in Q4 at both ages had
higher fasting glucose than children whose BMI (Z) increased from Q1 or Q2–3 to Q4 (92.2
vs. 87.3, P<0.001). The BMI (Z) category at age 2 of children who were in Q2–3 at age 4
did not affect glucose or IR at 4 years.

Conclusion: The group of children within the highest BMI (Z) quartile at both 2 and 4 years
of age had higher fasting glucose and IR at age 4 than any other BMI (Z) change group.

Keywords: child, preschool, insulin resistance, body mass index, adiposity rebound
INTRODUCTION

Insulin resistance (IR) refers to a decreased tissue response to insulin stimulation, which can lead to
failure to maintain glucose homeostasis, type 2 diabetes (T2DM), and metabolic syndrome. Obesity
is a well-known risk factor for IR (1). Early-life conditions such as exposure to maternal gestational
hyperglycemia (2), low birth weight (3–5), and early adiposity rebound (6–8) increase the risk of
developing obesity or T2DM later in life.
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Early childhood is a critical period for adiposity change
intervention to prevent adulthood obesity (9). The early
childhood body mass index (BMI) decreases after the first year
of life, reaches a nadir at approximately 6 years of age, and then
increases again throughout childhood. The earlier the adiposity
rebound, the higher the risk for obesity and IR (7). An above-
average BMI in early childhood, even at levels below the
international definitions of overweight, is positively associated
with T2DM in adult life (10). Since previous studies have focused
on the relationship of children’s BMI after adiposity rebound
with IR or later T2DM (10–13), the longitudinal relationship of
early childhood BMI changes with fasting blood glucose (FBG)
levels or IR remains to be determined.

We aimed to investigate the association between the BMI
Z-score [BMI (Z)] change and IR in early childhood. In a
prospective birth cohort, we analyzed whether changes in BMI
(Z) quartile from age 2 to 4 affected FBG and IR at age 4. We
hypothesized that children in the highest BMI quartile or whose
BMI quartile increased from 2 to 4 years of age would have
greater IR at age 4.
MATERIALS AND METHODS

Subjects
The data from the Environment and Development of Children
(EDC) cohort were used in this study. The EDC cohort is a
prospective community-based birth cohort that is followed to
investigate the effect of environmental exposures from the
prenatal period to early childhood on physical and
neurobehavioral development (14). A total of 726 children,
consisting of 2-year-old (n=425) and 4-year-old children
(n=301), were initially enrolled. Among the 425 children aged
2 years enrolled in 2012–2013, 343 (80.7%) came to the 4-year-
old follow-up. After excluding the children without blood sample
(n=2), BMI (n=2), birth weight (n=1), or gestational age (n=4)
data, 334 children (179 boys and 155 girls) were finally included
in this analysis (Supplementary Figure S1).

Questionnaires
A questionnaire including the birth history (birth weight and
gestational age), the duration of exclusive breastfeeding, parental
height and weight, and maternal education (graduated from high
school, college, or graduate school) were completed by
the parents.

Measurements
At each visit at ages 2 and 4, height and weight were measured
using a Harpenden stadiometer (Holtian Ltd, Crymych,
United Kingdom) and a digital scale (150 A; Cas Co., Ltd.,
Seoul, South Korea), respectively. BMI was calculated as
weight (kg) divided by height (m) squared. The height,
weight, and BMI (Z) were calculated for each subject based
on the 2007 Korean National Growth Charts (15). Preterm
birth was defined as birth at <37 weeks of gestation. Small for
gestational age (SGA) was defined as <10th percentile of
Frontiers in Endocrinology | www.frontiersin.org 2
weight for gestational age using Fenton growth charts
(2013) (16). For the follow-up examination at age 4, blood
samples were collected after >8 h of fasting. Homeostatic
model assessment of IR (HOMA-IR) was calculated as
fasting insulin (mIU/ml) × FBG (mg/dl)/405.

Statistical Analysis
Statistical analyses were performed using SPSS ver. 26 for
Windows software (SPSS Inc., Chicago, IL, USA). Variables
were assessed for normality. Insulin and HOMA-IR were log-
transformed due to their skewed distribution. Continuous
variables were described as means ± standard deviations (SDs)
or medians (interquartile ranges). Children were categorized
into 3 groups according to the quartile of BMI (Z) at age 2 and
age 4 as follows: Q4, ≥75th percentile; Q2–3, 25th to 75th
percentile; and Q1, < 25th percentile. To compare the Q1,
Q2–3, and Q4 groups at age 4, categorical variables were
analyzed by the chi-squared test for trend analysis, and
continuous variables were analyzed by the analysis of variance
(ANOVA) with the Bonferroni post-hoc test. The mean BMI (Z)
of ages 2 and 4 [(2-year BMI(Z) + 4-year BMI (Z))/2] and the
change in BMI (Z) from age 2 to 4 [4-yr BMI (Z) – 2-yr BMI (Z)]
were analyzed as continuous variables in the total population
and within BMI (Z) quartiles at each age. Multiple regression
analyses were performed after adjusting for age (months), sex,
birth weight, gestational age, SGA, parental BMI, and maternal
education. The variables that could plausibly influence the
association and had an association with the outcomes at P<0.1
in univariate analysis were selected for adjustment
(Supplementary Table S1). Then, changes in the BMI (Z)
quartile from age 2 to 4 were tracked as shown in Figures 1,
2. Children were classified into 7 change groups, labeled A to G,
according to the change in BMI (Z) quartile from age 2 to 4. The
children who were always in the highest, middle, or lowest BMI
(Z) quartile (Figure 2A) were named groups A (Q4 ! Q4, n =
51), B (Q2–3 ! Q2–3, n = 108) and C (Q1 ! Q1, n = 50),
respectively. Children who went up in the BMI (Z) quartile from
the age of 2 to 4 (Figures 2B, C) were called groups D (Q2-3!
Q4, n = 32), E (Q1 ! Q4, n = 4), and F (Q1 ! Q2-3, n = 29).
The decreasing BMI (Z) quartile group was group G (Q4! Q2-
3, n = 29, Figure 2D). Glucose, insulin, and HOMA-IR levels
were compared between these groups. Student’s t-test and
ANOVA were run to evaluate differences in glucose, insulin,
and HOMA-IR according to the change group. Linear
regression analyses were conducted to evaluate whether the
BMI (Z) change groups affected the level of glucose, insulin,
and HOMA-IR, adjusted for age, sex, birth weight, gestational
age, SGA, parental BMI, and maternal education level. A P-value
< 0.05 was considered statistically significant.

Ethics Statement
The present study protocol was reviewed and approved by the
Institutional Review Board of Seoul National University Hospital
(IRB No. 1201-010-392). Informed consent was provided by
each subject’s parents. The protocol was in accordance with the
Declaration of Helsinki and institutional guidelines.
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RESULTS

Characteristics of Total Subjects
The height, weight, and BMI were 86.3 ± 2.9 cm, 12.3 ± 1.4 kg,
and 16.5 ± 1.5, respectively, at age 2 and 101.9 ± 3.7 cm, 16.4 ±
1.8 kg, and 15.7 ± 1.2 at age 4. BMI (Z) was -0.001 ± 1.0 at age 2
and -0.03 ± 1.0 at age 4. The gestational age was 38.6 ± 1.5 weeks,
the birth weight was 3.2 ± 0.5 kg, and 23 children (6.9% of the
sample) were born preterm. Of the infants, 115 (46.4%) were
breastfed exclusively for ≥ 6 months. At the age-4 visit, FBG and
fasting insulin were 89 (85–92) mg/dl and 2.5 (1.6–3.6) mIU/ml,
respectively, and HOMA-IR was 0.6 (0.3–0.8). The maternal and
paternal BMI at age 4 were 21.9 ± 3.0 and 25.0 ± 3.1, respectively.
The mothers of 275 (82.3%) children had graduated from
college (Table 1).

Changes in BMI Z-score Quartile From
Age 2 to 4
Table 2 shows the characteristics of children according to the
BMI (Z) quartile at age 4. The BMI (Z) of Q1, Q2–3, and Q4 at
age 4 was -1.3 ± 0.6, -0.02 ± 0.4, and 1.1 ± 0.4, respectively (P <
0.001). BMI (Z) at age 2 was -0.8 ± 0.7, 0.02 ± 0.8, and 0.7 ± 0.9 in
the children who were in Q1, Q2–3, and Q4 at age 4, respectively
(P<0.001). A total of 0%, 9%, and 35.6% of the Q1, Q2–3, and Q4
groups at age 4 were overweight or obese at age 2, respectively (P
for trend <0.001). When comparing the 4-year-old BMI (Z)
quartiles, FBG was higher in Q4 than in Q2–3 and Q1 (90 vs. 88
and 87 mg/dl, P < 0.05 for both), and insulin and HOMA-IR
were higher in Q4 than in Q2–3 at age 4 (3.0 vs. 2.3 mIU/ml, P =
0.009 for insulin; 0.7 vs. 0.5, P = 0.004 for HOMA-IR).
Frontiers in Endocrinology | www.frontiersin.org 3
The mean BMI (Z) at ages 2 and 4 was correlated with higher
FBG (b=0.2, 95% confidence interval [CI]: 0.005, 0.03, P = 0.004),
insulin (b=0.1, 95% CI: 0.04, 0.20, P = 0.005), and HOMA-IR (b
= 0.2, 95% CI: 0.05, 0.22, P = 0.003). Insulin and HOMA-IR were
still positively associated with mean BMI (Z) after adjustment for
age, sex, gestational age, birth weight, SGA, parental BMI, and
maternal education (P = 0.022 for insulin and P = 0.02 for
HOMA-IR) (Figure 3).

The BMI (Z) change between ages 2 and 4 was not associated
with FBG, insulin, or HOMA-IR levels in the analysis of the total
population. When subgroup analyses were performed according
to the BMI (Z) quartile at each age, the inverse relationship
between BMI (Z) change [4-year BMI (Z) – 2-year BMI (Z)] and
FBG was only significant in the Q4 group at age 4. In detail, the
higher the BMI (Z) at age 2 compared to the BMI (Z) at age 4 [a
persistent high BMI (Z) at both ages 2 and 4], the higher the FBG
at age 4 (b = -0.3, 95% CI: -0.05, -0.005, P=0.013) among 4-year-
old children in Q4, after adjusting for age, sex, birth weight,
gestational age, SGA, parental BMI, and maternal education
(Supplementary Figure S2). There was no correlation between
the BMI (Z) change and insulin or HOMA-IR in each BMI (Z)
quartile subgroup at ages 2 and 4.

Changes in the BMI (Z) quartile between ages 2 and 4 are
described in Figure 1 (P for trend < 0.001). A total of 190
children (56.9% of the total) remained in the same BMI (Z)
quartile from age 2 to 4 [Q1!Q1, n=50 (61.7%); Q2–3!Q2–3,
n=108 (65.1%); Q4 !Q4, n=51 (58.6%)]. A total of 65 children
(19.4% of the total) moved to a higher BMI (Z) quartile from age
2 to age 4 (Q1!Q2–3, n=29; Q1!Q4, n=4; Q2-3!Q4, n=32). A
total of 58 children (17.7% of total) moved to a lower BMI (Z)
FIGURE 1 | Changes in BMI Z-score quartile in children between the ages of 2 and 4. A, children in Q4 at both ages 2 and 4. B, children in Q2-3 at both ages 2
and 4. C, children in Q1 at both ages 2 and 4. D, children with BMI Z-score quartile increasing from Q2-3 at age 2 to Q4 at age 4. E, children with BMI Z-score
quartile increasing from Q1 at age 2 to Q4 at age 4. F, children with BMI Z-score quartile increasing from Q1 at age 2 to Q2-3 at age 4. G, children with BMI Z-score
quartile decreasing from Q4 at age 2 to Q2-3 at age 4.
May 2022 | Volume 13 | Article 872591
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A

B

D

C

FIGURE 2 | FBG, insulin, and HOMA-IR according to BMI Z-score quartile change. Data are shown as the mean ± standard deviation or median (interquartile range).
*P < 0.05 between groups. (A) Comparison between groups A–C; aP < 0.05 between groups A and B; bP < 0.05 between groups A and C; cP < 0.05 between groups
B and C using Bonferroni post-hoc analysis. (B) Comparison between groups A and D+E (dotted line). (C) Comparison between groups D+E, B, and F (D) Comparison
between groups B, F, and G ap < 0.05 between groups B and G; bP < 0.05 between groups B and F using Bonferroni post-hoc analysis.
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TABLE 1 | Clinical characteristics of the participants.

Total Boys Girls P

No. of children 334 179 (53.7) 155 (46.3)
At birth and infancy
Gestation (weeks) 38.6 ± 1.5 38.6 ± 1.5 38.7 ± 1.4 0.542
Preterm birth 23 (6.9) 12 (6.7) 11 (7.1) 1.000
Birth weight (kg) 3.2 ± 0.5 3.2 ± 0.5 3.1 ± 0.5 0.029
Small for gestational age 17 (3.9) 7 (3.9) 10 (5.1) 0.326
Exclusive breastfeeding ≥ 6 months 155 (46.4) 77 (43.0) 78 (50.3) 0.189

Age 2
Height (cm) 86.3 ± 2.9 86.8 ± 2.9 85.6 ± 2.8 <0.001
Height Z-score 0.01 ± 0.8 0.02± 0.8 0.004 ± 0.8 0.841
Weight (kg) 12.3 ± 1.4 12.7 ± 1.4 11.9 ± 1.3 <0.001
Weight Z-score 0.05 ± 1.0 0.08 ± 1.0 0.004 ± 0.9 0.464
BMI (kg/m2) 16.5 ± 1.5 16.8 ± 1.5 16.3 ± 1.4 0.001
BMI Z-score -0.001 ± 1.0 0.2 ± 1.0 -0.2 ± 0.9 0.001

Age 4
Height (cm) 101.9 ± 3.7 102.2 ± 3.7 101.5 ± 3.6 0.037
Height Z-score 0.2 ± 0.8 0.2 ± 0.8 0.2 ± 0.8 0.644
Weight (kg) 16.4 ± 1.8 16.6 ± 1.8 16.1± 1.8 0.024
Weight Z-score 0.1 ± 0.9 0.1 ± 0.9 0.2 ± 0.9 0.471
BMI (kg/m2) 15.7 ± 1.2 15.8 ± 1.2 15.6 ± 1.2 0.194
BMI Z-score -0.03 ± 1.0 -0.04 ± 1.0 -0.02 ± 0.9 0.842
FBG* (mg/dl) 89 (85-92) 90 (86-94) 87 (83-91) 0.004
Fasting insulin* (mIU/ml) 2.5 (1.6-3.6) 2.4 (1.5-3.4) 2.7 (1.7-3.7) 0.135
HOMA-IR* 0.6 (0.3-0.8) 0.5 (0.3-0.8) 0.6 (0.4-0.8) 0.288
Maternal BMI (kg/m2) 21.9 ± 3.0 22.0 ± 3.2 21.8 ± 2.7 0.525
Paternal BMI (kg/m2) 25.0 ± 3.1 24.9 ± 3.2 25.0 ± 3.0 0.840
Maternal education ≥ college 275 (82.3) 140 (78.2) 135 (87.1) 0.043
Frontiers in Endocrinology | www.frontiersin.org
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Data are expressed as mean ± SD, median (interquartile range), or number (%).
*Log-transformed for statistical analysis.
BMI, body mass index; HOMA-IR, homeostatic model assessment of insulin resistance.
TABLE 2 | Comparison of characteristics between BMI Z-score quartiles at age 4.

BMI quartile at age 4

Lowest quartile (Q1) Middle quartiles (Q2–3) Highest quartile (Q4) P

No. of children 81 (24.3) 166 (49.7) 87 (26.0)
Boys 37 (45.7) 91 (54.8) 51 (58.6) 0.096

At birth and infancy
Gestation (weeks) 38.6 ± 1.3 38.5 ± 1.5 38.7 ± 1.5 0.609
Preterm birth, n (%) 3 (3.7) 14 (8.4) 6 (6.9) 0.431
Birth weight (kg) 3.1 ± 0.5 3.2 ± 0.5 3.3 ± 0.5b 0.007
SGA 6 (7.4) 9 (5.4) 2 (2.3) 0.131
Exclusive breastfeeding ≥ 6 months 35 (43.2) 85 (51.2) 35 (40.2) 0.667

Age 2
BMI Z-score -0.8 ± 0.7 0.02 ± 0.8a 0.7 ± 0.9b,c <0.001
Overweight or obese at age 2 0 (0.0) 15 (9.0) 31 (35.6) <0.001
BMI quartile group (Q1/Q2–3/Q4) 50/30/4 (61.7/37.0/1.2) 29/108/29 (17.5/65.1/17.5) 4/32/51 (4.6/36.8/58.6) <0.001

Age 4
BMI Z-score -1.3 ± 0.6 -0.02 ± 0.4a 1.1 ± 0.4b,c <0.001
FBG* (mg/dl) 87 (85-91) 88 (84-91) 91 (86-94)b,c 0.002
Fasting insulin* (mIU/ml) 2.3 (1.6-3.5) 2.4 (1.5-3.2) 3.0 (1.9-4.5)b 0.011
HOMA-IR* 0.5 (0.3-0.8) 0.5 (0.3-0.7) 0.7 (0.4-1.0)b 0.005
Maternal BMI (kg/m2) 21.2 ± 2.5 21.8 ± 3.3 22.6 ± 3.0c 0.009
Paternal BMI (kg/m2) 24.0 ± 2.6 25.6 ± 3.2a 25.0 ± 3.1c 0.005
Maternal education ≥ college 67 (82.7) 135 (81.3) 73 (83.9) 0.830
Data are expressed as mean ± SD, median (interquartile range), or number (%).
P-value, analysis of variance (ANOVA) for continuous variables, and chi-squared test for trend analysis for categorical variables.
aP <0.05 between Q1 and Q2–3; bP <0.05 between Q1 and Q4; cP <0.05 between Q2–3 and Q4 using Bonferroni post-hoc analysis.
BMI, body mass index; HOMA-IR, homeostatic model assessment of insulin resistance; SGA, small for gestational age.
*Log-transformed for statistical analysis.
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quartile from age 2 to age 4 (Q2-3!Q1, n=30; Q4!Q2–3, n=29;
Q4!Q1, n=1).

Fasting Blood Glucose, Insulin, and
Homeostatic Model Assessment of Insulin
Resistance According to Change in BMI
Z-Score Quartile From Age 2 to 4
The FBG, insulin, and HOMA-IR at age 4 were significantly
different between group A (Q4!4), group B (Q2-3!2-3), and
group C (Q1!1) (92 vs. 88 vs. 87 mg/dl, P <0.001 for FBG; 3.2
vs. 2.5 vs. 2.4 mIU/ml, P = 0.008 for insulin; 0.7 vs. 0.5 vs. 0.5, P =
0.003 for HOMA-IR, Figure 2A). As shown by Bonferroni post-
hoc analysis, FBG, insulin, and HOMA-IR were higher in group
A than in group B (P < 0.001 for FBG, P = 0.003 for insulin, and P
= 0.001 for HOMA-IR) and group C (P = 0.002 for FBG),
without differences between groups B and C. Multiple regression
analysis showed significantly higher levels of glucose, insulin,
and HOMA-IR in group A than in group B and higher HOMA-
IR in group A than in group C (P <0.05 between two groups for
all variables, Table 3).

Looking only at the 4-year-old children in the highest BMI
(Z) quartile (Q4), we compared the continuously highest (group
A, Q4!4) with the increasing BMI (Z) groups (group D+E, Q1-
Frontiers in Endocrinology | www.frontiersin.org 6
3!4, dotted arrow in Figure 2B). Group A showed significantly
higher FBG than group D+E (92.2 vs. 87.3 mg/dl, P <0.001,
Figure 2B), without differences in fasting insulin or HOMA-IR.
The FBG difference between group A and group D+E was also
significant after adjusting for covariates (P=0.004, Table 3).

No differences in FBG, insulin, or HOMA-IR were found
between the two increasing BMI (Z) quartile groups (group D+E,
Q1–3!4 and group F, Q1!2–3) and group B (Q2–3!2-3,
Figure 2C) despite different BMIs at age 4. Among 4-year-old
children in the middle BMI (Z) quartile (Q2–3), we compared
them according to their 2-year-old BMI (Z) (group G, Q1!2–3;
group B, Q2-3!2–3; and group F, Q4!2–3, solid arrows in
Figure 2D). There were no significant differences in FBG,
insulin, or HOMA-IR between the three groups, suggesting
that the 4-year IR within the middle BMI (Z) group (Q2–3)
was determined by the 4-year-old BMI (Z) quartile regardless of
the 2-year BMI (Z) quartile (Figure 2D).
DISCUSSION

Being in the highest BMI (Z) quartile at both ages 2 and 4 was
associated with higher FBG and HOMA-IR at age 4 than being
TABLE 3 | Regression analysis of FBG, insulin, and HOMA-IR according to BMI Z-score change group.

Analysis 1 [Figure 2A] Analysis 2 [Figure 2B] Analysis 3 [Figure 2C] Analysis 4 [Figure 2D]

Group FBG Insulin HOMA FBG Insulin HOMA FBG Insulin HOMA FBG Insulin HOMA

A (Q4!4) ref ref ref ref ref ref – – – – – –

B (Q2–3!2–3) -0.3 (0.01)** -0.3 (0.1)* -0.3 (0.1)** – – – ref ref ref ref ref ref
C (Q1!1) -0.2 (0.02) -0.2 (0.1) -0.2 (0.1)* – – – – – – – – –

D+E (Q1–3!4) – – – -0.3 (0.02) ** -0.2
(0.2)

-0.2
(0.2)

-0.003
(0.02)

0.06
(0.1)

0.06
(0.1)

– – –

F (Q1!2–3) – – – – – – -0.09
(0.02)

-0.02
(0.1)

-0.03
(0.2)

-0.08
(0.02)

-0.03
(0.1)

-0.04
(0.1)

G (Q4!2–3) – – – – – – – – -0.02
(0.02)

0.1 (0.1) 0.1 (0.2)
May 20
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Values are shown as b (standard error). Glucose, insulin, and HOMA-IR were log-transformed for analysis.
Sex, age (months), birth weight, gestational age, small for gestational age, parental BMI, and maternal education were adjusted for all analyses.
FBG, fasting blood glucose; HOMA-IR, homeostatic model assessment of insulin resistance; ref, reference, *P < 0.05, **P < 0.01.
FIGURE 3 | Associations between the mean BMI Z-score at ages 2 and 4 with glucose, insulin, and HOMA-IR levels at age 4. Age (months), sex, birth weight,
gestational age, SGA, parental BMI, and maternal education were adjusted as covariates. Mean BMI Z-score at ages 2 and 4 = [(BMI Z-score at age 2 + BMI
Z-score at age 4)/2].
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persistently in the lowest or middle BMI (Z) quartile or
increasing in the BMI (Z) quartile. When we analyzed only the
middle BMI (Z) quartile at age 4, FBG and HOMA-IR were
similar irrespective of the previous BMI (Z) quartile at age 2.
When we excluded the persistently highest BMI (Z) quartile
group, FBG and HOMA-IR were not different between the
children in the highest and middle BMI quartiles at age 4.

The differences in FBG and HOMA-IR were significant
between the children who remained in the highest, middle, and
lowest BMI (Z) quartiles at ages 2 and 4 in this study, even though
these children were only 4 years old. There have been few pediatric
reports on FBG or IR in preschool-age children (17–19), and most
have focused on SGA (17, 18). The children born SGA have had
higher fasting insulin at age 3 than those born appropriate for
gestational age (AGA) (17). One pediatric study reported an
inverse relationship between BMI and HOMA-IR in 5- and 6-
year-old children in both sexes, although this analysis was limited
by its cross-sectional nature (18). The current longitudinal study
serially assessed young children at ages 2 and 4, most of whom
were born AGA, demonstrating the adverse effect of persistently
high BMI (Z) quartile rather than increasing BMI (Z) quartile on
FBG and HOMA-IR at age 4.

This study was strengthened by not only considering BMI at
age 4 but also tracking BMI between ages 2 and 4 to evaluate its
effect on FBG and HOMA-IR at age 4. A continuously high level
of adiposity in early childhood adversely affected glucose
homeostasis. Although this study evaluated FBG and HOMA-
IR in 4-year-old children, our results are consistent with previous
findings (20–22), supporting the close association between the
duration of obesity and impaired glucose metabolism in adults.
Although it was in the normal range, HOMA-IR was
significantly higher in children within the highest BMI group
at both ages 2 and 4 in this study. This finding indicates that the
difference in IR according to BMI starts in early childhood, at as
young as 4 years of age. Whether early childhood adiposity and
its duration may affect glucose homeostasis after puberty needs
to be investigated.

The BMI (Z)-adjusted difference in FBG at age 4 between
group A (Q4!4, persistently high adiposity) and group D+E (Q1-
3!4, increasing adiposity) suggested the potential adverse impact
of a long-term high adiposity on later glucose metabolism. This
impact was supported by not only the positive relationship
between the mean BMI (Z) between ages 2 and 4 and FBG at
age 4 but also the higher FBG among the 4-year-old highest BMI
(Z) quartile with small changes in BMI between ages 2 and 4 (a
persistently high BMI from age 2 to 4). Previous longitudinal
studies showing higher metabolic risks after age 6 in children with
increasing BMI (Z) from 9 months to 6 years of age (23), a strong
relationship of BMI increase between 2 and 6 years with insulin
level at age 6 (17), and higher HOMA-IR at age 12 in children
whose BMI increased from age 1.5 to 3 years (24) support the
adverse metabolic effect of increasing BMI during childhood.
Although neither glucose nor insulin at age 4 differed between
groups D+E (Q1-3!4), B (Q2-3!2-3) and F (Q1!2-3) in our
study, their effect on later obesity and metabolic risk during
childhood and adolescence needs to be evaluated.
Frontiers in Endocrinology | www.frontiersin.org 7
The three Q2–3 groups at age 4 (groups B, F, and G) showed
similar glucose and insulin levels irrespective of the BMI quartile
at age 2. Going from overweight or obesity to normal weight may
reverse or restore glucose metabolism in young children. Despite
the age difference, our findings are in line with a Danish cohort
study showing that the individuals who were overweight at age 7
but returned to normal weight by age 13 and maintained a
normal weight until young adulthood showed a similar risk of
T2DM in their 30s to 60s as those who maintained a normal
weight throughout life (25).

This study sample was made up of a prospective birth cohort
that we followed to age 4. All included subjects were healthy
young children, and most of them were born AGA. Our study is
limited by its short follow-up period and the use of noninvasive
HOMA-IR for assessing IR but is strengthened by the evaluation
of young-childhood IR. Further longitudinal evaluation of this
prospective cohort is anticipated.
CONCLUSION

The children who stayed in the highest BMI (Z) quartile from age
2 to 4 had higher FBG and IR at age 4 than any other BMI (Z)
change group. Further longitudinal studies are warranted to
determine the effects of early-life changes in BMI and IR on
later obesity and glucose metabolism.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board of Seoul National
University Hospital (IRB No. 1201-010-392). Written informed
consent to participate in this study was provided by the
participants’ legal guardian/next of kin.
AUTHOR CONTRIBUTIONS

HJL conceptualized the study, collected data, carried out the
analyses, and drafted the manuscript. YHL designed the data
collection of the cohort and critically reviewed the manuscript.
YCH established the cohort, acquired funding for the study, and
critically reviewed the manuscript. CHS coordinated and
supervised data collection and critically reviewed the
manuscript for important intellectual content. YAL
conceptualized the study, coordinated and supervised data
collection, and critically reviewed and revised the manuscript
May 2022 | Volume 13 | Article 872591

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Lee et al. BMI Change and Insulin Resistance
for important intellectual content. All authors approved the final
manuscript as submitted and agree to be accountable for all
aspects of the work.
FUNDING

This research was funded by the Ministry of Environment
through the Environmental Health Center Program of the
Frontiers in Endocrinology | www.frontiersin.org 8
Republic of Korea and a grant (18162MFDS121) from the
Ministry of Food and Drug Safety in 2018.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.872591/
full#supplementary-material
REFERENCES

1. Levy-Marchal C, Arslanian S, Cutfield W, Sinaiko A, Druet C, Marcovecchio
ML, et al. Insulin Resistance in Children: Consensus, Perspective, and Future
Directions. J Clin Endocrinol Metab (2010) 95:5189–98. doi: 10.1210/jc.2010-
1047

2. Hillier TA, Pedula KL, Schmidt MM, Mullen JA, Charles MA, Pettitt DJ.
Childhood Obesity and Metabolic Imprinting: The Ongoing Effects of
Maternal Hyperglycemia. Diabetes Care (2007) 30:2287–92. doi: 10.2337/
dc06-2361

3. Whincup PH, Kaye SJ, Owen CG, Huxley R, Cook DG, Anazawa S, et al. Birth
Weight and Risk of Type 2 Diabetes: A Systematic Review. JAMA (2008)
300:2886–97. doi: 10.1001/jama.2008.886

4. ForsenT, Eriksson J, Tuomilehto J, ReunanenA,OsmondC, BarkerD. The Fetal
and Childhood Growth of Persons Who Develop Type 2 Diabetes. Ann Intern
Med (2000) 133:176–82. doi: 10.7326/0003-4819-133-3-200008010-00008

5. Eriksson JG, Forsen T, Tuomilehto J, Jaddoe VWV, Osmond C, Barker DJP.
Effects of Size at Birth and Childhood Growth on the Insulin Resistance
Syndrome in Elderly Individuals. Diabetologia (2002) 45:342–8. doi: 10.1007/
s00125-001-0757-6

6. Eriksson JG, Forsen T, Tuomilehto J, Osmond C, Barker DJ. Early Adiposity
Rebound in Childhood and Risk of Type 2 Diabetes in Adult Life.
Diabetologia (2003) 46:190–4. doi: 10.1007/s00125-002-1012-5

7. Whitaker RC, Pepe MS, Wright JA, Seidel KD, Dietz WH. Early Adiposity
Rebound and the Risk of Adult Obesity. Pediatrics (1998) 101:E5.
doi: 10.1542/peds.101.3.e5

8. Williams SM. Weight and Height Growth Rate and the Timing of Adiposity
Rebound. Obes Res (2005) 13:1123–30. doi: 10.1038/oby.2005.131

9. Buscot MJ, Thomson RJ, Juonala M, Sabin MA, Burgner DP, Lehtimäki T,
et al. BMI Trajectories Associated With Resolution of Elevated Youth BMI
and Incident Adult Obesity. Pediatrics (2018) 141(1):e20172003. doi: 10.1542/
peds.2017-2003

10. Zimmermann E, Bjerregaard LG, Gamborg M, Vaag AA, Sørensen TI, Baker
JL. Childhood Body Mass Index and Development of Type 2 Diabetes
Throughout Adult Life-A Large-Scale Danish Cohort Study. Obes (Silver
Spring) (2017) 25:965–71. doi: 10.1002/oby.21820

11. Yeung EH, Zhang C, Louis GM, Willett WC, Hu FB. Childhood Size and Life
Course Weight Characteristics in Association With the Risk of Incident Type
2 Diabetes. Diabetes Care (2010) 33:1364–9. doi: 10.2337/dc10-0100

12. Park MH, Sovio U, Viner RM, Hardy RJ, Kinra S. Overweight in Childhood,
Adolescence and Adulthood and Cardiovascular Risk in Later Life: Pooled
Analysis of Three British Birth Cohorts. PloS One (2013) 8:e70684.
doi: 10.1371/journal.pone.0070684

13. ChoYG,Kang JH,Hur YI, Song J, LeeKS. Related Factors of InsulinResistance in
Korean Children: Adiposity and Maternal Insulin Resistance. Int J Environ Res
Public Health (2011) 8:4596–607. doi: 10.3390/ijerph8124596

14. Kim KN, Lim YH, Shin CH, Lee YA, Kim BN, Kim JI, et al. Cohort Profile: The
Environment andDevelopment of Children (EDC) Study: AProspectiveChildren's
Cohort. Int J Epidemiol (2018) 47(4):1049–50f. doi: 10.1093/ije/dyy070

15. Moon JS, Lee S, Nam CM, Choi JM, Choe BK, Seo JW, et al. 2007 Korean
National Growth Charts: Review of Developmental Process and an Outlook.
Korean J Pediatr (2008) 51:1–25. doi: 10.3345/kjp.2008.51.1.1
16. Fenton, Tanis R, Jae HK. A Systematic Review and Meta-Analysis to Revise
the Fenton Growth Chart for Preterm Infants. BMC Pediatr (2013) 13(1):1–
13. doi: 10.1186/1471-2431-13-59

17. Voerman E, Jaddoe VW, Franco OH, Steegers EA, Gaillard R. Critical Periods
and Growth Patterns From Fetal Life Onwards Associated With Childhood
Insulin Levels. Diabetologia (2017) 60:81–8. doi: 10.1007/s00125-016-4135-9

18. Mericq V, Ong KK, Bazaes R, Pena V, Avila A, Salazar T, et al. Longitudinal
Changes in Insulin Sensitivity and Secretion From Birth to Age Three Years in
Small- and Appropriate-for-Gestational-Age Children. Diabetologia (2005)
48:2609–14. doi: 10.1007/s00125-005-0036-z

19. Gardner DS, Metcalf BS, Hosking J, Jeffery AN, Voss LD, Wilkin TJ. Trends,
Associations and Predictions of Insulin Resistance in Prepubertal Children
(EarlyBird 29). Pediatr Diabetes (2008) 9:214–20. doi: 10.1111/j.1399-
5448.2008.00380.x

20. Power C, Thomas C. Changes in BMI, Duration of Overweight and Obesity,
and Glucose Metabolism: 45 Years of Follow-Up of a Birth Cohort. Diabetes
Care (2011) 34:1986–91. doi: 10.2337/dc10-1482

21. Wu F, Juonala M, Sabin MA, Buscot MJ, Pahkala K, Smith KJ, et al.
Association of Body Mass Index in Youth With Adult Cardiometabolic
Risk. J Am Heart Assoc (2020) 9:e015288. doi: 10.1161/jaha.119.015288

22. Buscot MJ, Thomson RJ, Juonala M, Sabin MA, Burgner DP, Lehtimäki T,
et al. Distinct Child-to-Adult Body Mass Index Trajectories are Associated
With Different Levels of Adult Cardiometabolic Risk. Eur Heart J (2018)
39:2263–70. doi: 10.1093/eurheartj/ehy161

23. Bornhorst C, Tilling K, Russo P, Kourides Y, Michels N, Molnár D, et al.
Associations Between Early Body Mass Index Trajectories and Later
Metabolic Risk Factors in European Children: The IDEFICS Study. Eur J
Epidemiol (2016) 31:513–25. doi: 10.1007/s10654-015-0080-z

24. Arisaka O, Sairenchi T, Ichikawa G, Koyama S. Increase of Body Mass Index
(BMI) From 1.5 to 3 Years of Age Augments the Degree of Insulin Resistance
Corresponding to BMI at 12 Years of Age. J Pediatr Endocrinol Metab (2017)
30:455–7. doi: 10.1515/jpem-2016-0227

25. Bjerregaard LG, Jensen BW, Ängquist L, Osler M, Sørensen TI, Baker JL.
Change in Overweight From Childhood to Early Adulthood and Risk of Type
2 Diabetes. N Engl J Med (2018) 378:1302–12. doi: 10.1056/NEJMoa1713231

Conflict of Interest: All 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Lee, Lim, Hong, Shin and Lee. 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.
May 2022 | Volume 13 | Article 872591

https://www.frontiersin.org/articles/10.3389/fendo.2022.872591/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.872591/full#supplementary-material
https://doi.org/10.1210/jc.2010-1047
https://doi.org/10.1210/jc.2010-1047
https://doi.org/10.2337/dc06-2361
https://doi.org/10.2337/dc06-2361
https://doi.org/10.1001/jama.2008.886
https://doi.org/10.7326/0003-4819-133-3-200008010-00008
https://doi.org/10.1007/s00125-001-0757-6
https://doi.org/10.1007/s00125-001-0757-6
https://doi.org/10.1007/s00125-002-1012-5
https://doi.org/10.1542/peds.101.3.e5
https://doi.org/10.1038/oby.2005.131
https://doi.org/10.1542/peds.2017-2003
https://doi.org/10.1542/peds.2017-2003
https://doi.org/10.1002/oby.21820
https://doi.org/10.2337/dc10-0100
https://doi.org/10.1371/journal.pone.0070684
https://doi.org/10.3390/ijerph8124596
https://doi.org/10.1093/ije/dyy070
https://doi.org/10.3345/kjp.2008.51.1.1
https://doi.org/10.1186/1471-2431-13-59
https://doi.org/10.1007/s00125-016-4135-9
https://doi.org/10.1007/s00125-005-0036-z
https://doi.org/10.1111/j.1399-5448.2008.00380.x
https://doi.org/10.1111/j.1399-5448.2008.00380.x
https://doi.org/10.2337/dc10-1482
https://doi.org/10.1161/jaha.119.015288
https://doi.org/10.1093/eurheartj/ehy161
https://doi.org/10.1007/s10654-015-0080-z
https://doi.org/10.1515/jpem-2016-0227
https://doi.org/10.1056/NEJMoa1713231
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Body Mass Index Changes and Insulin Resistance at Age 4: A Prospective Cohort Study
	Introduction
	Materials and Methods
	Subjects
	Questionnaires
	Measurements
	Statistical Analysis
	Ethics Statement

	Results
	Characteristics of Total Subjects
	Changes in BMI Z-score Quartile From Age 2 to 4
	Fasting Blood Glucose, Insulin, and Homeostatic Model Assessment of Insulin Resistance According to Change in BMI Z-Score Quartile From Age 2 to 4

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


