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OBJECTIVE—To compare associations of maternal glucose and A1C with adverse outcomes
in the multinational Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study and de-
termine, based on those comparisons, if A1C measurement can provide an alternative to an oral
glucose tolerance test (OGTT) in pregnant women.

RESEARCH DESIGN AND METHODS —Fligible pregnant women underwent a 75-g
OGTT at 24-32 weeks’ gestation. A sample for A1C was also collected. Neonatal anthropometrics
and cord serum C-peptide were measured. Associations with outcomes were assessed using
multiple logistic regression with adjustment for potential confounders.

RESULTS —Among 23,316 HAPO Study participants with glucose levels blinded to caregivers,
21,064 had a nonvariant A1C result. The mean = SD A1C was 4.79 + 0.40%. Associations were
significantly stronger with glucose measures than with A1C for birth weight, sum of skinfolds,
and percent body fat >90th percentile and for fasting and 1-h glucose for cord C-peptide (all P <
0.01). For example, in fully adjusted models, odds ratios (ORs) for birth weight >90th percentile
for each measure higher by 1 SD were 1.39, 1.45, and 1.38, respectively, for fasting, 1-, and 2-h
plasma glucose and 1.15 for A1C. ORs for cord C-peptide >90th percentile were 1.56, 1.45, and
1.35 for glucose, respectively, and 1.32 for A1C. ORs were similar for glucose and A1C for
primary cesarean section, preeclampsia, and preterm delivery.

CONCLUSIONS —On the basis of associations with adverse outcomes, these findings suggest
that A1C measurement is not a useful alternative to an OGTT in pregnant women.
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he American Diabetes Associationre-  They noted that A1C does not require a

cently endorsed recommendations
to use hemoglobin A1C (A1C) to di-
agnose diabetes and to identify people at
increased risk for developing diabetes (1).

fasting state, reflects the usual level of gly-
cemia for a period of 3—4 months, has low
intraindividual variability, and is a good
predictor of diabetes-related complications.
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However, these recommendations stipu-
late that the diagnosis of diabetes during
pregnancy requires glucose testing since
changes in erythrocyte turnover make the
A1C assay problematic (2).

In overt diabetes, measurements of
Al1C are highly correlated with average
glucose concentrations assessed by multi-
ple daily measurements of capillary blood
(3). Historically, A1C concentrations in
preexisting diabetes have been associated
with the risk of chronic complications and
of adverse events during pregnancy, such
as miscarriage, congenital malformations,
or macrosomia (3). However, it has been
shown that A1C measurements (4,5) and
fructosamine levels (6,7) do not adequately
separate women with normal pregnancy
from those with gestational diabetes melli-
tus (GDM), even though A1C levels decline
in normal pregnancy (8).

The objective of the Hyperglycemia
and Adverse Pregnancy Outcome (HAPO)
Study was to clarify the risk of adverse
outcomes associated with degrees of glu-
cose intolerance in pregnancy less severe
than overt diabetes. Glucose tolerance was
measured by a 75-g 2-h oral glucose tol-
erance test (OGTT) in a large, heteroge-
neous, international, ethnically diverse
cohort of women at 24-32 weeks’ gesta-
tion. Results of the HAPO Study on asso-
ciations of maternal glucose levels below
those diagnostic of diabetes with preg-
nancy outcomes have been reported (9).

The purpose of this report is to com-
pare associations of maternal glucose and
A1C measured at 24-32 weeks’ gestation
with adverse outcomes and to determine,
based on those comparisons, if A1C can
be used as an alternative to measurement
of glucose in pregnant women.

RESEARCH DESIGN AND
METHODS —The protocol was ap-
proved by the institutional review board
atall 15 field centers. All participants gave
written informed consent. An external
data monitoring committee provided over-
sight. Study methods have been published
(9-11). A brief overview is presented here.
All pregnant women at each field cen-
ter were eligible to participate unless they
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had one or more exclusion criteria (9): age
<18 years, delivery planned at another
hospital, date of last menstrual period not
certain and no ultrasound estimation from 6
to 24 weeks of gestational age available, un-
able to complete the OGTT by 32 weeks’
gestation, multiple pregnancy, conception
using gonadotropin ovulation induction or
by in vitro fertilization, glucose testing be-
fore recruitment or a diagnosis of diabetes
during this pregnancy, diabetes antedating
pregnancy requiring treatment with medica-
tion, participation in another study that may
interfere with HAPO, known to be HIV pos-
itive or to have hepatitis B or C, prior par-
ticipation in HAPO, or inability to converse
in the languages used in field center forms
without the aid of an interpreter. If glucose
measurements were made outside of HAPO
after initial enrollment, the participant was
excluded from further participation.

Methods to determine gestational age
and expected date of delivery have been
described previously (9).

Glucose tolerance

Participants underwent a 75-g OGTT
between 24 and 32 weeks’ gestation (as
close to 28 weeks as possible). Samples
were collected fasting and at 1 and 2 h
following the glucose load. A sample for
random plasma glucose (RPG) was col-
lected at 3437 weeks’ gestation as a safety
measure to identify cases with hyperglyce-
mia above a predefined threshold.

Glucose analysis and unblinding

Aliquots of fasting and 2-h OGTT and RPG
samples were analyzed at field center labo-
ratories. Values were unblinded if fasting
plasma glucose (FPG) was >5.8 mmol/L, if
2-h OGTT plasma glucose (PG) was >11.1
mmol/L, if RPG was =8.9 mmol/L, or if
any PG value was <2.5 mmol/L. Otherwise,
women, caregivers, and HAPO Study staff
(except for laboratory personnel) remained
blinded to glucose values. To avoid con-
founding effects of center-to-center analytical
variation, aliquots of all OGTT specimens
were analyzed at the HAPO Central Labora-
tory (Belfast, Northern Ireland, U.K.) using a
chemical analyzer (Vitros 750; Ortho Clinical
Diagnostics, Rochester, NY), and those re-
sults are used here. Only data from women
whose results remained blinded, with no ad-
ditional glucose testing outside the HAPO
protocol, are included in these analyses.

A1C analysis

Blood was drawn for analysis of A1C at
the OGTT visit and stored frozen before
transfer to the Central Laboratory where all

A1C measurements were made. Previous
large clinical trials such as the Diabetes
Control and Complications Trial (DCCT)
and the Diabetes Prevention Program
(DPP) analyzed A1C on fresh, unfrozen
samples shipped frequently to a central
laboratory (all within the U.S.). This ap-
proach was not feasible in the HAPO Study
involving 15 centers on four continents. A
new method of sample storage and main-
tenance was developed before the study
that gave reproducible results over several
months for samples stored frozen (11).

A1C was measured by a high-
performance liquid chromatography method
on the Biomen HA 8140 instrument that
gives an elution profile in which the gly-
cated and nonglycated hemoglobin com-
ponents are resolved in a time-dependent
manner. Inspection of the elution profile
for each participant sample allowed the
detection of hemoglobin variants, such as
HbS, HbC, or HbE. Women with variant
hemoglobin are not included in this report.
The coefficient of variation ranged from 2.8
to 5.0% across the range of A1C values. For
external quality control, the Central Labora-
tory participated in the European Reference
Laboratory (ERL) Program, which allows
standardization to DCCT values, and the
U.K. National Glycation Standardiza-
tion Program, which involves certification
of the high-performance liquid chromatog-
raphy analytical procedure (11).

Cord serum C-peptide and PG levels

Cord blood was collected at delivery and
analyzed for C-peptide and glucose at the
central laboratory (11). Cord serum
C-peptide (secreted in equimolar concentra-
tions with insulin) was used as the index
of fetal B-cell function; in contrast to in-
sulin, C-peptide is not degraded by hemo-
lysis, which occurs in ~15% of cord
samples (12). Functional sensitivity of
the assay was 0.2 pg/L. Cord PG was
also measured at the central laboratory.

Demographic data

Height, weight, and blood pressure were
measured at the OGTT visit using stan-
dardized procedures and calibrated equip-
ment. Data concerning smoking and
alcohol use, first-degree family history of
diabetes and hypertension, and demo-
graphics were collected using standardized
questionnaires. Race/ethnicity was self-
identified by participants.

Prenatal care and delivery
Prenatal care and timing of delivery were de-
termined by standard field center practice.

Lowe and Associates

No field center arbitrarily delivered pa-
tients before full term or routinely per-
formed cesarean delivery at a specified
maternal or gestational age.

Neonatal care and anthropometrics
After delivery, infants received customary
routine care. Medical records were ab-
stracted to obtain data regarding prenatal,
labor and delivery, postpartum, and new-
born course.

Neonatal anthropometrics were ob-
tained within 72 h of delivery. Anthro-
pometric measurements included weight,
length, head circumference, and skinfold
thickness at three sites (flank, subscapular,
and triceps) (13). Birth weight was ob-
tained without a diaper using a calibrated
electronic scale. Length was measured on a
standardized plastic length board construc-
ted for use in the HAPO Study. Skinfold
thickness was measured with Harpenden
skinfold calipers (Baty International, West
Sussex, U.K)).

Primary outcomes

Birth weight >90th percentile. The
90th percentiles for gestational age (30—
44 weeks) were determined for eight new-
born sex-ethnic groups (Caucasian or
Other, Black, Hispanic, and Asian), with
adjustment for gestational age, field cen-
ter, and parity (0, 1, 2+) using quantile
regression. A newborn was considered
to have a birth weight >90th percentile
if birth weight was greater than the esti-
mated 90th percentile for the baby’s sex,
gestational age, ethnicity, field center, and
maternal parity. Otherwise, the newborn
was considered to have a birth weight
=90th percentile.

Primary cesarean section. If the delivery
was the first by cesarean, it was defined as
primary.

Clinical neonatal hypoglycemia. Clini-
cal neonatal hypoglycemia was defined by
one or more clinical criteria: a notation of
neonatal hypoglycemia in the medical
record and symptoms or treatment with a
glucose infusion or a laboratory-reported
glucose value =1.7 mmol/L in the first
24 h after birth or =2.5 mmol/L after the
first 24 h (14). Meter measurements of
glucose were not included in this determi-
nation.

Cord C-peptide >90th percentile. The
90th percentile for the total HAPO cohort
(1.7 pg/L) was used.

Secondary outcomes
Preeclampsia. Hypertension that was
present before 20 weeks’ gestation that
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did not progress to preeclampsia was clas-
sified as chronic hypertension. Hyperten-
sive disorders occurring after 20 weeks
were categorized according to the Interna-
tional Society for the Study of Hyperten-
sion guidelines (15). Preeclampsia was
defined as systolic blood pressure =140
mmHg and/or diastolic blood pressure
=90 mmHg on two or more occasions at
least 6 h apart and proteinuria =1+ on dip-
stick or =300 mg on 24-h urine collection.
If the criteria for elevated blood pressure
were met without proteinuria, this was
classified as gestational hypertension.
Preterm delivery. Preterm delivery was
defined as delivery prior to 37 weeks’ ges-
tation.

Sum of skinfolds >90th percentile. Sum
of skinfolds >90th percentile for gesta-
tional age (36—44 weeks only) was de-
fined using the same methods as for
birth weight >90th percentile.

Percent body fat >90th percentile. Fat
mass was calculated from birth weight,
length, and flank skinfold according to
the equation given in Catalano et al. (16)
that was based on measurements of total
body electrical conductivity. The derived
formula was also prospectively validated
with estimates of fat mass by total body
electrical conductivity. Percent body fat
was then calculated as 100 X fat mass/
birth weight. Percent body fat >90th per-
centile for gestational age (36—44 weeks
only) was defined using the same meth-
ods as for birth weight >90th percentile.

Statistical analyses
Descriptive statistics include means and
SDs for continuous variables and num-
bers and percentages for categorical var-
iables. For analyses of associations of A1C
with primary outcomes, A1C was consid-
ered as both a categorical and continuous
variable in multiple logistic regression anal-
yses. For other outcomes and maternal
glucose, only continuous variable results
are presented. In categorical analyses, A1C
was divided into seven categories with
~50% of all values in the two lowest cat-
egories and 3 and 1% in the two highest
categories, respectively. These categories
were selected to provide numbers in
each category that were similar to those pre-
viously reported for maternal glucose (9).
We also created a composite OGTT
measure that used all three glucose mea-
sures. This variable was created by calcu-
lating z-scores for FPG, 1-h PG, and 2-h
PG by subtracting the appropriate HAPO
mean from each woman’s glucose mea-
surements, dividing by the corresponding

SD, and then summing the three resulting
z-scores for each woman. For continuous
variable analyses, odds ratios (ORs) were
calculated for each measure (A1C, FPG,
1-h PG, 2-h PG, and the composite OGTT
measure) higher by 1 SD. To assess
whether the log of the odds of each out-
come was linearly related to A1C and glu-
cose measures, we added squared terms
in each measure. Because of the large sam-
ple size in HAPO and the generally large
number of women with each outcome,
squared terms were considered statistically

significant and included in logistic models
only for P < 0.001.

For each outcome included in the A1C
categorical analyses, three logistic models
(1, 2, and 3) were fit. Model 1 included
adjustment for the variables used to define
the 90th percentile for the neonatal an-
thropometric measures, and model 2 in-
cluded additional adjustment for multiple
potential confounders that had been pre-
specified. Potential confounders included
in model 2 were maternal age, BMI,
height, gestational age, and mean arterial

Table 1—Characteristics of study participants with measurement of A1C

No. of Mean * SD or
participants n (%)
Maternal characteristics
Age (years) 21,064 203 £58
BMI (kg/m?)! 21,064 27751
MAP (mmHg)" 21,064 81.0 = 8.3
PG (mmol/L)!
FPG 21,064 4. 2E 04
1-h 21,064 74 *x17
2-h 21,064 6.2+ 13
z-score sum? 21,064 0.0*x24
AlC (%)* 21,064 4.79 + 0.40
Ethnicity
White 21,064 10,586 (50.3)
Black 21,064 2,228 (10.6)
Hispanic 21,064 1,850 (8.8)
Asian 21,064 5,833 27.7)
Other 21,064 567 (2.7)
Prenatal smoking (any) 21,064 1,490 (7.1)
Prenatal alcohol use (any) 21,064 1,513 (7.2)
Family history of diabetes 21,064 4,876 (23.2)
Parity (any prior delivery =20 weeks) 21,064 6,248 (29.7)
Any hospitalization prior to delivery 21,064 2,975 (14.1)
Prenatal urinary tract infection 21,064 1,526 (7.2)
Neonatal characteristics
Gestational age at delivery (weeks) 21,064 3904 +1.7
Birth weight (g) 21,022 3,299 + 530
Cord serum C-peptide (pg/L) 17,868 1.01 = 0.60
Cord PG (mmol/L) 17,845 45=+1.1
Sex (male) 21,064 10,849 (51.5)
Obstetric outcomes
Primary cesarean section 18,698 3,370 (18.0)
Preeclampsia 19,270 1,020 (5.3)
Newborn outcomes
Birth weight >90th percentile 20,979 2,018 (9.6)
Clinical neonatal hypoglycemia 20,983 434 (2.1)
Cord C-peptide >90th percentile 17,868 1,522 (8.5)
Sum of skinfolds >90th percentile 17,457 1,686 (9.7)
Percent body fat >90th percentile 17,396 1,724 (9.9)
Preterm delivery (<37 weeks) 21,064 1,442 (6.8)

"Maternal BMI, MAP, PG, and A1C were measured at the OGTT visit. “The OGTT z-score sum was created by
calculating z-scores for FPG, 1-h PG, and 2-h PG by subtracting the appropriate HAPO mean from each
woman’s glucose measurements, dividing by the corresponding SD, and then summing the three resulting z-

scores for each woman.
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Table 2—Relationship between maternal A1C and primary outcomes

Lowe and Associates

In A1C category Model 1 Model 2 Model 3
Total With With
A1C (%) (n) outcome (n)  outcome (%)  OR 95% ClI OR 95% ClI OR 95% ClI
Birth weight >90th percentile
<4.5 3,684 269 7.3 1.00 1.00 1.00
4.5-4.7 5,944 541 9.1 127  (1.09-148) 1.19 (1.02-1.39) 1.15 (0.98-1.34)
4.8-5.0 6,363 619 9.7 1.37  (1.18-159) 122 (1.05-1.42) 1.08 (0.92-1.26)
5.1-5.2 2,578 255 9.9 1.39  (1.16-1.67) 122 (1.02-1.47) 095 (0.78-1.14)
53-5.4 1,400 186 133 1.95 (1.60-2.37) 1.66 (1.35-2.04) 125 (1.01-1.54)
5.5-5.7 777 107 13.8 2.03 (1.60-2.57) 1.66 (1.30-2.13) 1.10 (0.85-1.42)
=538 233 41 17.6 271 (1.89-3.88) 193 (1.34-2.80) 1.09 (0.74-1.60)
Primary cesarean section®
<4.5 3,362 493 14.7 1.00 1.00 1.00
4.5-4.7 5,395 900 16.7 121 (1.08-137) 117 (1.04-1.33) 116 (1.02-1.31)
4.8-5.0 5,665 1,054 18.6 141 (1.25-159) 124 (1.10-1.40) 120 (1.06-1.35)
5.1-5.2 2,224 437 19.6 149 (1.28-1.72) 120 (1.03-1.40) 1.12 (0.97-1.3D)
5.3-5.4 1,199 277 231 1.84 (1.55-2.18) 140 (1.17-1.66) 129 (1.08-1.54)
5.5-5.7 661 167 253 2.04 (1.66-2.51) 148 (1.20-1.83) 1.33 (1.07-1.65)
=538 192 42 21.9 1.79  (1.25-257) 115 (0.80-1.67) 0.98 (0.67-1.43)
Clinical neonatal
hypoglycemia
<4.5 3,683 64 1.7 1.00 1.00 1.00
4.5-4.7 5,940 102 1.7 097 (0.71-1.33) 094 (0.68-1.30) 093 (0.67-1.28)
4.8-5.0 6,372 136 2.1 126  (0.93-1.71) 1.17 (0.86-1.60) 1.13 (0.83-1.55)
51-52 2,578 65 2.5 1.51  (1.06-2.16) 135 (0.93-194) 126 (0.87-1.83)
5.3-5.4 1,397 39 2.8 1.67 (1.11-253) 145 (0.95-2.21) 134 (0.87-2.07)
5.5-5.7 779 24 3.1 1.87  (1.15-3.03) 1.66 (1.00-2.73) 1.50 (0.90-2.49)
=5.8 234 4 1.7 0.86 (0.31-2.40) 0.73 (0.26-2.06) 0.62 (0.22-1.78)
Cord serum C-peptide
>90th percentile
<45 3,196 182 5.7 1.00 1.00 1.00
4.5-4.7 5,092 332 6.5 1.16 (0.96-1.40) 113 (0.93-1.37) 1.06 (0.88-1.29)
4.8-5.0 5,437 468 8.6 1.56 (1.30-1.87) 137 (1.14-1.65) 1.19 (0.99-1.44)
51-5.2 2,150 238 11.1 2.09 (1.70-2.57) 165 (1.33-2.05) 1.29 (1.03-1.60)
5.3-54 1,161 163 14.0 279 (2.22-351) 211 (1.66-2.69) 1.57 (1.22-2.01)
5.5-5.7 642 95 14.8 3.03 (.31-397) 219 (1.64-291) 143 (1.07-1.93)
=538 190 44 23.2 510 (3.50-7.42) 338 (227-5.03) 1.82 (1.20-2.75)

Model 1: Adjusted for field center or those variables used to define the 90th percentile for birth weight. Model 2: Additional adjustment for age, BMI, height, smoking,
alcohol use, hospitalization prior to delivery, any family history of diabetes, MAP, gestational age at OGTT, parity (except primary cesarean section), and cord glucose
(cord C-peptide >90th percentile only). Model 3: Additional adjustment for the sum of the z-scores for FPG, 1-h PG, and 2-h PG. *Data for women who had a previous

cesarean section were excluded.

pressure (MAP) at the OGTT (except pre-
eclampsia); parity (except primary cesar-
ean section); family history of diabetes;
family history of hypertension (preeclamp-
sia only); hospitalization prior to delivery
(except preeclampsia); smoking status;
alcohol use; and maternal urinary tract
infection (preeclampsia only). Model 3
included additional adjustment for the
composite glucose measure. Squared
terms for age, BMI, and MAP were pre-
screened for possible inclusion in model 2
and model 3 adjustment in models that
included only linear and squared terms for
these variables. Squared terms were in-
cluded if P < 0.001.

For the four glucose measures in the
continuous variable analyses, we fit three
logistic models, with models 1 and 2 the
same as for A1C and model 3 including
adjustment for A1C, which yielded asso-
ciations of A1C, adjusting in turn for FPG,
1-h PG, 2-h PG, and the composite
glucose measure. To determine whether
the associations of A1C with each outcome
were significantly different from those of
the four glucose measures, we compared
the model 3 logistic regression coefficients
for A1C with those of FPG, 1-h PG, 2-h
PG, and the composite measure. All anal-
yses were conducted in SAS version 9.1 or
Stata 11.2.

RESULTS —Pregnancies in 23,316
women with glucose values blinded, birth
weight recorded, gestational age deter-
mined, and obstetric and neonatal records
available were in the initial report (9); A1C
results were available for 21,909 of these
pregnancies. Hemoglobinopathies were
found in 845 or 3.9% of the participants,
and the results from these pregnancies
were removed leaving 21,064 for these
analyses. Characteristics of these partici-
pants and frequency of outcomes are
shown in Table 1. Correlations of A1C
with FPG, 1-h PG, 2-h PG, and the com-
posite measure were 0.290, 0.254, 0.227,
and 0.324, respectively (all P < 0.001).
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Table 2 shows associations of mater-
nal A1C with each of the prespecified pri-
mary outcomes, including ORs and 95%
ClIs for each category of A1C compared
with the lowest or referent category.
With higher levels of maternal A1C, the
frequencies of birth weight >90th per-
centile, primary cesarean section, and
cord serum C-peptide >90th percentile
were greater. For example, the frequency
of cord serum C-peptide >90th percen-
tile rose from 5.7% in the lowest category
of A1C (<4.5%) to 23.2% in the highest
(=5.8%). In model 1, the OR was 2.71,
1.79, and 5.10 in the highest compared
with the lowest category of A1C for birth
weight >90th percentile, primary cesar-
ean section, and cord serum C-peptide
>90th percentile, respectively. Associa-
tions were attenuated with adjustment
for model 2 confounders but remained
significant for birth weight and cord se-
rum C-peptide >90th percentile with
ORs of 1.93 and 3.38, respectively. The
odds of clinical neonatal hypoglycemia
rose through the first six categories of
A1C but were lower in the highest cate-
gory. With adjustment for the composite
glucose measure in model 3, there was no
independent association of A1C with
birth weight >90th percentile or clinical
neonatal hypoglycemia. The associations
with primary cesarean section and cord
C-peptide were further attenuated with
this adjustment for PG.

Results from continuous variable mod-
els 1 and 2 for the associations between
A1C, the four glucose measures, and out-
comes are shown in Table 3. In model 1
analyses, there were significant associa-
tions of A1C and PG with all of the pri-
mary and secondary outcomes. For birth
weight, cord C-peptide, sum of skinfolds,
and percent body fat >90th percentile,
the ORs for A1C were smaller than those
for PG. Associations were somewhat atten-
uated with adjustment for model 2 con-
founders but remained significant. Again,
ORs for A1C were somewhat smaller than
those for PG for birth weight, cord C-
peptide, sum of skinfolds, and percent
body fat >90th percentile. Associations
with the other outcomes were generally
similar for PG and A1C. In general, the
composite measure of PG indicated by
the PG z-score was more strongly associ-
ated with risk of the outcomes than indi-
vidual measures of PG alone.

Table 4 shows the independent asso-
ciations of the glucose measures with ad-
justment for A1C and the associations of
A1C adjusted for each of the glucose

Table 3—Relationship” between maternal glucose, A1C, and primary and secondary outcomes

Model 1 Model 2
Outcome OR 95% CI OR 95% CI
Primary
Birth weight >90th percentile
AlC 1.22 (1.16-1.28) 1.15 (1.09-1.21)
FPG 1.49 (1.43-1.56) 1.39 (1.32-1.46)
1-h PG 1.38 (1.32-1.45) 1.45 (1.38-1.52)
2-h PG 1.31 (1.26-1.37) 1.38 (1.32-1.45)
PG z-score sum 1.51 (1.45-1.58) 1.55 (1.48-1.63)
Primary cesarean section”
AlC 1.20 (1.15-1.24) 1.09 (1.04-1.13)
FPG 1.25 (1.21-1.30) 1.11 (1.07-1.16)
1-h PG 1.27 (1.22-1.32) 1.12 (1.08-1.17)
2-h PG 1.22 (1.17-1.27) 1.08 (1.04-1.13)
PG z-score sum 1.32 (1.27-1.37) 1.14 (1.09-1.19)
Clinical neonatal hypoglycemia
AlC 1.18 (1.07-1.30) 1.13 (1.02-1.25)
FPG 1.16 (1.06-1.28) 1.08 (0.97-1.20)
1-h PG 1.26 (1.14-1.39) 1.16 (1.04-1.29)
2-h PG 1.20 (1.09-1.32) 1.11 (1.00-1.23)
PG z-score sum 1.25 (1.14-1.38) 1.15 (1.04-1.28)
Cord serum C-peptide >90th percentile
AlC 1.47 (1.39-1.56) 1.32 (1.25-1.40)
FPG 1.79 (1.70-1.89) 1.56 (1.47-1.65)
1-h PG 1.63 (1.54-1.72) 1.45 (1.37-1.54)
2-h PG 1.50 (1.42-1.58) 1.35 (1.28-1.43)
PG z-score sum 1.83 (1.74-1.92) 1.62 (1.53-1.71)
Secondary
Preeclampsia
AlC 1.42 (1.33-1.52) 1.27 (1.19-1.37)
FPG 1.46 (1.37-1.55) 1.21 (1.13-1.30)
1-h PG 1.40 (1.32-1.50) 1.30 (1.21-1.40)
2-h PG 1.37 (1.29-1.46) 1.31 (1.22-1.40)
PG z-score sum 1.53 (1.44-1.63) 1.36 (1.27-1.46)
Preterm delivery (<37 weeks)
AlC 1.17 (1.11-1.23) 1.17 (1.10-1.24)
FPG 1.08 (1.02-1.14) 1.05 (0.99-1.11)
1-h PG 1.22 (1.15-1.28) 1.19 (1.12-1.26)
2-h PG 1.21 (1.15-1.27) 1.17 (1.11-1.24)
PG z-score sum 1.21 (1.15-1.28) 1.18 (1.11-1.25)
Sum of skinfolds >90th percentile
AlC 1.18 (1.12-1.24) 1.09 (1.03-1.15)
FPG 1.53 (1.46-1.60) 1.40 (1.33-1.48)
1-h PG 1.46 (1.39-1.53) 1.44 (1.36-1.51)
2-h PG 1.40 (1.33-1.46) 1.39 (1.32-1.46)
PG z-score sum 1.60 (1.53-1.68) 1.56 (1.48-1.65)
Percent body fat >90th percentile
AlC 1.22 (1.16-1.29) 1.15 (1.09-1.21)
FPG 1.47 (1.40-1.54) 1.35 (1.28-1.43)
1-h PG 1.41 (1.35-1.48) 1.44 (1.37-1.52)
2-h PG 1.33 (1.27-1.39) 1.36 (1.29-1.43)
PG z-score sum 1.53 (1.45-1.60) 1.53 (1.45-1.61)

Model 1: Adjusted for field center or those variables used to define the 90th percentile for birth weight, sum of
skinfolds, and percent body fat. Model 2: Adjusted for field center, age, BMI, height, parity (except primary
cesarean section), smoking, alcohol use, hospitalization prior to delivery (except preeclampsia), any family history
of diabetes, MAP (except preeclampsia), gestational age at OGTT, cord glucose (cord C-peptide >90th percentile
only), maternal urinary tract infection (preeclampsia only), and any family history of hypertension (preeclampsia
only). “Continuous variable analysis, glucose higher by 1 SD 0.4% for A1C, 0.4 mmol/L for FPG, 1.7 mmol/L
for 1-h PG, and 1.3 mmol/L for 2-h PG. PData for women who had a previous cesarean section were excluded.
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measures. Associations were significantly
stronger for each of the glucose measures
than for A1C for birth weight, sum of
skinfolds, and percent body fat >90th
percentile (all P < 0.001). In addition,
with adjustment for the composite mea-
sure, A1C was not significantly related to
birth weight and percent body fat >90th
percentile, and A1C was not significantly
related to sum of skinfolds >90th percen-
tile with adjustment for each of the four
glucose measures. Associations were also
significantly stronger for fasting, 1-h PG,
and the composite measure than for A1C
for cord C-peptide >90th percentile.
There were no significant differences be-
tween the glucose measures and A1C for
the associations with primary cesarean
section, clinical neonatal hypoglycemia,
and preeclampsia. A1C showed a stronger
association than FPG for preterm delivery
(P = 0.003) but no difference compared
with 1- or 2-h PG or the composite measure.

CONCLUSIONS —Historically, A1C
measurements (4,5) and fructosamine
levels (6,7) did not adequately separate
women with normal pregnancy from
those with GDM, even though A1C levels
decline in normal pregnancy (8). How-
ever, none of these reports involved a
sample size approaching that of the HAPO
Study cohort.

In the HAPO Study cohort, we found
significant correlations of A1C with the
individual OGTT glucose measures (FPG
correlation being the largest), as well as
the composite measure, which was larger
than the individual glucose measures.
There were also significant associations be-
tween higher levels of A1C and all of the
primary and secondary HAPO Study out-
comes, when the associations were not
adjusted for glucose.

The new criteria for the diagnosis of
GDM promulgated by the International
Association of Diabetes in Pregnancy Study
Groups (IADPSG) (17) were based on asso-
ciations seen between glucose and birth
weight, cord C-peptide, and percent body
fat >90th percentile. These outcomes were
selected because fetal macrosomia isamajor
indicator of hyperglycemia in pregnancy
and because of the known associations
between macrosomia and excess adiposity
with fetal hyperinsulinemia (17).

For the outcomes used to derive the
IADPSG criteria, in models that included
both glucose and AlC, the four glucose
measures had significantly stronger associ-
ations with birth weight, sum of skinfolds,
and percent body fat >90th percentile, and

Lowe and Associates

Table 4—Relationship® between maternal glucose, A1C, and primary and secondary
outcomes in Model 2 with inclusion of A1C in each glucose model

Glucose AlC
Outcome OR 95% ClI OR 95% Cl1 Z° P value
Primary
Birth weight
>90th percentile
FPG 137 (1.30-144) 1.07 (1.01-1.12) 6.18 <<0.001
1-h PG 143 (1.36-1.50) 1.06 (1.01-1.12) 7.36 <<0.001
2-h PG 136 (1.30-143) 1.08 (1.03-1.13) 595 <0.001
PG z-score sum 154 (1.48-1.63) 1.02 (0.97-1.07) 9.95 <0.001
Primary cesarean section”
FPG 1.09 (1.05-1.149) 1.06 (1.02-1.11) 0.83 0.41
1-h PG 1.11  (1.06-1.16) 1.06 (1.02-1.11) 1.20 0.23
2-h PG 1.07 (1.03-1.12) 1.07 (1.03-1.12) —0.05 0.96
PG z-score sum 1.12 (1.08-1.17) 1.05 (1.01-1.10) 1.83 0.067
Clinical neonatal
hypoglycemia
FPG 1.05 (0.94-1.17) 1.12 (1.01-1.24) -0.71 0.48
1-h PG 1.13 (1.02-1.27) 1.10 (0.99-1.23) 0.33 0.38
2-h PG 1.09 (0.98-1.21) 1.11 (1.00-1.24) —0.30 0.77
PG z-score sum 1.12  (1.01-1.25) 1.10 (0.99-1.22) 0.25 0.81
Cord serum C-peptide
>90th percentile
FPG 149 (1.41-158) 1.19 (1.12-1.27) 4.61 <0.001
1-h PG 139 (1.31-147) 123 (1.16-1.31) 2.54 0.011
2-h PG 129 (1.22-1.37) 126 (1.19-1.34) 0.60 0.55
PG z-score sum 155 (1.46-1.64) 1.17 (1.10-1.24) 5.65 <0.001
Secondary
Preeclampsia
FPG 1.15 (1.07-124) 123 (1.14-1.32) —1.04 0.30
1-h PG 125 (1.16-1.34) 121 (1.12-1.30) 0.53 0.60
2-h PG 126 (1.17-1.35) 121 (1.13-1.31) 0.65 0.52
PG z-score sum 130 (1.21-140) 118 (1.09-1.27) 1.63 0.10
Preterm delivery
(<37 weeks)
FPG 1.01 (0.95-1.07) 1.17 (1.10-1.24) —2.99 0.003
1-h PG 1.16 (1.09-1.23) 1.13 (1.07-1.20) 0.46 0.64
2-h PG 1.15 (1.09-1.22) 1.14 (1.07-1.21) 0.26 0.79
PG z-score sum 1.14 (1.08-1.22) 1.13 (1.06-1.20) 0.31 0.75
Sum of skinfolds
>90th percentile
FPG 140 (1.33-148) 1.00 (0.95-1.06) 7.63 <0.001
1-h PG 143 (1.36-1.51) 1.01 (0.95-1.06) 8.17 <0.001
2-h PG 139 (1.31-146) 1.02 (0.97-1.08) 731 <0.001
PG z-score sum 158 (1.49-1.67) 096 (0.91-1.01) 11.04 <0.001
Percent body fat
>90th percentile
FPG 133 (1.26-1.40) 1.07 (1.02-1.13) 491 <0.001
1-h PG 142 (1.35-150) 1.07 (1.01-1.13) 6.65 <<0.001
2-h PG 134 (1.27-1.41) 1.09 (1.03-1.15) 5.01 <0.001
PG z-score sum 151 (1.43-1.60) 1.03 (0.97-1.09) 8.65 <0.001

Model 2: Adjusted for field center, age, BMI, height, parity (except primary cesarean section), smoking, al-
cohol use, hospitalization prior to delivery (except preeclampsia), any family history of diabetes, MAP (except
preeclampsia), gestational age at OGTT, cord glucose (cord C-peptide >90th percentile only), maternal
urinary tract infection (preeclampsia only), and any family history of hypertension (preeclampsia only).
“Continuous variable analysis, glucose higher by 1 SD 0.4% for A1C, 0.4 mmol/L for FPG, 1.7 mmol/L for 1-h
PG, and 1.3 mmol/L for 2-h PG. PData for women who had a previous cesarean section were excluded. “z and
P value for comparison of coefficients for glucose and A1C in model containing both.
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A1C, glucose, and pregnancy outcomes

only 2-h glucose did not have a significantly
stronger association with cord C-peptide
>90th percentile. In addition, with adjust-
ment for the composite glucose measure,
A1C was not significantly associated with
any of the neonatal anthropometric out-
comes. For example, the model 3 adjusted
OR per SD difference for birth weight
>90th percentile was 1.36-1.54 for glu-
cose versus 1.02—1.08 for A1C, and the as-
sociation for A1C was not significant with
adjustment for the PG z-score sum. The
only instance where A1C had a significantly
stronger association was for FPG for pre-
term delivery. But there were no significant
differences compared with the other three
glucose measures. And there were no sig-
nificant differences between A1C and glu-
cose for primary cesarean delivery, clinical
neonatal hypoglycemia, and preeclampsia.

We cannot determine why, with ad-
justment for glucose measures, A1C is
associated with some pregnancy outcomes
but not others. A1C reflects average glyce-
mia over an interval of several preceding
weeks. Since A1C was associated with ce-
sarean delivery, preeclampsia, and preterm
delivery, it might be speculated that risks of
these outcomes are influenced by glycemia
earlier in pregnancy, whereas anthropo-
metric outcomes are more strongly associ-
ated with glycemia later in pregnancy.

Our findings are consistent with the
new IADPSG recommendations. These
findings, based on its associations with
pregnancy outcomes with adjustment for
glucose, suggest that measurement of A1C
is not a useful alternative to an OGTT in
pregnant women. Furthermore, the gen-
erally stronger associations between a sin-
gle measure of glucose at an average of 28
weeks’ gestation with pregnancy outcome
than the associations of A1C with the same
outcomes counter the concerns about bas-
ing the diagnosis of GDM on a single ab-
normal glucose measurement performed
on only one occasion (18,19).
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