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PATHOPHYSIOLOGY

Gestational diabetes mellitus (GDM), one of the most common pregnancy complications, affects up to ;15% of
pregnant women worldwide (1), which parallels the growing

global epidemic of type 2 diabetes (2). Despite that the
underlying etiology remains to be elucidated, b-cell dysfunction and thus failure to compensate for insulin resistance
induced by pregnancy are thought to be relevant (3). Given
the structural homology and similarities of downstream
signaling pathways with insulin, the insulin-like growth factor I (IGF-I) may be implicated in glucose homeostasis (4,5)
and etiology of GDM. Further, emerging, yet sparse, data
indicate that IGF axis biomarkers, including IGF-I and IGF
binding proteins (IGFBPs), undergo notable changes during
pregnancy (6,7). Thus, a comprehensive understanding of
the role of IGF axis biomarkers in the etiology of GDM
requires longitudinal investigations throughout pregnancy.
Moreover, the conventional screening time for GDM is toward late pregnancy (i.e., gestational weeks 24–28), leaving
little room for effective interventions or treatment. Further,
fetal exposure to increased amniotic ﬂuid glucose before
15 weeks of gestation underscores the occurrence of early
metabolic perturbations before GDM diagnosis (8). Thus,
identifying a prediagnostic marker for GDM in early pregnancy is warranted, which may be used to inform early diagnostic or prevention strategies.
Longitudinal and prospective studies of IGF axis markers
throughout pregnancy and their relation to GDM are
lacking. Previous data are typically based on single
measurements in retrospective or cross-sectional studies
with inconsistent ﬁndings (9–11). To date, we are aware
of only one study of 47 GDM cases prospectively investigating the associations between IGF-I and IGFBP-1, with
single measurements in early pregnancy and subsequent

The insulin-like growth factor (IGF) axis may be implicated in glucose homeostasis, but its longitudinal proﬁle
across gestation in relation to the development of gestational diabetes mellitus (GDM) is largely unknown.
We prospectively investigated IGF axis biomarkers in
early-to-midpregnancy in relation to subsequent GDM
risk in a case-control study of 107 case subjects with GDM
and 214 control subjects without GDM, with blood sample
collection at gestational weeks 10–14, 15–26, 23–31, and
33–39. Conditional logistic regression was used, adjusting
for major risk factors including prepregnancy BMI. Plasma
IGF-I and IGF binding protein 3 (IGFBP-3) concentrations
and molar ratio of IGF-I to IGFBP-3 increased, whereas
IGFBP-2 decreased throughout pregnancy. At gestational weeks 10–14, both IGF-I and IGF-I/IGFBP-3 were
positively associated with GDM risk; adjusted odds ratio (OR)
comparing the highest versus lowest quartile (ORQ4-Q1)
was 2.93 (95% CI 1.18, 7.30) for IGF-I and 3.31 (1.10, 9.98)
for IGF-I/IGFBP-3. In contrast, higher IGFBP-2 levels were
related to a substantially lower risk of GDM (ORQ4-Q1 0.04
[0.01, 0.06]). Similar results were observed at gestational
weeks 15–26. In sum, the IGF axis, IGFBP-2 in particular,
may be implicated in the pathogenesis of GDM, with signiﬁcant associations and incremental predictive value
detected as early as gestational weeks 10–14, ∼10–
18 weeks earlier before GDM is typically screened for.
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risk of GDM (12). Inference of ﬁndings from the study
was hindered by its small sample size and measurements
obtained at a single point in time. Further, roles of other
IGF axis biomarkers in the pathogenesis of GDM remain
to be elucidated. In particular, IGFBP-3 is bound to ;75%
of circulating IGF-I and the formed complex serves as the
major reserves and buffer of IGF-I. Therefore, the molar
ratio of IGF-I to IGFBP-3 is used as an indicator of IGF-I
bioavailability (13). In addition, among all the IGFBPs,
IGFBP-2 has recently received increasing research interests given its pleiotropic functions (i.e., both pericellular
IGF-regulatory and intracellular IGF-independent activities) and lack of postprandial ﬂuctuation (14). Despite
its implication in glucose homeostasis (15), data on its
association during early-to-midpregnancy with subsequent
GDM risk are lacking.
To address the critical data gaps, in the current study,
we aimed to prospectively investigate 1) the longitudinal
physiological changes of plasma IGF-I, IGFBP-2, and
IGFBP-3 concentrations and molar ratio of IGF-I to
IGFBP-3 throughout pregnancy and 2) the associations
of IGF-I, IGFBP-2, IGFBP-3, and ratio of IGF-I to IGFBP-3
during early to midpregnancy with subsequent risk of
GDM.
RESEARCH DESIGN AND METHODS
Study Population and Design

The case-control study was nested among participants in
the Eunice Kennedy Shriver National Institute of Child
Health and Human Development (NICHD) Fetal Growth
Study–Singletons cohort, a multicenter, multiracial prospective cohort study of healthy (without prepregnancy
hypertension, diabetes, renal/autoimmune disease, psychiatric disorder, cancer, and HIV or AIDs) women aged
18–40 years with low-risk, singleton pregnancies to 2,334
nonobese (16) and 468 obese women. In total, 2,802
pregnant women were enrolled between 8 weeks 0 days
and 13 weeks 6 days of gestation at 12 clinical centers
across the U.S. (2009–2013). During pregnancy, maternal
blood samples were longitudinally collected during four
selected study visits at gestational weeks 8–13 (enrollment visit), 16–22 (visit 1), 24–29 (visit 2), and 34–37
(visit 4). The study was approved by the institutional review boards of all participating institutions. Written informed consent was obtained from all the participants.
In the NICHD Fetal Growth Study–Singletons cohort,
we identiﬁed 107 case subjects with GDM via review of
medical records according to the Carpenter and Coustan
criteria as recommended by the American College of Obstetrics and Gynecologists (17). The average gestational
age at the 100-g, 3-h oral glucose tolerance test (OGTT)
for GDM diagnosis among case subjects was 27 weeks
(range 11–36). Among 2,695 women without GDM in
the whole cohort, 2,477 (92%) had successful biospecimen collection at the ﬁrst two visits, from which a random sample of 214 control subjects without GDM were
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selected and matched 2:1 to case subjects according to
age (62 years), race/ethnicity (non-Hispanic white, nonHispanic black, Hispanic, or Asian/Paciﬁc Islander), and
gestational age at blood sample collection (62 weeks). Of
note, the majority of control subjects (n = 195) were
screened for GDM using the 50-g glucose challenge test.
For those without routine GDM screening (n = 19),
12 went through an OGTT with normal glucose values
below the Carpenter and Coustan criteria thresholds, and
the remaining were free of hospital discharge diagnosis of
GDM.
All biospecimens were processed immediately after the
collection and stored at 280°C until being thawed immediately before assay according to a standardized protocol.
Samples at visit 1 were obtained after an overnight fast of
8–14 h among both case and control subjects. The fasting
duration prior to biospecimen collection at all visits was
similar between case and control subjects. By design, participants were randomized within each time window of
blood collection to capture weekly biomarker data. As some
women came late for the scheduled visit, the actual gestational weeks at blood collection spread beyond the original
planned visit time window. Speciﬁcally, the actual range of
gestational weeks at blood collection prior to the screening
or diagnosis of GDM were 10–14 and 15–26 at the enrollment visit and visit 1, respectively.
Exposure Assessment

For the two blood collections prior to the GDM screening
test (i.e., at enrollment visit and visit 1), biomarkers were
measured among all the case (n = 107) and control subjects (n = 214). At the following blood collections at visits
2 and 4, biomarkers were measured among all the case
subjects (n = 107) and one of their control subjects (n =
107). Plasma concentrations of total IGF-I, IGFBP-2, and
IGFBP-3 were measured in ng/mL using ELISAs (ALPCO
Diagnostics, Salem, NH). Plasma concentrations of glucose, insulin, and C-reactive protein (CRP) were measured
using hexokinase, immunosorbent, and immunoturbidimetric assays (Roche Diagnostics, Indianapolis, IN), respectively.
Plasma adiponectin levels were measured using a quantitative sandwich enzyme immunoassay (Beckman Coulter, Inc.,
Fullerton, CA). Plasma lipids (total cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides) were measured
using enzymatic assays (Roche Diagnostics, Indianapolis,
IN). All the inter- and intra-assay coefﬁcients of variation
were ,6.7%. All assays were performed without knowledge
of GDM status.
Covariates

Data on maternal demographic, lifestyle, and medical
characteristics were obtained from questionnaires and
extracted from medical records. A priori–selected covariates included conventional risk factors for GDM: family
history of diabetes (yes/no) and prepregnancy BMI (,25,
25.0–25.9, 30.0–34.9, or 35.0–44.9 kg/m2). Given that maternal age (years) and gestational age at blood collection
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(weeks) were matched between case and control subjects
within a certain range, these two matching factors were
also included as covariates to derive conservative risk estimates. Of note, in this low-risk population, nonobese
women who smoked in the 6 months prior to pregnancy
were not eligible, and only ﬁve obese women smoked in
the 6 months prior to pregnancy. Therefore, smoking is
not included in multivariable models.
Statistical Methods

Differences in participant characteristics between case
and control subjects were assessed by mixed-effect linear
regression models for continuous variables and binomial/
multinomial logistic regression with generalized estimating equations for binary/multilevel categorical variables,
accounting for matched case-control pairs. To compare
the concentrations of each IGF axis biomarker throughout
pregnancy between case and control subjects, mean concentrations (SE) of each biomarker were plotted against
gestational age intervals of 2–3 weeks with P values obtained
using mixed-effect linear regression models accounting for
matched case-control pairs.
Multivariable conditional logistic regression models
adjusting for the above-listed covariates were ﬁtted to
assess the associations of each IGF axis biomarker at
gestational weeks 10–14 and 15–26 with subsequent risk
of GDM. To ensure that biomarker measurements preceded the diagnosis of GDM, we excluded one case subject
at weeks 10–14 and ﬁve at 15–26 weeks from the ﬁnal
analysis, whose blood samples were collected after the
diagnosis of GDM. To assess the independent association
of each IGF axis biomarker with GDM risk, we further
ﬁtted a multivariable multibiomarker model by mutually
adjusting for other IGF axis biomarkers. The levels of
IGF-I, IGFBP-2, and IGFBP-3 and ratio of IGF-I to
IGFBP-3 were parameterized as quartiles based on the
distribution of biomarker concentrations among the control subjects, with the lowest quartile being the reference,
and continuously per one SD increase in concentration or
ratio. Tests of linear trend were conducted by using the
median value for each quartile and ﬁtting it as a continuous
variable in the conditional logistic regression models. In
addition, we calculated partial Spearman correlation coefﬁcients to prospectively examine association of IGF axis biomarkers at gestational weeks 10–14 with fasting plasma
glucose, insulin, CRP, and homeostasis model assessment
of insulin resistance (HOMA-IR) (18), at the subsequent
study visit 1 (i.e., weeks 15–26) among case subjects with
GDM and control subjects without GDM, after adjusting
for the above-listed covariates. To estimate crude correlations between IGF axis biomarkers and these metabolic
markers implicated in glucose homeostasis, we calculated
unadjusted Spearman correlation coefﬁcients among the
entire study sample. We also calculated Spearman correlation coefﬁcients of IGF axis biomarkers at weeks 10–14 and
15–26 with the 100-g OGTT fasting, 1-h, 2-h, and 3-h
glucose levels among case subjects with GDM, respectively.
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We further evaluated the incremental prediction
capacity of each IGF axis biomarker at gestational weeks
10–14 and 15–26 in predicting GDM risk, in addition to
conventional risk factors, plasma glucose concentrations,
and classic biomarkers implicated in glucose homeostasis
(i.e., adiponectin, CRP, and lipids [total cholesterol, LDL
cholesterol, HDL cholesterol, and triglycerides]). We plotted receiver operating characteristic curves and calculated
area under the curve statistics using the approach proposed
by Pepe et al. (19) for matched case-control studies. The
comparison of area under the curve statistics was obtained
by DeLong’s test (20). The logarithmic transformed concentrations of plasma IGF axis biomarkers and glucose were
parameterized as continuous variables in logistic regression
models for receiver operating characteristic curves. To avoid
overﬁtting, leave-one-out cross-validation was performed to
derive conservative estimates by successively leaving out
each observation from the sample (n) one at a time, and
using the model ﬁt based on the remaining observations
(n 2 1) to compute the predicted probability for the leftout observation. This process was repeated n times until all
observations were validated (21).
In addition, to evaluate whether the associations of
IGF axis biomarkers with GDM risk varied by major risk
factors of GDM (i.e., prepregnancy obesity status, family
history of diabetes, and race/ethnicity), we included crossproduct (interaction) terms in the multivariable regression
model with one SD increase of each IGF axis biomarker or
ratio to assess the potential effect modiﬁcation. To test the
robustness of our results against potential residual confounding, we further adjusted for triceps and subscapular
skinfold thickness measures at the enrollment visit, as indicators of regional adiposity; gestational weight gain
(calculated as the difference between clinically measured or
medical chart–abstracted weight at the time of blood collection and self-reported pregravid weight in kg); and moderateto-vigorous physical activity per week (minutes) during
the year preceding the index pregnancy, respectively. All
analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC).
RESULTS
Demographics and Distribution of IGF Axis Biomarkers
Before GDM Diagnosis

Women with GDM were more likely to have a family
history of diabetes and have a higher prepregnancy BMI
compared with control subjects without GDM (Table 1).
Plasma concentrations of total IGF-I were signiﬁcantly
higher whereas concentrations of IGFBP-2 were signiﬁcantly lower in case subjects than control subjects at gestational weeks 10–14 and 15–26, respectively (Fig. 1). The
molar ratio of IGF-I to IGFBP-3 did not vary by GDM
status at weeks 10–14 but was signiﬁcantly higher among
case subjects than control subjects at weeks 15–26. Concentrations of IGFBP-3 did not differ by GDM status at
these two times.
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Table 1—Participant characteristics among women with GDM and their matched control subjects, the NICHD Fetal Growth
Study–Singletons cohort
Case subjects with GDM
(n = 107)

Control subjects
(n = 214)

30.5 6 5.7

30.4 6 5.4

Age (years)
Race/ethnicity
Non-Hispanic white
Non-Hispanic black
Hispanic
Asian/Paciﬁc Islander

25
15
41
26

Education
Less than high school
High school graduate or equivalent
More than high school

17 (15.9)
15 (14.0)
75 (70.1)

26 (12.1)
23 (10.7)
165 (77.1)

Insurance
Private or managed care
Medicaid, other
Self-pay

68 (63.5)
39 (36.5)
0

143 (66.8)
69 (32.2)
2 (0.9)

Marital status
Never married
Married/living with a partner
Divorced/separated

11 (10.3)
92 (86.0)
4 (3.7)

35 (16.4)
167 (78.0)
12 (5.6)

(23.4)
(14.0)
(38.3)
(24.3)

50
30
82
52

P*

(23.4)
(14.0)
(38.3)
(24.3)
0.18

0.43

0.12

Nulliparity

48 (44.9)

96 (44.9)

1

Family history of diabetes

40 (37.4)

48 (22.4)

0.003

Prepregnancy BMI (kg/m2)
,25.0
25.0–29.9
30.0–34.9
35.0–44.9
Unknown/missing

37
35
20
15

123 (57.5)
56 (26.2)
17 (7.9)
16 (7.5)
2 (0.9)

,0.001

Smoking 6 months before pregnancy
Alcoholic beverage consumption 3 months
before pregnancy

(34.6)
(32.7)
(18.7)
(14.0)
0

4 (3.7)

1 (0.5)

0.06

61 (57.0)

137 (64.0)

0.22

Data are presented as n (%) for categorical variables and mean (SD) for continuous variables. *P values for differences between case and
control subjects were obtained by mixed-effect linear regression models for continuous variables and binomial/multinomial logistic
regression with generalized estimating equations for binary/multilevel categorical variables, accounting for matched case-control pairs.
P values are not shown for matching variables (age and race/ethnicity).

Longitudinal Proﬁle of IGF Axis Biomarkers Across
Gestation

IGF Axis Biomarkers in Relation to Subsequent Risk of
GDM

Overall, concentrations of IGF-I and IGFBP-3 as well as
molar ratio of IGF-I to IGFBP-3 increased whereas
concentrations of IGFBP-2 decreased as pregnancy progressed among both case and control subjects (Fig. 2).
With respect to between-group comparisons, mean concentrations of IGF-I were consistently higher in case subjects than control subjects at gestational weeks 13–15,
16–19, and 24–27. A similar trend was observed for the
molar ratio of IGF-I to IGFBP-3. Conversely, mean concentrations of IGFBP-2 tended to be signiﬁcantly lower in
case subjects with GDM than control subjects from weeks
10–12 up to 24–27. After weeks 24–27, which was close
to the conventional time of GDM screening (i.e., weeks
24–28), the signiﬁcant difference in IGFBP-2 concentrations between case and control subjects did not persist.
Mean concentrations of IGFBP-3 did not differ signiﬁcantly between the two groups throughout pregnancy except at weeks 16–19.

We further examined the associations between IGF axis
biomarkers before the GDM screening and subsequent
risk of GDM. Overall, plasma concentrations of both IGF-I
and IGFBP-2 as well as molar ratio of IGF-I to IGFBP-3
were signiﬁcantly associated with GDM risk. At gestational weeks 10–14, comparing the highest versus lowest
quartile, IGF-I was positively associated with a 2.93-fold
increased risk of GDM, after adjusting for major risk factors (Table 2). Similar positive associations were observed
for the molar ratio of IGF-I to IGFBP-3, although the P
for trend was marginally signiﬁcant in the multivariable
model. In contrast, IGFBP-2 was inversely associated
with GDM risk, with the highest quartile associated
with a signiﬁcant 96% decreased risk compared with the
lowest quartile (P for trend , 0.001). Overall, associations of IGF axis biomarkers with GDM risk were similar
at gestational weeks 15–26, whereas greater effect sizes
were observed for IGF-I and ratio of IGF-I to IGFBP-3
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Figure 1—Plasma mean concentrations of IGF-I (A), IGFBP-2 (B), and IGFBP-3 (C) and molar ratio of IGF-I to IGFBP-3 (D) among women
with GDM and their matched control subjects at gestational weeks 10–14 and 15–26. P values for case-control comparisons were obtained
by mixed-effect linear regression models accounting for matched case-control pairs at gestational weeks 10–14 and 15–26, respectively.
GW, gestational weeks.

compared with weeks 10–14. Further, ﬁndings from the
continuous models per one SD increase in IGF axis biomarker concentrations or ratio were similar to the quartile models. Additionally, the signiﬁcant associations
persisted for IGFBP-2 at both times and for molar ratio
of IGF-I to IGFBP-3 at weeks 15–26 after further mutually
adjusting for other IGF axis biomarkers studied (data not
shown). Concentrations of IGFBP-3 were not associated
with subsequent risk of GDM at either of these two
periods. There was no signiﬁcant effect modiﬁcation by
prepregnancy BMI, family history of diabetes, or race/
ethnicity for any of the associations examined. Moreover,
results remained robust after additionally adjusting for triceps and subscapular skinfold thickness, gestational weight
gain up to blood collection, and physical activity during the
previous year of the index pregnancy, respectively.
Correlations Between IGF Axis Biomarkers and
Clinical Biomarkers

IGF axis biomarkers in early pregnancy during gestational
weeks 10–14 were also prospectively and signiﬁcantly correlated with fasting clinical biomarkers and indices implicated in glucose homeostasis before GDM screening
among case subjects with GDM and control subjects without GDM (Table 3). Speciﬁcally, IGF-I and molar ratio
of IGF-I to IGFBP-3 at gestational weeks 10–14 were

signiﬁcantly and positively correlated with HOMA-IR
and fasting insulin at weeks 15–26. In contrast, IGFBP-2
at weeks 10–14 was signiﬁcantly and inversely correlated
with HOMA-IR and fasting insulin at weeks 15–26, even
after adjusting for other factors related to HOMA-IR,
including age, gestational age at blood collection, family
history of diabetes, and prepregnancy BMI. Before
controlling for these factors, Spearman correlation coefﬁcients between IGFBP-2 and HOMA-IR and insulin were
as high as 20.47 and 20.48, respectively (P , 0.0001). In
addition, IGFBP-2 was signiﬁcantly and inversely correlated with 100-g OGTT fasting glucose levels, whereas
IGF-I, IGFBP-3, and ratio of IGF-I to IGFBP-3 were not
signiﬁcantly associated with any OGTT glucose levels (see
Supplementary Table 1).
Incremental Prediction Capacity of IGF Axis
Biomarkers

As for incremental prediction capacity of the IGF axis
biomarker, at gestational weeks 10–14, classic biomarkers,
including adiponectin, CRP, and lipids, did not signiﬁcantly
improve the prediction capacity beyond conventional risk
factors and glucose, whereas IGFBP-2 illustrated signiﬁcant
incremental predictive value in addition to conventional risk
factors and, more notably, plasma glucose and classic biomarkers (see Supplementary Fig. 1). At gestational weeks
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GDM risk over the conventional risk factors, plasma glucose,
and aforementioned classic biomarkers (data not shown).
DISCUSSION

Figure 2—Mean concentration (6SEM) of IGF-I (A), IGFBP-2 (B),
and IGFBP-3 (C) and molar ratio of IGF-I to IGFBP-3 (D) according
to gestational age intervals among women with GDM (squares,
solid line) and their matched control subjects (circles, dashed
line). *P < 0.05; **P < 0.01; ***P < 0.001 for case-control comparisons obtained by mixed-effect linear regression models accounting
for matched case-control pairs at each gestational age interval.

15–26, IGFBP-2 and classic biomarkers illustrated marginally signiﬁcant incremental predictive value beyond conventional risk factors and glucose (P = 0.06). IGF-I, IGFBP-3, or
molar ratio of IGF-I to IGFBP-3 at gestational weeks 10–14
or 15–26 did not signiﬁcantly improve the prediction of

In this longitudinal and prospective study, we proﬁled
longitudinal changes of IGF axis biomarkers throughout
pregnancy. In addition, IGF-I concentrations and molar
ratio of IGF-I to IGFBP-3 in early and midpregnancy were
signiﬁcantly and positively related to subsequent risk of
GDM, whereas IGFBP-2 was inversely and strongly related to the risk, independent of other major risk factors
of GDM. Moreover, IGF-I, molar ratio of IGF-I to IGFBP-3,
and IGFBP-2 were signiﬁcantly and prospectively correlated with HOMA-IR and fasting plasma insulin, suggesting
their potential pathophysiological roles in glucose homeostasis underway prior to diagnosis of GDM. Notably, we
observed that IGFBP-2 signiﬁcantly improved the prediction capacity of GDM risk in addition to conventional
risk factors, plasma glucose, and classic biomarkers (adiponectin, CRP, and lipids) as early as gestational weeks
10–14.
We for the ﬁrst time longitudinally and prospectively
examined the IGF axis markers throughout pregnancy in
relation to subsequent risk of GDM. Previous studies were
based on retrospective or cross-sectional data with single
point blood specimen collection, either coinciding with or
after the diagnosis of GDM (9–11,22). Given the notable
changes in IGF axis biomarkers across gestation as observed herein, and the potential confounding due to therapeutic effect of GDM intervention after the diagnosis, it
is essential to investigate the time-speciﬁc associations
prior to GDM screening or diagnosis. For instance, in a
cross-sectional study of 116 multiracial women with and
without GDM (22), concentrations of IGF-I did not differ
between case and control subjects at gestational weeks
36–38, which is consistent with our ﬁndings at weeks
36–39. On the other hand, our ﬁndings of a signiﬁcant
and positive association between total IGF-I concentrations in early pregnancy and GDM risk are in line with
ﬁndings from emerging, yet limited, available studies
(9,23,24). For instance, in a cross-sectional study, IGF-I
concentrations at routine screening for GDM at gestational weeks 24–28 were signiﬁcantly higher among
46 Polish women with GDM than 21 control subjects
without GDM (24). In a prospective case-cohort study
of 47 GDM events, comparing the highest to lowest tertile,
IGF-I at gestational week 13 (interquartile range 8–16 weeks)
was associated with a 1.47-fold higher, although nonsignificant, risk of GDM (12). Inference of ﬁndings from the scarce,
previous studies was limited by either the retrospective/crosssectional deign or a small sample size.
We were unaware of longitudinal and prospective
studies on IGFBP-2 and subsequent risk of GDM. Our
ﬁndings regarding the inverse association between IGFBP-2
concentrations in early to midpregnancy and subsequent
risk of GDM are in agreement with previous observations on
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Table 2—Adjusted odds ratio (95% CI) for the associations of GDM risk with quartiles of IGF-I, IGFBP-2, and IGFBP-3
concentrations and molar ratio of IGF-I to IGFBP-3 at gestational weeks 10–14 and 15–26, the NICHD Fetal Growth Study–
Singletons cohort
Gestational weeks 10–14†
IGF-I (ng/mL)
Q1: 60.0–125.8‡
Q2: 126.0–156.5
Q3: 156.6–194.5
Q4: 194.6–378.3
P for trend
Per SD increment
IGFBP-2 (ng/mL)
Q1: 37.3–82.5
Q2: 82.6–105.2
Q3: 105.8–145.8
Q4: 146.0–311.7
P for trend
Per SD increment
IGFBP-3 (ng/mL)
Q1: 2,729.0–3,876.4
Q2: 3,876.5–4,422.7
Q3: 4,434.2–4,970.1
Q4: 4,974.8–7,426.5
P for trend
Per SD increment
Molar ratio of IGF-I to IGFBP-3
Q1: 0.035–0.112
Q2: 0.113–0.141
Q3: 0.143–0.175
Q4: 0.178–0.355
P for trend
Per SD increment
Gestational weeks 15–26†
IGF-I (ng/mL)
Q1: 8.0–134.4
Q2: 135.7–169.6
Q3: 169.8–216.0
Q4: 218.6–428.7
P for trend
Per SD increment
IGFBP-2 (ng/mL)
Q1: 37.9–71.6
Q2: 73.0–96.2
Q3: 96.4–127.5
Q4: 128.1–288.7
P for trend
Per SD increment
IGFBP-3 (ng/mL)
Q1: 2,575.7–3,977.1
Q2: 3,981.2–4,451.1
Q3: 4,468.8–5,006.0
Q4: 5,031.5–7,854.6
P for trend
Per SD increment
Molar ratio of IGF-I to IGFBP-3
Q1: 0.007–0.120
Q2: 0.120–0.154
Q3: 0.155–0.193
Q4: 0.194–0.427
P for trend
Per SD increment

Case subjects (n)

Control subjects (n)

Crude model

Multivariable model*

15
29
24
36

54
53
54
53

1.00
2.10 (0.96, 4.59)
1.74 (0.80, 3.78)
2.87 (1.28, 6.42)
0.018
1.37 (1.04, 1.81)

1.00
1.94 (0.77, 4.84)
2.20 (0.92, 5.28)
2.93 (1.18, 7.30)
0.023
1.37 (1.01, 1.86)

58
20
19
7

54
53
54
53

1.00
0.24 (0.11, 0.51)
0.21 (0.09, 0.46)
0.05 (0.02, 0.16)
,0.001
0.40 (0.26, 0.60)

1.00
0.22 (0.09, 0.55)
0.14 (0.05, 0.38)
0.04 (0.01, 0.16)
,0.001
0.42 (0.26, 0.67)

19
23
34
28

54
53
54
53

1.00
1.29 (0.62, 2.68)
1.93 (0.94, 3.94)
1.76 (0.72, 4.26)
0.122
1.31 (0.93, 1.84)

1.00
1.06 (0.46, 2.42)
1.91 (0.84, 4.37)
1.66 (0.61, 4.52)
0.158
1.35 (0.94, 1.95)

13
32
28
31

54
53
54
53

1.00
2.85 (1.27, 6.42)
2.72 (1.12, 6.58)
3.44 (1.33, 8.88)
0.02
1.27 (0.94, 1.72)

1.00
3.26 (1.26, 8.45)
2.69 (0.97, 7.46)
3.31 (1.10, 9.98)
0.067
1.24 (0.88, 1.75)

11
19
27
37

54
53
54
53

1.00
1.88 (0.80, 4.46)
3.06 (1.27, 7.38)
5.39 (2.13, 13.6)
,0.001
1.99 (1.41, 2.82)

1.00
2.19 (0.85, 5.63)
4.35 (1.55, 12.2)
5.53 (1.94, 15.8)
0.001
2.19 (1.48, 3.23)

39
26
25
4

54
53
54
53

1.00
0.61 (0.31, 1.23)
0.54 (0.26, 1.11)
0.07 (0.02, 0.25)
,0.001
0.40 (0.26, 0.60)

1.00
0.55 (0.23, 1.32)
0.64 (0.27, 1.56)
0.03 (0.001, 0.23)
,0.001
0.34 (0.20, 0.59)

18
19
29
28

54
53
54
53

1.00
1.15 (0.54, 2.47)
1.89 (0.88, 4.05)
2.24 (0.94, 5.33)
0.050
1.26 (0.89, 1.79)

1.00
1.11 (0.47, 2.61)
2.05 (0.84, 4.99)
2.27 (0.86, 6.00)
0.067
1.34 (0.90, 1.99)

11
22
24
37

54
53
54
53

1.00
2.63 (1.10, 6.24)
3.48 (1.32, 9.15)
8.31 (2.90, 23.8)
,0.001
2.23 (1.49, 3.33)

1.00
3.27 (1.22, 8.74)
3.61 (1.25, 10.4)
10.5 (3.26, 34.1)
,0.001
2.33 (1.51, 3.60)

Q, quartile. *Adjusted for maternal age (years), gestational age at blood collection (weeks), family history of diabetes (yes/no), and
prepregnancy BMI (,24.9, 25.0–25.9, 30.0–34.9, or 35.0–44.9 kg/m2). †Timing of blood sample collection all preceded the diagnosis of
GDM. ‡Range of biomarker concentrations within each quartile among control subjects without GDM.
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Table 3—Partial Spearman correlation coefﬁcients of IGF-I,
IGFBP-2, and IGFBP-3 concentrations and molar ratio
of IGF-I to IGFBP-3 at gestational weeks 10–14 with
subsequent fasting plasma biomarkers at gestational weeks
15–26 among case subjects with GDM and control subjects
without GDM*
HOMA-IR Glucose Insulin
Case subjects
IGF-I
IGFBP-2
IGFBP-3
Molar ratio of
IGF-I to IGFBP-3
Control subjects
IGF-I
IGFBP-2
IGFBP-3
Molar ratio of
IGF-I to IGFBP-3

0.24†
20.34‡
20.12

CRP

0.12
0.25† 20.22†
20.25† 20.33§ 20.05
20.02 20.13 20.14

0.36‡

0.13

0.17†
20.27‡
0.04

0.002
20.02
0.04

0.15†

20.05

0.37‡

20.21†

0.18† 20.07
20.28‡ 20.11
0.04
0.04
0.17†

20.13

*P values were adjusted for age, gestational age at blood collection, family history of diabetes, and prepregnancy BMI.
†P , 0.05. ‡P , 0.001. §P , 0.01.

type 2 diabetes among nonpregnant individuals. Higher
concentrations of IGFBP-2 have been linked to a lower risk
of type 2 diabetes (odds ratio comparing the highest vs.
lowest quintile 0.17 [95% CI 0.08, 0.35]) (15). In addition,
IGFBP-2 overexpression is associated with reduced susceptibility to obesity and diabetes via inhibition of adipogenesis
and stimulation of insulin sensitivity in mice (25,26). Taken
together, the pleiotropic actions of IGFBP-2 highlight it as a
critical molecule implicated in metabolic regulation and homeostasis. The incremental prediction capacity of IGFBP-2
for GDM was not reported previously. In the current study,
we observed that as early as 10–14 weeks of gestation,
plasma concentrations of IGFBP-2 signiﬁcantly improved
the prediction of GDM in addition to conventional GDM
risk factors and plasma glucose, adiponectin, CRP, and lipids levels. Collectively, these data, in addition to the lack of
signiﬁcant postprandial ﬂuctuation of IGFBP-2 (27), may
make IGFBP-2 a convenient early marker for subsequent
risk of GDM. Future investigation among other study
populations is needed to conﬁrm our ﬁndings. In addition, assessment of the joint incremental predictive
value of IGFBP-2 with other promising pregravid or ﬁrsttrimester biomarkers implicated in GDM etiology (28–30)
is warranted.
The exact biological mechanisms whereby these IGF
axis biomarkers are involved in glucose metabolism remain
to be elucidated. At the cellular level, IGFBP-2 may exert
an inhibitory effect on IGFs by competing with IGF receptors for peptide binding and thus regulating the IGF
action (31). In addition, IGFBP-2 may act in an IGFindependent manner by binding to a5b1-integrin receptors
and activating a downstream signaling cascade via the
phosphatidylinositol-3-kinase and protein kinase b pathway, which is implicated in glucose uptake and insulin
sensitivity (32). Indeed, the signiﬁcant inverse association

between IGFBP-2 and GDM persisted after further adjustment for IGF-I and IGFBP-3, as illustrated in this study.
Our study has several notable strengths. First, the
longitudinal data collection provided a unique opportunity to prospectively investigate the roles of several
components of the IGF axis (i.e., IGF-I, IGFBP-2, and
IGFBP-3) in relation to subsequent risk of GDM, within
a multiracial pregnancy cohort. In particular, the casecontrol differences in IGF-I, IGF-I/IGFBP-3, and IGFBP-2
concentrations did not persist after the average gestational
age at GDM diagnosis (i.e., approximately week 27), which
highlights the importance of temporal precedence in investigating the etiological roles of these biomarkers. Furthermore, longitudinal data on other biomarkers involved in
glucose homeostasis are available in the current study, which
allows us to gain deeper insight into the pathological roles
of these IGF axis biomarkers in development of GDM. In
addition, IGF-I and IGFBP-2 are not responsive to shortterm fasting or postprandial ﬂuctuations (27,33) and thus
would have the potential to serve as convenient markers of
subsequent risk of GDM among pregnant women.
Some potential limitations of our study merit discussion. Measurements of other components of the IGF axis
(e.g., IGF-II and IGFBP-1), whose metabolic roles in
glucose homeostasis have been previously indicated
(34,35), are not available for this analysis. However, as
opposed to IGFBP-1, plasma concentrations of IGFBP-2
do not signiﬁcantly ﬂuctuate postprandially but do increase after a prolonged period of fasting, suggesting
that IGFBP-2 might mirror long-term status, whereas
IGFBP-1 reﬂects short-term alterations in response to
their major regulator, insulin (27). Similarly, we measured
total, not free, IGF-I because free IGF-I concentrations are
affected by fasting status (36). Nonetheless, we calculated
the molar ratio of IGF-I to IGFBP-3 to reﬂect the bioavailability of IGF-I (13), whose association with GDM
risk was similar to total IGF-I, although with greater effect sizes, especially at gestational weeks 15–26. Although
we could not completely rule out the possibility of casecontrol misclassiﬁcation, among 19 control subjects not
routinely screened for GDM using the 50-g glucose challenge test, 12 had normal OGTT glucose levels and all the
remaining were free of hospital discharge diagnosis of
GDM. Nonetheless, the potential misclassiﬁcation could
have underestimated the incidence of GDM and thus the
true effect sizes.
In conclusion, we observed a signiﬁcantly increased
risk of GDM in association with higher concentrations of
IGF-I and molar ratio of IGF-I to IGFBP-3, and lower
concentrations of IGFBP-2, as early as gestational weeks
10–14, ;10–18 weeks earlier before GDM is typically
screened for. IGFBP-2, particularly during early pregnancy,
might serve as a convenient early marker of GDM risk, with
signiﬁcant improvement in risk prediction in addition to
established risk factors and plasma glucose concentrations.
Collectively, our ﬁndings suggest the pathophysiological
role of the IGF axis in the development of GDM and
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highlight its potential to help identify at-risk women as
early as the ﬁrst trimester, an important etiologically
relevant time window, for subsequent GDM.
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