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Abstract

Rapid infant weight gain is associated with increased abdominal adiposity, but there is no published
report of the relationship of early infant growth to differences in specific adipose tissue depots in the
abdomen, including visceral adipose tissue (VAT). In this study, we tested the associations of birth
weight, infant weight gain, and other early life traits with VAT, abdominal subcutaneous adipose
tissue (ASAT), and other body composition measures using magnetic resonance imaging (MRI) and
dual-energy X-ray absorptiometry in middle adulthood (mean age = 46.5 years). The sample included
233 appropriate for gestational age singleton white children (114 males) enrolled in the Fels
Longitudinal Study. Multivariate-adjusted general linear models were used to test the association of
infant weight gain (from 0 to 2 years), maternal BMI, gestational age, parity, maternal age, and other
covariates with adulthood body composition. Compared to infants with slow weight gain, rapid
weight gain was associated with elevated risk of obesity (adjusted odds ratio = 4.1, 95% confidence
interval = 1.4, 11.1), higher total body fat (+7 kg, P = 0.0002), percent body fat (+5%, P = 0.0006),
logVAT mass (+0.43 kg, P = 0.02), logASAT mass (+0.47 kg, P = 0.001), and percent abdominal
fat (+5%, P = 0.03). There was no evidence that the increased abdominal adipose tissue was due to
a preferential deposition of VAT. In conclusion, rapid infant weight gain is associated with increases
in both VAT and ASAT, as well as total adiposity and the risk of obesity in middle adulthood.

INTRODUCTION

Lifecourse epidemiology is a relatively new subspecialty of chronic disease epidemiology that
elucidates critical developmental periods and the timing and duration of environmental
exposures over the lifecourse as risk factors for cardiovascular disease, obesity, diabetes,
cancer, and other common chronic diseases (1,2). The prenatal-neonatal transition is
considered one such critical period that impacts these complex multifactorial diseases (2,3).
In particular, individuals with a faster rate of weight gain in the first months of life tend to have
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a higher risk of later obesity (reviewed by refs. 4-6) and abnormal B-cell function and insulin
sensitivity (7-10) than individuals with slower or gradual infant weight gain.

One proximate mechanism explaining the association of infant weight gain to the risk of
diabetes is that growth-restricted fetuses who experience rapid “catch-up” growth during
infancy preferentially deposit adipose tissue in the abdominal region in comparison to slower
growing infants (11,12). Body fat centralization involves a heterogeneous set of tissue types,
including both abdominal visceral adipose tissue (VAT) and abdominal subcutaneous adipose
tissue (ASAT), which have distinguishable effects on the metabolic syndrome and diabetes
risk (13-16), circulating adipokine levels (15,17,18), and possibly mortality (19). However,
the link between rapid infant weight gain and the deposition of adipose tissue in specific
compartments within the abdomen, including VAT, has not been tested. Further, it is not clear
whether or not infant weight gain contributes significantly to later body composition in normal
birth weight infants growing up in well-nourished environments (as well as growth-restricted
infants) (12). The aim of this study is to test the associations of birth weight, infant weight
gain, and other early life traits with total, abdominal, and VAT mass in middle adulthood in a
well-characterized cohort of apparently healthy individuals.

METHODS AND PROCEDURES

Sample

The data set comprised a subset of 233 appropriate for gestational age white singleton children
(114 males, 119 females) enrolled in the Fels Longitudinal Study, who also participated as
adults in a magnetic resonance imaging (MRI) study conducted in 2004-2007. The Fels
Longitudinal Study began in 1929 as a study of individual variation in the growth and
development of children (20) and has continued as a study of early life antecedents of
cardiovascular and diabetes risk factors in adulthood. Of the 630 infants in the Fels
Longitudinal Study having measured weights at birth and age 2, and who were followed
longitudinally thereafter, 316 were eligible for the MRI study (i.e., were >18 years of age, were
scheduled for a visit between 2003 and 2007 (when the MRI study was being conducted), were
not pregnant or nursing, did not exceed the weight/size limits of the MRI or dual-energy X-
ray absorptiometry, had no contraindications to MRI, and did not report claustrophobia), and
74% agreed to participate. These 233 subjects did not differ from those not in the MRI study
in birth weight (P = 0.56), infant weight gain (P = 0.67), or birth year (P = 0.68). Those in the
MRI study had a lower BMI throughout childhood and at age 18 (BMI: 21.9 kg/m? vs. 22.5
kg/m2, P = 0.04), which may reflect the exclusion due to weight and size limits of body
composition assessment. All protocols and informed consent materials were approved by the
Wright State University Institutional Review Board.

Measurements

Birth year varied from 1930 to 1988, and therefore we included birth year as a covariate in all
models. Gestational age at birth was calculated from maternal report of last menstrual period
at the time of the infant’s birth. Maternal age and parity were obtained via maternal interview.
Infants were weighed in the hospital at birth and then at age 2, at the study center.

Infant weight standard deviation scores (SDSs) were calculated at birth and at age 2 using sex-
and age-specific sample mean weights and standard deviations in the 233 infants. Infant weight
gain was calculated as the difference between weight SDS at birth and age 2 and was used
primarily as a continuous variable. In addition, we categorized infants as having “rapid,”
“slow,” and “gradual” infant growth according to Ong et al. (21) definition of “clinically
significant” weight increment between birth and age 2 greater than +0.67 SDS (rapid), less
than —0.67 SDS (slow), or between —0.67 and +0.67 SDS (gradual).

Obesity (Silver Spring). Author manuscript; available in PMC 2010 January 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Demerath et al.

Page 3

Maternal BMI was collected within 5 years of the infant’s birth using the nonpregnancy weight
closest to the birth date, and was available for a subset of 160 of the subjects (the remainder
of the women had measured BMI outside of that range, or the mother of the infant did not agree
to being measured). The time difference between the infant’s birth date and the date of the
maternal BMI measurement was not associated with maternal BMI (r = 0.04, P = 0.73), with
birth weight (r = 0.04, P = 0.67), or with infant weight gain (r = —0.03, P = 0.78). Maternal
BMI was standardized to the sample mean and standard deviation (maternal BMI SDS). There
were no differences between subjects with, as opposed to without, maternal BMI data in the
main variables analyzed in this study: birth weight SDS, infant weight gain SDS, adulthood
BMI, VAT mass, ASAT mass, or waist. Subjects with data on maternal BMI were older at the
MRI visit (mean age 49.9 years vs. 39.1 years, P < 0.0001) and had a lower rate of current
cigarette smoking (17% vs. 32%, P = 0.01).

At the adulthood (MRI) visit, participants wore light clothing (shorts, sleeveless shirts) during
all measurements. Weight was measured to the nearest 0.01 kg using a digital scale and stature
to the nearest 0.01 cm using a digital stadiometer. Waist circumference (waist) was measured
to the nearest centimeter immediately superior to the left iliac crest following protocols of the
National Health and Nutrition Examination Survey (22). Total body fat (TBF) mass, fat-free
mass (FFM), and percent body fat (%BF) were measured using the Hologic QDR 4500 DXA
system (Hologic, Bedford, MA,; software version 9.8D). Abdominal MRI was conducted at
the Good Samaritan Hospital Greater Dayton MRI Consortium in Dayton, Ohio, using a
protocol described previously (14). Images were obtained every 1 cm from the 9th thoracic
vertebra (T9) to the first sacral vertebra (S1). Segmentation of the axial images into VAT and
ASAT areas (cm?) was performed by two trained observers using image analysis software
(Slice-O-matic, version 4.2; TomoVision, Montreal, Quebec, Canada). VAT and ASAT areas
were summed across all 24 images to obtain VAT and ASAT volume, and then these were
multiplied by 0.916 g/cm3, the approximate density of adipose tissue to obtain total VAT mass
(kg) and total ASAT mass (kg). Interobserver variation was typical of MRI studies (coefficient
of variation% = 7.75% for VAT mass and 2.2% for ASAT mass). Derived variables were
created to characterize the extent of central and VAT deposition in the body (abdominal fat =
VAT + ASAT; %abdominal fat = abdominal fat/TBF x 100; %VAT/TBF, and %VAT/ASAT).

Responses on current cigarette smoking (yes/no), educational attainment (4-year university
degree/less than a 4-year university degree), and engagement in sports using the sport activity
index score (>3 = high; <3 = low sports activity) of the Baecke Habitual Physical Activity
Questionnaire (23) were obtained via interview at the time of the MRI.

Statistical analysis

Distributional characteristics of the variables were examined and those with significant
skewness (VAT and ASAT) were log transformed prior to analysis. y2-tests for frequencies
and independent sample t-tests for continuously distributed variables, were used to assess
significant differences between males and females; Bonferroni corrections were made to reduce
the risk of inflated type 1 error. Minimally adjusted (sex, age, birth weight SDS, and adult
stature) general linear models were first used to examine differences in the least squares means
for body composition variables by infant weight gain group (rapid, gradual, and slow). We
then used multivariate-adjusted general linear models to test the association of birth weight
SDS and change in infant weight SDS with all adulthood body composition variables. In each
of these models, gestational age at birth, birth order, maternal age, birth year, age at adulthood
MRI, and adulthood stature were included as continuous covariates, whereas sex (male vs.
female), infant feeding mode (ever breastfed vs. never breastfed), adulthood educational
attainment, adulthood cigarette smoking status, and adulthood sports activity level were
included as categorical covariates. Sex was examined as an interaction term to detect
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differential relationship in males and females; none was significant. These models were also
applied to the subset of 160 participants with maternal BMI SDS data, first with, and then
without, the addition of maternal BMI SDS as an independent variable.

Because only birth weight SDS, infant weight gain SDS, maternal BMI SDS, sex, maternal
age, age at MR, sport activity, and smoking status reached statistical significance (P < 0.05)
in any model, only the estimates from these terms are presented in the tables, although for
consistency, all covariates were included in all models. SAS (version 9.1; SAS Institute, Cary,
NC) was used for all analyses.

Descriptive statistics are presented in Table 1. The infants in this analysis displayed birth
weights in the normal range (average birth weight percentile was 49.5% compared to the
National Center for Health Statistics, Centers for Disease Control and Prevention 2000 weight-
for-age charts) (24). For the subset with maternal BMI, maternal BMI was also in the normal
range (mean BMI 22 kg/m?2). At the time of their MRI, the subjects were middle aged (mean
age 44 years) and in the overweight range for BMI, on average. Expected sex differences in
infant body size and adulthood body composition were observed (P < 0.0001).

Our primary aim was to examine the relationship of infant weight gain to obesity and total and
abdominal adipose tissue levels in adulthood. Compared to infants with slow infant weight
gain, infants categorized as having rapid infant weight gain had a significantly increased risk
of overweight (multivariate- adjusted odds ratio = 5.54, 95% confidence interval 1.88, 16.31)
and obesity (multivariate-adjusted odds ratio = 4.08, 95% confidence interval 1.44, 11.6)
(Table 2). Both total and central adiposity were higher among infants with rapid weight gain,
who had ~7 kg higher TBF and 3 kg higher abdominal adipose tissue (comprised of 1 kg higher
VAT mass and 2 kg higher ASAT mass) than infants who were categorized as having slow
infant weight gain (Figure 1). Although infants with rapid weight gain had greater relative
adiposity and central adiposity (i.e., higher %BF and %abdominal fat), there was no evidence
that VAT in particular was elevated; neither VAT/TBF% nor VAT/ASAT% varied
significantly across infant weight gain groups.

Comparing the effects of infant weight gain to other early life factors (Table 3), participants
with faster weight gain in the first 2 years of life had higher BMI, waist circumference, TBF
mass, FFM, logVAT mass, logASAT mass, %BF, and %AF than infants with slower weight
gain in the first 2 years. Again, faster infant weight gain was not associated with increased %
VAT/TBF or %VAT/ASAT. Birth weight SDS was positively associated with adulthood BMI,
waist, FFM, and logASAT, but not with logVAT mass, %abdominal fat, %eVAT/TBF, or %
VAT/ ASAT. As expected, low sport activity level was associated with greater total and central
adiposity. Older maternal age appeared to be protective against centralization of body fat, as
it was associated with lower logVAT, %abdominal fat, %VAT/TBF, and %VAT/ASAT.
Cigarette smoking was associated with increased %VAT.

Maternal BMI was correlated with birth weight (r = 0.29, P = 0.0002) and infant weight gain
(r =-0.15, P = 0.05). Relationships between offspring body composition and all three
exposures (maternal BMI, birth weight SDS, and infant weight gain SDS) were tested in a
subset analysis (Table 4). Maternal BMI was positively associated with offspring BMI, Waist,
%BF, and ASAT. However, in this subset, infant weight gain was a significant predictor only
of FFM.
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DISCUSSION

This study presents novel data that disaggregates the relationship of weight gain during infancy
and adult abdominal adiposity into its visceral and subcutaneous components, and it is also
among the few that have prospectively examined the association of early life factors to total
body adiposity and FFM over a long follow-up period. We found that both total and abdominal
adipose tissue levels were significantly greater among adults who had experienced rapid infant
weight gain than those who had experienced slower infant weight gain, adjusting for important
potential confounders (sex, stature), and covariate effects (birth weight, age, educational
attainment, cigarette smoking, physical activity). These results confirm the findings in previous
cohorts (reviewed by refs. 5,6) and particularly the results of recent studies in which weight
gain in infancy was an independent predictor of measured trunk adipose tissue mass in early
(25) and late (26) adolescence. This study extends these findings by showing that the increased
abdominal adiposity of faster-growing infants consisted of increases in both VAT and ASAT
in adulthood.

There was little evidence, however, that the greater central adiposity of faster-growing infants
was associated with preferential deposition of adipose tissue in the visceral compartment of
the abdomen, as once VAT was adjusted for TBF (%VAT/TBF) or ASAT (%VAT/ASAT),
no effect of infant weight gain remained. We had expected to find higher relative visceral
adiposity in rapid growing infants given their greater tendency to develop glucose intolerance
and insulin resistance, (10,27-29) which are more strongly linked to VAT than ASAT (14,
16-18). It is important to keep in mind that our study was conducted in appropriate for
gestational age infants living in the United States, because the strongest associations between
infant weight gain and obesity-related disease outcomes (as opposed to obesity itself) tend to
be among small for gestational age infants (27,30, and reviewed by ref. 12) and those born in
developing nations, where maternal size and nutritional status are often constraining factors in
prenatal growth (e.g., ref. 29). Itis possible, then, that preferential VAT deposition may depend
on the existence of prenatal growth restriction, followed by catch-up growth. An alternative
explanation is that given the small absolute size of the VAT compartment relative to the whole
(on average, %VAT/TBF was 14%) and relative to the measurement error inherent in VAT
estimation from magnetic resonance images (typically ~5-10%), our sample size was not
sufficient to detect a true effect of infant weight gain on %VAT. Nonetheless, these data show
a strong effect of infant weight gain on adulthood total and central adiposity among normal
birth weight individuals; the adverse effects of rapid infant weight gain on total and abdominal
adiposity are not restricted to populations with prevalent fetal growth restriction.

Maternal BMI is an important predictor of offspring obesity, as has been consistently reported
(reviewed by ref. 31), and was independently associated with BMI, waist, %BF, and ASAT in
a subset of our subjects with maternal BMI data. However, because birth weight and infant
weight gain had nonsignificant effects on adiposity in this subset, we could not discern the
relationships among these early life exposures and the nature of their joint contribution to later
adiposity.

Birth weight was not independently associated with VAT mass, %VAT/TBF, or %VAT/
ASAT, in this study. This is in agreement with the findings by McNeely et al. (32) who found
no association of birth weight with VAT in a sample of 91 Japanese-American adults, as well
with the results of Choi et al. (33) who reported a low, nonsignificant association of birth weight
with VAT area in 22 Korean adults (r = —0.22). The smaller sample sizes of these studies may
have underpowered their ability to detect relatively low correlations, but we confirm in a larger
cohort that birth weight is not strongly associated with VAT after accounting for the stronger
effects of infant weight gain.

Obesity (Silver Spring). Author manuscript; available in PMC 2010 January 4.
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Greater maternal age was associated with lower waist, VAT mass, and VAT% in the offspring.
Evidence in rodents (e.g., ref. 34) suggests that the hormonal environment during pregnancy
varies with the age of the mother, with lower maternal serum estradiol levels in middle-aged
compared to young adult pregnant dams. Offspring of middle-aged mice were found to have
lower adulthood body weight than the offspring of young adult dams, which had higher
circulating estradiol levels during pregnancy (34). Research on the relationship of maternal
age, steroid hormone levels in pregnancy, and offspring body composition in humans is lacking.

Strengths of the study are the duration of the follow-up period and the use of MRI to disentangle
abdominal adipose tissue into its VAT and ASAT compartments. Limitations of the study
include limited availability of maternal BMI, which also was not exclusively measured prior
to pregnancy. Long-term follow-up studies, such as this, carry the risk of survivor bias.
However, our results are unlikely to be biased by differential survival among exposure status
groups because the mean birth weight and the mean infant weight gain were not differentamong
those who were in the MRI study compared to those who were not in the MRI study. Most
individuals in this cohort were born prior to the initiation of the pediatric obesity epidemic in
the United States; this is a weakness in terms of representing environmental conditions
affecting children born today, yet is an inevitable aspect of long-term longitudinal studies. Our
lack of detailed infant feeding data on this historical cohort reduced the precision with which
we could detect protective effects, if any, of this important nutritional exposure. Finally, the
ethnically homogenous (white) study population limits our ability to extend these findings to
other ethnic/racial groups.

In conclusion, this is the first report to our knowledge of a significant positive association
between infant weight gain and measured visceral and abdominal subcutaneous adiposity, as
well as total adiposity, in middle adulthood. Further work is needed to identify maternal and
nutritional factors involved in early rapid weight gain and to refine clinical guidelines on
optimal weight gain in healthy infants.
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Figure 1.

Differences in adulthood total and abdominal adiposity, by infant weight gain from 0 to 2 years.
Infant weight gain groups: slow = less than —0.67 weight standard deviation score (SDS)
change; gradual = —0.67 to +0.67 weight SDS change; rapid = greater than +0.67 weight SDS
change. Least squares means (95% confidence intervals for the mean) were from general linear
models adjusted for sex, birth weight SDS, age at adulthood magnetic resonance imaging
(MRI), and adulthood stature. TBF, total body fat from dual-energy X-ray absorptiometry;
VAT, visceral adipose tissue mass from MRI; ASAT, abdominal subcutaneous adipose tissue
mass from MRI; abdominal BF, total abdominal adipose tissue mass (VAT mass + ASAT
mass); %BF, %body fat from dual-energy X-ray absorptiometry; %abdominal fat, abdominal
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fat/TBF x 100; %VAT/TBF, VAT/TBA x 100; %VAT/ASAT, VAT/ASAT x 100. P value is
for the test of a linear trend across weight gain groups.
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Table 1

Characteristics of the study sample during infancy and adulthood (mean (s.d.), range)

Males (N = 114)

Females (N = 119)

Infancy characteristics

Birth weight (kg)
Weight at age 2 years (kg)

Birth weight SDS

Infant weight gain SDS (0-2 years)
Gestational age at birth (weeks)

Birth order (1 = first born)

Maternal age (years)

Maternal BMIP (kg/m?, median, range)
Maternal BMI SDS

Birth year (median, range)

Ever breastfed (%yes)

Adulthood characteristics

Age at MRI (years)

Current smoker (%)

High sport activity (%)°

Education (% completed university degree)

Adulthood body composition

Stature (cm)

BMI (kg/m?)

Abdominal circumference (waist, cm)
Total body fat (TBF, kg)

Fat-free mass (FFM, kg)

Percent body fat (%BF)

Visceral adipose tissue (VAT) mass (kg)

Abdominal subcutaneous adipose tissue

(ASAT) mass (kg)
%VAT/ASAT (VAT/ASAT x 100)

%VAT/TBF (VAT/TBF x 100)

3.53+0.49 (2.1, 4.7)
1253 +1.23(9.5,16.2)

<0.000000 + 1.0 (~2.6, 2.4)
<0.000000 + 1.1 (-3.2, 3.3)
39.8 + 1.2 (36, 44)
23+13(1,8)

29.2 +5.6 (17.5, 43.6)
23.1(18.3,39.4)

0.14+1.0(-13,4.1)
1958 (1930-1986)
4556

46.0 +15.3 (18.0, 75.6)
19.3
25.4

18.4

179.7 + 6.8 (160.4, 197.7)
27.7 +5.0 (18.3, 46.0)
100.8 +14.2 (72.1, 141.3)
202 £8.0 (5.9, 41.5)
67.0 + 8.0 (47.7, 88.3)
22.8+6.3(9.3,39.4)
4,05 +2.69 (0.27, 12.1)

4.96 +3.00 (0.7, 16.5)

42.4+10.3 (16.0, 66.8)
21.4+12.2 (3.8, 67.4)

37.9+10.8 (139, 63.9)

3.22+0.49 (1.9, 4.9)2

11.82 £ 1.25 (9.0, 15.3)2
<0.000000 + 1.0 (-3.5, 3.5)
<0.000000 + 1.1 (2.5, 4.3)

39.7 £ 1.5 (35, 43)
23+12(1,6)
27.8+55(17.8,43.2)
21.7 (17.9, 36.5)

-0.14+ 1.0 (-1.4,3.7)
1957 (1930-1988)
49.6

47.0+14.1 (18.4, 74.3)
235

11.82
21.9

165.3 + 6.4 (148.4, 181.3)8
27.1+6.1 (164, 47.7)3
92.7 +14.7 (67.3, 135.7)@
26.1+9.8(8.1,48.5)2
47.6+7.0 (36.3, 71.4)3
34.7 £6.8 (16.2, 49.4)2
1.96 + 1.52 (0.23, 7.4)2

5.96 + 3.81 (0.99, 18.3)2

23.8+7.5(9.6,45.7)2

7.3+4.2(1.37,26.1)
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%Abdominal fat ((VAT + ASAT)/TBF X 100) 272+78 (12-9& 46.56)a

MRI, magnetic resonance imaging; SDS, standard deviation score.
aSignificantIy different from males (P < 0.0001).
bMaternal BMI was available for 81 males and 79 females, and was measured within 5 years before or after the birth of the infant.

High sport activity = score of >3 (out of a maximum of 5) on the Sport Index from the Baecke Physical Activity Questionnaire.
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Table 2

Rapid infant weight gain and the risk of overweight and obesity in adulthood, N = 233

Overweight (BMI >25 kg/m?)

Obesity (BMI >30 kg/m?)

OR&(minimally adjusted) ORb(fuIIy adjusted) OR&(minimally adjusted) ORb(fuIIy adjusted)

Rapid
infant
weight
gain
(change
in SDS
greater
than
+0.67)

Gradual
infant
weight
gain
(change
in SDS
-0.67
to
+0.67)

Slow
infant
weight
gain
(change
in SDS
less
than
—-0.67)

2.27 (1.04, 4.94) 5.54 (1.88, 16.31) 2.41(1.09, 5.37) 4.08 (1.44, 11.6)

1.35 (0.70, 2.58) 2.37 (1.04, 5.42) 0.82 (0.39, 1.76)

(ref) (ref) (ref)

1.07 (0.45, 2.58)

(ref)

OR, odds ratio; MRI, magnetic resonance imaging; SDS, standard deviation score.

aAdjusted for sex, gestational age at birth, and age at MRI.

Page 12

bAdjusted for the above, and birth weight SDS, stature, birth year, mother’s age at birth, birth order, breastfeeding (ever/never), education (university
degree yes/no), sport activity (high/low), and current cigarette smoking status (yes/no).
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