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BACKGROUND

It is controversial whether maternal hyperglycemia less severe than that in diabetes 
mellitus is associated with increased risks of adverse pregnancy outcomes.

METHODS

A total of 25,505 pregnant women at 15 centers in nine countries underwent 75-g 
oral glucose-tolerance testing at 24 to 32 weeks of gestation. Data remained blinded 
if the fasting plasma glucose level was 105 mg per deciliter (5.8 mmol per liter) or 
less and the 2-hour plasma glucose level was 200 mg per deciliter (11.1 mmol per 
liter) or less. Primary outcomes were birth weight above the 90th percentile for ges-
tational age, primary cesarean delivery, clinically diagnosed neonatal hypoglyce-
mia, and cord-blood serum C-peptide level above the 90th percentile. Secondary 
outcomes were delivery before 37 weeks of gestation, shoulder dystocia or birth 
injury, need for intensive neonatal care, hyperbilirubinemia, and preeclampsia.

RESULTS

For the 23,316 participants with blinded data, we calculated adjusted odds ratios for 
adverse pregnancy outcomes associated with an increase in the fasting plasma glu-
cose level of 1 SD (6.9 mg per deciliter [0.4 mmol per liter]), an increase in the 1-hour 
plasma glucose level of 1 SD (30.9 mg per deciliter [1.7 mmol per liter]), and an in-
crease in the 2-hour plasma glucose level of 1 SD (23.5 mg per deciliter [1.3 mmol 
per liter]). For birth weight above the 90th percentile, the odds ratios were 1.38 
(95% confidence interval [CI], 1.32 to 1.44), 1.46 (1.39 to 1.53), and 1.38 (1.32 to 1.44), 
respectively; for cord-blood serum C-peptide level above the 90th percentile, 1.55 
(95% CI, 1.47 to 1.64), 1.46 (1.38 to 1.54), and 1.37 (1.30 to 1.44); for primary cesar-
ean delivery, 1.11 (95% CI, 1.06 to 1.15), 1.10 (1.06 to 1.15), and 1.08 (1.03 to 1.12); 
and for neonatal hypoglycemia, 1.08 (95% CI, 0.98 to 1.19), 1.13 (1.03 to 1.26), and 
1.10 (1.00 to 1.12). There were no obvious thresholds at which risks increased. Sig-
nificant associations were also observed for secondary outcomes, although these 
tended to be weaker.

CONCLUSIONS

Our results indicate strong, continuous associations of maternal glucose levels below 
those diagnostic of diabetes with increased birth weight and increased cord-blood se-
rum C-peptide levels.
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Gestational diabetes mellitus, de-
fined as “glucose intolerance with onset 
or first recognition during pregnancy,”1,2 

has been the subject of considerable controversy. 
Criteria for the diagnosis were initially established 
more than 40 years ago3 and, with minor modi-
fications, remain in use today. These criteria are 
not designed to identify pregnant women who are 
at increased risk for adverse perinatal outcomes 
but rather women who are at high risk for the de-
velopment of diabetes after pregnancy,3,4 or they 
are the criteria used for the general population.5

Overt diabetes mellitus during pregnancy is 
associated with significantly increased risks of 
adverse perinatal outcomes. Whereas some data 
suggest that current diagnostic criteria for ges-
tational diabetes mellitus1 are too restrictive and 
that lesser degrees of hyperglycemia also increase 
risk,6-11 risks associated with hyperglycemia that 
is less severe than that diagnostic of overt diabetes 
mellitus are uncertain for a number of reasons. 
First, there are no uniform international standards 
for the ascertainment and diagnosis of gesta-
tional diabetes mellitus.2 In addition, the extent 
to which adverse outcomes associated with gesta-
tional diabetes mellitus may be explained by con
founders (including obesity, advanced maternal 
age, or associated medical complications) is un-
clear.12-14 Caregiver bias (i.e., an expectation of 
adverse outcomes due to gestational diabetes mel-
litus) may increase the likelihood of disorders or 
problems due to increased intervention.15

We conducted the Hyperglycemia and Adverse 
Pregnancy Outcome (HAPO) study to clarify the 
risks of adverse outcomes associated with various 
degrees of maternal glucose intolerance less se-
vere than that in overt diabetes mellitus.

Me thods

The protocol was approved by the institutional re-
view board at each field center. All participants 
gave written informed consent. An external data 
and safety monitoring committee provided over-
sight. The study methods have been published pre-
viously.16,17 A brief overview is presented here.

Participants

All pregnant women at a given center were eligi-
ble to participate unless they had one or more of 
the following exclusion criteria16: age younger than 
18 years, a plan to undergo delivery at another hos-

pital, an uncertain date of last menstrual period 
and no ultrasonographic estimation between 6 and 
24 weeks of gestational age, inability to complete 
the oral glucose-tolerance test within 32 weeks 
of gestation, multiple pregnancy, conception by 
means of gonadotropin ovulation induction or in 
vitro fertilization, glucose testing before recruit-
ment or a diagnosis of diabetes during the cur-
rent pregnancy, diagnosis of diabetes before the 
current pregnancy and requiring treatment with 
medication, participation in another study that 
could interfere with the HAPO study, infection 
with the human immunodeficiency virus or hep-
atitis B or C virus, previous participation in the 
HAPO study, or inability to converse in the lan-
guages used on center forms without the aid of an 
interpreter. If glucose measurements were made 
outside the setting of the HAPO study after ini-
tial enrollment, participation was terminated. Age 
and education level were recorded for women who 
declined to participate.

Gestational age and expected date of delivery 
were determined from the date of the last men-
strual period, if the date was certain. If the date 
was uncertain, the expected date of delivery was 
estimated by means of ultrasonography performed 
between 6 and 24 weeks of gestation. The final 
expected date of delivery was also determined with 
the use of ultrasonography if the gestational age 
estimated on the basis of the date of the last men-
strual period differed by more than 5 days from 
that based on ultrasonography performed between 
6 and 13 weeks of gestation or by more than 10 
days from that based on ultrasonography per-
formed between 14 and 24 weeks of gestation.

Oral Glucose-Tolerance Test

Participants underwent a standard oral glucose-
tolerance test, with the use of a 75-g dose of glu-
cose, between 24 and 32 weeks of gestation (tar-
get time of testing, 28 weeks). Height, weight, and 
blood pressure were measured at the test visit. Data 
concerning smoking and alcohol use, history of 
diabetes and hypertension among first-degree fam-
ily members, and demographic characteristics were 
collected by means of standardized questionnaires. 
Race or ethnic group was self-reported by partici-
pants. A blood specimen was collected between 
34 and 37 weeks of gestation for evaluation of the 
random plasma glucose level, as a safety measure 
to identify cases with hyperglycemia above a pre-
defined threshold.
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Glucose Analysis

For purposes of clinical decision making, plasma 
glucose levels were measured at center laborato-
ries by means of enzymatic methods, with exten-
sive quality control, as previously described.17 To 
avoid the confounding effects of analytic variation 
among centers, aliquots of all oral glucose-toler-
ance test specimens were analyzed at the central 
laboratory of the HAPO study, and the results were 
used in the analyses reported here.

Unblinding of Data

Fasting and 2-hour specimens from the oral glu-
cose-tolerance tests and the blood specimen taken 
for determination of the random plasma glucose 
level were analyzed at center laboratories. The data 
were unblinded if the 2-hour plasma glucose lev-
el was diagnostic of diabetes (i.e., >200 mg per 
deciliter [11.1 mmol per liter]) or, for ethical and 
safety reasons, if the fasting plasma glucose level 
exceeded 105 mg per deciliter (5.8 mmol per liter), 
the random plasma glucose level was 160 mg per 
deciliter (8.9 mmol per liter) or more, or any plas-
ma glucose level was less than 45 mg per deciliter 
(2.5 mmol per liter). Otherwise, women, caregiv-
ers, and the staff of the HAPO study (except for 
laboratory personnel) remained unaware of the 
glucose values. Only women whose data were 
blinded and who did not undergo any additional 
glucose testing outside the HAPO study were in-
cluded in our analyses.

Cord-Blood Plasma Glucose and Serum  
C-Peptide Levels

Cord-blood specimens were collected at delivery 
for the measurement of serum C-peptide and plas-
ma glucose levels. The specimens were analyzed 
at the central laboratory with the use of an im-
munoassay (AutoDELFIA, PerkinElmer) for serum 
C peptide and a chemical analyzer (Vitros 750, 
Ortho-Clinical Diagnostics) for plasma glucose.17 
Because approximately 15% of cord-blood samples 
have detectable hemolysis after serum or plasma 
is separated out, because hemolysis is known to 
increase insulin degradation but not to affect  
C-peptide level,17 and because C peptide and in-
sulin are secreted in equimolar levels, we used 
cord-blood serum C-peptide level rather than in-
sulin level as our index of fetal β-cell function.

Prenatal Care, Delivery, and Neonatal Care

Prenatal care, timing of delivery, and neonatal care 
were determined by means of the standard prac-

tice at each center. No center arbitrarily induced 
delivery before full term or routinely performed 
cesarean delivery at a specified maternal or ges-
tational age. Medical records were abstracted to 
obtain data regarding the prenatal course, labor 
and delivery, the postpartum course, and the new-
born course.

Outcomes

Primary and Secondary Outcomes
The four primary outcomes were birth weight 
above the 90th percentile for gestational age, pri-
mary cesarean delivery, clinical neonatal hypogly-
cemia, and cord-blood serum C-peptide level above 
the 90th percentile (fetal hyperinsulinemia). Sec-
ondary outcomes were premature delivery (before 
37 weeks of gestation), shoulder dystocia or birth 
injury, need for intensive neonatal care, hyperbili-
rubinemia, and preeclampsia.

Possible Severe Adverse Outcomes
Additional data were abstracted at centers when-
ever a possible severe adverse event (e.g., death, 
shoulder dystocia, birth injury, and major malfor-
mation) was identified. Data were reviewed by the 
members of an outcome review committee, who 
were unaware of the mother’s glycemic status, to 
confirm whether the event was present. Perinatal 
deaths were classified according to the Australian 
and New Zealand Antecedent Classification of 
Perinatal Mortality guidelines,18 and major mal-
formations were classified according to codes of 
the International Classification of Diseases, Tenth Revi-
sion.19 The HAPO data and safety monitoring com-
mittee reviewed data regarding adverse outcomes 
and deaths after having been made aware of the 
results of the oral glucose-tolerance test and the 
random plasma glucose levels.

Statistical Analysis

Mean and standard deviation are reported for con-
tinuous variables, and number and percentage are 
reported for categorical variables. Pearson product-
moment correlations were used to assess associ-
ations among glucose measures. For associations 
of glycemia with primary outcomes, as prespec-
ified in the HAPO study protocol, each glucose 
measurement was considered as both a categori-
cal and a continuous variable in multiple logistic-
regression analyses. For secondary outcomes, only 
results for continuous variables are presented. For 
categorical analyses, each measure of glycemia 
was divided into seven categories, such that the 
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