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Abstract

Background: Maternal diabetes is a well-known risk factor for pregnancy complications.
Possible links between long-term maternal blood sugar in the normal range and preg-
nancy complications are less well described.

Methods: We assayed glycated haemoglobin (HbA1c) in blood samples collected around
the 18th week of pregnancy for 2937 singleton pregnancies in the Norwegian Mother,
Father and Child Cohort Study (2000-09). Perinatal outcomes (gestational length, birth-
weight, birth length and head circumference, large-for-gestational age, small-for-
gestational age, congenital malformations, preterm delivery and preeclampsia) were
obtained from medical records. We tested associations using linear and log-binomial re-
gression, adjusting for maternal age, body mass index (BMI) and smoking.

Results: Size at birth increased modestly but linearly with HbA1c. Birthweight rose 0.10
standard deviations [95% confidence interval (Cl): 0.03, 0.16], for each 5-mmol/mol unit
increase in HbA1c, corresponding to about 40 g at 40 weeks of gestation. Large-for-
gestational age rose 23% (95% CI: 1%, 50%) per five-unit increase. Other pregnancy com-
plications increased in non-linear fashion, with strongest associations within the top
quartile of HbA1c¢ (>35 mmol/mol or >5.4%). Per unit HbA1c within the top quartile, pre-
term delivery increased by 14% (95% Cl: 1%, 31%), preeclampsia increased by 20% (95%
Cl: 5%, 37%) and gestational duration decreased by 0.7 days (95% CI: —1.0, —0.3).
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Conclusions: Among women with no recorded diabetes, higher HbA1c levels at 18 gesta-
tional weeks were associated with important perinatal outcomes independent of moth-

er’'s age, smoking or BMI.

Key words: Birthweight, diabetes, glucose, HbAlc, preeclampsia, pregnancy, pregnancy complications, preterm,

MoBa

Key Messages

* High maternal glucose is a well-known risk factor for pregnancy complications.

* We find that normal variations in long-term maternal blood sugar, as measured by glycated haemoglobin (HbA1c),

are related to pregnancy complications even among pregnant women without diabetes.

Glycated haemoglobin (HbA1c) levels are linearly related to infant size at birth.

* Pregnant women with glycated haemoglobin (HbA1c) levels in the upper quartile (but still within the generally accepted
normal range) are at increased risk of preterm delivery and preeclampsia.

Introduction

Glycated haemoglobin (HbAlc) provides an integrated
measure of blood glucose levels across the previous 90-
120 days. HbA1lc assays are standard for monitoring gly-
caemic control in patients with diabetes."** Although moni-
toring blood glucose is particularly important during
pregnancy (because hyperglycaemia is a recognized risk
factor in pregnancy),”~ HbAlc is not the preferred tool
for pregnancy glucose monitoring. This is because in-
creased haemoglobin turnover during pregnancy can
slightly reduce HbA1c levels, and also because as an inte-
grated measure of glucose, HbAlc may not adequately
capture the short-term fluctuations regarded as important
to diabetes management during pregnancy.’>'0-1¢

For epidemiological purposes, however, the study of
HbA1c in pregnancy has decided advantages. Not only is
HbA1c simple to measure, but also the fact that it integra-
tes maternal glucose levels across long periods of fetal de-
velopment may make it a superior predictor of pregnancy
complications. It is plausible that even within the normal
range of maternal glucose, HbAlc may be linked with
pregnancy outcomes. Until very recently, there has been lit-
tle epidemiological research to explore this possibility.>'”
Only a handful of epidemiological studies have studied
HbAlc in pregnancy in women without diabetes.”>'*>!

Our purpose was to explore the normal variation in
long-term maternal glucose levels measured at 18 weeks of
gestation in pregnancies without diabetes, and to describe
possible links with outcomes of pregnancy. We chose out-
comes that have previously been associated with diabetes-
related hyperglycaemia, including fetal growth, gestational
duration, preeclampsia, preterm delivery and congenital

malformations. We controlled for known risk factors such
as age, body mass index (BMI) and smoking, which could
potentially confound the associations with HbA1c.

Methods
Study design

Our study was based on a subsample of the Norwegian
Mother, Father and Child Cohort Study (MoBa). MoBa
recruited pregnant women across the nation between 1999
and 2008 at their routine ultrasound screening (at approxi-
mately 18 weeks).?* Participation rate was 41%. The co-
hort includes 95200 women and 114 500 offspring (with
some women contributing more than one pregnancy). In
2014, maternal HbA1c was measured in a random sample
of 2979 singleton pregnancies with relatively complete
Methods  S1,
Supplementary data at IJE online).?*> To avoid confound-

data  (Supplementary available as
ing by interventions for diabetes mellitus, we excluded 42
women (1.4%) registered with diabetes in the Medical
Birth Registry®* (either pre-pregnancy, unspecified or ges-
tational diabetes), leaving 2937 pregnancies for analysis.
The prevalence of diabetes in this sample is slightly lower
than the prevalence recorded among all pregnancies at
birth during the same period (1.5-2.2%),* reflecting the
selection of relatively healthy women into MoBa.*?

Outcomes

The outcomes of interest were those that have been associ-
ated with frank hyperglycaemia: birthweight, birth length
and head circumference, decreased gestational length and
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higher risk of preeclampsia, preterm birth and congenital
malformations. Using unique personal identification num-
bers, pregnancies were linked to the Medical Birth Registry
to obtain information on gestational age at delivery (days),
birthweight (grams), birth length (centimetres), head cir-
cumference (centimetres), congenital malformations (any
registered malformation) and preeclampsia [defined as a
registration of preeclampsia, eclampsia or HELLP syn-
drome (haemolysis, elevated liver enzymes, low platelet
count)]. Gestational age was based on routine ultrasound
scan around week 18 (7=2876) or on last menstrual pe-
riod when ultrasound dating was missing (7= 51); 10 were
missing both.

We calculated z-scores for birthweight, length and
head circumference to allow standardization by sex, ges-
tational age (whole weeks) and parity (0 or 1+).
Singleton births in Norway between 1999 and 2017 were
the reference population. Small-for-gestational age (SGA)
was defined as birthweight less than the 10th percentile,
and large-for-gestational age (LGA) as birthweight above
the 90th percentile in the reference population. Preterm
delivery was defined as delivery before 37 completed
weeks.

HbA1c assay

At a routine ultrasound visit around 18 gestational weeks,
venous blood was collected and sent to the MoBa biobank
for storage at —20°C.*® We have no direct evidence com-
paring fresh samples with samples stored at —20°C;
HbA1c has been shown to be relatively stable in samples
frozen at —80°C.>” HbAlc was measured with an immu-
noturbidimetric method at the Biochemistry Laboratory,
Forensic Toxicology Unit, Finnish Institute for Health and
Welfare, Helsinki, Finland. The laboratory is accredited by
the Finnish Accreditation Service (FINAS, Helsinki).
HbA1c levels are reported as mmol/mol, and as corre-
sponding values in % calculated with the formula: number
in mmol/mol*0.0915) + 2.15.2%%° The samples were ana-
lyzed in two batches, December 2014-January 2015 and
July—October  2015. The
expressed as coefficient of variation (CV) [mean =* stan-
dard deviation (SD)] was 2.0% = 0.3 in the first and 1.8%
*+ 0.2 in the second batch. The between-series precision for
the entire study (between-batch CV) was 1.9% = 0.3. The
laboratory took part in the HbAlc external quality assess-

between-series  precision

ment scheme organized by Lab quality (Helsinki, Finland).
Trueness of the method was evaluated by using samples
from the proficiency testing, with values assigned by the
European Reference Laboratory for Glycohemoglobin.
Systematic error (BIAS% =+ SD) was 3.0% * 1.4 and
41% = 3.1, respectively, in the two batches (time

periods). Further details of storage and measurements of
HbA1lc are provided in the Supplementary Methods S2
(available as Supplementary data at IJE online).

Covariates

The Medical Birth Registry provided data on maternal age
at delivery (whole years), parity, use of assisted reproductive
technologies and child sex. MoBa cohort questionnaires
provided information on self-reported height and pre-
pregnancy weight [used to calculate body mass index (BMI,
kg/m?)], smoking during pregnancy, educational level (less
than high school, high school, college <4years, college
>4 years), weight gain during pregnancy and native lan-
guage of the mother and her parents (Norwegian or other).
A challenge in an exploratory analysis of HbAlc during
pregnancy is the limited knowledge about causal factors
that determine it. Previous studies have varied widely in the
selection of variables for adjustment.””!” Given this uncer-
tainty, we explored univariate and multivariate associations
between HbA1c¢ and a number of possible confounders, cho-
sen for their plausible association with HbAlc and their
known association with pregnancy outcomes. We saw few
associations in our data; just three factors met criteria for
confounding: maternal age, BMI and sustained smoking at
Table S1 and
Supplementary Figure S1, available as Supplementary data

time of recruitment (Supplementary
at IJE online). All our analyses adjust for these three factors.

We did not adjust for variables that are either related to
prior pregnancy outcomes or associated only with
HbA1c,?° as these variables cannot confound our associa-
tions. In the analysis of gestational age, we additionally ad-
justed for parity (primiparous, multiparous) in order to
improve precision of the estimate. We do not necessarily
assume a causal association between maternal HbAlc lev-
els and pregnancy outcomes and we provide a directed acy-
clic graph (DAG) to describe our decisions with regard to
adjustment for confounding factors (Supplementary Figure
S2, available as Supplementary data at IJE online).

Statistical analysis

Given the exploratory nature of this analysis, we chose a
parsimonious multivariable analysis, adjusting for maternal
age (continuous), BMI (continuous) and current smoking at
week 18 (yes or no; smokers who quit before recruitment
were included in the non-smoking category) and parity (0
versus 1+).

We used linear regression for continuous outcomes and
log-binomial regression to estimate relative risks for binary
outcomes. Initially, we explored relationships between
HbA1c and outcomes in a flexible way, with a four-knot
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restricted cubic spline model. The relationship between
HbA1c and standardized birthweight, birth length, head
circumference and LGA were all approximately linear.
There was no indication that restricted cubic splines im-
proved the model fit over that with HbAlc as a linear con-
tinuous variable, and we used simple linear models in all
further analyses (Supplementary Table S2, available as
Supplementary data at IJE online). However, in our graph-
ical displays of the regression analyses, we have used the
four-knot restricted cubic spline model for transparency
while using the simpler models for interpretable coeffi-
cients in the tables showing regression analyses.

The remaining outcomes—SGA, gestational age, pre-
term birth, preeclampsia and congenital malformations—
appeared nonlinear in their association with HbA1c. Using
likelihood ratio testing, we confirmed that a single-knot
linear spline provided adequate model fit to all outcomes
compared with a model using cubic splines with four knots
(Supplementary Table S2). The location of the knot was
determined by inspection of graphs with various knot loca-
tions. A knot between 34 and 35 mmol/mol (5.3% and
5.4%) adequately captured the inflection point for these
outcomes, with the further advantage of dividing the study
population into the top quartile (z=710) and lower three

quartiles (7 =2227). A recent paper®' identified impaired
glucose metabolism in pregnancy at 5.7% or above (about
37 mmol/mol). We did not have sufficient power to exam-
ine associations at this extreme value.

Results are reported as follows. For outcomes showing
a linear dose-response relationship with HbAlc, we esti-
mated mean difference (for continuous outcomes) or rela-
tive risks (for binary outcomes) per five-unit increase in
HbAlc (~0.4% unit). For outcomes showing nonlinear
dose-response relationships with HbAlc, we expressed
estimates per one-unit increase in HbAlc. This more nar-
row interval was chosen to acknowledge the restricted
range of HbA1c values above the knot (>35 mmol/mol).

We explored the robustness of gestational age results by
excluding preterm deliveries and pregnancies complicated by
preeclampsia. In additional sensitivity analyses, we restricted
to deliveries with a spontaneous onset of labour (as reported
in the Medical Birth Registry) and separately conducted anal-
yses stratified by parity. All analyses were performed using
Stata (Statacorp, College Station, TX), version 15.0.

Results

Characteristics of the 2937 mothers and newborns are
shown in Table 1. Blood was sampled at a mean of 18.5

Table 1 Descriptive characteristics of the study population (n=2937 singleton pregnancies). Norway, 2002-09

Characteristic Total
Study sample/pregnancies, no. 2937
HbA1c (mmol/mol), mean (SD) [conversion to % Hb, (SD)] 32.7(2.9) (5.1 (0.26))
Maternal age at delivery (years), mean (SD) 30.3 (4.2)
Maternal pre-pregnancy BMI (kg/m?), mean (SD) 23.9(3.9)
Missing information on BMI, no. (%) 46 (1.6)
Primipara, no. (%) 1505 (51)
Smokers at time of recruitment to MoBa (daily or occasional), no. (%) 176 (6)
Quit smoking before recruitment (daily or occasional), no. (%) 361 (12)
Missing information on smoking, no. (%) 7(0.2)
Gestational age at blood sampling (weeks), mean (SD) 18.5 (1.3)
Missing information on time of blood sampling, no. (%) 12 (0.4)
Gestational age at birth (weeks), mean (SD) 40.1 (1.4)
Missing information on gestational age, no. (%) 10 (0.3)
Preterm births, no. (%) 87 (3.0)
Preeclampsia, no. (%) 87 (3.0)
Any congenital anomaly, no. (%) 141 (4.8)
Birth length (¢cm), mean (SD) 50.5 (2.1)
Missing information on length, no. (%) 1(0.03)
Head circumference (cm), mean (SD) 35.4(1.6)
Missing information on head circumference, no. (%) 31(1.1)
Birthweight (grams), mean (SD) 3653 (5095)
Large-for-gestational age, no. (%) 369 (12.6)
Small-for-gestational age, no. (%) 188 (6.4)

Large-for-gestational age was defined as birthweight >90th percentile for gestational age in weeks, sex and parity (0 and 1+). Small-for-gestational age was de-

fined as birthweight <10th percentile for the same parameters.

HbA ¢, glycated haemoglobin; SD, standard deviation; BMI, body mass index; MoBa, the Norwegian Mother, Father and Child Cohort Study.
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gestational weeks [standard deviation (SD) 1.3]. HbAlc val-
ues had a strongly Gaussian distribution (Supplementary
Figure S3, available as Supplementary data at IJE online),
with a mean of 32.7 mmol/mol (5.1%), an SD of 2.9 mmol/
mol (0.26%) and a range of 22 to 47 mmol/mol (4.2
6.5%).

Fetal growth

Infant size, expressed in z-scores, increased linearly with
higher HbA1c¢ (Figure 1). Adjusted birthweight z-score in-
creased 0.10 SD per 5-mmol/mol unit (~0.4% unit) in-
crease in HbAlc [95% confidence interval (CI): 0.03,

A 61Birthweight Z-score ¢

Birthweight Z-score

-4

24 (4'.3%) 28 (4T.7%).32 (Sr.i%) 36 (é.4%) 40 (5r.8%)
HbA1c in mmol/mol (and %)

c -6{Head circumference Z-score

Head circumference Z-score

we

24 (4.3%) 28 (4‘.7%).32 (5.1%) 36 (5.4%) 40 (5.8%)
HbA1c in mmol/mol (and %)

0.16, P for trend =0.003] (Table 2). This is equivalent to
about a 40-g increase at 40 weeks of gestation. Smaller
increases were also present for head circumference (0.05
SD per five units of HbAlc; 95% CI: —0.01 to 0.12) and
length (0.05 SD; 95% CL: —0.01 to 0.11) (Figure 1,
Table 2). The relative risk (RR) of delivering an LGA
baby increased 23% per five-unit increase in HbAlc
(95% CI: 1%, 50%) (Figure 1, Table 2). The risk of SGA
was elevated at low levels of HbAlc and then again at
higher levels (Table 2; and Supplementary Figure S4,
available as Supplementary data at IJE online). Since
SGA babies may comprise both normal and pathologi-
cally small infants,* our finding could suggest normal

B .61Birth length Z-score

Length Z-score

-4

24 (4.3%) 28 (c{.?%).sz (5.1%) 36 (5.4%) 40 (5.8%)
HbA1c in mmol/mol (and %)

D 0.3 Large for gestational age 7

Risk of LGA

0_
24 (4.3%) 28 (4.7%) 32 (5.1%) 36 (5.4%) 40 (5.8%)
HbA1c in mmol/mol (and %)

Figure 1 Birth size in relation to 18-week glycated haemoglobin (HbA1c) levels among up to 2874 singleton pregnancies, Norway, 2002-09. Panel A)
Predicted birthweight z-score for HbA1c level. Panel B) Predicted birth length z-score for HbA1c level. Panel C) Predicted head circumference z-score
for HbA1c level. Panel D) Predicted risk of large-for-gestational age (>90th percentile birthweight for sex, parity and gestational age in weeks) com-
pared with normal-for-gestational age (10-90th percentiles). Solid lines show the predicted values, with dashed lines showing the 95% confidence
intervals. Z-scores standardized for gestational age in weeks, parity and sex. All predicted outcomes are adjusted for body mass index (BMI) (set to
mean), maternal age (set to mean) and smoking (set to non-smokers). The predictions are modelled using restricted cubic splines for HbA1c with four
knots (placed at 28, 32, 34 and 38 mmol/mol). HbA1c levels were grouped at the extremes, with 424+ mmol/mol (6%) as the highest value (16 observa-

tions) and 24 mmol/mol (4.3%) as the lowest value (five observations).
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Table 2 Linear and single-knot spline regression analyses for glycated haemoglobin (HbA1c) measured at 18 gestational weeks and multiple perinatal outcomes. Singleton

pregnancies, Norway, 2002-09

Number of observations for each model,

b

5

HbA1c level >35 mmol/mol

b

£l

HbA1c level <34 mmol/mol

HbA1c continuous,
estimate per 5 units (95% CI)

Birth outcome®

no. (% of study sample)

estimate per unit (95% CI)

estimate per unit (95% CI)

2874
2873
2843
2874
2874
2874
2874
2884
2884

NA

NA

0.003

0.10 (0.03, 0.16) P
0.05 (—0.01,0.11) P

Birthweight (z-score)

NA

NA

0.09
0.10
0.04

Length (z-score)

NA

NA

0.05 (=0.01,0.12) P

Head circumference (z-score)

NA

~0.66 (—0.99, —0.33) P < 0.001

NA

0.07 (=0.12, 0.26) P

1.23 (1.01, 1.50) P
~0.81 (—1.47, —0.16) P

Large-for-gestational age®

0.49
0.17
0.86
0.12
0.10

=0.02
0.62
0.09
0.73
0.61

Gestational age (days)

0.27
0.05
0.007
0.13

1.07 (0.95,1.21) P
1.14 (1.00, 1.31) P
1.20 (1.05,1.37) P

0.95 (0.88, 1.02) P
1.01(0.90, 1.13) P
0.92 (0.83,1.02) P

0.93(0.72,1.22) P
1.36 (0.95, 1.95) P
1.07 (0.74, 1.54) P
0.93 (0.69, 1.24) P

Small-for-gestational age®

Preterm birth®

Preeclampsia®

1.10 (0.97, 1.25) P

0.94 (0.86, 1.01) P

Any congenital malformation®

Adjusted for: maternal age (whole years), maternal pre-pregnancy body mass index (BMI) (kg/m?), smoking in pregnancy (yes versus no). Also adjusted for parity (0 versus 1) for gestational age. Z-scores (birthweight,

length, head circumference) and small- and large-for-gestational age standardized for gestational age in whole weeks, parity (0 vs 1+) and sex. Large-for-gestational age was defined as >90th percentile, and small-for-gesta-

tional age as <10th percentile.

Showing the single-knot linear spline regression coefficients for the linear slope of HbA1c level up to and including 34 mmol/mol, and from 35 mmol/mol and up, respectively.

“Estimated risk ratio from multinomial regression model assessing risk of small-for-gestational age and large-for-gestational age compared with normal-for-gestational age. Estimated relative risk from binomial regression

models for outcomes preterm birth, preeclampsia and any congenital malformation.

small growth at low levels of maternal blood glucose and
abnormal growth restriction at high levels, although no
firm interpretation is possible given the weak pattern.

Gestational age at birth

In a simple linear analysis, there was an association be-
tween HbAlc levels and decreasing gestational age
(—0.8 days per five units of HbAlc; 95% CI: —1.5, —0.2).
Model fit for this variable was improved with a spline
model. The spline model suggests a weak association be-
tween HbAlc and gestational duration in the lower three
quartiles of HbA1lc but a marked decline within the top
quartile (—0.7 days per one unit of HbAlc; 95% CI:
—1.0, —0.3) (Table 2, Figure 2). Within the top quartile,
this decline corresponds to a decrease of 3.3 days per five-
unit increase in HbAl1c (95% CI: —5.0, —1.7). The short-
ening of pregnancy within the upper quartile was robust
in sensitivity analyses, including stratified analyses of
births
(Supplementary Figure S5 and Supplementary Table S3,

without preterm deliveries or preeclampsia

available as Supplementary data at IJE online).

Preeclampsia, preterm birth and congenital
malformations

The risks of preterm delivery and preeclampsia were both
highest of HbATc.
Preeclampsia increased 20% per unit increase of HbAlc
(95% CI: 5%, 37%) and preterm delivery increased 14%
per unit increase (95% CI: 0%, 31%) (Table 2, Figure 3).
There was the suggestion of a slight increase in risk of con-

increased within the quartile

genital malformations in the upper quartile of HbAlc (RR
1.10; 95% CI: 0.97, 1.25) (Table 2, Figure 3).

Discussion

In this population sample, maternal HbAlc at 18 gesta-
tional weeks was linearly associated with infant size at
birth (weight, length, head circumference and LGA) inde-
pendent of the mother’s BMI, age or smoking. Within the
highest quartile of HbAlc (35 mmol/mol or greater), in-
creasing HbA1c was related to shorter pregnancy duration
and an increased risk of preeclampsia and preterm deliv-
ery. These observations were despite the fact that women
with a diagnosis of diabetes had been excluded, and
HbA1c values were in a range considered as normal.

Previous literature

The types of adverse outcomes we observed are the same as
(but less severe than) outcomes in pregnancies with
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gestational diabetes.*”3%3* Although there are few epidemi-
ological studies on HbA1lc in pregnant women without dia-
betes, the past studies generally support our results. The
only large study of HbAlc very early in pregnancy (around
7 gestational weeks) found an increased risk of LGA, pre-
term delivery, preeclampsia and major congenital malfor-
mations among women in the extreme upper 3rd percentile
of HbAlc concentrations.” One previous study measured
HbA1c late in pregnancy, around week 28. The study was
designed primarily to compare HbAlc with other glucose
measures, but the authors reported associations of HbAlc
as a continuous measure with birthweight, preterm delivery
and preeclampsia.’® Two recent studies have assessed
HbA1lc and pregnancy outcomes. Chen et al.*' considered
the predictive power of HbA1lc in the high range of normal
(5.7%-6.4%, or approximately 38-47 mmol/mol) in early
pregnancy, although they did not exclude pregnancies that
developed gestational diabetes mellitus (GDM). Bi et al.'”
assessed HbAlc
addressed three of the outcomes in our analysis (birth-

continuously across quintiles, and

weight, LGA and preterm delivery).

Strengths and limitations

Our study participants came from a national pregnancy co-
hort, with the inevitable selection that occurs in volunteer
studies. The impact of selection in this cohort has been ex-
plored for a few key aetiological associations, with only
minor bias apparent.®> Further selection may have oc-
curred because women with relatively complete data were
chosen for HbA1c assay. However, our study was presum-
ably less selective than studies that required women to sub-
mit to an oral glucose tolerance test.

We did not have information on maternal ethnicity, which
has been a confounder in studies outside Norway.”® Our
surrogate measure (native tongue other than Norwegian for
the woman or her parents) was unrelated to HbAlc.

Our z-score measures of fetal size included gestational
age as an adjustment variable. Adjusting for this mediating
variable raises the theoretical possibility of collider stratifi-
cation bias.> However, not to adjust would raise the prac-
tical problem of failing to account for reduced birth size
due to the shortened pregnancies associated with high
HbAlc.

HbA1c can be affected by levels of blood haemoglobin,
and we lacked information on this variable. Pathologies of
haemoglobin are relatively rare. The anaemia associated
with pregnancy could be a potential confounding factor,
although this is expected to be relatively minor.'®

Our analysis of congenital malformations was limited
by lack of data on specific defects. It is possible that the
observed towards increased total

weak trend we
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Figure 2 Gestational age at birth in relation to 18-week glycated haemo-
globin (HbA1c) levels among 2874 singleton pregnancies, Norway,
2002-09. Predicted gestational age for each value of HbA1c (solid line),
with 95% confidence intervals (dashed lines). The predictions were
made using a linear regression model with restricted cubic splines for
HbA1c with four knots (placed at 28, 32, 34 and 38 mmol/mol).
Predictions were estimated using the adjusted models with the follow-
ing covariates: maternal age (set to mean), body mass index (BMI) (set
to mean), smoking (set to non-smokers) and parity (set to primipara).
Note that HbA1c levels were grouped at the extremes, with 42+ mmol/
mol (6%) as the highest value (16 observations) and 24 mmol/mol
(4.3%) as the lowest value (five observations).

malformations in the upper quartile of HbAlc reflects
stronger increases of specific defects that have been associ-
ated with frank diabetes (e.g. cardiac defects).>” More de-
tailed studies can test this hypothesis.

Information on diagnosis of preeclampsia was obtained
from the Medical Birth Registry of Norway. The validity
of this diagnosis has been described, indicating a high spe-
cificity but lower sensitivity, particularly among milder
cases of preeclampsia.’® We cannot exclude the possibility
that misclassification might have muted the association be-
tween HbA1c and preeclampsia in this study.

Interpretation

The linear associations of HbAlc¢ with infant size supports
the hypothesis that fetal growth is a continuous function of
maternal glucose levels, with no obvious threshold.*’
Given that physiological changes of pregnancy can slightly
reduce the apparent level of HbAlc at a given level of
blood glucose, we did not rely on pre-specified criteria for
high HbAlc. After excluding women with diabetes, we
based our analysis on variation within the observed distri-
bution of HbAlc, particularly within the upper quartile.
Whereas this approach lacks the rigour of a pre-specified
hypothesis, it is suitable for an exploratory description of a
topic with limited prior history. Our nonlinear analyses are
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Figure 3 Pregnancy outcomes in relation to 18-week glycated haemoglobin (HbA1c) among up to 2874 singleton pregnancies, Norway, 2002-09.
Panel A) Predicted risk of preterm birth. Panel B) Predicted risk of preeclampsia. Panel C) Predicted risk of any congenital malformation. Solid lines
show the predicted values, with dashed lines showing the 95% confidence intervals. The predictions were made using a binomial regression model

with restricted cubic splines for HbA1c with four knots (placed at 28, 32, 34 and 38 mmol/mol). Adjusted for maternal age (set to mean), body mass in-
dex (BMI) (set to mean), and smoking (set to non-smokers). Note that HbA1c levels were grouped at the extremes, with 424+ mmol/mol (6%) as the
highest value (16 observations) and 24 mmol/mol (4.3%) as the lowest value (five observations).

post hoc, and we give less weight to the exact magnitude of
risk or the location of an HbA1c threshold than to the gen-
eral observation that pregnancy complications apparently
increase within the upper range of HbAlc in women with-
out diabetes. Our results provide explicit hypotheses for
testing in future studies.

It remains to be seen whether the increased risks we
have identified with high-normal levels of HbAlc at
week 18 can be mitigated by the dietary and exercise rec-
ommendations routinely provided later in pregnancy to
women with gestational diabetes.>® It would also be of
interest in future studies to explore whether these varia-
tions in normal HbA1c during pregnancy might be asso-
ciated with outcomes in childhood, such as body size or
neurodevelopment.

In conclusion, higher HbAlc levels in mid-pregnancy
among women without diabetes were associated with
larger infant size at birth and shorter pregnancy duration.
Within the highest quartile of HbAlc, risk of preterm birth
and preeclampsia also increased. Natural variation in long-
term maternal glucose in women without diabetes, and in-
dependent of maternal BMI, smoking or age, may be a use-
ful clinical predictor of pregnancy complications.
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