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Background:A newborn's birth weight for gestational age provides important insights into his or her fetal growth
and well-being. While the underlyingmechanisms regulating fetal growth remain to be fully elucidated, the IGF
axis plays an important role. Some components of this axis have beenwell-characterized in umbilical cord blood,
but others have not yet been studied.Wemeasured theproteases PAPP-A and PAPP-A2, the bindingproteins they
cleave (IGFBP-4 and -5), and the establishedmolecules IGF-I and –II in umbilical cord blood to better characterize
the IGF axis in relation to birth weight and length.
Methods: We performed a case-control study of 180 neonates born at a tertiary teaching hospital in Boston. To
maximize power, infants were recruited in a 1:3:1 ratio with 37 SGA, 111 AGA, and 37 LGA infants matched by
gestational age, sex, and delivery mode. IGF-I, IGF-II, IGFBP-4, IGFBP-5, PAPP-A, and PAPP-A2 were measured
in umbilical cord blood by ELISA. Associations between birth weight and birth length Z-scores and the Z-scores
of the above molecules were analyzed using linear regression models and analysis of covariance.
Results: Birth weight and length Z-scores were positively associated with Z-scores of IGF-I, IGF-II, total IGFBP-4,
and IGFBP-5, with IGF-I having the strongest association. Birth weight and length Z-scores were negatively asso-
ciated with Z-scores of intact IGFBP-4, PAPP-A, and PAPP-A2 levels.
Conclusions:We confirm previous findings of significant associations between the IGFs in cord blood and new-
born size and for the first time show positive associations between cord blood total IGFBP-4 and -5 and birth
weight and a negative association between intact IGFBP-4 and birth weight. We also show for the first time a re-
ciprocal relationship between cord blood levels of PAPP-A and PAPP-A2 and newborn size. The implications of
these findings need to be further examined in large longitudinal studies and likely have diagnostic and therapeu-
tic potential.
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1. Introduction

A newborn's birth weight for gestational age provides important in-
formation about his or her fetal growth and well-being, which has con-
siderable implications for postnatal health. There is an established
association between birth weight for gestational age and adverse out-
comes, where infants born both small for gestational age (SGA) and
large for gestational age (LGA) are at risk for significant morbidity and
mortality, both in the short- and long-term [1,2].

In addition to higher rates of neonatal death, SGA infants are
more likely to have respiratory distress syndrome, hypoglycemia,
hypothermia, hyperbilirubinemia, intraventricular hemorrhage,
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necrotizing enterocolitis, seizures, and sepsis in the neonatal period
[3–10]. They also have worse neurocognitive outcomes in child-
hood, and, as adults, they are more likely to develop obesity, type 2
diabetes, and cardiovascular disease [11–15]. Similarly, LGA infants
have increased perinatal risks, including shoulder dystocia, hypo-
glycemia, and increased NICU admissions, as well as long-term
risks of obesity, type 2 diabetes, metabolic syndrome, and cardiovas-
cular disease [13,16–18].

The associations between birth weight for gestational age and later
health outcomes were first described in the Barker Hypothesis in the
1980s, which proposed that the origins of many adult diseases can be
traced back to the fetal environment [19]. This idea of fetal programming
suggests that a fetus's adaptations to its environment can result in per-
manent changes that affect his or her growth and metabolism through-
out life [20]. Fetal adaptations to undernutrition include increased
peripheral glucose and insulin sensitivity, decreased beta cell mass and
insulin secretion, diminished skeletal muscle cell number and capacity
for protein synthesis, and increased glucose production [21].

Despite these well-described associations, the underlying mecha-
nisms regulating birth weight and length remain to be fully elucidated.
In light of its known importance in regulating fetal growth, the insulin-
like growth factor (IGF) axis likely plays a key role [22,23]. The IGF axis
consists of insulin-like growth factors I and II (IGF-I, IGF-II), 6 regulatory
IGF binding proteins (IGFBP-1-6), and two proteases (pregnancy associ-
ated plasma protein A and A2, PAPP-A, PAPP-A2). IGF-I and IGF-II are
important factors in fetal growth and have been well-studied in umbil-
ical cord blood. There is a strong positive association between cord
blood IGF-I and growth indices and a weaker positive association be-
tween IGF-II and growth indices [24–33].

The IGFBPs are also influential in fetal growth, as they bind 99%
of IGFs in fetal serum and regulate the amount of free IGF available
to bind its receptor [34]. Multiple previous studies have shown
that cord blood IGFBP-3 has a strong positive association with
birth weight, whereas both IGFBP-1 and -2 are negatively associated
with birth weight [25,26,28,31–33,35,36]. Much less is known about
more novel, additional IGF binding proteins (IGFBP-4, -5, and -6)
and the proteases that cleave them (PAPP-A and PAPP-A2). One pre-
vious study found an inverse relationship between cord blood PAPP-
A levels and birth weight, which was hypothesized to be due to a
compensatory regulation mechanism of IGF [37]. However, beyond
that study, these proteases and binding proteins have not yet been
measured in cord blood in relation to fetal growth.

Our study aims to measure these additional molecules and to assess
them, in addition to important clinical variables, to better characterize
the IGF axis in umbilical cord blood in newborns. This is an important
step inmore fully understanding themechanisms bywhich fetal growth
is regulated. Identifying the factors that predict birth weight and length
may also provide key information about the link between abnormal
fetal growth and long-term health outcomes, which will allow us to
achieve the ultimate goal of intervening in the fetal or newborn period
to prevent the life-long complications caused by fetal growth dysregula-
tion. We hypothesize that the placental proteases, which regulate the
availability of free IGF-I and –II through cleavage of the IGFBPs, will be
inversely associated with birth weight Z-score, possibly through com-
pensatory regulation. We hypothesize that the concentration of intact
IGFBP-4 influences bioavailable IGF-I, and thus will also be inversely as-
sociated with birth weight Z-score.

2. Methods

2.1. Study population

This case-control study included 180 newborns born at Brigham and
Women's Hospital between July 2010 and January 2018. Infants were
recruited from a larger study, which included 980 umbilical cord
blood samples that were indiscriminately and consecutively collected
when staff was available. Fig. 1 details the recruitment of cases and con-
trols for this study. Newborns with major congenital anomalies and
those b34 weeks gestational age were excluded. Twins were not ex-
cluded, and there were 17 pairs of twins in the study. Infants were cat-
egorized as SGA (birth weight b 10th percentile), AGA (birth weight
between 10th and 90th percentile), or LGA (birthweight N 90th percen-
tile) based on the INTERGROWTH-21st growth curves [38]. SGA and
LGA infants were selected consecutively from the larger study, and
then matched for sex, gestational age and delivery mode in a 1:3:1
ratio tomaximize powerwith 37 SGA, 111 AGA, and 37 LGA infants. De-
mographic and anthropometric data were collected from maternal and
infant medical records for all study participants. The study was
reviewed and approved by the institutional review board of Brigham
and Women's Hospital.

2.2. Cord blood collection and hormone measurements

Cord blood sampleswere collected at time of delivery and stored at 4
°C for b24 h. They were then centrifuged, and serumwas aliquoted and
stored in Eppendorf tubes at −80 °C until assayed. Concentrations of
insulin-like growth factor-I (IGF1, catalog number: AL-121), insulin-
like growth factor-II (IGF-II, catalog number: AL-131), total and intact
insulin-like growth factor binding protein-4 (IGFBP4, catalog number:
AL-126 & AL-128), insulin-like growth factor binding protein 5
(IGFBP5, catalog number: AL-127), pregnancy-associated plasma pro-
tein A (PAPP-A pico, catalog number: AL-101), and pregnancy-
associated plasma protein A2 (PAPP-A2, catalog number: AL-109)
were all measured by ELISA with commercially available kits (Ansh
Labs, Webster, TX, USA), according to the manufacturer's instructions.
Assay characteristics are described in supplemental material (Supple-
mentary Tables A1–A3) [39].

2.3. Statistical analysis

Data were analyzed using SPSS 19.0 (Chicago, IL, USA). Data were
inspected for normality using the Shapiro-Wilk test, and variables not
normally distributed were log transformed. Chi-squared test was used
for comparison of baseline categorical variables, and one-way analysis
of variance (ANOVA) and covariance (ANCOVA) were used for compar-
ison of continuous variables among the three different birth weight cat-
egories (SGA, AGA, and LGA). Tukey HSD was then performed for post-
hoc pairwise analyses between the groups. Pearson r correlation and
Spearman rank correlationwere both used to assess for associations be-
tween all variables in the study. Sequential linear regression models,
controlling for various neonatal and maternal characteristics, were
then performed to analyze the associations between the analytes as
standardized values and birth weight Z-score and birth length Z-score
separately.

3. Results

Comparisons of baseline maternal and neonatal characteristics
are shown in Table 1. Demographics, including sex, gestational
age, and delivery mode, were matched among the SGA, AGA, and
LGA groups, per study design. Maternal age was slightly higher in
the LGA group (p = .001). Gestational age was slightly different
among the three groups, despite matching for this, with the lowest
gestational age in the SGA group and highest in the LGA group (p b

.001). The SGA group also had the most late-preterm infants, and
the LGA group had the fewest, which is not unexpected, as many
growth-restricted infants are delivered early. To control for the dif-
ferences between the groups, these characteristics were entered as
covariates in later analyses.

Table 2 shows the associations among variables for all study subjects
using both Pearson r correlation and Spearman rank correlation. There
were significant associations between several of the analytes measured



Fig. 1. Study population.
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and clinical characteristics. IGF-I was positively associated with birth
weight Z-score (p b .001), birth length Z-score (p b .001), gestational
age (p = .001), maternal age (p = .032), and 1-minute Apgar score (p
= .006). IGF-II was positively associated with birth weight Z-score (p
= .001), length Z-score (p b .001), gestational age (p b .001), and sex
(p = .016). Total IGFBP-4 was negatively associated with gestational
age (p = .008) and 5-minute Apgar score (p= .012) only, whereas in-
tact IGFBP-4 was negatively associated with birth weight Z-score (p =
.001), length Z-score (p = .004), and gestational age (p = .035).
IGFBP-5, in contrast, was positively associated with birth weight Z-
score (p = .002), length Z-score (p = .023), and gestational age (p b

.001). PAPP-A and PAPP-A2 were both negatively associated with
birth weight Z-score (p = .002, p b .001), length Z-score (p = .031, p b

.001), and 5-minute Apgar score (p= .032, p= .004). PAPP-A2was ad-
ditionally negatively associated with gestational age (p= .009). Gesta-
tional age was also positively associated with several clinical
characteristics, including birth weight Z-score (p b .001), length Z-
score (p b .001), 1-minute Apgar score (p = .006), and 5-minute
Apgar score (p = .002), and was negatively associated with maternal
age (p=.035). All of these characteristicswere adjusted for in the linear
regression analyses.

Sequential linear regression analyses were performed to examine
the associations between each of the analytes measured with both
birth weight and birth length for gestational age using birth weight Z-
score (Table 3a) and birth length Z-score (Table 3b). Associations are
expressed per standard deviation change in analytes. There were posi-
tive associations between birth weight and birth length Z-scores and
IGF-I, IGF-II, total IGFBP-4 and IGFBP-5, and negative associations be-
tween birth weight and birth length Z-scores and intact IGFBP-4,
PAPP-A, and PAPP-A2 (p b .05). After adjusting for gestational age, sex,
race, delivery mode, maternal age, and Apgar scores, birth weight Z-
score remained positively associated with IGF-I, IGF-II, and total
IGFBP-4 and -5, and negatively associated with PAPP-A, and PAPP-A2
(p b .05). Notably, when IGF-I and IGF-II were added to the regression
(Table 3a), these associations were almost all attenuated, with the ex-
ception of total IGFBP-4. Adjusting for the same characteristics, length

Image of Fig. 1


Table 1
Baseline maternal and neonatal characteristics.

All (N = 185) SGA (N = 37) AGA (N = 111) LGA (N = 37) p-value

Maternal age (years) 32.6 ± 0.4 32.8 ± 0.9 31.6 ± 0.5c 35.3 ± 0.6b 0.001*

Delivery mode 0.285
Vaginal 41 (22.2%) 5 (13.5%) 29 (26.1%) 7 (18.9)
C-section 144 (77.8%) 32 (86.5%) 82 (73.9%) 30 (81.1%)

Marital status 0.183
Married 134 (72.8%) 27 (75%) 76 (68.5%) 31 (83.8%)
Unmarried 50 (27.2%) 9 (25%) 35 (31.5%) 6 (16.2%)

Race 0.161
White 102 (55.4%) 20 (55.6%) 55 (49.5%) 27 (73%)
Black 27 (14.6%) 4 (11.1%) 20 (18.0%) 3 (8.1%)
Hispanic 33 (17.9%) 5 (13.9%) 23 (20.7%) 5 (13.5%)
Asian 22 (12.0%) 7 (19.4%) 13 (11.7%) 2 (5.4%)

Gestational age (weeks) 37.9 ± 0.1 37.1 ± 0.3b,c 37.9 ± 0.2a,c 38.8 ± 0.2a,b b0.001*
Full-term 135 (73%) 20 (54.1%) 80 (72.1%) 35 (94.6%)
Late pre-term 50 (27%) 17 (45.9%) 31 (27.9%) 2 (5.4%)

Sex 0.265
Female 93 (50.3%) 23 (62.2%) 52 (46.8%) 18 (48.6%)
Male 92 (49.7%) 14 (37.8%) 59 (53.2%) 19 (51.4%)

Birth weight (grams) 3105 ± 52 2270 ± 53b,c 3059 ± 42a,c 4081 ± 63a,b b0.001*
Birth weight Z-score 0.08 ± 0.09 −1.7 ± 0.05b,c 0.03 ± 0.1a,c 2.0 ± 0.1a,b b0.001*
Length (centimeters) 48 ± 0.25 44.6 ± 0.4b,c 48.0 ± 0.3a,c 51.5 ± 0.4a,b b0.001*
Length Z-score −0.2 ± 0.1 −1.7 ± 0.1b,c −0.2 ± 0.1a,c 1.5 ± 0.2a,b b0.001*

1 min Apgar 8.0 ± 0.07 7.8 ± 0.1 8 ± 0.1 8.2 ± 0.1 0.070
5 min Apgar 8.8 ± 0.03 8.7 ± 0.1b 8.9 ± 0.04a 8.9 ± 0.1 0.055

Values reported as n (%) or asmean± standard error of themean. ANOVA used to analyze continuous variables and chi-square test for categorical valuables. Asterisk (*) highlights p-value
b.05. a: different from SGA (p b .05), b: different from AGA (p b .05), c: different from LGA (p b .05).
Abbreviations: SGA, small for gestational age; AGA, appropriate for gestational age; LGA, large for gestational age; IGF, insulin-like growth factor; IGFBP, insulin-like growth factor binding
protein; PAPP-A, pregnancy-associated plasma protein A.
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Z-score only remained significantly positively associated with IGF-I and
IGF-II, and significantly negatively associated with PAPP-A2 (p b .05).

Adjusted R2 values were derived from univariate and multivariate
regression models to better understand how the various variables in
our study contribute to birthweight and birth length Z-score variability.
Clinical characteristics alone can explain approximately 17% of variabil-
ity in birthweight for gestational age (p b .001), and cord blood concen-
trations of IGF-I and IGF-II each considered alone can explain 35% and8%
of the variability, respectively (p b .001; data not shown). Multivariate
regression reveals that 46% of variability in birth weight for gestational
age can be explained by combining clinical characteristics with the
cord blood analytes measured (p b .001). A smaller percent of birth
length for gestational age can be explained by these factors, with base-
line clinical characteristics explaining 11% of the variance (p b .001),
cord blood IGF-I alone explaining 20% (p b .001), cord blood IGF-II
alone explaining 10% (p b .001), and the combination of clinical charac-
teristics and the cord blood analytes explaining 27% (p b .001) of vari-
ability when analyzed in a multivariate regression.

Paternal anthropometric data was not available for our study partic-
ipants, butwe did havematernal height and pre-pregnancyweight for a
small subset of subjects (n=37, 20%). An exploratory analysis was per-
formed in this subset, revealing that maternal height was associated
with intact IGFBP-4 (r = −0.263, p = .001), but not with any of the
other cord blood analytes measured, and maternal pre-pregnancy BMI
was not associated with any of the cord blood analytes measured.
When maternal height and pre-pregnancy BMI were added as covari-
ates to the linear regression analyses in this subset, these variables did
notmodify the significance of the relationships between IGF-I, IGF-II, in-
tact IGFBP-4, or IGFBP5 and birth weight Z-score, though the associa-
tions between total IGFBP-4, PAPP-A, and PAPP-A2 and birth weight Z-
score did lose significance. Notably, neither maternal height nor pre-
pregnancy BMI contributed significantly to the variability seen in birth
weight and birth length Z-score, as the overall adjusted R2 values did
not increase when they were included in the model.
In addition to assessing linear associations with birth weight and
birth length on a continuous scale, ANOVA and ANCOVAwere also per-
formed to assess for differences in the analytes among SGA, AGA, and
LGA infants (Table 4). Cord blood IGF-I and IGF-II were both highest in
the LGA group and lowest in the SGA (p b .05). In contrast, cord blood
PAPP-A and PAPP-A2 were both highest in the SGA group and lowest
in the LGA group (p b .05). After adjusting for gestational age, sex,
race, delivery mode, maternal age, and Apgar scores, these differences
remained significant across all groups for IGF-I and IGF-II (p b .05),
and remained significant between the SGA group and the other two
groups for both PAPP-A and PAPP-A2 (p b .05). There was no difference
in total IGFBP-4 among the groups, but there was a trend towards intact
IGFBP-4 being higher in the SGA group and lower in the LGA group,
which was not significant once adjusted for other factors. There was
also a trend towards IGFBP-5 being lower in the SGA group and higher
in the LGA group, but this was not significant when adjusted for other
factors.

4. Discussion

Identifying which factors determine a newborn's birth weight and
birth length for gestational age is crucial to understanding the link be-
tween abnormal fetal growth and its long-term consequences. Maternal
and neonatal characteristics alone, including maternal age, gestational
age, sex, and race, explain a small percentage of the variability seen in
birth weight and birth length for gestational age. We sought to identify
and quantify the contributions of other factors to this variability, mea-
suring several components of the IGF axis in cord blood in relation to
growth indices for the first time.

Prior studies have established IGF-I and IGF-II as important factors in
fetal growthwith increasing levels of IGFs in both thematernal and fetal
circulations throughout gestation [40,41]. Our study confirmed the
established positive associations between both birth weight and birth
length for gestational age and cord blood concentrations of IGF-I and



Table 2
Correlations between variables among all study participants.

Values displayed above grey line are Pearson r correlations (r), and values displayed below grey line are Spearman rank correlations (ρ).
Significant associations (p-value b.05) are highlighted in bold.
Abbreviations: BW, birth weight; GA, gestational age; IGF, insulin-like growth factor; T-IGFBP-4, total insulin-like growth factor binding protein-4; I-IGFBP-4, intact insulin-like growth
factor binding protein-4; IGFBP-5, insulin-like growth factor binding protein-5; PAPP-A, pregnancy-associated plasma protein A; PAPP-A2, pregnancy-associated plasma protein A2.

5B. DiPrisco et al. / Metabolism Clinical and Experimental 100 (2019) 153959
IGF-II [22–31]. These associations remained significant after controlling
for multiple maternal and neonatal characteristics, and regression anal-
yses showed that cord blood IGF-I level explains a significant portion of
the variability in both birth weight and birth length for gestational age.
IGF-II, on the other hand, while positively associated with birth weight
and birth length, explains much less of the variability.

In addition to IGF-I and IGF-II, we also measured two IGF binding
proteins, IGFBP-4 and IGFBP-5. IGFBP-4 has only beenmeasured in um-
bilical cord blood in one prior study and was found to be decreased in
infants born to obesemothers, and IGFBP-5 has never before beenmea-
sured in umbilical cord blood [42]. In our study total IGFBP-4 and IGFBP-
5 were both positively associated with birth weight Z-score, even after
adjusting for maternal and neonatal characteristics, similarly to what
has been seen with IGFBP-3 [25–31]. However, perhaps more impor-
tantly, wewere able tomeasure for the first time cord blood levels of in-
tact IGFBP-4, which is the binding protein that has not been cleaved.
Intact IGFBP-4 levels in cord blood were negatively associated with
birth weight Z-score, which was an expected finding, as decreased
levels of intact IGFBP-4 likely reflect higher availability of free IGF-I.
Once adjusting for cord blood levels of IGF-I and IGF-II, this relationship
lost significance. This is the first study to demonstrate the associations
between these binding proteins and birth weight for gestational age. It
is important for future prospective studies to measure not only total
but also intact binding protein, to more fully understand the interac-
tions among the IGF axis and their associations with fetal growth.

Finally, wemeasured the placental proteases that cleave these bind-
ing proteins. PAPP-A is an IGF-dependent protease that cleaves both
IGFBP-4 and IGFBP-5, while PAPP-A2 only cleaves IGFBP-5 [43,44].
PAPP-A has beenmeasured in umbilical cord blood in two prior studies,
one of which found a trend towards an inverse relationship between
cord blood PAPP-A and birth weight, and PAPP-A2 has never before
been measured in umbilical cord blood [37,45,46]. Our study found sig-
nificant inverse associations between both PAPP-A and PAPP-A2 levels
in cord blood and birth weight Z-score, both of which remained signifi-
cant after controlling for maternal and neonatal characteristics. We also
found inverse relationships between cord blood PAPP-A and PAPP-A2
and birth length Z-score, though this association only remained signifi-
cant for PAPP-A2 after adjusting for maternal and neonatal



Table 3a
Linear regression models using birth weight Z-score as dependent variable.

Unadjusted Adjusted for GA, race and sex Adjusted for GA, race, sex, delivery
mode, maternal age, and Apgar scores

Adjusted for GA, race, sex, delivery
mode, maternal age, and Apgar
scores, IGF-I and IGF-II

IGF-I B (95% CI) 0.753 (0.591, 0.915) 0.667 (0.511, 0.822) 0.651 (0.483, 0.818)
(ng/mL) p-value b0.001⁎ b0.001⁎ b0.001⁎

IGF-II B (95% CI) 0.343 (0.149, 0.538) 0.197 (−0.002, 0.396) 0.222 (0.020, 0.425)
(ng/mL) p-value 0.001⁎ 0.052 0.031⁎

Total IGFBP-4a B (95% CI) 0.040 (−0.148, 0.227) 0.132 (−0.048, 0.312) 0.204 (0.021, 0.387) 0.316 (0.139, 0.492)
(ng/mL) p-value 0.678 0.149 0.029⁎ 0.001⁎

Intact IGFBP-4a B (95% CI) −0.279 (−0.469, −0.089) −0.202 (−0.387, −0.017) −0.142 (−0.332, 0.048) 0.074 (−0.127, 0.276)
(ng/mL) p-value 0.004⁎ 0.032⁎ 0.143 0.466

IGFBP-5a B (95% CI) 0.328 (0.139, 0.516) 0.209 (0.019, 0.399) 0.226 (0.034, 0.417) 0.155 (−0.035, 0.344)
(ng/mL) p-value 0.001⁎ 0.031⁎ 0.021⁎ 0.109

PAPP-Aa B (95% CI) −0.297 (−0.481, −0.112) −0.294 (−0.465, −0.123) −0.303 (−0.479, −0.127) −0.194 (−0.412, 0.023)
(ng/mL) p-value 0.002⁎ 0.001⁎ 0.001⁎ 0.079

PAPP-A2a B (95% CI) −0.327 (−0.511, −0.143) −0.214 (−0.394, −0.034) −0.201 (−0.383, −0.018) −0.171 (−0.35, 0.0080)
(ng/mL) p-value 0.001⁎ 0.02⁎ 0.032⁎ 0.061

Relationships are expressed per standard deviation change in each analyte.
Abbreviations: GA, gestational age; IGF\\I, insulin-like growth factor I; IGF-II, insulin-like growth factor II; IGFBP-4, insulin-like growth factor binding protein-4; IFGBP-5, insulin-like
growth factor binding protein-5; PAPP-A, pregnancy-associated plasma protein A; PAPP-A2, pregnancy-associated plasma protein A2.

a Denotes log transformation of variable.
⁎ Highlights p-value b.05.
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characteristics. We hypothesize that these inverse associations are due
to IGF-related feedbackmechanisms,with upregulation of the proteases
in the setting of low levels of IGF in growth-restricted fetuses and down-
regulation in the setting of high levels of IGF in well-grown fetuses. This
hypothesis is supported by our finding that both associations lose signif-
icance when IGF-I and IGF-II are controlled for in the regression. Simi-
larly to what was seen with IGFBP-4 and -5, the relative contribution
of PAPP-A and PAPP-A2 to variation in birth weight and birth length
are much less than that of IGF-I, and the significant upregulation of
Table 3b
Linear regression models using length Z-score as dependent variable.

Unadjusted

IGF-I B (95% CI) 0.641 (0.442, 0.840)
(ng/mL) p-value b0.001⁎

IGF-II B (95% CI) 0.451 (0.227, 0.676)
(ng/mL) p-value b0.001⁎

Total IGFBP-4a B (95% CI) 0.005 (−0.214, 0.223)
(ng/mL) p-value 0.967

Intact IGFBP-4a B (95% CI) −0.292 (−0.514, −0.070)
(ng/mL) p-value 0.01⁎

IGFBP-5a B (95% CI) 0.271 (0.044, 0.498)
(ng/mL) p-value 0.02⁎

PAPP-Aa B (95% CI) −0.224 (−0.446, −0.003)
(ng/mL) p-value 0.047⁎

PAPP-A2a B (95% CI) −0.444 (−0.661, −0.227)
(ng/mL) p-value b0.001⁎

Relationships are expressed per standard deviation change in each analyte.
Abbreviations: GA, gestational age; IGF-I, insulin-like growth factor I; IGF-II, insulin-like growth
factor binding protein-5; PAPP-A, pregnancy-associated plasma protein A; PAPP-A2, pregnancy

a denotes log transformation of variable.
⁎ highlights p-value b.05.
these proteases in growth-restricted fetuses is unable to compensate
and restore normal growth.

It is unclear fromour studywhethermaternal pre-pregnancyweight
and/or gestational weight gain influence cord blood levels of the bind-
ing proteins and proteases. For the subset of patients for whom we did
have maternal pre-pregnancy BMI, we found that this variable did not
affect the relationships between the cord blood analytes and growth in-
dices. It is difficult to draw any firm conclusions based on such a small
number of patients (n = 37), but it highlights the importance of
Adjusted for GA, race and sex Adjusted for GA, race, sex,
delivery mode, maternal age,
and Apgar scores

0.518 (0.321, 0.715) 0.612 (0.402, 0.822)
b0.001⁎ b0.001⁎

0.290 (0.061, 0.520) 0.298 (0.046, 0.531)
0.014⁎ 0.02⁎

0.098 (−0.113, 0.309) 0.130 (−0.092, 0.352)
0.361 0.25

−0.208 (−0.424, 0.008) −0.207 (−0.439, 0.024)
0.059 0.079

0.134 (−0.098, 0.367) 0.134 (−0.105, 0.374)
0.254 0.269

−0.207 (−0.412, −0.001) −0.205 (−0.424, 0.014)
0.049⁎ 0.067

−0.296 (−0.515, −0.077) −0.279 (−0.507, −0.051)
0.008⁎ 0.017⁎

factor II; IGFBP-4, insulin-like growth factor bindingprotein-4; IFGBP-5, insulin-like growth
-associated plasma protein A2.



Table 4
Comparison of cord blood analytes among SGA, AGA, and LGA infants.

All
(N = 185)

SGA
(N = 37)

AGA
(N = 111)

LGA
(N = 37)

p-value
(ANOVA)

p-value
(ANCOVA)

IGF-I (ng/mL) 102.9 ± 3.6 51.1 ± 6.9b,c 108.5 ± 3.7a,c 138.3 ± 6.0a,b b0.001* b0.001*
IGF-II (ng/mL) 178.9 ± 3.2 161.3 ± 5.7b,c 177.4 ± 4.4a,c 205.2 ± 6.6a,b b0.001* 0.003*
Total IGFBP-4 (ng/mL) 196.8 ± 3.1 195.7 ± 6.4 197.8 ± 4.1 195.0 ± 6.5 0.921 0.316
Intact IGFBP-4 (ng/mL) 91.9 ± 3.4 108.7 ± 11.2c 91.9 ± 3.8 75.4 ± 5.6a 0.009* 0.064
IGFBP-5 (ng/mL) 425 ± 6.9 388.9 ± 16.1c 428.5 ± 8.7 449.3 ± 14.5a 0.018* 0.173
PAPP-A (ng/mL) 1.2 ± 0.05 1.5 ± 0.2b,c 1.2 ± 0.1a 1.1 ± 0.1a 0.018* 0.013*
PAPP-A2 (ng/mL) 2.2 ± 0.08 2.8 ± 0.3b,c 2.2 ± 0.1a 1.8 ± 0.2a b0.001* 0.01*

Values reported as mean ± standard error of the mean. P-values reported for both ANOVA and ANCOVA. ANCOVA analysis included the following covariates: gestational age, sex, race,
delivery mode, maternal age, and Apgar scores. Asterisk (*) highlights p-value b.05; a: different from SGA (p b .05), b: different from AGA (p b .05), c: different from LGA (p b .05).
Abbreviations: GA, gestational age; IGF\\I, insulin-like growth factor I; IGF-II, insulin-like growth factor II; IGFBP-4, insulin-like growth factor binding protein-4; IFGBP-5, insulin-like
growth factor binding protein-5; PAPP-A, pregnancy-associated plasma protein A; PAPP-A2, pregnancy-associated plasma protein A2.
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including detailed maternal information in future studies to more com-
prehensively understand their influence on fetal growth regulation.
Twin studies have suggested that genetics play an important role with
much stronger correlations between cord blood IGF-I levels in monozy-
gotic twins than dizygotic twins [47]. We were unable to address this
question in our study, but in the small subset of patients for whom we
had maternal height, we did find that maternal height and cord blood
IGF-I levels were not associated with one another. This emphasizes
the need for further exploration of the influences of genetics, epige-
netics, and the environment on fetal IGF-I.

Strengths of the study are its adequate size and the inclusion of some
molecules that have never been studied in cord blood in the past, specif-
ically IGFBP-5 and PAPP-A2. Laboratory analyses were performed by
blinded personnel not aware of the hypotheses, which increases the va-
lidity of the data reported herein. Biaswas addressed bymeasuring sev-
eral potential confounders and adjusting for them, whereas chance was
addressed byperforming appropriate bivariate andmultivariate statisti-
cal analyses. A major limitation of this case-control study is the lack of
paternal and the limited availability of maternal anthropometric data,
which are important factors in analyzing fetal growth and may also in-
fluence levels of cord blood analytes. While we were able to do subset
analyses with maternal height and BMI for 20% of our subjects, we did
not have any information on gestationalweight gain. Another limitation
is the difference in gestational age among the three groupswith a signif-
icantly greater number of late-preterm infants in the SGA group and
fewer in the LGA group. While we included gestational age as a covari-
ate in our analysis to control for the difference, future larger studies
could better evaluate this topic. Finally, length measurements at birth
are often inaccurate, but, notably, such errors are random; randommis-
classification may have affected some of the associations analyzed by
suppressing effect estimates and increasing the relevant p-values but
could not have resulted in statistically significant results such as those
shown herein.
5. Conclusion

This is thefirst study tomeasure IGFBP-4, IGFBP-5, and the proteases
that cleave these binding proteins (PAPP-A and PAPPA-2) in cord blood
in relation to birthweight and birth length for gestational age, providing
novel information about the relationship between the IGF axis and fetal
growth regulation. We found positive associations between both total
IGFBP4- and IGFBP-5 and birth weight and length Z-scores but negative
associations between intact IGFBP-4 and birth weight and length Z-
score, highlighting the importance of measuring both total and intact
binding protein in future studies. We found negative associations be-
tween PAPP-A and PAPP-A2 and birth weight and length Z-scores,
which we hypothesize is due to compensatory IGF-related regulation
of these proteases. The study also reinforces that IGF-I is the major con-
tributing factor to variation in birth weight and birth length for
gestational age and emphasizes the need for further studies to under-
stand what determines differences in IGF-I levels, the contributions of
free IGF-I vis-a-vis total IGF-I and its binding proteins, and whether
such differences during pregnancy, in cord blood and/or in the circula-
tion early in life can be linked to appropriate fetal and neonatal growth
as well as short and/or long-term fetal and neonatal growth dysregula-
tion. These data need to be confirmed in larger prospective studies, and,
if confirmed and extended,may provide novel diagnostic and therapeu-
tic tools in the not so distant future.
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