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Abstract
Background Body mass index (BMI) reaches a nadir in mid-childhood, known as the adiposity rebound (AR). Earlier AR is
associated with a higher risk of cardio-vascular diseases in later life. Skinfolds, which are a more direct measure of adiposity,
may give better insight into the relationship between childhood adiposity and later obesity and cardio-metabolic risk.
Objective We aimed to assess whether AR corresponds to a rebound in skinfolds, and compare associations of BMI-derived
AR and skinfold-derived AR with cardio-metabolic risk markers in adolescence.
Methods We used penalised splines with random coefficients to estimate BMI and skinfold trajectories of 604 children from
the Mysore Parthenon Birth Cohort. Age at AR was identified using differentiation of the BMI and skinfold growth curves
between 2 and 10 years of age. At 13.5 years, we measured blood pressure, and glucose, insulin and lipid concentrations.
Results BMI and skinfolds had different growth patterns. Boys reached BMI-derived AR earlier than skinfold-derived AR
(estimated difference: 0.41 years; 95% CI:[0.23, 0.56]), whereas the opposite was observed in girls (estimated difference:
−0.71 years; 95% CI:[−0.90, −0.54]). At 13.5 years, children with earlier BMI-derived AR had higher BMI (−0.58 SD per
SD increase of AR; 95%CI:[−0.65, −0.52]), fat mass (−0.44; 95%CI:[−0.50, −0.37]), insulin resistance (HOMA-IR:
−0.20; 95%CI:[−0.28, −0.12]) and systolic blood pressure (−0.20; 95%CI:[−0.28, −0.11]), and lower HDL-cholesterol
(0.12; 95%CI:[0.04, 0.21]). The associations were independent of BMI at time of rebound, but were fully explained by
fat mass at 13.5 years. Similar associations were found for skinfold-derived AR.
Conclusion BMI-derived adiposity rebound predicts later cardio-metabolic risk markers similarly to that derived from
skinfolds, a direct measure of adiposity.

Introduction

Cardiovascular disease (CVD) is the primary cause of death in
Indian adults, with age-standardised death rate of 348.9 per
100,000 men and 246.6 per 100,000 women [1]. The Global
Burden of Disease Study estimated that, in 2015, CVD

accounted for more than 25% of deaths in India [2]. Growth
in early life is an important predictor of later CVD risk; stu-
dies in both high and low and middle income countries
(LMICs) have shown that lower birth weight and greater
childhood BMI gain are associated with an increased risk of
CVD and its factors hypertension and Type 2 diabetes [3–6].

BMI is widely used as a proxy for adiposity due to its
simplicity of measurement and low cost. Generally, BMI
increases rapidly in the first two years of life, then decreases
and reaches a nadir around 5–7 years, before increasing
again [7]. The age corresponding to the lowest BMI value
recorded before the onset of its second rise is called the
adiposity rebound (AR) [8]. Earlier AR is associated with
higher BMI in later childhood [9] and adulthood [7, 10],
and a higher risk of Type 2 diabetes [11].

While BMI is highly correlated with adiposity [12–14], it
is still unknown whether AR represents a true rebound in
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adiposity. Firstly, BMI includes both fat and lean mass.
Studies in high income countries have shown that the age at
BMI rebound does not correspond to a rebound in fat mass,
but results from an increase in lean mass index combined
with a stabilisation of fat mass index [15]. Secondly, BMI
depends on both height and weight; hence, if height grows
faster than weight, BMI can decrease even if adiposity
(fatness) does not [16]. Taller children have an early AR
[17] suggesting that AR reflects the relative rates of height
and weight gain rather than changes in adiposity, and may
indicate advanced maturation [18].

To our knowledge, no studies in LMICs have investigated
whether the BMI-derived AR corresponds to a rebound in
adiposity and compared their associations with later obesity
and cardio-metabolic risk markers. In the present study, we
used longitudinal height, weight and skinfold measures from
a prospective cohort of children living in Mysore, India, to
examine (1) whether there is a rebound in skinfold thickness,
a direct measure of adiposity, (2) if so, whether it corresponds
in timing to the BMI-derived AR and (3) how it compares
with BMI-derived AR in its associations with obesity and
cardio-metabolic risk markers measured at 13.5 years.

Methods

Data were collected within the Mysore Parthenon Birth
Cohort, a prospective cohort set up to examine the long-term
effects of early life factors on later cardio-metabolic health.
Detailed information on the cohort has been published else-
where [19]. Briefly, between June 1997 and August 1998,
830 women attending antenatal clinics at CSI Holdsworth
Memorial Hospital (HMH) in Mysore, India, with no known
history of diabetes, having a singleton pregnancy and
intending to deliver at HMH were recruited. Among those,
663 women delivered babies without major congenital
abnormalities at HMH. Anthropometry (weight, crown-heel
length, triceps and subscapular skinfold thickness) was
recorded within 72 h from birth, and collected annually until
5 years of age and every 6 months after that. At each follow-
up, triceps and subscapular skinfolds were measured in tri-
plicate and subsequently averaged. Total skinfold thickness
was calculated as the sum of the averages of triceps and
subscapular skinfolds. Inter-observer coefficients of variation
(CV) were low for both triceps and subscapular skinfolds
ranging from 2.1% at birth to 8.2% at 5-year follow-up [20].

At 13.5 years, cardio-metabolic risk markers were
measured and information on socio-economic status and
pubertal stage was collected. Body fat was measured using
bioimpedance (Bodystat, Quadscan 400, Isle of Man, UK) and
its value was derived from the manufacturer’s equation. A
comparison of body fat estimated from different published
equations with measurements obtained using 18O dilution

showed that, in a smaller sample of the present cohort, the
manufacturer’s equation had the least bias [21]. Systolic
and diastolic blood pressure were measured using an auto-
mated blood pressure monitor (Dinamap 8100, Criticon, FL,
USA) after at least 5 minutes seated at rest. Fasting blood
samples were used to assess plasma glucose, insulin and lipid
concentration. Glucose and lipid concentrations were mea-
sured by standard enzymatic methods (Hitachi-902, Roche,
Germany), while insulin was measured using an enzyme-
linked immunosorbent assay (Mercodia Ultrasensitive, Mer-
codia AB, Uppsala, Sweden) [20]. Insulin resistance was
estimated using the HOMA-IR equation [22]. Assays were
carried out at the Diabetes Unit, KEM Hospital, Pune, India.
Socio-economic status was assessed using the Standard of
Living Index (SLI) estimated based on housing type, utilities
and household possessions [23]. Pubertal stage was identified
using Tanner’s method [24], considering the stage of breast
development in girls and genital development in boys.

Analysis sample

BMI and skinfold growth curves were derived using data from
604 children (a maximum of 14 values per child), after
excluding children who died during follow-up (n= 25), those
with major medical conditions (n= 8), and children with less
than three records of BMI and/or skinfolds between 2 and
10 years of age (n= 26). Of the 604 children, only 5 (0.8%)
did not have a rebound in BMI, while 109 (18%) had no
skinfold rebound. We included these children in the analysis,
and we hypothesised that they reached the rebound at 2 years
of age as BMI/skinfolds had an upward trajectory after 2 years.
Five-hundred and forty-five children were available for follow-
up at 13.5 years, and were included in the analyses of asso-
ciations between AR and cardio-metabolic risk markers.

Statistical analysis

Sex-and-cohort-specific BMI and skinfold centile curves were
derived using the Lambda–Mu–Sigma (LMS) method [25].
To estimate AR, subject-specific growth curves were fitted
to BMI and skinfolds, respectively, using penalised splines
with random coefficients. Briefly, penalised splines are pie-
cewise polynomial curves connected at user-defined points
(knots), subject to penalties ensuring smoothness, that model
the relationship between variables without imposing any
assumption on the trend (e.g. linear, quadratic, etc.) of the
association with age [26]. Different numbers and positions
of knots were used to choose the “best” model. Based on
Akaike’s information criteria (AIC), five knots, placed at the
quintiles of unique ages, were selected. BMI-derived age
at AR and skinfold-derived age at AR were determined by
differentiation of the corresponding fitted curves restricted
to ages between 2 and 10 years [27].
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Because BMI-derived age at AR and skinfold-derived
age at AR were not normally distributed, Mann–Whitney
U tests were used to look at the differences between
sexes, and Wilcoxon signed rank tests were used to
determine whether children reached minimum BMI and
skinfolds at similar ages. Differences in means were
reported as descriptive statistics together with 95% boot-
strap confidence intervals. Bootstrap allows the derivation
of the standard error and confidence interval for any esti-
mator without making any assumptions about its distribu-
tion [28].

To understand the associations of BMI-derived and
skinfold-derived age at AR with cardiometabolic risk markers
at 13.5 years, we used a series of linear regression models
adjusted for factors that are known to be associated with
cardiometabolic risk markers at 13.5 years. Specifically, we
first adjusted for age and sex (model 1); next, we further
adjusted for height, socio-economic status, pubertal stage at
13.5 years and exposure to maternal gestational diabetes
(model 2), and for BMI or skinfolds at the time of rebound
(model 3). Finally, we further adjusted for fat mass at
13.5 years (model 4). For each cardio-metabolic outcome,
we tested for interactions between sex and AR after
adjusting for the child’s exact age at 13.5 years. To allow
comparison between BMI-derived AR and skinfold-
derived AR, outcome and exposure variables were trans-
formed into standard deviation scores (SDS) for analysis
and presentation.

The robustness of our findings was assessed through
sensitivity analyses fitting the same set of models to a
smaller sample obtained after removing (1) children who
did not have a rebound in BMI or skinfolds between 2 and
10 years of age, (2) children with one or more BMI or
skinfolds measure missing between 2 and 10 years of age.
Results were considered statistically significant when p <
0.05. The analyses were performed using R V.3.4.1 [29].

Ethics

The Holdsworth Memorial Hospital ethics review commit-
tee approved the study and informed written consent was
obtained from the parents and assent from children.

Results

BMI and skinfold growth patterns

BMI and skinfolds had similar growth patterns in boys and
girls (Fig. 1). However, while BMI started to decrease at
2 years, and reached its second minimum after 5 years of
age, skinfolds remained somewhat constant between 2
and 6 years and started increasing only after 6 years,

with a steeper increase in girls. The different trends of
BMI and skinfolds were reflected in the number of children
who did not experience a rebound between 2 and 10 years
of age.

Mean (SD) BMI-derived age at AR was 6.10 (1.08) years
for boys and 5.90 (1.23) years for girls (estimated differ-
ence: −0.19 years; 95% CI: [−0.37, −0.01];
p= 0.01), whereas mean (SD) skinfold-derived age at
AR was 6.51 (1.68) years for boys and 5.19 (2.23) years
for girls (estimated difference: −1.31 years; 95% CI:
[−1.61, −1.00]; p < 0.001). Skinfold-derived age at AR had
greater variability than BMI-derived age at AR in
both sexes (Fig. 2). Boys tended to reach skinfold-
derived AR later than BMI-derived AR (estimated
difference: 0.41 years; 95% CI: [0.23, 0.56]; p < 0.001),
while the opposite was true for girls (estimated difference:
−0.71 years; 95% CI: [−0.90, −0.54]; p < 0.001). Boys and
girls had similar BMI at time of BMI-derived AR (estimated
difference: −0.07 kg/m2; 95% CI: [−0.23, 0.09]; p= 0.21);
however, girls had higher skinfold thickness at time of
skinfold-derived AR (estimated difference 2.12 mm; 95%
CI: [1.72, 2.54]; p < 0.001).

Associations with later cardio-metabolic risk
markers

Among the 545 children who were followed-up at
13.5 years, 48% were boys. Compared to girls, boys had
lower BMI, fat mass, fasting insulin, triglycerides and
HOMA-IR at 13.5 years but higher systolic and diastolic
blood pressure (Table 1).

Children with earlier BMI-derived AR had higher BMI
(−0.58 per SD increase of BMI-derived AR; 95% CI
[−0.65, −0.52]; p < 0.001) and fat mass (−0.44 per SD;
95% CI [−0.50, −0.37]; p < 0.001) at 13.5 years. Similar
associations were obtained between skinfold-derived AR
and BMI (−0.53 per SD increase of skinfold-derived
AR; 95% CI [−0.61, −0.46 /2]; p < 0.001) and fat mass
(−0.46 ; 95% CI [−0.53, −0.39]; p < 0.001) at 13.5 years.
The relationships were not attenuated by adjusting for age,
sex, height, socio-economic status and pubertal stage at 13.5
years, BMI or skinfold at time of rebound or maternal
gestational diabetes.

Earlier BMI-derived AR was associated with lower HDL-
cholesterol and higher fasting insulin, HOMA-IR and
blood pressure (systolic and diastolic) (Table 2). Adjusting
for age, sex, height, socio-economic status, pubertal stage
at 13.5 years and maternal gestational diabetes attenuated
the associations with diastolic blood pressure, but did not
influence the other associations. The associations remained
significant after adjusting for BMI at the time of rebound.
After adjustment for fat mass at 13.5 years, all became non-
significant (Table 2). Similar associations, in both direction
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Fig. 2 Distribution of BMI-
derived adiposity rebound and
skinfold-derived adiposity
rebound by sex

Fig. 1 Smoothed reference
curves for the 10th, 25th, 50th,
75th and 90th for BMI and
skinfolds in 0–13.5 years old
Indian boys and girls
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and magnitude, were observed when considering skinfold-
derived AR (Table 2).

The associations between BMI-derived AR and systolic
blood pressure, and those between skinfold-derived AR

and fat mass, fasting insulin and HOMA-IR were in the
same direction in boys and girls, but were stronger in boys
(Figure S1). For these variables, significant positive inter-
action terms (p < 0.02) were observed.

Table 1 BMI, fat mass and
cardiometabolic risk markers at
13.5 years by sex

Boys (n= 259) Girls (n= 286) p

Median IQR Median IQR

BMI (kg/m2) 16.4 (15.2, 18.0) 17.9 (16.2, 20.4) <0.001

Overweight and obesea 16 (6.2%) 43 (15%) 0.001

Fat mass (kg) 6.3 (4.60, 9.00) 11 (8.40, 13.9) <0.001

Fasting glucose (mmol/l) 5.06 (4.83, 5.33) 5.03 (4.78, 5.28) 0.06

Fasting insulin (pmol/l) 33.6 (21.8, 46.1) 45.5 (35.3, 62.0) <0.001

Total cholesterol (mmol/l)b 3.5 (0.72) 3.56 (0.68) 0.26

Triglycerides (mmol/l) 0.69 (0.50, 0.98) 0.78 (0.59, 1.03) 0.005

HDL-cholesterol (mmol/l)b 1.09 (0.26) 1.05 (0.25) 0.1

LDL-cholesterol (mmol/l)b 2.04 (0.56) 2.12 (0.53) 0.11

HOMA-IR 1.24 (0.80, 1.76) 1.67 (1.27, 2.28) <0.001

Systolic blood pressure (mmHg)b 110.9 (8.32) 108 (7.57) <0.001

Diastolic blood pressure (mmHg)b 62.8 (6.9) 56.6 (6.74) <0.001

aValues are number and percentage. Children were classified overweight or obese if their BMI-for-age,
computed using the WHO growth standard, was greater than 1 SD. Differences between boys and girls are
tested using Chi-squared test.
bMean and standard deviation are reported for normally distributed variables. Differences between boys and
girls are tested using two sample t-test and Mann–Whitney U-test for normally and not normally distributed
variables, respectively.

Table 2 Coefficient estimates (and 95% confidence interval) for the regression of age at adiposity rebound on CVD risk factors at 13.5 years

BMI-derived adiposity rebound (z-score) Skinfold-derived adiposity rebound (z-score)

Model 1 Estimate
(95% CI)

Model 2 Estimate
(95% CI)

Model 3 Estimate
(95% CI)

Model 4 Estimate
(95% CI)

Model 1 Estimate
(95% CI)

Model 2 Estimate
(95% CI)

Model 3 Estimate
(95% CI)

Model 4 Estimate
(95% CI)

Fasting glucose 0.01 0.01 −0.03 −0.02 0.02 0.05 0.00 0.01

(SDS) (−0.08, 0.09) (−0.08, 0.11) (−0.13, 0.07) (−0.13, 0.08) (−0.07, 0.11) (−0.05, 0.14) (−0.10, 0.11) (−0.10, 0.12)

Fasting insulin −0.21 −0.15 −0.13 0.02 −0.19 −0.14 −0.12 0.00

(SDS) (−0.28, −0.13)** (−0.23, −0.07)** (−0.22, −0.04)* (−0.07, 0.11) (−0.27, −0.11)** (−0.22, −0.05)** (−0.22, −0.02)* (−0.04, 0.15)

Total cholesterol 0.00 −0.04 −0.06 0.03 0.00 −0.05 −0.05 0.02

(SDS) (−0.09, 0.08) (−0.13, 0.05) (−0.15, 0.04) (−0.07, 0.13) (−0.09, 0.09) (−0.15, 0.04) (−0.15, 0.06) (−0.09, 0.12)

Triglycerides −0.03 −0.05 −0.04 0.02 −0.01 −0.02 0.00 0.06

(SDS) (−0.12, 0.05) (−0.14, 0.04) (−0.14, 0.05) (−0.08, 0.12) (−0.10, 0.07) (−0.12, 0.08) (−0.10, 0.11) (−0.04, 0.17)

HDL-cholesterol 0.12 0.10 0.04 0.04 0.13 0.08 0.05 0.02

(SDS) (0.04, 0.21)* (0.00, 0.17)* (−0.05, 0.14) (−0.06, 0.14) (0.04, 0.21)* (−0.01, 0.18) (−0.06, 0.15) (−0.09, 0.12)

LDL-cholesterol −0.04 −0.07 −0.07 0.02 −0.04 −0.1 −0.08 0.00

(SDS) (−0.12, 0.04) (−0.16, 0.02) (−0.17, 0.02) (−0.08, 0.12) (−0.13, 0.05) (−0.19, 0.00) (−0.18, 0.03) (−0.11, 0.11)

HOMA-IR −0.2 −0.14 −0.13 0.02 −0.18 −0.12 −0.11 0.06

(SDS) (−0.28, −0.12)** (−0.22, −0.06)** (−0.22, −0.04)* (−0.07, 0.11) (−0.26, −0.09)** (−0.21, −0.03)** (−0.21, −0.02)* (−0.04, 0.15)

Systolic blood −0.20 −0.14 −0.10 −0.07 −0.19 −0.13 −0.11 −0.06

pressure (SDS) (−0.28, −0.11)** (−0.23, −0.05)* (−0.19, −0.01)* (−0.17, 0.03) (−0.28, −0.11)** (−0.22, −0.04)* (−0.21, 0.00)* (−0.16, 0.05)

Diastolic blood −0.11 −0.05 −0.05 −0.04 −0.08 −0.03 −0.03 −0.02

pressure (SDS) (−0.19, −0.03)* (−0.14, 0.05) (−0.14, 0.05) (−0.14, 0.06) (−0.18, −0.01)* (−0.13, 0.06) (−0.13, 0.07) (−0.13, 0.08)

Model 1 was adjusted for age at 13.5 and sex. Model 2 was adjusted for sex, age at 13.5, height, socio-economic status, pubertal stage, and
maternal gestational diabetes.

Model 3 was further adjusted for BMI/skinfolds at the time of rebound. Model 4 was further adjusted for BMI or skinfold at time of rebound and
fat mass at 13.5 years

SDS standard deviation score

**p-value < 0.001, *p-value < 0.05.
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Sensitivity analysis: removing children with no
rebound in adiposity

Of the 604 children in the study, 104 had a rebound in
BMI but not in skinfolds, while 5 experienced neither a
BMI-derived AR not a skinfold-derived AR. The majority
(82%) of children who did not reach a skinfold rebound
were girls; specifically, a rebound in skinfolds was not
observed in 20 (7%) boys and 89 (29%) girls.

After removing the 109 children with no rebound in adip-
osity, mean (SD) BMI-derived age at AR was 6.22 (0.99) years
for boys and 6.27 (1.09) years for girls (estimated differ-
ence: 0.05 years; 95% CI: [−0.12, 0.24]; p= 0.96), whereas
mean (SD) skinfold-derived age at AR was 6.92 (1.10) years
for boys and 6.31 (1.26) years for girls (estimated difference:
−0.62 years, 95% CI: [−0.85, −0.41]; p < 0.001). As in the
main analysis, boys reached skinfold-derived AR later than
BMI-derived AR (estimated difference: 0.71 years; 95% CI:
[0.58, 0.81]; p < 0.001); however, there was no significant
difference between skinfold-derived AR and BMI-derived AR
in girls (estimated difference: 0.04 years; 95% CI: [−0.11,
0.17]; p= 0.29). As observed in the full sample, there were
significant associations of BMI-derived AR and skinfold-
derived AR with cardio-metabolic risk markers measured in
adolescence. The relationships were not attenuated by adjusting
for age, sex, height, socio-economic status and pubertal stage at
13.5 years, BMI or skinfolds at time of rebound, or maternal
gestational diabetes (Table S1). Similar significant interactions
of sex with age at AR were observed (results not shown).

Sensitivity analysis: removing children with
incomplete measures of BMI or skinfolds

Four hundred and sixty children (76%) had complete
measures of BMI and skinfolds between 2 and 10 years of
age. Among those, 444 were followed up at 13.5 years. The
percentages of boys and girls were the same observed in the
full sample. After removing those with incomplete infor-
mation on BMI and/or skinfolds we obtained results similar
to those presented beforehand (results not shown).

Discussion

This study showed that BMI and skinfolds have different
growth patterns. Both increased rapidly in the first two post-
natal years; BMI then decreased, reached a minimum around
5–7 years, and started increasing again; whereas skinfolds
remained quite constant until 5–7 years and increased rapidly
thereafter. The majority of children in the cohort had a
rebound in skinfolds and BMI between 2 and 10 years of age;
however, no skinfold rebound occurred for 18% of the chil-
dren. Skinfold-derived AR differed significantly in age from

BMI-derived AR. Associations between BMI-derived AR and
skinfold-derived AR with later cardio-metabolic outcomes
were similar in magnitude and direction, with coefficient’s
estimates of BMI-derived AR lying within the 95% confidence
interval of those of skinfold-derived AR. Overall, children
with earlier AR had higher BMI, fat mass, fasting insulin,
HOMA-IR and systolic blood pressure, and lower HDL-
cholesterol at 13.5 years. The observed associations were
independent of BMI/skinfolds at the time of rebound, but they
were fully explained by fat mass at 13.5 years.

The average age at BMI-derived AR was comparable to
that observed in European cohorts of children born between
the 1930s and 1950s [8, 11]. Recent evidence suggests that, in
Europe, the age at BMI-derived AR has fallen since the 1950s
as a result of faster height gain in the first 2 years of life and
advanced maturation (for example, indicated by earlier pub-
erty) [8, 30]. In a Chilean study of children born in
2002–2003, 44% of children were less than 5 years old at
BMI-derived AR [9]; however, the percentage of obese and
overweight children was more than fourfold higher than in
our cohort. There are not enough data to compare BMI-
derived AR trends in India; however, a later BMI-derived AR
(mean: 6.6 years, SD: 1.7 years) [31] observed in the New
Delhi Birth Cohort (children born between 1969 and 1972)
suggests that BMI-derived AR has fallen in India too.

Literature comparing BMI growth with that of more direct
measures of adiposity is scarce. Collecting longitudinal
adiposity data is challenging. Two commonly used techniques
are bioelectrical impedance analysis and dual energy X-ray
absorptiometry (DXA). The former is strongly influenced by
individual characteristics (e.g. muscle mass), hydration and
external temperature [32], whereas the latter is expensive,
requires highly trained staff and involves radiation exposure,
making it unsuited for the frequent serial measurements
required to define AR precisely. A German cross-sectional
study of more than 15,000 children, comparing the growth of
BMI and fat mass index measured using bioimpedance,
showed that BMI rebound occurred earlier than fat mass
index rebound in both sexes [33]. We used longitudinal
skinfold measures to characterise adiposity. Skinfold mea-
sures are quick, inexpensive, simple to obtain and, in school-
aged children, are highly correlated with fat mass estimated
using DXA [34]. We found that the majority of children
reached a skinfold rebound between 2 and 10 years. However,
the age at skinfold-derived AR differed from the age at BMI-
derived AR. Boys reached skinfold-derived AR later than
BMI-derived AR, whereas the opposite was observed in girls.
Moreover, a third of the girls did not have a rebound in
skinfolds suggesting that, in this population, BMI-derived AR
does not represent a simple rebound in adiposity.

Regardless of sex and the measure used to identify AR, age
at AR was inversely associated with BMI, fat mass and cardio-
metabolic risk markers at 13.5 years. Similarly to findings in

688 C. Di Gravio et al.



Western populations, these associations were independent of
BMI at time of rebound [10]. Numerous studies have shown
associations between age at BMI-derived AR and later cardio-
metabolic risk markers [7, 9–11]. Others have compared the
relative merits of cross-sectional measures of childhood/ado-
lescent BMI and skinfolds at single time points in predicting
body fat and later cardio-metabolic risk factors [35, 36].
However, few studies have compared associations of age at
AR, estimated from longitudinal measures of adiposity, with
cardio-metabolic risk markers in later life. One longitudinal
study in the USA [37] found that children with earlier BMI
rebound (≤5 years) or earlier triceps rebound (≤5 years) were
more likely to be obese adults. Associations between AR and
later cardio-metabolic risk markers were not reported.

In our study, associations between early AR and cardio-
metabolic risk markers at 13.5 years were fully mediated by
fat mass measured at the same age. This suggests the pre-
sence of an indirect pathway between AR and later risk
outcomes, with children who rebound earlier having higher
fat mass at 13.5, and consequently, higher fasting insulin,
triglycerides, HOMA-IR and systolic blood pressure. Similar
pathways were observed in younger Chilean children [9].

BMI and skinfold growth might help to identify children at
risk of obesity, Type 2 diabetes and CVD in later life; however,
they remain problematic to monitor and AR is rarely used in a
clinical setting. Data on height and weight need to be collected
frequently through childhood, and even if enough measures are
available, the age at rebound can only be identified retro-
spectively. It has been suggested that BMI at age 7 could be a
more feasible alternative to AR in assessing later obesity as
correlations of BMI at age 7 with BMI measured at 18 and 21
years are similar in magnitude to those between AR and later
BMI [38]. In our study, the correlation between BMI at age 7
and 13.5 was comparable in magnitude to that between BMI-
derived AR and BMI at age 13.5 (results not shown). We are
currently following up the cohort, and will be able to test
whether this trend continues in early adulthood.

Strengths and limitations

The availability of frequently and prospectively collected
anthropometry constitutes a major strength of the study. Only
4% of the children had fewer than three measures of BMI and/
or skinfolds; hence, it is unlikely that their exclusion affected
the results. Complete information on BMI and skinfolds was
available for 76% of the children. Sixty-four (10%) were
missing values at only one time point, while 24 (4%) were
missing values at 2 time points. Most missing values occurred
before the age of 3 (N= 18 [3% of the total sample]) or after
8.5 (N= 48 [7% of the total sample]) and therefore are unlikely
to bias the AR values. A sensitivity analysis, including only
children with complete measures of BMI and skinfolds,
showed that estimates of AR were not affected by missing

values. Generalisability of the results constitutes an important
limitation. We were only able to assess skinfolds as direct
measures of adiposity, since bio-impedance data were first
collected at the 5-year follow-up. Skinfolds only measure
adipose tissue at one location; therefore, they might give dif-
ferent results from total body fat. Although different models
were fitted and care was taken in choosing the appropriate
confounders, other unmeasured variables (e.g. fat mass at time
of rebound) could attenuate the observed associations.

Conclusion

A rebound in adiposity as measured by skinfolds was detected
in the majority of children. BMI-derived AR and skinfold-
derived AR were different, thought the latter might contribute
to the overall trend of BMI. Regardless of when BMI and
skinfold rebound occur, they exhibited similar associations
with obesity and cardio-metabolic risk factors at 13.5 years.
These associations were not attenuated by BMI/skinfold at
time of AR, but were fully explained by fat mass at 13.5
years. Although is not a true measure of adiposity, BMI
rebound predicted later cardio-metabolic risk markers simi-
larly to skinfold rebound. The ease of measurement makes
BMI-derived AR a more achievable indicator in practice.
Identifying the determinants of an early age at AR is the next
essential step in understanding how to prevent later obesity
and related disorders.

Acknowledgements We are grateful to the participating families, the
director, and the obstetric and paediatric consultants of HMH. We
thank the staff at the Epidemiology Research Unit, HMH, and the
MRC Lifecourse Epidemiology Unit for their substantial contributions.
We also thank Sneha-India for its support.

Funding: The study was funded by the Parthenon Trust, Switzerland,
the Wellcome Trust, UK (079877/Z/06/Z and 095147/Z/10/Z), the
Department for International Development, UK and the Medical
Research Council, UK [G0400519 (ID no.71108)].

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

Comparing BMI with skinfolds to estimate age at adiposity rebound and its associations with. . . 689

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


References

1. World Health Organization. Global status report on non-
communicale diseases 2014. Switzerland: WHO; 2014.

2. Wang H,Naghavi M,Allen C, Global, regional, and national life
expectancy, all-cause mortality, and cause-specific mortality for 249
causes of death, 1980-2015: a systematic analysis for the Global
Burden of Disease Study 2015. Lancet. 2016;388:1459–544.

3. Eriksson JG, Forsén T, Tuomilehto J, Winter PD, Osmond C,
Barker DJP. Catch-up growth in childhood and death from cor-
onary heart disease: longitudinal study. BMJ. 1999;318:427–31.

4. Hales C, Barker D, Clark P, et al. Fetal and infant growth and
impaired glucose tolerance at age 64. BMJ. 1991;303:1019–22.

5. Bhargava SK, Sachdev HS, Fall CHD, et al. Relation of serial
changes in childhood body-mass index to impaired glucose tol-
erance in young adulthood. New Engl J Med. 2004;350:865–75.

6. Adair L, Fall C, Osmond C, et al. Associations of linear growth
and relative weight gain during early life with adult health and
human capital in countries of low and middle income: findings
from five birth cohort studies. Lancet. 2013;382:525–34.

7. Peneau S, Gonzalez-Carrascosa R, Gusto G, et al. Age at adiposity
rebound: determinants and association with nutritional status and
the metabolic syndrome at adulthood. Int J Obes. 2016;40:1150–6.

8. Rolland-Cachera MF, Deheeger M, Maillot M, Bellisle F. Early
adiposity rebound: causes and consequences for obesity in chil-
dren and adults. Int J Obes. 2006;30:S11–S7.

9. Gonzalez L, Corvalan C, Pereira A, Kain J, Garmendia ML, Uauy
R. Early adiposity rebound is associated with metabolic risk in
7-year-old children. Int J Obes. 2014;38:1299–304.

10. Whitaker RC, Pepe MS, Wright JA, Seidel KD, Dietz WH. Early
adiposity rebound and the risk of adult obesity. Pediatrics.
1998;101:e5–e.

11. Eriksson JG, Forsén T, Tuomilehto J, Osmond C, Barker DJP.
Early adiposity rebound in childhood and risk of Type 2 diabetes
in adult life. Diabetologia. 2003;46:190–4.

12. Boeke C, Oken E, Kleinman K, Rifas-Shiman S, Tavers E, Gill-
man M. Correlations among adiposity measures in school-aged
children. BMC Pediatr 2013;99:13.

13. Jensen NSO, Camargo TFB, Bergamaschi DP. Comparison of
methods to measure body fat in 7-to-10-year-old children: a sys-
tematic review. Public Health. 2016;133:3–13.

14. Lindsay RS, Hanson RL, Roumain J, Ravussin E, Knowler WC,
Tataranni PA. Body mass index as a measure of adiposity in
children and adolescents: relationship to adiposity by dual energy
X-ray absorptiometry and to cardiovascular risk factors. J Clin
Endocrinol Metab. 2001;86:4061–7.

15. Campbell MW-C, Williams J, Carlin JB, Wake M. Is the adiposity
rebound a rebound in adiposity? Int J Pediatr Obes. 2011;6:e207–15.

16. Kuh D, Shlomo YB. A life course approach to chronic disease
epidemiology. 2nd ed. Oxford: Oxford University Press; 2004.

17. Williams S. Weight and height growth rate and the timing of
adiposity rebound. Obes Res. 2005;13:1123–30.

18. Dietz WH. “Adiposity rebound”: reality or epiphenomenon?
Lancet. 2000;356:2027–8.

19. Krishnaveni GV, Veena SR, Hill JC, Karat SC, Fall CHD. Cohort
Profile: Mysore parthenon birth cohort. Int J Epidemiol. 2015;44:28–36.

20. Krishnaveni GV, Veena SR, Srinivasan K, Osmond C, Fall CHD.
Linear growth and fat and lean tissue gain during childhood:

associations with cardiometabolic and cognitive outcomes in
adolescent Indian Children. PLoS One. 2015;10:e0143231.

21. Kehoe SH, Krishnaveni GV, Lubree HG, et al. Prediction of
body-fat percentage from skinfold and bio-impedance measure-
ments in Indian school children. Eur J Clin Nutr. 2011;
65:1263.

22. Matthews D, Hosker J, Rudenski A, Naylor B, Treacher D, Turner
R. Homeostasis model assessment: insulin resistance and beta-cell
function from fasting plasma glucose and insulin concentrations in
man. Diabetologia. 1985;28:412–9.

23. International Institute for Population Sciences (IIPS) and Opera-
tions Research Centre (ORC). National Family Health Survey
(NFHS-2), India 1998–1999. Maharashtra, Mumbai: IIPS; 2001.
http://dhsprogram.com/pubs/pdf/FRIND2/FRIND2.pdf.

24. Tanner J. Growth in adolescence. 2nd ed. Oxford, England:
Blackwell Scientific Publications; 1962.

25. Cole TJ, Green PJ. Smoothing reference centile curves: The lms
method and penalized likelihood. Stat Med. 1992;11:1305–19.

26. Silverwood RJ, De Stavola BL, Cole TJ, Leon DA. BMI peak in
infancy as a predictor for later BMI in the Uppsala Family Study.
Int J Obes. 2009;33:929–37.

27. Cheung Y. Statistical analysis of human growth and development.
Boca Raton, FL: CRC; 2013.

28. Efron B, Tibshirani R. An introduction to the bootstrap. Boca
Raton, FL: Chapman & Hall/CRC; 1994.

29. Rigby R, Stasinopoulos D. Generalized additive models for location,
scale and shape (with discussion). Appl Stat. 2005;54:507–54.

30. Vignerová J, Humeníkova L, Brabec M, Riedlová J, Bláha P.
Long-term changes in body weight, BMI, and adiposity rebound
among children and adolescents in the Czech republic. Econ
Human Biol. 2007;5:409–25.

31. Fall C, Sachdev H, Osmond C, et al. Adult metabolic syndrome
and impaired glucose tolerance are associated with different pat-
terns of body mass index gain during infancy; Data from the New
Delhi birth cohort. Diabetes Care. 2008;31:2349–56.

32. Dehghan M, Merchant AT. Is bioelectrical impedance accurate for
use in large epidemiological studies? Nutr J. 2008;7:26.

33. Plachta-Danielzik S, Bosy-Westphal A, Kehden B, et al. Adip-
osity rebound is misclassified by BMI rebound. Eur J Clin Nutr.
2013;67:984–9.

34. Boeke CE, Oken E, Kleinman KP, Rifas-Shiman SL, Taveras EM,
Gillman MW. Correlations among adiposity measures in school-
aged children. BMC Pediatr. 2013;13:99.

35. Sardinha LB, Going SB, Teixeira PJ, Lohman TG. Receiver
operating characteristic analysis of body mass index, triceps
skinfold thickness, and arm girth for obesity screening in children
and adolescents. Am J Clin Nutr. 1999;70:1090–5.

36. Steinberger J, Jacobs DR Jr., Raatz S, Moran A, Hong CP,
Sinaiko AR. Comparison of body fatness measurements by BMI
and skinfolds vs dual energy X-ray absorptiometry and their
relation to cardiovascular risk factors in adolescents. Int J Obes
Relat Metab Disord. 2005;29:1346–52.

37. Freedman D, Kettel Khan L, Serdula M, Srinivasan S, Berenson
G. BMI rebound, childhood height and obesity among adults: the
Bogalusa Heart Study. Int J Obes. 2001;24:4.

38. Williams S, Davie G, Lam F. Predicting BMI in young adults
from childhood data using two approaches to modelling adiposity
rebound. Int J Obes. 1999;23:348–54.

690 C. Di Gravio et al.

http://dhsprogram.com/pubs/pdf/FRIND2/FRIND2.pdf

	Comparing BMI with skinfolds to estimate age at adiposity rebound and its associations with cardio-metabolic risk markers in�adolescence
	Abstract
	Introduction
	Methods
	Analysis sample
	Statistical analysis
	Ethics

	Results
	BMI and skinfold growth patterns
	Associations with later cardio-metabolic risk markers
	Sensitivity analysis: removing children with no rebound in adiposity
	Sensitivity analysis: removing children with incomplete measures of BMI or skinfolds

	Discussion
	Strengths and limitations

	Conclusion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




