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OBJECTIVE—To understand the relationships between mater-
nal glycemia during pregnancy and prenatal and early postnatal
growth by evaluating cord C-peptide and IGF-I as mediating
biomarkers in boys and girls separately.

RESEARCH DESIGN AND METHODS—We evaluated 342
neonates within the EDEN mother-child cohort study born to
mothers without diabetes diagnosis before pregnancy. We
measured maternal glycemia at 24–28 weeks of gestation and
neonates’ cord blood C-peptide (used as a proxy for fetal insulin)
and IGF-I at birth. Reported maternal prepregnancy BMI and all
measured infant weights and lengths in the 1st year were
recorded. Growth modeling was used to obtain an individual
growth curve for each infant in the 1st year. Path models, a type
of structural equation modeling, were used for statistical analysis.
Path analysis is a multivariate method associated with a graphical
display that allows evaluation of mediating factors and distin-
guishes direct, indirect, and total effects.

RESULTS—Cord C-peptide at birth was positively correlated
with maternal prepregnancy BMI and maternal glycemia and was
higher in girls. In a path model that represented prenatal growth,
there was no significant direct effect of maternal glycemia on
birth weight, but the effect of maternal glycemia on birth weight
was mediated by fetal insulin and IGF-I in both girls and boys.
However, in girls only, higher concentrations of cord C-peptide
(but not cord IGF-I or maternal glucose) were associated with
slower weight growth in the first 3 months of life.

CONCLUSIONS—Our study underlines the role of the fetal
insulin–IGF-I axis in the relationship between maternal glycemia
during pregnancy and birth weight. We also show for the first
time that high insulin concentration in female fetuses is associ-
ated with slower early postnatal growth. This slow, early growth

pattern may be programmed by fetal hyperinsulinemia, and girls
may be more susceptible than boys to its consequences.
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A
U-shaped relationship has been shown between
birth weight and risk of developing type 2 di-
abetes (1). Catch-up growth and rapid postna-
tal growth have been associated with obesity

and insulin resistance later in life (2,3). However, other
mechanisms may also be involved. In Pima Indians, off-
spring of diabetic mothers had slower ponderal and
statural growth in the first 1.5 years of life but were heavier
by the age of 7.5 years (4). In offspring of nondiabetic
mothers, Eriksson et al. (5–7) have repeatedly shown
a specific pattern of growth in individuals who develop
type 2 diabetes that involves a lower weight gain in early
infancy. The association between short stature in adult-
hood and type 2 diabetes is also well documented (8).
Previous studies have generally focused on maternal hy-
perglycemia during pregnancy and later diseases in the
offspring. However, the specific role of fetal hyperinsu-
linism itself has seldom been assessed in these relation-
ships.

In fetal life, insulin and the insulin-like growth factors
are the two major growth–promoting factors (9). Maternal
hyperglycemia stimulates the production of fetal insulin,
and fetal hyperinsulinism results in macrosomia (the
Pedersen hypothesis) (10) but may also have programming
effects that affect postnatal growth and later metabolism
(11–14). The international Hyperglycemia and Adverse
Pregnancy Outcome (HAPO) study of ;25,000 women and
children recently demonstrated statistically significant
linear relationships between maternal glucose and both
cord serum C-peptide levels and neonatal adiposity. HAPO’s
findings (15) support the Pedersen hypothesis (10).

In addition to its role in glucose homeostasis, insulin
enhances tissue accretion via its anabolic effects on fetal
metabolism and by stimulating the production of IGF-I
(16). Some years ago, Gluckman (17) proposed that the
primary endocrine axis regulating fetal growth was the
glucose–insulin–IGF-I axis. On the basis of the initial
model depicted in this article, the aim of our study was to
quantify and test the significance of these pathways in the
EDEN cohort, using path analyses (18,19). In addition to
the fetal period, we hypothesized that fetal insulin and
IGF-I may also affect postnatal growth.

There are some indications in the literature of sex-
specific differences in the relationship between fetal in-
sulin and growth. The gender insulin hypothesis, based on
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the observation that girls have higher concentrations of
insulin at birth albeit a lower birth weight than boys,
suggests that girls might be more insulin resistant than
boys at least to insulin’s growth-promoting effect (20,21).

Our objectives were to analyze the role of cord insulin,
measured by C-peptide, and IGF-I in the associations be-
tween maternal plasma glucose during pregnancy and
1) anthropometric measures at birth and 2) growth in the
1st year of life. Potential sex-specific associations were
investigated.

RESEARCH DESIGN AND METHODS

The EDEN mother-child cohort is an ongoing study that recruited 2,002
pregnant women before 24 weeks of gestation in two French university hos-
pitals, Nancy University Hospital and Poitiers University Hospital, from 2003 to
2006. Exclusion criteria were multiple pregnancies, diabetes diagnosed prior to
pregnancy, illiteracy, or moving outside the region planned in the next 3 years.
The EDEN study received approval from the ethics committee of Kremlin
Bicêtre on 12 December 2002. Written consent was obtained from the mother
for herself at the beginning of the study and from both parents for the new-
born child after delivery.
Measures. At 24–28 weeks, mothers self-reported their prepregnancy weight.
Maternal height was measured with a wall Seca-206 stadiometer (Hamburg,
Germany) to the nearest 0.2 cm. BMI was computed as reported weight
(kilogram)/measured height squared (meter squared). Mothers had universal
screening for gestational diabetes mellitus (GDM). On the basis of community
practice standards, women with a 1-h glucose after a 50-g glucose load $7.3
mmol/L in Nancy and $7.8 mmol/L in Poitiers were scheduled for a 3-h 100-g
glucose diagnostic test. GDM was diagnosed according to the Carpenter and
Coustan criteria and retrieved from the obstetrical file (22).

At birth, cord blood samples were collected by research midwives; blood
samples were centrifuged, and plasma or serum was stored at 280°C. In-
travenous fluid protocols for intrapartum GDM management did not include
glucose. Parity, infant’s sex, gestational age at delivery (determined from the
date of the last menstrual period and early ultrasound assessment), birth
weight (measured with electronic Seca scales, Hamburg, Germany [Seca 737
in Nancy and Seca 335 in Poitiers with a 10-g precision]), and recumbent
length at birth measured with a wooden somatometer (Testut, Béthune,
France) were collected from obstetrical and pediatric records. On average,
2 days after birth, the neonate’s subscapular and tricipital skinfolds were
measured in triplicate using a commercial Holtain caliper (Chasmors Ltd,
London, U.K.).

At 4, 8, and 12 months of the newborn’s life, mothers completed mailed
questionnaires. They reported weight and length measured every month by the
family pediatrician in routine follow-up, which is documented in the infant’s
official French personal health record kept by the mother. Mothers were also
asked detailed information on the method of feeding between birth and
4 months (exclusive breastfeeding, exclusive formula feeding, or both).

At 1 year of life, research midwives measured the weight of the mothers
alone and then holding their infant wearing light clothes using the same
Terraillon SL-351 scales as for the mother after birth. Infant weight was
obtained by subtraction. A somatometer was used to measure infant length
with a precision of 5 mm (NM Medical, Asnières, France). Subscapular and
tricipital skinfolds of the infants were also measured using the same protocol
as after birth.
Assays. C-peptide is considered a good estimator of b-cell function. Indeed,
proinsulin produced by the b-cell is subsequently cleaved as C-peptide and
insulin, which are then secreted in equimolar amounts. We chose to measure
C-peptide rather than insulin because C-peptide concentration is not altered
by hemolysis, whereas insulin degradation is increased in the presence of even
small amounts of hemolysis (23).

We will present our results using the word C-peptide. However, because we
used C-peptide as a marker of insulin concentration, we will use the word
insulin instead of C-peptide when we discuss the functional significance of our
results. C-peptide (nanomole per liter) and IGF-I (nanogram per milliliter) were
measured by immunochemiluminescent immunoassays performed on the
LIAISON platform manufactured by DiaSorin (Sallugia, Italy). For C-peptide
and IGF-I measurement, the detection limit was 0.01 and 15 ng/mL, respectively.
Intra- and interassay coefficients of variation were ,4.0 and ,6.8%, re-
spectively, for C-peptide and ,4.6 and ,8.5%, respectively, for IGF-I.
Subjects. Among the 1,893 newborns for whom birth weight was available in
the EDEN study, 82% had a cord blood sample available. Neonates without cord
blood samples had a lower Apgar score at 1 min and had been more often
transferred to another unit and resuscitated than those with cord blood

samples, reflecting more difficult deliveries or unhealthy newborns. Our
subsample (n = 342) included all neonates born at the end of the EDEN re-
cruitment period (after April 2005) for whom cord blood was available, who
had a follow-up of at least 1 year, and for whom the following variables were
available: C-peptide and IGF-I concentrations, maternal plasma glucose during
pregnancy, and birth weight. We chose the subsample to measure cord blood
and C-peptide measurement at the end of the EDEN recruitment period be-
cause the subsample also used frozen samples being thawed for another
EDEN ancillary study concomitantly, without introducing selection bias con-
cerns.
Statistical analyses. We used x2 tests and ANOVA to compare the neonates
with and without cord blood sample in the EDEN study and to compare the
sample characteristics by offspring’s sex.
Bivariate analyses at birth. Partial correlations and Student t tests were
used to assess the maternal and fetal factors associated with cord C-peptide
and IGF-I. These analyses were adjusted for gestational age, time between
cord blood sampling and freezing, recruitment center, and sample volume.
Path models at birth and 1 year. Path models, a type of structural equation
modeling, were used for statistical analysis. Path modeling is a multivariate
method that is associated with a graphical display. This approach is more
mechanistic than the more classical approach that uses regression; it is par-
ticularly useful when one studies biological mechanisms (24). A requirement
for path analyses is an a priori model based on either the literature (17) and/or
previous analyses. This initial model is subsequently refined. This technique
makes it possible to evaluate mediating factors and to distinguish direct, in-
direct, and total effects. Direct causal paths are denoted by single-headed
arrows. These relationships are defined through linear equations, and a given
variable can appear as explanatory in one or several equations and as the
outcome in others. As a consequence, the assumption of normality is critical
(24). After log transformation of C-peptide, IGF-I, birth weight, and weight at
1 year, all of the variables in the model were normally distributed. C-peptide
and IGF-I were preadjusted for gestational age, the volume of the sample, and
time between birth and freezing of the cord sample. Birth weight and birth
length were preadjusted for gestational age. Weight and length at 1 year were
preadjusted for gestational age and age at examination.

In addition to estimating direct effects, path analysis allows a quantification
of the indirect and total effect of one variable on another variable. The indirect
effects of a variable are mediated through intervening variables. The total effect
of a variable X on Y is the sum of the direct and indirect coefficients of the
paths that lead from X to Y respecting Wright’s rules (24). Error terms are
associated with all the variables that have at least one arrow pointing toward
them and represent the part of the variance that is not explained by these
variables (i.e., measurement error along with the effects of variables not
measured in the study). To simplify our diagram, these residual variances are
not displayed, but they are included in all the computations.

To assess model fit, the hierarchical x2 test, the goodness of fit index (GFI),
and the normal fitted index (NFI) were used (24). A significant x2 test indicates
a difference between the observed and the implied correlation matrix from the
set of linear equations that is unlikely to result from sampling error. A GFI and
NFI close to 1 indicate a model that fits the data.

Standardized partial coefficients associated with the pathways (all other
variables in the path model are held constant) can be interpreted as correlation
coefficients and may be tested. Thus, it is possible to simplify the a priori path
model by comparing its fit with that of a model with fewer paths, as long as the
two models are nested.

As baseline characteristics included in the model differed by sex, we tested
a sex interaction in the path analysis. We used a multigroup analysis and
provide the coefficients by gender when they were significantly different.
Statistical analyses were carried out with SAS (version 9.2., SAS Institute, Cary,
NC). More methodological details on path analysis are available in the Sup-
plementary Appendix.
Analyses of growth between birth and 1 year. Finally, to better un-
derstand the dynamic of the relationships between birth and 1 year, we carried
out repeated cross-sectional linear regressions with weight or length. We used
C-peptide as a continuous variable, and we also computed tertiles of C-peptide
to quantify the effects by comparing the weight and length at 1 year between the
lowest and the highest tertile of cord C-peptide. Because weight and length
were not measured simultaneously for all the children outside the clinical
examinations carried out at birth and at 1 year, we used growth modeling
to obtain predictions of weight and length for all the children at 3, 6, and 9
months. Growth modeling in the 1st year was carried out using the Jenss
equation, y = a0 + a1x2 exp(b0 + b1x), in nonlinear mixed models in R (25,26).
We assessed the validity of the growth model by calculating the intraclass
correlation coefficient between 1) weight (or length) measured during the
clinical examination at 1 year and 2) the predicted weight (or length) calcu-
lated at the same age (in days). These coefficients were high: 0.95 (95% CI
0.94–0.95) for weight and 0.91 (95% CI 0.90–0.92) for length.
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Sensitivity analyses were carried out to verify whether the exclusion of
infants of mothers diagnosed with GDM changed the results and to assess the
potential modifications of the results due to feeding mode during the first
3 months of life.

RESULTS

At birth, boys were significantly heavier and taller,
whereas girls had a tendency to have a greater amount of
adiposity, although this was not significant (P = 0.12). At 1
year, boys were significantly heavier and taller, but adi-
posity measures were not significantly different (P = 0.85)
(Table 1).
Bivariate analyses: maternal and fetal factors as-
sociated with cord C-peptide and IGF-I (results not
shown). Cord C-peptide and cord IGF-I concentrations
were correlated (r = 0.39, P , 0.0001), and the concen-
trations were significantly higher in girls than in boys
(C-peptide, 117%, P = 0.006; IGF-I, 112.7%, P = 0.01). Cord
C-peptide, but not IGF-I, was positively correlated with
maternal prepregnancy BMI (r = 0.11, P = 0.05) and ma-
ternal plasma glucose (r = 0.17, P = 0.002) and was higher in
offspring of women with GDM (140%, P = 0.02). IGF-I was
21% higher in offspring of women with GDM (P = 0.08).
Associations between cord C-peptide or IGF-I and
anthropometric measures at birth. Cord C-peptide and
cord IGF-I were significantly associated with birth weight
(r = 0.18 and 0.46, respectively), subcutaneous adiposity

(r = 0.19 and 0.35, respectively), and ponderal index (r =
0.12 and 0.22, respectively). Birth length and head circum-
ference were associated with IGF-I (respectively, r = 0.25
and 0.20) but not C-peptide. Cord IGF-I, but not C-peptide,
was negatively correlated with gestational age (20.1, P =
0.05).

The association between C-peptide and birth weight
disappeared after adjustment for IGF-I, whereas the re-
lation with IGF-I persisted after adjustment for C-peptide,
suggesting that IGF-I may be on the causal pathway be-
tween C-peptide and birth weight and not the contrary.
This was confirmed by the path analyses.
Path model for fetal growth. Figure 1 depicts the path
diagram that we hypothesized with birth weight, used as
a proxy of prenatal growth, as the ultimate factor. At birth,
the same model fitted adequately the relationships in boys
and girls (no interaction by newborn sex, P = 0.92). As
shown in Figure 1 and Table 2, standardized coefficients
of the paths between maternal plasma glucose and fetal
C-peptide (0.17), as well as between fetal C-peptide and
fetal IGF-I (0.38) and between fetal IGF-I and birth weight
(0.48), were significant. Maternal plasma glucose was a
significant direct contributor to neither IGF-I concentra-
tion (0.002, P = 0.97) nor birth weight (0.05, P = 0.3). The
effect of fetal C-peptide on birth weight was not direct
(0.004, P = 0.93) but indirect through IGF-I (0.18, P ,
0.001) (Table 2).

TABLE 1
Maternal, paternal, and infant’s characteristics by sex (N = 342)

Variable
Boys

(n = 192)
Girls

(n = 150) P value

Parental characteristics
Center (Nancy University Hospital) 54.2 63.3 0.09
Maternal age (years) 29.9 6 4.5 29.8 6 5.0 0.84
Parity (multipara) 59.4 52.7 0.22

Maternal BMI
Thin 6.9 7.3 0.11
Normal 70.9 62.7
Overweight 17.5 20.7
Obese 4.8 9.3

Maternal BMI (kg/m2) 22.9 6 3.9 23.5 6 4.6 0.20
Gestational weight gain (kg) 9.4 6 5.0 9.6 6 5.2 0.81
GDM 3.6 7.3 0.13
Maternal plasma glucose (mg/dL) 113 6 26 113.5 6 26 0.84
Paternal BMI
Thin/normal 48.0 53.6 0.29
Overweight 40.8 37.7
Obese 11.2 8.7

Offspring’s characteristics at birth
Gestational age (weeks) 39.5 6 1.5 39.5 6 1.4 0.73
Birth weight (g) 3,427 6 485 3,274 6 418 0.002

Length at birth (cm) 50.0 6 2.4 49.1 6 2.2 ,0.001

Sum of skinfolds (mm)* 8.5 6 1.5 8.8 6 1.5 0.12
C-peptide (mmol/L) 0.81 6 0.43 0.95 6 0.49 0.01

IGF-I (ng/mL) 72.5 6 33.1 81.7 6 36.1 0.01

Feeding mode in the first 3 months
Exclusive breastfeeding 35.0 27.6 0.40
Mixed feeding 39.5 47.0
Exclusive formula feeding 25.4 25.4

Offspring’s characteristics at 1 year
Weight (kg) 10.2 6 1.1 9.5 6 1.0 ,0.0001

Length (cm) 75.7 6 2.8 73.9 6 2.3 ,0.0001

Sum of skinfolds (mm)* 15.1 6 3.1 15.1 6 2.7 0.85

Data are percentage or means 6 SD. Boldface type represents P # 0.05 or clinically significant. *Sum of tricipital and subscapular skinfolds.
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In a model that included birth length instead of birth
weight, the estimates were very similar, with the exception
of the coefficient of the path between fetal IGF-I and birth
length that was lower than the estimate in the birth weight
model (0.29, P , 0.0001).
Path model for early postnatal growth. Figure 2 is
a path diagram with weight at 1 year as the ultimate factor
and was used to study the effects of the insulin–IGF-I axis
on postnatal growth. In this model, the coefficients did
not differ significantly by sex, except for the association
between cord C-peptide and weight at 1 year (P for in-
teraction = 0.008). The association between cord C-peptide
and length at 1 year was also significantly different in boys
and girls (P for interaction = 0.01). Figure 2 presents the
pooled coefficients, except for those associations that are
presented by sex. The contribution of the insulin–IGF-I
axis on birth weight remained central in this model. Birth
weight and weight at 1 year were positively correlated
in both boys and girls (0.55, P , 0.0001). There was an
indirect significant relationship between fetal IGF-I and

weight at 1 year through the effect on birth weight; there
was no direct effect of IGF-I on weight at 1 year (Table 3).
The relationships were similar in a model that included
length at birth and 1 year, although the associations were
slightly weaker.

In girls only (Fig. 2), C-peptide was directly and nega-
tively associated with weight at 1 year (20.23, P , 0.01).
The direct effect of C-peptide on height at 1 year was
negative and was partially counterbalanced by a positive
indirect effect (Table 3).

In boys, there was no association between C-peptide
and weight at 1 year. There was an indication of a positive
direct effect on length at 1 year, but this effect was not
significant (0.13, P = 0.07) (Table 3).

In sensitivity analyses, the results were not modified by
either exclusion of the offspring of mothers with GDM (n =
18) or adjustment or stratification of the feeding mode in
the first 3 months of life.
Relationships between cord C-peptide, weight, and
length growth in the 1st year. In girls, the negative re-
lationship between cord C-peptide and weight was signif-
icant as soon as 3 months (adjusted standardized b, 20.23,
P = 0.001) and seemed to persist up to 1 year (Fig. 3). A
similar result was seen for length in the 1st year in girls (at
1 year: adjusted standardized b, 20.16, P = 0.05) (Fig. 4).
Quantification of the association between cord
C-peptide and anthropometric measures at 1 year. In
girls, at 1 year, those in the highest tertile of cord C-peptide
compared with the lowest were 490 g lighter (P = 0.02) and
1 cm shorter (P = 0.04) after adjustment for birth weight or
length, gestational age, maternal plasma glucose during
pregnancy, maternal prepregnancy BMI, feeding mode in
the first 3 months, and age at examination. There was no
significant association between cord C-peptide and off-
spring’s BMI (17.4 vs. 17.1 kg/m2, P = 0.32), but there was
a negative trend with adiposity estimated at 1 year as the
sum of the subscapular and tricipital skinfolds (15.5 vs.
14.3 mm, P = 0.05).

In boys, the C-peptide associations were not significant.
Length at 1 year was greater in the highest tertile of cord C-
peptide (76 vs. 75.4 cm) but this was not significant (P = 0.21).

DISCUSSION

Our data show that the effect of maternal plasma glucose
on birth weight and length is mediated by fetal insulin and

FIG. 1. Path model for fetal growth showing standardized path coef-
ficients. The dotted paths were not significant, and these paths were
not maintained in the second path model for postnatal growth. Coef-
ficients associated with the solid black arrows were significant. Fit in-
dices were P value x2

, 0.99; GFI, 0.99; and NFI, 0.98.

TABLE 2
Total, direct, and indirect effects of maternal plasma glucose during pregnancy and fetal insulin on birth weight or length (N = 342)

Birth weight Birth length

Total Direct Indirect Total Direct Indirect

Maternal glycemia
Estimate 0.08 0.05 0.03 0.09 0.08 0.01
SD 0.05 0.05 0.03 0.05 0.05 0.02
P value 0.13 0.30 0.24 0.10 0.15 0.46

Fetal C-peptide
Estimate 0.19 0.004 0.18 0.07 20.04 0.11

SD 0.05 0.05 0.03 0.05 0.06 0.03

P value ,0.001 0.93 ,0.001 0.17 0.53 ,0.001

Fetal IGF-I
Estimate 0.48 0.48 — 0.29 0.29 —

SD 0.05 0.05 — 0.05 0.05 —

P value ,0.001 ,0.001 — ,0.001 ,0.001 —

Boldface type represents P # 0.05.
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IGF-I. The role of the glucose–insulin–IGF-I axis has been
suggested previously (17). However, to our knowledge this
is the first time that this mechanism has been described and
quantified using path analysis. Fetal insulin is a growth-
promoting hormone that acts as a signal of nutrient avail-
ability and is a major regulatory factor of IGF-I concentration
(16). Our results confirm the Pedersen hypothesis (10). In
the prenatal period, higher maternal plasma glucose and the
associated higher insulin concentrations were associated
with accelerated growth in both boys and girls (10).

Our other novel finding pertains to the association be-
tween fetal insulin and growth in the 1st year of life. Contrary

to what happens during fetal life, in the postnatal period,
higher insulin concentrations were associated with slower
ponderal and statural growth in girls only. This opposite
association of high-cord insulin concentration with prenatal
and early postnatal growth in girls suggests a phenomenon
related to the abrupt change from the intra- to the extra-
uterine environment rather than to an intrinsic fetal defect.
The slower rate of postnatal growth that we observed in girls
may reflect a relative long-lasting peripheral insulin re-
sistance that could have been induced by a peripheral effect
of hyperinsulinism during fetal life. However, a central effect
of fetal hyperinsulinism is also plausible. Indeed, the fetal

FIG. 2. Path model for postnatal growth showing standardized path coefficients. The coefficients of the dotted paths were not significant, and these
paths were not maintained in the second path model for postnatal growth. Coefficients associated with the solid black arrows were significant. Fit
indices were P value x2

, 0.97; GFI, 0.99; and NFI, 0.99 for the boy’s model and the girl’s model.

TABLE 3
Total, direct, and indirect effects of maternal plasma glucose during pregnancy, fetal C-peptide, and fetal IGF-I on weight or length at
1 year (N = 339)

Weight at 1 year Length at 1 year

Girls (n = 150) Boys (n = 189)* Girls (n = 150) Boys (n = 189)*

Total Direct Indirect Total Direct Indirect Total Direct Indirect Total Direct Indirect

Maternal glycemia
Estimate 20.03 0.001 20.03 0.06 0.04 0.01 20.08 20.06 20.02 20.04 20.07 0.02
SD 0.07 0.07 0.02 0.07 0.07 0.01 0.08 0.08 0.02 0.07 0.07 0.02
P value 0.70 0.98 0.14 0.39 0.52 0.26 0.30 0.43 0.29 0.50 0.29 0.11

Fetal C-peptide
Estimate 20.14 20.23 0.10 0.09 0.04 0.05 20.09 20.15 0.06 0.16 0.13 0.03
SD 0.07 0.07 0.03 0.07 0.07 0.04 0.08 0.08 0.03 0.07 0.07 0.03
P value 0.06 ,0.001 ,0.001 0.19 0.56 0.20 0.25 0.06 0.05 0.02 0.07 0.44

Fetal IGF-I
Estimate 0.31 0.04 0.27 0.10 20.12 0.22 0.18 0.09 0.09 0.06 20.07 0.13

SD 0.08 0.08 0.05 0.08 0.08 0.04 0.08 0.08 0.03 0.08 0.08 0.04

P value ,0.001 0.57 ,0.001 0.19 0.14 ,0.001 0.03 0.25 0.01 0.44 0.35 ,0.001

Boldface type represents P # 0.05 or clinically significant. *Three boys had missing weight or length at 1 year.
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and early postnatal period is critical for the development of
the brain. A number of animal studies have shown that
modifying this environment results in noticeable changes in
the brain (27). For example, modifications of the concen-
tration of leptin as a result of experimental nutritional
modifications seem to affect the maturation of the appetite
regulatory system in the hypothalamus (28). Fetal hyperin-
sulinism may affect the structure or the function of the hy-
pothalamus (29,30) and, thus, intervene in the programming
of satiety (31). The clinical relevance of our results is im-
portant. They suggest that high insulin concentrations during
fetal life may affect not only prenatal growth but also post-
natal growth, with a weight difference close to 500 g at 1 year
between the infants who belonged to the extreme tertiles of
cord C-peptide at birth.

The negative association between cord insulin and
postnatal growth was seen only in girls. This is consistent
with the gender insulin hypothesis that states girls may be
more resistant than boys to insulin’s growth-promoting
effect (20,21). In addition to insulin’s effects on growth,
insulin resistance may also involve metabolic pathways.
One study has shown that girls were more insulin-resistant
than boys at age 5, even after accounting for the difference
in fat mass (32). In addition, the incidence of type 2 di-
abetes in adolescence is higher in girls than in boys (21).
However, with puberty, the sex difference seems to re-
verse (33).

The lack of association between insulin and postnatal
growth in boys may be explained by a dose effect of hy-
perinsulinism. We and others have shown that girls have
higher insulin concentrations in the cord blood. It is pos-
sible that girls are exposed to higher concentrations of
insulin in fetal life than boys and that only those high in-
sulin concentrations result in slower growth in the early
postnatal period. These sex-specific associations might
also be explained by a biological interaction of insulin with
sex-steroid hormones. Boys experience a surge in plasma
testosterone concentration in the first months of life (34).
This may mask the association between cord C-peptide
and postnatal ponderal growth and may explain their dif-
ferent growth pattern at this age compared with girls. In
addition, in the 1st year of life, growth hormone starts to

control IGF-I production (9), and growth hormone is itself
regulated by a number of factors, including sex-steroid
hormones (35). Other sex-specific mechanisms are in-
creasingly revealed, such as sex-specific programming or
epigenetics (36,37). Unfortunately, animal studies of peri-
natal plasticity and early development are often carried
out in males only, to avoid confounding by sex, yet males
and females have different growth patterns as early as
during fetal life (38). More studies taking sex into account
are needed.

Our path model failed to show a significant direct effect
of maternal plasma glucose at the screening test on off-
spring’s birth weight. We believe that this nonsignificant
total effect can be explained by a lack of power and the
low prevalence of glucose intolerance in our population.
Indeed, this association has been clearly shown in pre-
vious studies, in particular in the high-risk Pima population
(39) and by the HAPO study in ;25,000 women (15). In
addition, in the full sample of the EDEN women with 1-h
glycemia available (n = 1,804), the correlation between 1-h
maternal glycemia and birth weight was 0.07, and this as-
sociation was significant (P = 0.008). This correlation in
the entire cohort is similar to the total effect of maternal
1-h glycemia on birth weight in the path analysis for our
subsample (Table 2) (total effect = 0.08, P = 0.13).

There was no significant total or direct effect of maternal
plasma glucose on weight or length at 1 year for both girls
and boys. This is consistent with the transitory disappear-
ance of the association between maternal glycemia and
offspring’s anthropometric measurements in the first months
of life that we and others have previously shown (40–43).

Strengths of our study include the prospective mea-
surement of maternal plasma glucose during pregnancy,
cord blood C-peptide and IGF-I at birth, and infant growth
during the 1st year of life. We also used an original
approach (path analysis) that allowed us to better un-
derstand and to quantify the mediating relationships in-
volving insulin and IGF-I. Path analyses remain, however,
a schematic approach of complex biological phenomena
that should be verified in other studies. Although our
models had good fit, there may be equivalent models that
fit the data equally well (24).

FIG. 4. Associations between fetal insulin measured in cord blood and
length in the 1st year of life in girls (G) and boys (B). Because there
was no interaction at birth, a pooled estimate is given for boys and girls
together. Models were adjusted for IGF-I, maternal plasma glucose
during pregnancy, maternal prepregnancy BMI, gestational age, time
between cord blood sampling and freezing, sample volume, recruitment
center, length at birth, and feeding mode in the first 3 months of life
(except for the relationship at birth).

FIG. 3. Associations between fetal insulin measured in cord blood and
weight in the 1st year of life in girls (G) and boys (B). Because there
was no interaction at birth, a pooled estimate is given for boys and girls
together. Models were adjusted for IGF-I, maternal plasma glucose
during pregnancy, maternal prepregnancy BMI, gestational age, time
between cord blood sampling and freezing, sample volume, recruitment
center, birth weight, and feeding mode in the first 3 months of life
(except for the relationship at birth).
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A limitation of our work is that maternal plasma glucose
was measured in the study only once during pregnancy—
on average, 3 months before the cord blood sample was
taken. Whether this is a good proxy of the mean fetal
glucose concentration during gestation is a legitimate
question, especially because our sample included women
diagnosed for GDM who had been treated. Even though
GDM management aims at lowering fetal insulin, cord
C-peptide and IGF-I of infants of GDM mothers were still
among the highest values of the distribution. It is important
to note that a sensitivity analysis showed that GDM ex-
clusion did not significantly alter the results. Another po-
tential limitation is that the two EDEN centers used
different thresholds for the 50-g glucose challenge test,
which could have led to an increased number of GDM
cases detected in Nancy compared with Poitiers. However,
our results did not differ according to center, suggesting
that the difference in diabetes screening procedure did not
significantly affect the relationship between maternal gly-
cemia, the IGF-I–insulin axis, and fetal growth as assessed
over the whole range of maternal screening blood glucose
concentrations.
Conclusion. Our study shows for the first time that high
insulin concentration in female fetuses is associated with
slower early postnatal growth. Growth in the early postnatal
period is critical for the risk of later diabetes (4–7,44,45).
Given our findings that maternal glucose mediates its effect
on both sexes’ birth weight via insulin and IGF-I, we pro-
pose that this slow, early growth pattern in girls may be
programmed by fetal hyperinsulinemia and that girls are
more susceptible than boys to its consequences. The as-
sociation of slow, early growth with later diabetes sug-
gests that both the mitogenic and the metabolic effects of
insulin are involved. Additional studies evaluating males
and females separately are warranted to better understand
potential interactions between fetal insulin and chromo-
somal sex or sex-steroid hormones on early postnatal
growth.
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