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Abstract

Aims/hypothesis To investigate clinical and sociodemo-
graphic predictors of birthweight in singletons born to women
with type 1 or type 2 diabetes.

Methods Normally formed singleton live births and intrapar-
tum stillbirths, born to women with pre-conception diabetes
during 19962008, were identified from the population-based
Northern Diabetes in Pregnancy Survey (n=1,505). Associa-
tions between potential predictors and birthweight were ana-
lysed by multiple regression.

Results Potentially modifiable independent predictors of in-
crease in birthweight were pre-pregnancy care (adjusted regres-
sion coefficient []=87.1 g; 95% CI 12.9, 161.3), increasing
third-trimester HbA . <7% (53 mmol/mol) (b=310.5 g per 1%
[11 mmol/mol]; 95% CI 246.3, 374.7) and increasing maternal
BMI (h=9.5 g per 1 kg/m*; 95% CI 3.5, 15.5). Smoking during
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pregnancy (b=—145.1 g; 95% CI —231.4, —58.8), later gesta-
tion at first antenatal visit (b=—15.0 g; 95% CI —26.9, —3.0) and
higher peri-conception HbA ;. (b=—48.2 g; 95% CI —68.8,
—27.6) were independently associated with birthweight reduc-
tion. Pre-pregnancy nephropathy (b=—282.7 g; 95%
CI —461.8, —103.6) and retinopathy (b=—175.5 g; 95%
CI—269.9, —81.0) were independent non-modifiable predictors
of reduced birthweight, while greater maternal height was a
non-modifiable predictor of increasing birthweight (b=17.8 g;
95% CI 12.3, 23.2). Other predictors of birthweight increase
were male sex, multiparity and increasing gestational age at
delivery. Type or duration of diabetes, socioeconomic status
and ethnicity were not associated with continuous birthweight.
Conclusions/interpretation Poor glycaemic control before
and throughout pregnancy is associated with abnormal fetal
growth, with increasing peri-conception HbA,. predicting
weight reduction and increasing third-trimester HbA . pre-
dicting increased birthweight. Women with microvascular
complications of diabetes may require increased surveil-
lance to detect fetal growth restriction.

Keywords Birthweight - HbA . - Large for gestational age
(LGA) - Macrosomia - Pre-conception diabetes - Small for
gestational age (SGA)

Abbreviations
IQR Interquartile range

LGA Large for gestational age

LMP Last menstrual period

LOWESS Locally weighted scatterplot smoothing
NorCAS  Northern Congenital Abnormality Survey
NorDIP Northern Diabetes in Pregnancy Survey
PMMS Perinatal Morbidity and Mortality Survey
RMSO Regional Maternity Survey Office

SGA Small for gestational age
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Introduction

Women with type 1 and type 2 diabetes have a much higher
risk of serious adverse pregnancy outcomes, such as stillbirth,
major congenital anomalies, neonatal morbidity and mortality
[1-4]. Maternal diabetes is also associated with a higher risk
ofaberrant fetal growth. About 50% of infants born to mothers
with pre-conception diabetes are reported to be macrosomic or
large for gestational age (LGA), although there is overlap in
the definition of both of these terms (usually defined as birth-
weight >90th centile for gestational age) [5-8]. Small for
gestational age (SGA) is less often associated with maternal
diabetes per se, but has been reported in association with
severe vascular complications [9, 10] and can result in higher
neonatal morbidity and mortality. Both birthweight extremes
in offspring of mothers with diabetes are associated with a
higher risk of complications during the pregnancy, labour and
neonatal period [2, 11] as well as with a potential increase in
diseases in childhood and adulthood, including obesity, cardio-
vascular disease, diabetes and metabolic syndrome [12—15].

The increased risk of an LGA birth in women with
diabetes is thought to be associated with poor glycaemic
control, usually estimated by concentration of HbA . before
or during pregnancy [5, 11, 16, 17]. However, the evidence
and the direction of the association, particularly in relation
to pre- and post-conception glycaemic control, is inconsis-
tent. Penney et al, for example, found a negative association
between pre-conception HbA;. and standardised birth-
weight, but no associations at any trimester of pregnancy
[16]. In contrast, Evers et al reported a positive association
between risk of macrosomia and third-trimester HbA . [5].

Less is known about the association between gestational
glycaemic control and the risk of an SGA birth, and which
windows of exposure are most important for increased risk
of abnormal birthweight. Moreover, the extent to which
other potential determinants of birthweight may modify the
effect of glycaemia on fetal growth in women with diabetes
has not been extensively investigated in population-based
studies.

The aim of this study was to investigate the influence of
sociodemographic and clinical factors, including peri-
conception and antenatal HbA, on birthweight in normally
formed singleton infants born to women with type 1 and type
2 diabetes, using the population-based Northern Diabetes in
Pregnancy Survey (NorDIP).

Methods
Study population The North of England (UK) is a geo-
graphically distinct area with a population of around 3

million and 31,000 births per year. NorDIP collects details
of all known pregnancies occurring in the region, irrespective
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of outcome, in women diagnosed with diabetes at least
6 months before the index pregnancy [18]. All maternity units
within the region participate in the survey. Coordinators in
each unit notify the survey of relevant pregnancies, and data
collection is undertaken by unit clinicians. Pregnancies in
women with gestational diabetes (i.e. hyperglycaemia first
diagnosed during pregnancy) are not included. Various demo-
graphic and clinical variables are collected, including pre-
conception and antenatal HbA ;. (DCCT aligned since 2000).

This analysis included all normally formed singleton live
births and intrapartum stillbirths born in the region between
01 January 1996 and 31 December 2008. Pregnancies
resulting in antepartum stillbirth (#=38), identified from
the Northern Perinatal Morbidity and Mortality Survey
(PMMS) [19], and/or complicated by major congenital
anomaly (n=129), identified from the Northern Congenital
Abnormality Survey (NorCAS) [20], were excluded due to
the known predominance of growth-retarded fetuses in these
groups. All three databases are linked into a coordinated
database in the Regional Maternity Survey Office (RMSO)
(www.rmso.org.uk). The total number of registered singleton
live and stillbirths for the North of England was obtained from
the UK Office for National Statistics.

Definitions and statistical analysis All NorDIP clinical and
sociodemographic variables with a hypothesised influence
on birthweight were examined: diabetes type, fetal sex, pre-
pregnancy folate supplement usage, pre-pregnancy care,
smoking during pregnancy, history of clinically diagnosed
pre-pregnancy nephropathy, neuropathy or retinopathy, par-
ity (primiparous vs multiparous) and maternal ethnicity
(white vs non-white) were analysed as dichotomous varia-
bles. Macrosomia was defined as a birthweight of >4,000 g
and low birthweight was defined as a birthweight of
<2,500 g. Socioeconomic status was estimated from the
Index of Multiple Deprivation (a UK area-based measure,
derived from a mother’s residential postcode at delivery)
and analysed in tertiles of rank [21]. Duration of diabetes,
maternal age at delivery, maternal BMI at first antenatal
visit, maternal height, gestational age at first antenatal visit
and at delivery (based on reported estimated date of delivery
calculated for the majority of women using ultrasound scan
at 10—13 weeks’ gestation, or date of the last menstrual
period [LMP], if no scan dating was available) and mean
maternal HbA . at three time points (peri-conception, sec-
ond trimester and third trimester) were analysed as contin-
uous variables. Peri-conception HbA . was calculated as the
closest measurement within 3 months before the date of the
LMP (available for 49.5% of pregnancies) or mean first-
trimester measurement (up to 14 weeks gestation) (valid
83.3%) for women with no pre-conception measure
recorded. Peri-conception HbA . (valid 86.7%) was chosen
as a reasonable surrogate of pre-conception HbA |, as first-
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trimester HbA . was highly correlated with pre-conception
HbA . (Spearman correlation coefficient 0.75). The inde-
pendent effects of pre-conception HbA . and first-trimester
HbA . were, nevertheless, also examined in a sensitivity
analysis on a subsample of participants with both measures.

The association between each variable and birthweight,
as a continuous variable, was examined by multiple linear
regression. The summary influence of each variable was
estimated by constructing a series of simple models that
included the variable of interest, alongside sex, parity and
gestational age. The independent influence of each variable
was estimated in a fully adjusted model, constructed using a
backwards stepwise approach. Gestational age (centred to
reduce collinearity) was modelled as a three-term polyno-
mial, i.e. b;(gestational age — X)+b,(gestational age — X)*+
bs(gestational age — X)* (see electronic supplementary
material [ESM] Fig. 1). The shape of the association be-
tween each HbA |, variable and birthweight was explored by
locally weighted scatterplot smoothing (LOWESS) and fitting
fractional polynomials. As a nonlinear association between
third-trimester HbA . and birthweight was observed, it was
modelled by piecewise linear regression, with a single knot at
7% (53 mmol/mol) (the choice of location being guided by
LOWESS explorations), which divided the regression into
two parts, <7% (53 mmol/mol) (61.7% of participants) and
>7% (53 mmol/mol, 38.3%). The presence of heteroscedas-
ticity was evaluated using the Cook—Weisberg test [22] and,
when present, the Huber/White estimator [23] was used
(further details in ESM Methods). The proportion of variation
directly explained by each variable was estimated from the
change in the coefficient of determination (AR?) resulting
from removing that variable from the adjusted model.

Separate analyses were performed to examine predictors
of LGA and SGA births; LGA (birthweight >90th percen-
tile) and SGA (<10th percentile) categories were created
based on birthweight standardised for fetal sex, parity and
gestational age using Scottish birth population standards
[24]. ORs and associated 95% Cls for LGA and SGA were
estimated for various predictors using multiple logistic re-
gression; adjusted effects were estimated using a backwards
stepwise approach. The probability of LGA for specific
values of third-trimester HbA . was estimated by taking
marginal values of the adjusted model; corresponding 95%
CIs were obtained using the delta method.

Potential interactions between the HbA;. variables and
all other variables in each adjusted model were examined by
the inclusion of cross-product terms.

SPSS for Windows 17.0 (IBM Corporation, NY, USA)
was used for most of the statistical analyses. Confidence
intervals for AR? were approximated by bootstrapping on
10,000 repeated samples, drawn with replacement, using
Stata 11.1 (Statacorp, College Station, TX, USA). p<0.05
was considered statistically significant.

Ethics approval and research governance Newcastle Re-
search Ethics Committee originally granted approval for
NorDIP in 1993, and data are now obtained and held with
informed consent.

Results

Of 389,789 singleton pregnancies resulting in non-malformed
stillbirths and live births recorded during 1996-2008, 1,502
were singleton live births and three were intrapartum stillbirths
in women with type 1 and type 2 diabetes; 1,495 of these were
used for this analysis (10 cases had missing birthweight data).

Descriptive statistics for the study sample are shown in
Tables 1 and 2. The median birthweight for offspring of
women with diabetes was 3,450 g (interquartile range
[IQR]=2,990-3,918), and the median gestational age was
37.0 weeks (IQR=36-38). The proportion of macrosomia was
significantly higher in offspring of women with diabetes com-
pared with the North of England background population
(22.4% vs 12.1%, RR 1.9, 95% CI 1.7, 2.0) as was the propor-
tion of low birthweight (10.7 vs 5.8%, RR 1.8,95% CI 1.6, 2.1)
(not shown in Tables 1 and 2). There were 50.4% LGA babies
born to women with type 1 diabetes compared with 43.7% (p=
0.04) to women with type 2 diabetes (22% in our population).

Table 3 shows that increasing peri-conception HbA . (p<
0.0001), later gestation at first antenatal visit (p=0.01),
increasing maternal age (p=0.0001), pre-pregnancy retinop-
athy (p=0.0003), pre-pregnancy nephropathy (p=0.002)
and smoking during pregnancy (p=0.001) were all indepen-
dently associated with lower birthweight. Conversely, in-
creasing third-trimester HbA . for values <7% (53 mmol/
mol) (p<0.0001), increasing maternal BMI (p=0.002), pre-
pregnancy care (p=0.02), increasing maternal height (p<
0.0001), male sex (p=0.0007) and multiparity (p<0.0001)
were independently associated with higher birthweight. Type
or duration of diabetes, non-white ethnicity, pre-pregnancy
neuropathy, second trimester HbA ., third-trimester HbA
for values >7% (53 mmol/mol), and area-based deprivation
were not associated with birthweight after adjustment for
other test variables.

The model explained 46.9% (95% CI 40.5, 51.4) of the
variation in birthweight. Third-trimester HbA,. explained
5.6% (95% CI 3.7, 7.8) of the variation, six times the
contribution of peri-conception HbA . (AR*=0.9% [95%
CI 0.3, 2.0]). The remaining potentially modifiable factors
each explained 0.3-0.6% of the variation (Table 3, Fig. 1).
The strongest predictor of birthweight was gestational age
(as a cubic term), explaining 28.0% (95% CI 23.1, 33.8) of
the total variation. Each of other non-modifiable factors (e.g.
maternal height and age, parity, pre-pregnancy microvascular
complications) explained between 0.2% and 2.4% of the
variation in birthweight.
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Table 1 Descriptive statistics
for singleton, normally

formed births in women
with pre-conception diabetes
delivered in the North of
England during 1996-2008
(continuous variables)

Continuous variable n Median (IQR) Range
Birthweight (g) 1,495 3,450 (2,990-3,918) 550-5,780
Gestational age at delivery (weeks) 1,495 37 (36-38) 23-42
Maternal height (cm) 1,156 163 (158-168) 127-188
Maternal age (years) 1,495 30 (25-34) 1546
Duration of diabetes (years) 1,481 9 (4-17) <1-36
Potentially modifiable variable
Maternal BMI (kg/m?) 1,154 26.6 (23.7-31.5) 17.1-63.6
Gestation at first antenatal visit (weeks) 1,490 8 (7-11) 1-34
Peri-conception HbA . (%) 1,296 7.8 (6.8-9.1) 4.6-16.4
Peri-conception HbA . (mmol/mol) 1,296 62 (51-76) 27-156
Second trimester HbA . (%) 1,338 6.6 (5.9-7.3) 3.3-13.1
Second trimester HbA . (mmol/mol) 1,338 49 (41-56) 13-120
Third-trimester HbA . (%) 1,315 6.7 (6.1-7.4) 3.8-11.5
Third-trimester HbA ;. (mmol/mol) 1,315 50 (43-57) 18-102

Two statistically significant interactions were observed
for third-trimester HbA . in the adjusted model of continu-
ous birthweight. First, the effect of third-trimester HbA .
(for values <7% [53 mmol/mol]) decreased with increasing
peri-conception HbA ;. (»p=0.001). Second, the effect of
third-trimester HbA . (<7% [53 mmol/mol]) increased with
increasing BMI (p=0.002) (furher details in ESM Results 1).

For offspring of women with diabetes, 81.8% were at or
above the median weight of the reference population (=50th
percentile), 49.0% were LGA and 3.0% were SGA. Table 4
shows that increasing third-trimester HbA . for values <7%
(53 mmol/mol) (p<0.0001) and increasing maternal height
(»<0.0001) were independently associated with increased
odds of LGA, while increasing peri-conception HbA . (p=
0.002), later gestation at first antenatal visit (p=0.005), pre-
pregnancy retinopathy (p=0.0004), non-white ethnicity (p=
0.03) and smoking during pregnancy (p=0.0001) were asso-
ciated with reduced odds of LGA. Table 5 shows that with the
increase in third-trimester HbA . from 5.5% (36.6 mmol/mol)
to 7.0% (53.0 mmol/mol), the modelled LGA rate in-
creased sharply from 27.1% (95% CI 22.0, 32.2) to 64.1%
(95% CI 59.1, 69.0), respectively, with negligible increase
thereafter.

Later gestation at first antenatal visit (p=0.01) and pre-
pregnancy nephropathy (p=0.003) were associated with
higher odds of an SGA birth, while increasing maternal
height (p=0.01) and increasing third-trimester HbA,. for
values <7% (53 mmol/mol) (p=0.03) were associated with
lower odds of an SGA birth (Table 4).

A sensitivity analysis found that most of the effect of
peri-conception HbA |, on birthweight was attributed to pre-
conception HbA . (ESM Table 1, ESM Results 2).
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Discussion

This large population-based cohort study describes the as-
sociation between clinical and sociodemographic factors
and birthweight in normally formed singletons born to
women with pre-conception diabetes. The study demon-
strates a complex association between glycaemia and birth-
weight; this relationship changed during pregnancy, such
that increasing peri-conception HbA . was associated with
a reduction in birthweight, while increasing third-trimester
HbA . for values <7% (53 mmol/mol) was associated with
an increase in birthweight. In addition to confirming that
known determinants of birthweight in the general popula-
tion (smoking during pregnancy, maternal height and BMI,
parity) also apply to women with diabetes, we identified
several additional specific predictors such as HbA . concen-
trations and microvascular complications. Among the poten-
tially modifiable predictors of birthweight, peri-conception
and third-trimester HbA ;. were the most important, while
gestational age was the strongest birthweight predictor
overall.

This study comprises one of the largest cohorts exploring
the association between glycaemia at different stages of
pregnancy in women with type 1 or type 2 diabetes and
birthweight using data from a population-based survey,
NorDIP, and is the only investigation to date to include such
a comprehensive range of other clinical and sociodemo-
graphic explanatory variables. We also used data from two
other linked regional surveys, NorCAS and PMMS, which
allowed us to create a complete dataset of normally formed
singleton pregnancies in women with diabetes. By exclud-
ing pregnancies affected by a major congenital anomaly
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Table 2 Descriptive statistics for singleton, normally formed births in
women with pre-conception diabetes delivered in the North of England
during 19962008 (categorical variables)

Categorical variable n % (total) % (non-missing)
LGA birthweight”
No 728 48.7 51.0
Yes 700 46.8 49.0
Missing 67 4.5
SGA birthweight®
No 1,385 92.6 97.0
Yes 43 29 3.0
Missing 67 4.5
Fetal sex
Female 700 46.8 46.8
Male 795 53.2 53.2
Parity
Primiparous 585 39.1 40.9
Multiparous (>1) 844 56.5 59.1
Missing 66 44
Maternal ethnicity
White 1,396 93.4 93.9
Non-white 90 6.0 6.1
Missing 9 0.6
Index of multiple deprivation
Tertile 1 (most deprived) 497 332 333
Tertile 2 497 332 333
Tertile 3 (least deprived) 497 33.2 33.3
Missing 4 0.3
Diabetes type
Type 1 1,168 78.1 78.1
Type 2 327 21.9 21.9
Pre-pregnancy retinopathy
No 1,193 79.8 83.1
Yes 242 16.2 16.9
Missing 60 4.0
Pre-pregnancy neuropathy
No 1,470 98.3 98.3
Yes 25 1.7 1.7
Pre-pregnancy nephropathy
No 1,447 96.8 96.8
Yes 48 32 32
Potentially modifiable variable
Pre-pregnancy care
No 870 58.2 58.2
Yes 625 41.8 41.8
Pre-pregnancy folic acid
No 488 32.6 34.8
Yes 913 61.1 65.2
Missing 94 6.3
Smoking in pregnancy
No 1,041 69.6 76.3
Yes 324 21.7 23.7
Missing 130 8.7

*LGA was defined as birthweight >90th centile, and SGA as birth-
weight <10th centile, according to Scottish birthweight standards (by
fetal sex, parity and gestational age) [24]

(over 7% in this population [3]) and antepartum stillbirths,
known to be associated with low birthweight, we avoided a
potential bias of over-representation of SGA fetuses, which
other similar studies might not have.

The birthweight distribution of the North of England
birth population, both overall and among women with dia-
betes, is almost identical to the equivalent distribution in
England and Wales [8] (ESM Fig. 2). Our results are there-
fore generalisable to the national population and are likely to
be relevant to similar populations in other industrialised
countries.

We analysed birthweight as both a continuous measure
and the commonly used and clinically meaningful categor-
ical measures LGA and SGA. Analysing LGA and SGA
birthweights exclusively may have increased the risk of type
II errors, due to reduced statistical power; however, includ-
ing these alongside the continuous analyses allows for a
more complete comparison with previous literature. As
some researchers recommend using customised centiles to
identify LGA and SGA births, we performed additional
analyses using this approach but, because this further re-
duced the number of available participants and did not
materially alter the results, these data are not shown.

Our measure of glycaemia was limited to HbA; this has
excellent validity as an estimate of average blood glucose
but does not provide information on glycaemic excursions,
which may be an important driver for macrosomia [17, 25,
26]. Moreover, we did not have 100% completeness for
peri-conception and trimester-specific HbA . measure-
ments. We used a composite measure of peri-conception
HbA,. as a proxy for pre-conception HbA ., due to the
relatively high percentage of participants with missing pre-
conception values. This potentially hinders comparisons
with previous studies using pre-conception HbA .. However,
our sensitivity analysis found that most of the effect of peri-
conception HbA ;. on birthweight was attributed to pre-
conception HbA ., suggesting this was a reasonable surrogate
measure in our population-based cohort.

We found that about half of births to women with diabe-
tes were LGA, similar to other studies in women with
diabetes reporting LGA rates ranging from 45% to 51%
for populations of women with both type 1 and type 2
diabetes [7, 8] and from 47% to 62.5% for women with
type 1 diabetes [5, 6, 25, 27].

We found a strong independent association between in-
creasing third-trimester HbA . for values <7% (53 mmol/
mol) (about 62% of pregnancies) and higher birthweight (and
a three-fold increase in LGA risk per 1% [11 mmol/mol]
increase in HbA ), but no significant association with HbA .
>7%. Second-trimester HbA ., although being strongly corre-
lated with third-trimester HbA |, was a much weaker predictor
of increase in birthweight and lost its effect after adjustment for
third-trimester HbA .. Although earlier studies have not
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Table 3 Association between various clinical and demographic factors and birthweight in the offspring of women with pre-conception diabetes

born in the North of England during 19962008

Variable

Minimally adjusted®
coefficient (95% CI)

Fully adjusted®
coefficient (95% CI)

Variance explained,
AR? % (95% CI)

Non-modifiable variable
Fetal sex
Female
Male
Parity
Primiparous
Multiparous (>1)
Maternal ethnicity
White
Non-white
Index of multiple deprivation
Tertile 1 (most deprived)
Tertile 2
Tertile 3 (least deprived)
Diabetes type
Type 1
Type 2
Pre-pregnancy retinopathy
No
Yes
Pre-pregnancy neuropathy
No
Yes
Pre-pregnancy nephropathy
No
Yes
Gestational age at delivery (weeks)
Gestational age at delivery® (weeks?)
Gestational age at delivery® (weeks®)
Maternal height (cm)
Maternal age (year)
Duration of diabetes (years)
Potentially modifiable variable
Pre-pregnancy care
No
Yes
Pre-pregnancy folic acid
No
Yes
Smoking in pregnancy
No
Yes
Maternal BMI (kg/m?)

Gestation at first antenatal visit (weeks)

Peri-conception HbA . (%)
Peri-conception HbA . (mmol/mol)
Second trimester HbA . (%)

@ Springer

Reference
108.1 (45.0, 171.2)

Reference
208.0 (144.8, 271.3)

Reference
—256.4 (—384.9, —127.9)

—62.5 (—140.3, 15.4)
—5.2 (-80.9, 70.4)
Reference

72.4 (-5.9, 150.8)
Reference

Reference
—173.9 (-254.7, —93.0)

Reference
—366.2 (—547.6, —184.7)

Reference

—337.8 (=507.5, —168.0)
153.9 (134.1, 173.6)
=39.0 (—46.3, -31.7)
-2.7 (3.3, -2.0)

18.4 (13.0, 23.8)

-11.0 (-16.2, =5.9)
—4.9 (-8.8,-1.0)

~33.3 (-96.9, 30.3)

Reference

6.1 (=60.3, 72.6)

Reference

Reference

—146.8 (—222.0, =71.6)
4.8 (0.7, 10.2)

—11.8 (-19.4, -4.2)
-9.1 (-28.3, 10.0)
—0.8 (2.6, 0.9)

30.9 (-0.1, 61.9)

Reference
126.8 (53.4, 200.1)

Reference
245.5 (166.8, 324.3)

Reference
—153.1 (—324.3, 18.1)

Reference
—175.5 (-269.9, —81.0)

Reference

—282.7 (—461.8, —103.6)
174.5 (149.3, 199.7)
—40.7 (-50.4, —=30.9)
-3.2(-4.1,-2.4)

17.8 (12.3, 23.2)

—13.1 (-19.8, —6.4)

~87.1 (-161.3, ~12.9)

Reference

Reference

—145.1 (-231.4, —58.8)
9.5 (3.5, 15.5)

—15.0 (-26.9, —3.0)
—48.2 (—68.8, —27.6)
—4.4 (-6.3, -2.5)

0.7 (0.1, 1.6)

2.1(1.0,3.7)

0.2 (<0.1, 0.8)

0.7 (0.2, 1.6)

0.4 (0.1, 1.1)

28.0 (23.1, 33.8)°

24(1.2,4.1)
0.8 (0.2, 1.9)

0.3 (<0.1, 1.0)

0.6 (0.1, 1.5)

0.6 (0.1, 1.6)
0.5 (<0.1, 1.5)
0.9 (0.3, 2.0)
0.9 (0.3, 2.0)
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Table 3 (continued)

Variable

Minimally adjusted”
coefficient (95% CI)

Fully adjusted®
coefficient (95% CI)

Variance explained,
AR? % (95% CI)

Second trimester HbA . (mmol/mol) 2.8 (0.0, 5.7)
Third-trimester HbA . (%)
<7% 231.2 (176.5, 286.0)
>7% —43.8 (-107.0, 19.4)

Third-trimester HbA ;. (mmol/mol)
<53 mmol/mol 19.5 (15.0, 24.0)

>53 mmol/mol 4.9 (-0.3, 10.0)

5.6 (3.7, 7.8)°
310.5 (246.3, 374.7)
26.7 (-50.4, 103.7)

5.6 (3.7, 7.8)°
28.4 (22.5, 34.3)
2.4 (-4.6, 9.5)

*Minimally adjusted model included the test variable with sex, parity and gestational age (cubic term)

® Fully adjusted model was constructed using backwards stepwise regression. All variables were entered into the model, and then non-significant
variables were removed iteratively (according to decreasing p value) until only those with p<0.1 remained, details of which are shown. The total
number of participants with complete data for all variables with p<0.1, and therefore included in the fully adjusted model, was 955

¢ Total variation explained by all constituent terms

explored the linearity of the association between third-trimester
HbA . and birthweight, there is some consistency in the liter-
ature reporting the positive association between third-trimester
maternal hyperglycaemia and risk of LGA birthweight in
women with pre-gestational and gestational diabetes [5,
28-30]. Evers et al found that of the five variables in their
final predictive model (third-trimester HbA ., absence of
third-trimester severe hypoglycaemia, the use of insulin
lispro (B28Lys,B29Pro human insulin), weight gain dur-
ing pregnancy and non-smoking), third-trimester HbA,.
(£7% [53 mmol/mol] for 84% of women) was the most
powerful predictor of LGA birthweight in women with type 1
diabetes, explaining 4.7% of the variance [5]. Third-trimester

Percentage of variance explained (AR?)
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Fig. 1 Percentage of variance (with 95% Cls) directly explained by
each significant independent predictor of birthweight in the offspring
of women with pre-conception diabetes born in the North of England
during 1996-2008. White bars represent non-modifiable variables;
black bars represent potentially modifiable variables

HbA . was reported to be a significant predictor of LGA
birthweight in a cohort of women with type 1, type 2 and
gestational diabetes after adjustment for a number of con-
founders [30]. In a study of pregnancies complicated by
gestational diabetes or impaired glucose tolerance, maternal
fasting glycaemia during 32-35 weeks was the strongest
predictor of accelerated growth in the late third trimester,
whereas in the late second and early third trimester and at
birth the dominant predictors were previous LGA or maternal
obesity [29]. The Hyperglycaemia and Adverse Pregnancy
Outcome (HAPO) study reported that mild antenatal maternal
hyperglycaemia in women without known diabetes is also
associated with an increased risk of LGA [28]. However, a
Scottish study did not find a significant correlation between
third-trimester HbA . and birthweight [16] in women with
type 1 diabetes but they did not explore this association in a
multivariable model. A Danish study reported a significant
association between increased third-trimester HbA . and risk
of LGA birthweight in women with type 1 diabetes for women
with higher BMI (>23 kg/m?) only [27]. Despite a general
agreement that maternal late hyperglycaemia causing fetal
hyperinsulinaemia is an important determinant of fetal macro-
somia, there is some evidence that the contribution of maternal
hyperglycaemia to the variance in LGA birthweight is rela-
tively low, and high rates of LGA birthweight are reported
despite apparently good glucose control measured by HbA .
[5,31, 32]. This may be due to the failure of HbA . to indicate
variability in glycaemia and time spent at high glucose levels,
which may be critically associated with fetal overgrowth [5,
17,26, 33]. The lack of association with third-trimester HbA ;.
>7% (53 mmol/mol) in our study may also reflect the limi-
tations of using HbA;. to measure hyperglycaemia during
pregnancy. Measures of glycaemic variation using newer
methods, such as continuous glucose monitoring, may con-
tribute to better understanding of the relationship between
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Table 4 Association between various clinical and demographic factors and the odds of LGA (>90th centile) and SGA (<10th centile) birth to
women with pre-conception diabetes delivered in the North of England during 1996-2008

Variable

LGA birth*

SGA birth*

Unadjusted OR

Adjusted OR®

Unadjusted OR

Adjusted OR®

(95% CI) (95% CI) (95% CI) (95% CI)
Non-modifiable variable
Fetal sex
Female Reference Reference
Male 0.93 (0.75, 1.14) 0.94 (0.51, 1.72)
Parity
Primiparous Reference Reference
Multiparous (>1) 1.19 (0.96, 1.47) 0.87 (0.47, 1.61)
Maternal ethnicity
White Reference Reference Reference
Non-white 0.42 (0.26, 0.68) 0.48 (0.25, 0.93) 1.25(0.38, 4.14)
Index of multiple deprivation
Tertile 1 (most deprived) 0.78 (0.60, 1.01) 1.59 (0.74, 3.43)
Tertile 2 0.92 (0.71, 1.18) 1.31 (0.64, 3.09)
Tertile 3 (least deprived) Reference Reference
Diabetes type
Type 1 1.31 (1.02, 1.70) 0.87 (0.43, 1.79)
Type 2 Reference Reference
Pre-pregnancy retinopathy
No Reference Reference Reference
Yes 0.74 (0.56, 0.98) 0.52 (0.37, 0.75) 1.51 (0.74, 3.11)
Pre-pregnancy neuropathy
No Reference Reference
Yes 0.32 (0.13, 0.81) 4.65 (1.34, 16.16)
Pre-pregnancy nephropathy
No Reference Reference Reference
Yes 0.56 (0.31, 1.02) 4.11 (1.54, 10.95) 5.88 (1.85, 18.67)

Maternal height (cm)
Maternal age (year)
Duration of diabetes (years)
Potentially modifiable variable

Pre-pregnancy care

Yes

No
Pre-pregnancy folic acid

Yes

No
Smoking in pregnancy

No

Yes
Maternal BMI (kg/m?)
Gestation at first antenatal visit (weeks)
Peri-conception HbA . (%)
Peri-conception HbA . (mmol/mol)
Second trimester HbA . (%)
Second trimester HbA ;. (mmol/mol)

@ Springer

1.06 (1.04, 1.08)
0.99 (0.97, 1.00)
1.00 (0.99, 1.01)

Reference

0.93 (0.76, 1.15)

Reference

1.01 (0.81, 1.25)

Reference

0.71 (0.55, 0.92)
1.01 (0.99, 1.02)
0.97 (0.94, 0.99)
1.00 (0.94, 1.06)

1.000 (0.994, 1.005)

1.16 (1.06, 1.28)

1.013 (1.004, 1.022)

1.06 (1.03, 1.08)

Reference
0.59 (0.43, 0.82)

0.95 (0.91, 0.98)
0.88 (0.81, 0.95)

0.988 (0.980, 0.996)

0.95 (0.90, 1.00)
1.04 (0.99, 1.09)
1.03 (0.99, 1.06)

Reference
0.80 (0.44, 1.47)

Reference
1.24 (0.64, 2.40)

Reference

1.31 (0.66, 2.58)
0.98 (0.92, 1.04)
1.07 (1.01, 1.13)
0.97 (0.81, 1.16)

0.997 (0.981, 1.014)

0.91 (0.68, 1.20)

0.991 (0.958, 1.025)

0.94 (0.90, 0.99)

1.07 (1.01, 1.13)
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Table 4 (continued)

Variable LGA birth®

SGA birth*

Unadjusted OR
(95% CI)

Adjusted OR®
(95% CI)

Unadjusted OR
(95% CI)

Adjusted OR®
(95% CI)

Third-trimester HbA ;. (%)
<7%
>T7%

Third-trimester HbA ;. (mmol/mol)
<53 mmol/mol

2.21(1.79, 2.73)
0.93 (0.77, 1.13)

1.075 (1.055, 1.096)

>53 mmol/mol 0.994 (0.976, 1.011)

3.13 (2.38, 4.11)
1.07 (0.83, 1.39)

0.62 (0.39, 0.99)
0.85 (0.40, 1.83)

0.55 (0.33, 0.93)
0.69 (0.25, 1.88)

1.110 (1.082, 1.138)
1.006 (0.983, 1.030)

0.957 (0.918, 0.999)
0.986 (0.919, 1.057)

0.947 (0.904, 0.993)
0.967 (0.882, 1.059)

*LGA was defined as birthweight >90th centile, and SGA as birthweight <10th centile, according to Scottish birthweight standards (by fetal sex,

parity and gestational age) [24]

® Adjusted model was constructed using backwards stepwise regression. All variables with p<0.5 in the univariate analysis were entered into the
model, and then non-significant variables were removed iteratively (according to decreasing p value) until only those with p<0.1 remained, details

of which are shown

hyperglycaemia and fetal macrosomia in the future [32]. In a
randomised controlled trial, continuous glucose monitoring
during pregnancy was associated with improved HbA . levels
at 32-36 weeks and a reduced rate of LGA births [17]. Daily
glucose monitored during the second and third trimesters was
a good predictor of birthweight in term pregnancies with type
1 diabetes; only infants of women with overall daily glucose
values of <5.27 mmol/l had birthweight comparable with the
control group [34].

The association between pre-conception blood glucose
concentration and birthweight has been less studied, in partic-
ular with adjustment for covariates, as in our cohort. A Scot-
tish study of 57 pregnancies of women with diabetes reported
an increase in pre-conception and early first-trimester total
HbA,. in a group with increased median standardised birth-
weight compared with the control group, while total HbA .
during later periods of pregnancy did not differ significantly
between the groups [35]. A larger (203 singletons), more
recent, Scottish study of women with type 1 diabetes reported

Table 5 Probability of giving birth to an LGA offspring by third-
trimester HbA . in singleton pregnancies of women with pre-conception
diabetes delivered in the North of England during 19962008

Third-trimester HbA .,
DCCT, % (IFCC, mmol/mol)

Probability of
LGA, % (95% CI)

5.5 (36.6) 27.1 (22.0, 32.2)
6.0 (42.1) 38.6 (34.6, 42.6)
6.5 (47.5) 51.5 (47.8, 55.2)
7.0 (53.0) 64.1 (59.1, 69.0)
7.5 (58.5) 64.8 (60.9, 68.7)
8.0 (63.9) 65.5 (60.9, 70.1)
8.5 (69.4) 66.2 (60.0, 72.5)

a significant negative association between pre-pregnancy
HbA . and standardised birthweight, consistent with our find-
ings for peri-conception HbA., but found no significant
association between HbA . and birthweight for any trimester
of pregnancy [16]. Evers et al did not find an association with
first-trimester HbA | in an unadjusted analysis [5], similar to
our unadjusted analysis result for peri-conception HbA .. This
may be explained by the direct association (of lower birth-
weight for increasing HbA,.) being masked by the indirect
association (of higher birthweight for increasing HbA ) act-
ing through correlation with third-trimester HbA .. The asso-
ciation between pre-conception and maximal maternal HbA .
during pregnancy and birthweight z-score was described as
curvilinear in a recent study by Rackham et al [36]. However,
that study involved pregnancies resulting in stillbirths or neo-
natal deaths only, and the number of cases was small. We
found an association between increasing peri-conception
HbA . and reduction in birthweight when adjusted for con-
founders, in particular for <7% (<53 mmol/mol) third-
trimester HbA ;.. We also identified a significant interaction
between peri-conception and third-trimester HbA . (<7%)
with the effect of increasing third-trimester HbA . being
greater among women with low peri-conception HbA . than
among women with high peri-conception HbA .. We specu-
late that high glucose levels in early pregnancy may harm
placental development and thus the capacity for fetal growth,
such that the effect of hyperglycaemia in later pregnancy is
permanently attenuated. The presence of microvascular dis-
ease, in particular in combination with first-trimester hyper-
glycaemia, can inhibit trophoblast proliferation, thereby
reducing placental growth and impairing uteroplacental func-
tion, which may result in subsequent intrauterine growth
restriction [10, 37]. In our study, microvascular complications
(pre-pregnancy retinopathy and/or nephropathy) in women
with diabetes were associated with lower birthweight. As there
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is some evidence that variation in birthweight may be at least
partly determined by fetal growth within the first 12 weeks
after conception [38], investigation of the association of peri-
conception hyperglycaemia with early fetal growth is crucial
for understanding the mechanisms of growth restriction or
overgrowth in pregnancies of women with diabetes.

In addition to maternal hyperglycaemia, other factors,
such as non-smoking, higher maternal height and BMI,
found to be associated with higher birthweight in offspring
of women with diabetes by previous studies [27, 30], were
also independent significant predictors of increased birth-
weight in our study.

The apparently contradictory association between peri-
conception hyperglycaemia and reduced birthweight and
between late-pregnancy hyperglycaemia and increased
birthweight may be explained by the effects of multiple
factors, including maternal diabetes, on fetal growth mech-
anism during different periods of pregnancy. While in early
pregnancy hyperglycaemia may lead to restricted fetal
growth via reduction in trophoblast proliferation, later in
pregnancy, fetal hyperglycaemia and hyperinsulinaemia
lead to increased placental angiogenesis, increased and al-
tered vascular endothelial-like growth factor and chorionic
villous branching, which, in turn, lead to placental vascular
dysfunction [39]. As a result, infants of mothers with dia-
betes may have an unhealthy body composition (increased
body fat) even if they have appropriate birthweight for
gestational age [40]. If hyperglycaemia-related growth in
the third trimester is mostly associated with the deposition
of adipose tissue, this might partly explain our finding of an
increased association between third-trimester HbA,, and
birthweight with increasing maternal BMI.

In conclusion, this study found a varying association
between maternal blood glucose concentration and birth-
weight, with increasing peri-conception HbA . being asso-
ciated with lower birthweight and increasing third-trimester
HbA . <7% (53 mmol/mol) predicting higher birthweight.
Peri-conception and third-trimester HbA;, were the two
most important potentially modifiable predictors of birth-
weight, reinforcing the need for careful glucose control,
beginning before conception. While glucose control remains
a key focus of pre-conception and antenatal care for women
with diabetes, other modifiable risk factors for adverse preg-
nancy outcome also need to be addressed, such as ensuring
that women who smoke are supported to quit. Further,
awareness of the potential for poor fetal growth, particularly
in women with microvascular disease and sometimes co-
existing with apparently normal fetal size, emphasises the
need for careful antenatal assessment of fetal well-being.
Future studies, using more sensitive measures of both glu-
cose control and fetal growth and body composition, should
explore critical windows for the effect of maternal blood
glucose concentration on birthweight.
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