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ABSTRACT

Background: Childhood obesity has increased significantly in re-
cent decades.

Objective: The objective was to examine the perinatal risk factors
related to childhood obesity.

Design: In a prospective study, 89 women with normal glucose
tolerance (NGT) or gestational diabetes mellitus (GDM) and their
offspring were evaluated at birth and at 8.8 = 1.8 y. At birth,
obstetrical data, parental anthropometric measures, and neonatal
body composition were assessed; at follow-up, diet and activity
were assessed and laboratory studies were conducted. Weight was
classified by using weight for age and sex, and body composition
was measured by using dual-energy X-ray absorptiometry. In child-
hood, data were analyzed as tertiles and prediction models were
developed by using logistic and stepwise regression.

Results: No significant differences in Centers for Disease Control
and Prevention weight percentiles, body composition, and most
metabolic measures were observed between children of mothers
with NGT and GDM at follow-up. Children in the upper tertile
for weight had greater energy intake (P = 0.02), skinfold thickness
(P =0.0001), and leptin concentrations (P < 0.0001) than did those
in tertiles 1 and 2. Children in the upper tertile for percentage body
fat had greater waist circumference (P = 0.0001), insulin resistance
(P = 0.002), and triglyceride (P = 0.009) and leptin (P = 0.0001)
concentrations than did children in tertiles 1 and 2. The correlation
between body fat at birth and follow-up was = 0.29 (P = 0.02). The
strongest perinatal predictor for a child in the upper tertile for
weight was maternal pregravid body mass index (BMI; kg/m?)
>30 (odds ratio: 3.75; 95% CI: 1.39, 10.10; P = 0.009) and for
percentage body fat was maternal pregravid BMI >30 (odds ratio:
5.45; 95% CI: 1.62, 18.41; P = 0.006).

Conclusion: Maternal pregravid BMI, independent of maternal glu-
cose status or birth weight, was the strongest predictor of childhood
obesity. Am J Clin Nutr 2009;90:1303-13.

INTRODUCTION

Obesity is a major health concern, not only in developed
countries but also in developing areas (1). In addition to the
significant increase in obesity in the general population over the
past decade (2), there has been a significant increase in childhood
and adolescent obesity (3). On the basis of the work of Barker
et al (4) and Gluckman et al (5), the increase in the obesity
epidemic may have its origins in utero, ie, the developmental
origins of health and disease or perinatal programming. However,
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in addition to the original reports linking low birth weight or
intrauterine growth restriction as primary risk factors for adult
metabolic dysfunctions, such as obesity and the metabolic
syndrome, more recent studies have implicated early infant catch-
up growth and fetal overgrowth as primary risk factors (6).
Accordingly, there have been many reports describing an increase
in the percentage of large-for-gestational age neonates as well an
increase in overall birth weights in the past 20 y (7, 8).

In addition to genetics and gestational length, many parental
factors are associated with in utero fetal growth, most of which
are maternal. The strongest correlatives associated with fetal
growth, in particular fetal adiposity, are maternal pregravid
obesity and diabetes (9, 10). These in utero risk factors for in-
creased fetal adiposity are also risk factors for diabetes. Long-
term follow-up studies have reported an increased risk of type 2
diabetes in women with diabetes and/or obesity during pregnancy
(11, 12). Therefore, the objective of this study was to assess, the
perinatal risk factors associated with childhood obesity in
a prospective longitudinal cohort. A secondary objective was to
analyze the metabolic status of offspring of lean and obese
women with normal glucose tolerance (NGT) and gestational
diabetes mellitus (GDM).

SUBJECTS AND METHODS

Subjects (maternal)

The protocol was approved by the hospital Institutional Re-
view Board and the General Clinical Research Center at Case
Western Reserve University. Written informed consent was
obtained from each subject before evaluation. Women with NGT
were recruited from the general population of women obtaining
prenatal care at our institution, and women with GDM were
recruited from our pregnancy diabetes clinic from 1990 through
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1999. All women in these clinics were eligible to participate
and were recruited before delivery. The obstetrical record was
reviewed, and each woman was interviewed by our research staff.
Exclusion criteria included the following: infants of multifetal
gestations or with congenital anomalies, infants unable to un-
dergo assessment of body composition within 48 h of birth, and
preterm infants (ie, <37 wk gestation). Of the 89 infants en-
rolled in the study, 8 (9%) were small-for-gestational age
(SGA), ie, less than the 10th percentile; 68 (76%) were appro-
priate weight-for-gestational age (AGA), ie, between the 10th
and 90th percentiles; and 13 (15%) were large-for-gestational
age (LGA), ie, greater than the 90th percentile. Birth weight
percentiles were based on our previously published population
data with adjustments for gestational age, race, and sex (13).The
results of the initial comparison of growth and body composition
at birth between the infants of NGT and GDM mothers and
between overweight and average-weight mothers were pre-
viously published (9, 10).

All subjects underwent a 1-h 50-g glucose screening test at
24-28 wk gestation. A glucose concentration >7.5 mmol/L was
considered positive. Subjects with a positive screening test un-
derwent a 3-h 100-g oral-glucose-tolerance test. The subjects
with NGT had a 1-h glucose screening test of <7.5 mmol/L, or,
if positive, a normal 3-h 100-g oral-glucose-tolerance test ac-
cording to the National Diabetes Data Group criteria (14). All
women with GDM were managed according to our previously
published criteria (10). The maternal data obtained included
classification of maternal glycemic status and a family history of
diabetes. Maternal pregravid overweight/obesity was defined as
a pregravid body mass index (BMI), defined as weight (in kg)/
height squared (in m), >25; and lean/average was defined as
a BMI <25. Maternal age, pregravid weight and height, weight
gain during pregnancy, parity, a 1-h glucose screen, and tobacco
use were obtained by history at the time of delivery and a review
of the maternal antenatal record. Maternal height was measured
at the first prenatal visit and pregravid weight attained by his-
tory. Maternal weight gain was assessed as the weight at de-
livery minus the pregravid weight. Information on paternal
height, weight, and BMI were also obtained by history.

Subjects (neonates/children)

We measured body composition within 48 h of birth using
total-body electrical conductivity (TOBEC). This method was
previously described in detail (10). At birth, neonatal data in-
cluded mode of delivery, length as measured on a measuring
board, weight on a calibrated scale, gestational age, sex, fat mass,
fat-free mass, percentage body fat, and feeding status (bottle fed
or breastfed). Follow-up studies in the children were performed
by contacting the mothers and having the follow-up studies
performed between 6 and 11 y after birth.

Methods

Women and their children were evaluated in the Clinical
Research Unit. Each child was evaluated after a 12-h fast and
gave assent to the study protocol. Parents provided written
consent. A history and physical exam, including the measurement
of blood pressure with a calibrated childhood cuff, was performed
to ensure that the child was in good health, had no medical
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problems, and was not taking medications that could interfere
with metabolic function. The parents were previously contacted
by the research nutritionist to obtain a 3-d dietary log. The
calories, components, and percentage of nutrients in the diet were
analyzed by using nutrition software, (Nutritionist 5, version 2.2;
First DataBank Inc, San Bruno, CA). Physical activity was
quantified by using a validated activity questionnaire (15, 16).
Each child was then weighed on a calibrated scale (Mettler
Toledo, Worthington, OH) and had height measured with a sta-
diometer. The 2000 Centers for Disease Control and Prevention
(CDC) criteria for weight and BMI for children based on age and
sex were used to assign percentiles (17). Anthropometric
measurements included triceps, subscapular, midaxillary, flank,
thigh, and calf skinfold-thickness measured with a calibrated
Harpenden caliper (British Indicators, Sussex, United Kingdom).
We calculated a central to peripheral skinfold ratio (subscapular +
midaxillary + abdominal + flank)/(triceps + thigh + lower calf) to
estimate central compared with peripheral subcutaneous fat
distribution. The waist and thigh circumferences, and their ratios,
were also measured to assess peripheral and central obesity. Each
child was asked to undergo a measure of body composition by
dual-energy X-ray absorptiometry (DXA) (series QDR 4500w;
Discovery, Bedford, MA). Sixty-three children underwent DXA
evaluation: 38 were children of NGT mothers, and 25 were
children of GDM mothers.

Each child was asked to have a fasting blood sample collected
for the measurement of glucose, insulin, C-peptide, free fatty
acids, cholesterol, triglycerides, HDL, LDL, and the cytokines
tumor necrosis factor-oo (TNF-«) and leptin. Insulin resistance
was estimated by using the homeostasis model assessment of
insulin resistance (HOMA-IR), ie, fasting plasma glucose X
fasting plasma insulin/22.5 (18). Forty-nine children had fasting
blood samples collected: 26 were children of NGT mothers, and
23 were children of GDM mothers.

Laboratory analysis

The laboratory studies were performed in the Clinical Re-
search Unit laboratory. Glucose was measured by using the YSI
glucose oxidase method (Yellow Springs, OH), and insulin was
measured by using a Linco human insulin-specific radioimmu-
noassay (St Charles, MO). Free fatty acids were measured by
using an enzymatic colorimetric method (Wako Chemicals,
Richmond, VA). TNF-o was measured with an enzyme-linked
immunosorbent assay (R&D Systems, Minneapolis, MN).
Plasma leptin was measured by using a human radioimmuno-
assay (LINCO, St Charles, MO). Cholesterol, triglyceride, HDL,
and LDL concentrations were measured in the hospital labora-
tory by using an enzymatic colorimetric method (Beckman
Coulter, Fullerton, CA).

Statistical analysis

Statistical analyses were performed by using either a 2-sample
Student’s ¢ test or a Mann-Whitney U test to compare the means
or medians of the 2 groups depending on the normalcy of the
distribution. Comparisons between noncontinuous data were
made by using a chi-square test. An analysis of variance for
parametric data and a Kruskal-Wallis test for nonparametric data
were used to assess the difference between the various tertiles
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and Fisher’s protected least-significant difference was used to
assess post hoc analyses between tertiles. Logistic regression
and multiple regression analyses were used to develop models
predicting the outcome of interest. In the multivariate and
stepwise logistic regression analyses, independent variables
were entered into the model if the P value was <0.10 using
simple regression. For example, the data were entered as O if the
mother had NGT and as 1 if the mother had GDM,; the remaining
variables were continuous. We include maternal obstetrical data,
paternal anthropometric data, and neonatal birth data to best
determine which combination of perinatal factors best modeled
the risk of adiposity in the child. Data are expressed as means *
SDs, and a P value <0.05 was considered significant. BMI z
scores for the children at follow-up were calculated as follows:
BMI of the study subject — mean BMI of the population for age
and sex/SD of the population BMI for age and sex. Statistical
analyses were performed by using Statistix version 8.0 (Talla-
hassee, FL) or SAS/StatView (version 5.0.1; Statistical Analysis
System, Cary, NC)

The data are presented as tables in the text. Tables 1, 2, and 3
include the information regarding comparisons between the
NGT and GDM groups. Tables 4, 5, and 6 include the CDC
child weight percentiles as the dependent variable organized as
tertiles. Tables 7, 8, and 9 include DXA-estimated percentage
body fat as the dependent variables organized as tertiles.

RESULTS

Eighty-nine children participated in the follow-up study: 37
boys and 52 girls. Thirty-seven were children of GDM mothers,
and 52 were children of NGT mothers. The mean age at follow-up
was 8.8 * 1.8 y (range: 6.1-11.9 y). Parental demographic
characteristics and neonatal body measurements in the NGT and
GDM study populations are shown in Table 1.

At follow-up we compared the children of the NGT and GDM
women to determine whether there were any differences in CDC
weight percentile (Table 2), body composition (Table 3), mor-
phometric measures, dietary data, activity levels, and laboratory
results. The children of the GDM women had significantly greater
BMI z scores (P = 0.03, Table 2; P = 0.02, Table 3) than did the
children of the NGT women. No other significant differences in
any of the measured variables were observed between the 2
groups, except for significantly greater fasting insulin and
HOMA-IR values in the children of GDM mothers than in the
children of NGT mothers when compared in relation to per-
centage body fat at the time of follow-up (Table 3). There was
a trend for cholesterol (P = 0.09) and LDL cholesterol (P = 0.08)
to be higher in the children of NGT mothers than in the children
of GDM mothers.

We next analyzed the data to determine whether there were any
differences in maternal or paternal factors at the time of birth
(Table 4) or in neonatal factors (Table 5) after each child had
a CDC weight-for-age and sex percentile assigned. The data from
all the children were rank ordered and are presented as tertiles.

Parental data at birth are shown in Table 4. Compared with
mothers of children in tertiles 1 or 2, mothers of children in the
upper tertile had significantly greater pregravid weight and BMI
but less weight gain. Paternal weight was significantly greater in
fathers of children in tertile 3 than in fathers of children in tertile
1. Neonatal morphometric data are shown in Table 5. Compared
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TABLE 1
Demographic characteristics of subjects with normal glucose tolerance
(NGT) and gestational diabetes mellitus (GDM) and their neonates at birth

NGT GDM P
(n=52) (n=37) value’
Maternal
Age (y) 31.8 = 3.8° 289 £ 59 0.008
Height (cm) 167.4 + 6.5 163.0 £ 7.5 0.004
Pregravid weight (kg) 65.1 = 13.0 80.4 = 23.9 0.0002
BMI (kg/m?) 232 + 4.4 302 + 8.7  0.0001
Weight gain (kg) 142 = 5.7 13.1 = 7.7 0.42
Parity (n) 0.19
0-1 31 27
>1 21 10
Glucose at screening (mmol/L) 6.1 £ 13 8.6 = 1.2 0.0001
Ethnicity (n) 0.04
White 51 30
African American 0 3
Hispanic 1 3
Asian 0 1
Tobacco use (yes/no) 4/48 8/29 0.06
Family history of diabetes 17/35 21/16 0.02
(yes/no)
Education (1) 0.0001
0-12y 6 18
13-16 y 26 18
>16y 20 1
Paternal
Height (cm) 180.5 = 7.3 1772 £ 8.3 0.06
Weight (kg) 87.8 = 134 86.7 = 214 0.78
BMI (kg/m?) 270 + 4.4 274 +53 071
Neonatal
Gestational age (wk) 394 1.2 387 £ 1.3 0.01
Male/female sex (n) 22/30 15/22 0.87

Weight (kg)
Length (cm)
Body composition
Fat mass (kg)
Fat-free mass (kg)
Body fat (%)

3.376 £ 0496 3.373 £ 0.532 0.97
505 £ 19 49.7 £ 2.2 0.06

0.378 = 0.189 0.438 = 0.208 0.16
2.998 = 0.354 2.934 = 0.393 0.42
10.8 £ 4.2 126 £ 46  0.06

! Data were analyzed by using Student’s #, Mann-Whitney U, and chi-
square tests.
2 Mean * SD (all such values).

with infants in tertile 1, infants in tertile 2 had significantly
greater birth weight, DXA-estimated percentage body fat, and fat
mass.

Anthropometric and metabolic measures of the young
children in relation to the CDC weight percentiles at the time
of follow-up are shown in Table 6. Children in tertile 1
weighed less and were shorter than those in tertiles 2 or 3. The
children in tertile 3 had significantly greater calorie, protein,
and fat intakes than did those in tertiles 1 and 2. Skinfold
thicknesses and the central to peripheral skinfold thickness
ratio in children in tertile 3 were approximately double those
of children in tertile 1. HOMA-IR estimates were significantly
different between the groups (P = 0.0005), ie, insulin
resistance was more than 2-fold greater in children in tertile
3 than in children in tertile 1. The results shown in Table 6 /
cite_tbl> were similar when adiposity was expressed on the
basis of CDC BMI percentiles for age and sex. The mean
percentiles for CDC BMI, adjusted for age and sex, were
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Centers for Disease Control and Prevention (CDC) weight percentiles and anthropometric and metabolic measures in children of women with normal
glucose tolerance (NGT) and gestational diabetes mellitus (GDM) at follow-up’

NGT (n = 52) GDM (n = 37) P value?

CDC weight percentile 60.9 + 26.4° 64.1 £ 329 0.61
Age (y) 9.0 £ 1.7 8.6 = 1.8 0.35
Male/female sex (n) 22/30 15/22 0.87
Race (n) 0.04

White 51 30

African American 0 3

Hispanic 1 3

Asian 0 1
Weight (kg) 32.0 = 8.7 335 £ 122 0.50
Height (cm) 134.6 £ 12.2 130.8 = 13.6 0.17
BMI z score (%) 57.2 = 33.0 68.6 = 30.6 0.10
BMI z score 0.31 £ 1.16 0.90 = 1.40 0.03
Activity (h)* 291 * 196 266 = 286 0.74
Inactivity (h)’ 556 £ 208 696 * 419 0.15
Total energy (kcal) 1880 = 521 1830 = 648 0.70
Protein intake (g) 63 = 20 62 = 23 0.74
Carbohydrate intake (g) 247 £ 62 250 = 81 0.86
Fat intake (g) 74 = 29 68 = 31 0.38
Waist circumference (mm) 60.2 = 8.7 62.1 = 10.5 0.36
Thigh circumference (mm) 422 +172 439 = 8.6 0.31
Waist:thigh ratio 1.45 = 0.26 143 = 0.12 0.59
Sum of 7 skinfold thicknesses (mm) 73.8 = 339 85.1 = 41.8 0.17
Skinfold thickness ratio 0.828 = 0.264 0.938 = 0.363 0.13
Systolic BP (mm Hg) 108 = 12 110 = 11 0.64
Diastolic BP (mm Hg) 60 £ 8 58 £7 0.23
Fasting glucose (mmol/L)° 4.8 £ 02 49 03 0.77
Fasting insulin (pmol/L)” 52 £ 25 69 * 42 0.09
HOMA-IR” 1.89 £ 0.93 2.55 = 1.58 0.08
Fasting FFA (g/L)® 0.202 = 0.045 0.235 = 0.082 0.12
Total cholesterol (mmol/L)® 4.17 = 0.62 3.86 = 0.49 0.08
Triglyceride (mmol/L)® 0.80 = 0.35 0.84 = 0.69 0.88
HDL cholesterol (mmol/L)* 1.22 = 0.26 1.22 = 0.26 0.93
LDL cholesterol (mmol/L)° 2.69 = 0.49 2.38 £ 0.54 0.06
Leptin (ng/mL)° 64 54 8.6 7.6 0.25
TNF-o (pg/mL)° 6.7 72 75 +70 0.70

! BP, blood pressure; TNF-o, tumor necrosis factor-a; HOMA-IR, homeostasis model assessment of insulin resistance; FFA, free fatty acid.
2 Data were analyzed by using Student’s 7, Mann-Whitney U, and chi-square tests.

9 Mean = SD (all such values).

4 For combined NGT and GDM groups: = 45, n= 44, 5n = 49, "n = 47, 8 = 40, °n = 39.

23%, 69%, and 94% for tertiles 1, 2, and 3, respectively. (See
supplementary Tables 1-3 under “Supplementary data” in the
online issue.)

We next analyzed the data to determine whether there were any
differences in maternal or paternal factors at the time of birth
(Table 7) or in neonatal factors (Table 8) after each child had
percentage body fat estimated by DXA. The data for all of the
children were again rank ordered and presented as tertiles.

Sixty-three children completed the DXA evaluation: 38
children of NGT mothers and 25 children of GDM mothers. Mean
percentage body fat values were 20%, 28%, and 39% in tertiles 1,
2, and 3, respectively. Parental data at birth are shown in Table 7.
Mothers of children in the upper tertile had significantly greater
pregravid BMI than did mothers of children in tertiles 1 or 2.
Paternal BMI was not significantly different between the 3 ter-
tiles. Neonatal morphometric data are shown in Table 8. Children
in tertile 3 had significantly greater percentage body fat at birth
than did those in tertile 1.

Anthropometric and metabolic measures in relation to DXA-
estimated percentage body fat at the time of follow-up are shown
in Table 9. There were no significant differences in caloric intake
or activity or inactivity hours between the groups. Waist cir-
cumference and skinfold thickness ratio were greater in children
in tertile 3, consistent with increased central obesity. The skinfold
thicknesses of children in tertile 3 were 2.5 times those of
children in tertile 1. Systolic blood pressure was significantly
greater in tertile 3 than in tertiles 1 and 2. HOMA-IR and tri-
glyceride concentrations were 2-fold greater in children in tertile
3 than in children in tertile 1. Circulating leptin was markedly
higher in children in tertile 3.

There was a positive correlation between percentage body
fat at birth and at follow-up (r = 0.29, P = 0.02; Figure 1), but
no significant correlation between birth weight and weight at
follow-up (r = 0.03, P = 0.79; Figure 2). We next performed
a multivariate logistic regression analysis to determine the
predictors of a child being in the upper tertile of the percentile
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TABLE 3
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Percentage body fat measured by using dual-energy X-ray absorptiometry and anthropometric and metabolic measures in children of women with normal
glucose tolerance (NGT) and gestational diabetes mellitus (GDM) at follow—up'

NGT (n = 38) GDM (n = 25) P value?

Body fat (%) 27.8 + 8.1° 31.0 £ 93 0.14
Age (y) 96 + 1.5 93+ 1.8 0.50
Male/female sex (n) 16/22 10/15 0.87
Race (n) 0.14

White 37 21

African American 0 1

Hispanic 1 3

Asian 0 0
Height (cm) 138.9 = 10.8 1359 = 13.1 0.33
BMI 7z score 0.25 = 0.10 0.98 = 1.22 0.02
Fat mass (kg) 10.0 = 5.0 12.3 = 6.6 0.12
Lean body mass (kg) 245 £ 49 25.0 £ 6.7 0.72
Activity (h)* 291 * 196 266 = 286 0.74
Inactivity (h)’ 556 £ 208 696 * 418 0.15
Total energy (kcal) 1936 = 515 1904 = 704 0.84
Protein intake (g) 66 = 21 63 = 24 0.60
Carbohydrate intake (g) 252 £ 57 260 * 84 0.66
Fat intake (g) 76 £ 29 70 £ 35 0.51
Waist circumference (mm) 61.6 = 9.0 65.3 = 10.2 0.14
Thigh circumference (mm) 440 = 7.1 47.0 = 8.0 0.12
Waist:thigh ratio 1.43 £ 0.30 1.40 = 0.12 0.65
Sum of 7 skinfold thicknesses (mm) 77.8 = 32.3 93.2 = 437 0.13
Skinfold thickness ratio 0.843 = 0.289 1.009 = 0.397 0.07
Systolic BP (mm Hg) 108 =9 112 = 11 0.13
Diastolic BP (mm Hg) 60 £ 8 59 £7 0.50
Fasting glucose (mmol/L)° 4.8 £ 02 49 03 0.33
Fasting insulin (pmol/L)” 50 £ 24 78 £ 43 0.02
HOMA-IR” 1.81 = 0.86 2.86 = 1.64 0.02
Fasting FFA (g/L)® 0.202 = 0.045 0.235 = 0.085 0.13
Total cholesterol (mmol/L)® 4.17 = 0.62 3.86 £ 0.52 0.09
Triglyceride (mmol/L)° 0.80 = 0.35 0.86 = 0.70 0.76
HDL cholesterol (mmol/L)® 1.21 = 0.25 1.20 = 0.26 0.88
LDL cholesterol (mmol/L)° 2.69 = 0.49 2.38 £ 0.57 0.08
Leptin (ng/mL)° 6.7 £58 9.8 £ 8.1 0.16
TNF-o (pg/mL)° 6.9 = 8.0 79 =79 0.72

! BP, blood pressure; TNF-o, tumor necrosis factor-a; HOMA-IR, homeostasis model assessment of insulin resistance; FFA, free fatty acid.
2 Data were analyzed by using Student’s 7, Mann-Whitney U, and chi-square tests.

9 Mean = SD (all such values).

4 For combined NGT and GDM groups: = 45, n= 44, 5n = 39, "n = 37, 8 = 9, °n = 39.

weight for age and sex. The variables that were entered into
the model included those with a P value < 0.10 in Tables 4
and 5, ie, maternal pregravid weight, BMI, weight gain during
pregnancy, family history of diabetes, and paternal weight and
BMI. The neonatal variables included were birth weight, fat
mass, and percentage body fat. Maternal pregravid BMI was
consistently identified as the best predictor of obesity in the
offspring as children. The odds of having a child in the upper
tertile for the CDC percentile weight for a mother with
a pregravid BMI > 30 was 3.8 times that of a mother with
a pregravid BMI < 30 [odds ratio (OR): 3.75; 95% CI: 1.39,
10.10; P = 0.009). This model improved when adjusted for sex
and group, ie, NGT or GDM (OR: 4.03; 95% CI: 1.23, 13.22;
P =0.02).

A multivariate logistic regression analysis was used to de-
termine the best predictors of a child’s DXA-estimated adiposity
at follow-up. The variables entered into the model included those
with a P value < (.10, as noted in Tables 7 and 8. Included in

the model were maternal pregravid weight and BMI, family
history of diabetes, gestational age at delivery, and percentage
body fat at birth. The only variables of significance in the model
were maternal pregravid BMI (r = —0.40155, P = 0.001) and
family history of diabetes (r = 0.23102, P = 0.04). Mothers with
a pregravid BMI of >30 were 5.4 times as likely than a mother
with a BMI < 30 to have children in the upper tertile for per-
centage body fat at follow-up (OR: 5.45; 95% CI: 1.62, 18.41;
P =0.006). This relation improved after sex (OR: 6.36; 95% CI:
1.77, 22.88; P = 0.004) or sex and group (OR: 7.75; 95% CI:
1.51, 37.74; P = 0.01) were adjusted for. The strength of this
relation did not change when measures of neonatal adiposity
were included in the analysis.

The variables entered into the multivariate logistic regression
models were also entered into the stepwise regression analyses
models. The predictors for a child being in the upper tertile of
percentage weight for age and sex were maternal pregravid BMI
(P = 0.003) followed by paternal weight (P = 0.02). These 2
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TABLE 4
Maternal and paternal demographic data from the time of birth in relation to tertiles of Centers for Disease Control and Prevention (CDC) weight percentiles
at follow-up’

Tertile 1 (n = 30) Tertile 2 (n = 29) Tertile 3 (n = 30) P value’
CDC weight percentile 29.0 + 17.7° 65.5 + 123 924 + 49 0.0001%°
Maternal
Age at delivery (y) 30.1 £ 5.5 315 £ 4.0 302 £52 0.50
Height (cm) 163.9 * 6.6 166.1 = 7.0 166.8 = 8.0 0.27
Pregravid weight (kg) 64.2 = 15.5 67.7 = 13.6 82.3 £ 24.0 0.0005%°
Pregravid BMI (kg/m?) 239 =55 247 * 5.6 20.8 = 9.1 0.003%°
Weight gain (kg) 13.0 + 5.1 164 + 6.4 120 + 7.4 0.027¢
Parity (n) 0.48
0-1 17 20 21
>1 13 9 9
Glucose (mmol/L) 72+ 19 7.0 1.7 6.7+ 1.6 0.67
Group (n) 0.32
NGT 17 20 15
GDM 13 9 15
Race (n) 0.41
White 28 26 27
African American 0 2 1
Hispanic 2 0 2
Asian 0 1 0
Tobacco use (yes/no) 6/24 3/26 3/27 0.44
Family history of diabetes (yes/no) 8/22 14/15 16/14 0.09
Education (n) 0.20
0-12y 8 6 10
13-16 y 18 12 14
>16y 4 11 6
Type of feeding (n) 0.97
Bottle 9 8 9
Breast 21 21 21
Paternal
Height (cm) 178.0 £ 7.6 179.9 = 8.6 179.7 £ 7.5 0.59
Weight (kg) 82.5 £ 103 86.0 = 144 93.8 = 22.8 0.04*
BMI (kg/m?) 26.1 = 3.4 26.6 = 4.5 28.8 = 5.8 0.07*

! NGT, normal glucose tolerance; GDM, gestational diabetes mellitus.

2 ANOVA, Kruskal-Wallis test, and chi-square test.

3 Mean * SD (all such values).

4 Significant difference between tertiles 1 and 3, P < 0.05 (Fisher’s protected least-significant difference).
7 Significant difference between tertiles 2 and 3, P < 0.05 (Fisher’s protected least-significant difference).
% Significant difference between tertiles 1 and 2, P < 0.05 (Fisher’s protected least-significant difference).

factors explained 11.4% of the variance (R* = 0.114) in the CDC  centage body fat, maternal pregravid BMI again was the stron-
weight percentiles of the children at the time of follow-up.  gest and only perinatal predictor (P = 0.002). Maternal pregravid
Similarly, for identifying offspring in the upper tertile for per-  BMI accounted for 17.6% of the variance (R* = 0.176) in the

TABLE 5
Neonatal morphometric measures at birth in relation to tertiles of Centers for Disease Control and Prevention (CDC) weight percentiles at follow-up
Tertile 1 (n = 30) Tertile 2 (n = 29) Tertile 3 (n = 30) P value’
CDC weight percentile 29.03 * 17.7° 65.5 + 123 924 *+ 49 0.0001%
Gestational age at delivery (wk) 39.0 = 1.0 394 13 389 14 0.28
Male/female sex (n) 11/19 10/19 16/14 0.27
Birth weight (kg) 3.197 £ 0.457 3.518 * 0.462 3414 = 0.559 0.04°
Birth length (cm) 49.6 + 1.9 504 + 1.9 50.5 = 2.2 0.16
Fat mass (kg) 0.334 £ 0.201 0.461 *= 0.180 0.416 + 0.198 0.04°
Fat-free mass (kg) 2.863 * 0.313 3.057 = 0.359 2.998 * 0.415 0.12
Body fat (%) 10.0 = 4.9 12.8 £ 4.0 11.8 £ 4.0 0.04°

! ANOVA, Kruskal-Wallis test, and chi-square test.

2 Mean * SD (all such values).

? Significant difference between tertiles 1 and 3, P < 0.05 (Fisher’s protected least-significant difference).
# Significant difference between tertiles 2 and 3, P < 0.05 (Fisher’s protected least-significant difference).
? Significant difference between tertiles 1 and 2, P < 0.05 (Fisher’s protected least-significant difference).
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TABLE 6
Anthropometric and metabolic measures in children in relation to Centers for Disease Control and Prevention (CDC) weight percentiles at follow—up’
Tertile 1 (n = 30) Tertile 2 (n = 29) Tertile 3 (n = 30) P valué’
CDC weight percentile 29.0 = 17.7 65.5 * 123 924 * 49 0.0001°~
Age (y) 8.6+ 1.8 89 = 1.9 9.0 + 1.6 0.59
Height (cm) 1265 = 13.0 1345 + 12.1 138.1 + 11.1 0.001%°
Weight (kg) 24.94 + 573 31.28 + 7.59 41.61 * 9.30 0.0001%7
BMI z score —0.45 + 0.60 0.14 = 0.76 1.97 * 0.93 0.0001°7
Activity (h)° 293 + 280 305 + 179 246 + 221 0.79
Inactivity (h)” 655 = 232 440 + 225 690 + 413 0.10%
Total energy (kcal) 1787 + 456 1692 + 422 2101 + 738 0.02%4
Protein intake (g) 55+ 18 64 + 19 70 * 24 0.02°
Carbohydrate intake (g) 248 + 59 224 * 52 271 + 89 0.05%
Fat intake (g) 66 * 25 63 + 22 84 + 37 0.02%4
Waist circumference (cm) 533 * 3.7 59.1 = 74 70.6 = 6.9 0.0001%7
Thigh circumference (cm) 384 £ 54 419 *+ 6.6 48.4 = 8.0 0.0001%#
Waist:thigh ratio 1.40 = 0.15 1.42 * 0.13 1.50 * 0.32 0.22
Sum of 7 skinfold thicknesses (mm) 53.8 £ 14.7 744 = 314 113.7 £ 31.2 0.0001°~
Skinfold thickness ratio 0.704 *+ 0.106 0.837 + 0.225 1.123 + 0.404 0.0001%*
Systolic BP (mm Hg) 104 + 7 111 + 13 112 = 12 0.006%°
Diastolic BP (mm Hg) 56 £ 6 60 £ 9 61 £ 8 0.06°
Fasting glucose (mmol/L)® 48 + 0.3 49 + 02 49 + 02 0.26
Fasting insulin (pmol/L)’ 39 + 13 60 + 32 81 + 38 0.0004°
HOMA-IR® 1.39 + 0.53 2.19 + 1.25 296 + 1.43 0.0005°
Fasting FFA (g/L)"° 0.234 *+ 0.080 0.220 *+ 0.064 0.202 *+ 0.053 0.41
Cholesterol (mmol/L)"® 4.12 = 0.62 4.07 = 0.72 391 * 044 0.57
Triglyceride (mmol/L)"° 0.64 + 0.29 0.77 + 0.41 1.02 += 0.71 0.15
HDL (mmol/L)"’ 1.37 * 0.19 1.20 = 0.26 1.06 = 0.24 0.002°
LDL (mmol/L)"’ 2.54 * 0.54 2.67 * 0.62 249 * 0.49 0.71
Leptin (ng/mL)? 29+ 1.1 6.0 * 4.6 12.7 + 7.1 0.0001%*
TNF-o (pg/mL)® 8.4 * 6.1 5.8 + 6.8 6.6 + 82 0.57

Al values are means =+ SDs. BP, blood pressure; TNF-c, tumor necrosis factor-o; HOMA-IR, homeostasis model assessment of insulin resistance; FFA,

free fatty acid.
2 ANOVA, Kruskal-Wallis test, and chi-square test.

7 Significant difference between tertiles 1 and 3, P < 0.05 (Fisher’s protected least-significant difference).
# Significant difference between tertiles 2 and 3, P < 0.05 (Fisher’s protected least-significant difference).
? Significant difference between tertiles 1 and 2, P < 0.05 (Fisher’s protected least-significant difference).
%" For combined tertiles 1-3: on = 45, "n = 44, %n = 49, °n = 47, "n = 40, "'n = 39.

DXA estimates of percentage body fat in the children at the time
of follow-up.

DISCUSSION

The purpose of this study was to determine which perinatal
factors had the strongest correlation with childhood adiposity in
a cohort of children whose mothers had NGT or GDM during
their pregnancy. The results strongly support the contention that
maternal pregravid obesity is a significant risk factor for child-
hood obesity and subsequent metabolic dysregulation. On the
basis of our results, children in the upper tertile not only had
a greater percentage body fat, but also had evidence of central
obesity on the basis of anthropometric measurements. Children in
the upper tertiles also had evidence of metabolic dysfunction,
including significantly higher systolic blood pressure, greater
insulin resistance, higher fasting serum triglycerides, and lower
HDL concentrations compared with the children in the lower
tertiles. These results are consistent with the findings of Boney
et al (19), who reported that, in an 11-y follow-up study, children
of women with NGT but a pregravid BMI > 27.3 were at risk of
developing the metabolic syndrome, including >2 of the fol-

lowing: obesity, hypertension, dyslipidemia, and glucose in-
tolerance. The risk of the metabolic syndrome was greater (29%)
in infants born large for gestational age to NGT women than in
infants of GDM women born of average weight for gestational
age (21%). These results are consistent with our findings that
maternal pregravid obesity is a risk factor for obesity and met-
abolic dysregulation in the offspring.

In a review of the literature, Oken and Gillman (20) reported
that most studies showed a positive correlation between birth
weight and childhood obesity. Many of these reports included
epidemiologic studies with large numbers of subjects. These
studies, however, are limited because of incomplete data re-
garding gestational age, parental body size, use of tobacco, and
socioeconomic factors (20). For each 1-kg increase in birth
weight, there was an increase in BMI ranging from 0.5 to 0.7 (21,
22). Although in our study there was no correlation between birth
weight and weight of the children at follow-up (Figure 2), there
was a significant correlation between percentage body fat at birth
and at follow-up (Figure 1). These data suggest that estimates of
body composition rather birth weight may be the important risk
factor. Only with a larger number of study subjects in diverse
populations will we able to better test this hypothesis.
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TABLE 7
Maternal and paternal demographic data from the time of birth in relation to tertiles of percentage body fat at follow—up’
Tertile 1 (n = 21) Tertile 2 (n = 21) Tertile 3 (n = 21) P valué’
Child body fat by DXA (%) 19.7 + 2.6° 282 * 2.6 393 + 43 0.0001%°
CDC weight percentile 39.8 + 27.5 66.0 = 19.1 88.0 = 114 0.0001%°
Maternal
Age at delivery (y) 30.7 = 3.8 29.8 £ 52 31.6 = 4.6 0.46
Height (cm) 166.6 £ 6.3 166.2 £ 7.0 165.7 = 8.8 0.93
Pregravid weight (kg) 64.8 = 15.0 66.2 = 13.0 84.4 = 26.2 0.002%°
Pregravid BMI (kg/m?) 235 + 6.1 239 + 4.0 30.8 + 9.3 0.001%°
Weight gain (kg) 142 £ 6.9 143 £ 5.7 11.6 £ 7.6 0.35
Parity (n) 0.62
0-1 12 13 15
>1 9 8 6
Glucose screen (mmol/L) 6.6 + 2.1 6.8+ 14 73 £ 14 0.48
Group (n) 0.28
NGT 13 15 10
GDM 8 6 11
Race (n) 0.62
White 18 20 20
African American 1 0 0
Hispanic 2 1 1
Asian 0 0
Tobacco use (yes/no) 2/19 2/19 1720 0.80
Family history of diabetes (yes/no) 6/15 7714 14/7 0.02
Education (n) 0.64
0-12y 5 2 5
13-16 y 11 11 11
>16y 8 5
Type of feeding (n) 0.99
Bottle 5 5 5
Breast 16 16 16
Paternal
Height (cm) 180.2 £ 7.5 180.3 £ 7.9 1794 £ 74 0.93
Weight (kg) 86.0 = 10.0 854 = 13.8 92.1 + 24.1 0.39
BMI (kg/m?) 26.5 £ 2.8 26.3 = 4.1 284 £ 5.8 0.27

! CDC, Centers for Disease Control and Prevention; DXA, dual-energy X-ray absorptiometry; NGT, normal glucose tolerance; GDM, gestational diabetes

mellitus.
2 ANOVA, Kruskal-Wallis test, and chi-square test.
3 Mean *+ SD (all such values).

“ Significant difference between tertiles 1 and 3, P < 0.05 (Fisher’s protected least-significant difference).
? Significant difference between tertiles 2 and 3, P < 0.05 (Fisher’s protected least-significant difference).
% Significant difference between tertiles 1 and 2, P < 0.05 (Fisher’s protected least-significant difference).

One of the most important results from this study was the
finding that maternal pregravid obesity, as estimated by BMI, was
the strongest perinatal predictor of childhood obesity in contrast
with either maternal glucose homeostasis or weight gain during
pregnancy. Long-term follow-up studies of offspring of diabetic
Pima Indian women by Dabelea et al (23) reported that fetal
exposure to maternal diabetes in utero increases the risk of both
obesity and type 2 diabetes 5-20 y later. Furthermore, Hillier et al
(24) recently reported in a large multiethnic population that there
was a positive trend for increasing childhood obesity at age 5-7 y
across the range of glucose screening values during pregnancy.
Increasing fasting maternal glucose was particularly associated
with an increased risk of childhood obesity, as estimated by CDC
weight criteria. These relations remained significant after ma-
ternal age, parity, pregnancy weight gain, ethnicity, macrosomia
at birth, and infant sex were adjusted for. However, in neither of
these studies was maternal pregravid obesity evaluated as a risk
factor for childhood obesity.

Similar to what was observed in infants of women with GDM,
we previously showed that maternal pregravid obesity alone is
a significant risk factor for fetal obesity (25). Neonates of obese
women with NGT have a higher weight at birth than do neonates
of average-weight women, because of a higher amount of fat, not
fat-free mass (9). Our data are consistent with those of a study of
8400 children born to obese women. The offspring of obese
women had a 2.5-fold increased risk of BMI >95th percentile at
2-4 y of age compared with children of normal-weight mothers
(BMI >18.5 and <25) in early pregnancy (11). Thus, on the
basis of our results, maternal pregravid obesity rather than
dysregulation of glucose homeostasis (GDM) appears to be
a stronger risk factor for the development of childhood obesity.

How then does maternal pregravid obesity affect fetal and
childhood growth? Recently, evidence has accumulated that
obesity is an inflammatory condition that increases the risk of
insulin resistance (26, 27). There is also evidence that pregnancy
is an inflammatory condition (28). The decreases in insulin
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TABLE 8
Neonatal morphometric measures at birth in relation to tertiles of percentage body fat at follow—up’

Tertile 1 (n = 21) Tertile 2 (n = 21) Tertile 3 (n = 21) P value?
Child body fat by DXA (%) 19.7 *+ 2.6° 282 *+ 2.6 393 + 43 0.0001%°
CDC weight percentile 39.8 = 27.5 66.0 = 19.1 88.0 = 114 0.0001%°
Gestational age at delivery (wk) 393 = 1.1 394 + 1.2 38.6 = 1.5 0.10°
Male/female sex (n) 11/10 8/13 7/14 0.43
Birth weight (kg) 3.279 £ 0.450 3.540 + 0.617 3.402 + 0.548 0.30
Birth length (cm) 50.6 = 2.2 50.3 = 2.1 503 =23 0.87
Fat mass (kg) 0.322 £ 0.161 0.444 + 0.233 0.430 £ 0.201 0.11
Fat-free mass (kg) 2.957 £ 0.341 3.096 + 0.445 2.973 £ 0.405 0.47
Body fat (%) 9.5+ 4.0 12.0 + 5.1 122 + 42 0.09*

7' CDC, Centers for Disease Control and Prevention; DXA, dual-energy X-ray absorptiometry.

2 ANOVA, Kruskal-Wallis test, and chi-square test.

3 Mean = SD (all such values).

“ Significant difference between tertiles 1 and 3, P < 0.05 (Fisher’s protected least-significant difference).
? Significant difference between tertiles 2 and 3, P < 0.05 (Fisher’s protected least-significant difference).
% Significant difference between tertiles 1 and 2, P < 0.05 (Fisher’s protected least-significant difference).

sensitivity are strongly correlated with the changes in circulating  or average-weight women (25). These alterations in insulin
cytokines (29), many of which are produced by the placenta (30).  sensitivity in obese pregnant women result in a greater avail-
Because of increased inflammation and an associated decrease in ~ ability of nutrients, such as glucose and lipids, which are
insulin sensitivity, pregnant obese women, even those with  preferential energy sources and substrates for feto-placental

normal glucose tolerance, are more insulin resistant than are lean ~ growth (31).

TABLE 9
Anthropometric and metabolic measures in children in relation to percentage body fat at follow—up’

Tertile 1 (n = 21) Tertile 2 (n = 21) Tertile 3 (n = 21) P valué?
Child body fat by DXA (%) 19.7 2.6 282 + 26 393 +43 0.0001°~
BMI z score —0.49 * 9.57 0.14 = 0.82 1.74 + 0.77 0.0001°7
Age (y) 88 * 18 102 + 1.3 95 = 1.6 0.01°
Height (cm) 131.7 = 13.0 1423 £ 93 139.1 = 10.7 0.01%°
CDC weight percentile 39.8 + 275 66.0 + 19.1 88.0 + 114 0.0001%
Activity (h) 338 = 295 244 + 172 254 + 225 0.48
Inactivity (h) 612 = 250 606 * 229 624 * 465 0.99
Total energy (kcal) 1874 + 661 1938 + 571 1961 * 564 0.90
Protein intake (g) 59 = 25 67 = 24 68 = 16 0.38
Carbohydrate intake (g) 263 * 68 253 =70 250 = 70 0.82
Fat intake (g) 68 = 35 75 £ 28 79 £ 32 0.53
Waist circumference (cm) 553 = 5.0 62.0 = 6.8 72.0 = 8.0 0.0001°7
Thigh circumference (cm) 304 £ 48 46.5 = 4.5 49.7 = 8.7 0.0001%°
Waist:thigh ratio 1.41 £ 0.12 1.34 £ 0.12 1.50 = 0.37 0.09*
Sum of 7 skinfold thicknesses (mm) 50.1 = 9.8 83.2 = 23.1 124.7 = 30.1 0.0001°
Skinfold thickness ratio 0.696 = 0.156 0.871 = 0.265 1.198 = 0.381 0.0001°~
Systolic BP (mm Hg) 105 + 8 109 + 5 114 + 13 0.01°
Diastolic BP (mm Hg) 59 £ 8 58 + 8 61 £ 8 0.50
Fasting glucose (mmol/L)° 48 = 0.3 49 = 0.2 49 * 0.1 0.32
Fasting insulin (pmol/L)” 43 * 13 60 * 30 94 + 46 0.001%*#
HOMA-IR” 1.55 £ 0.56 222 £ 1.15 342 £ 1.72 0.002%#
Fasting FFA (g/L)° 0.247 £ 0.083 0.199 = 0.059 0.204 = 0.042 0.13
Total cholesterol (mmol/L)° 4.07 = 0.78 4.01 = 0.54 3.96 = 0.39 0.90
Triglyceride (mmol/L)® 0.63 + 0.29 0.72 + 0.32 1.23 + 0.77 0.009%*
HDL cholesterol (mmol/L)° 1.28 = 0.28 1.20 = 0.24 1.10 = 0.22 0.26
LDL cholesterol (mmol/L)® 2.64 £ 0.65 2.56 = 0.49 2.44 = 047 0.64
Leptin (ng/mL)° 25 *06 7.6 = 4.7 159 £ 7.0 0.0001°
TNF-o (pg/mL)° 88 + 6.9 5.6 =69 7.8 = 10.2 0.55

! All values are means =+ SDs. CDC, Centers for Disease Control and Prevention; DXA, dual-energy X-ray absorptiometry; BP, blood pressure; TNF-o,

tumor necrosis factor-o; HOMA-IR, homeostasis model assessment of insulin resistance; FFA, free fatty acid.
2 ANOVA, Kruskal-Wallis test, and chi-square test.
7 Significant difference between tertiles 1 and 3, P < 0.05 (Fisher’s protected least-significant difference).
4 Significant difference between tertiles 2 and 3, P < 0.05 (Fisher’s protected least-significant difference).
? Significant difference between tertiles 1 and 2, P < 0.05 (Fisher’s protected least-significant difference).
% For combined tertiles 1-3: °n = 39, “n = 37, %n = 38.
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FIGURE 1. Correlation between percentage body fat in neonates at birth
and percentage body fat in children at follow-up. » = 0.29, P = 0.02 (n = 63).

The strength of this study was that it was conducted in
a longitudinal cohort of a diverse group of women (NGT and
GDM) and their offspring studied prospectively over 18 y. The
estimates of adiposity were made by using methods specifically
designed to estimate neonatal and childhood body composition.
The same investigators were involved in the study from the
inception of the study design through the obstetrical and neonatal
measures and follow-up during childhood. Our study also had
some limitations. The number of study subjects was relatively
small. Additionally, not all of the children allowed us to obtain
DXA measurements or to perform fasting laboratory studies.
Although maternal pregravid obesity was the strongest predictor
of childhood obesity, it explained only 18% of the variance in
childhood adiposity. Genetic, epigenetic, and the postpregnancy
environment are significant factors that we have not addressed but
that play an obvious role. Last, because there was limited
equipment available to estimate body composition in neonates
and in children, we estimated body composition in neonates using
TOBEC and in children using DXA. Although there was a strong
correlation between TOBEC and DXA measures in neonates
(r = 0.87), DXA 1is known to overestimate fat mass and un-
derestimate FFM (32, 33). We were unable to perform cross-
calibration estimates secondary to differences in the DXA
software for neonates and children.
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FIGURE 2. Correlation between birth weight and weight at follow-up in
the children. r = 0.03, P = 0.79 (n = 89).
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These data provide strong evidence that obesity may be
programmed in utero through the adverse metabolic status of
obese mothers. From a public health perspective, because ~60%
of reproductive age women are overweight or obese (3), the
issue of maternal obesity during pregnancy needs to be strongly
considered relative to both the short- and long-term morbidity in
the mother and her offspring. If prevention of obesity is the goal,
as opposed to treatment, then addressing maternal pregravid
obesity assumes importance not only for the women but for their
offspring as well.
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