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glycaemia experience different growth trajectories compared to unexposed children.
Obijectives: To assess association of type 2 diabetes (T2D) and gestational diabetes
mellitus (GDM) with early childhood weight, length/height and body mass index
(BM) trajectories, and with timing and magnitude of peak BMI in infancy.

Methods: PANDORA is a birth cohort recruited from an Australian hyperglycaemia in
pregnancy register, and women with normoglycaemia recruited from the community.
Offspring growth measures were obtained from health records over a median follow-
up of 3.0 years (interquartile range 1.9-4.0). This analysis included children born to
Aboriginal mothers with in utero normoglycaemia (n = 95), GDM (n = 228) or T2D
(n = 131). Growth trajectories (weight, length/height and BMI) were estimated using

linear mixed models with cubic spline functions of child age.
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1 | INTRODUCTION

Growth trajectories in childhood are influenced by genetic factors, in
utero exposures and environmental circumstances. Early growth failure
and rapid catch-up growth are important in later cardiometabolic risk,2~#
as are childhood overweight and obesity.>"> Body mass index (BMI) typ-
ically increases to a peak within the first 18 months of life, followed by
a decrease to a nadir at approximately 5 years of age, with rebound
thereafter. The timing and magnitude of the BMI peak appear to be
associated with subsequent cardiometabolic outcomes in high-risk
populations,”® likely influencing the metabolic syndrome pathway.®1°

There is increasing interest in the associations between trans-
generational exposures, including the in utero environment, and
growth of offspring.1%'2 Children exposed to hyperglycaemia from
maternal type 2 diabetes (T2D) in pregnancy or gestational diabetes
mellitus (GDM) are at a significantly higher risk of later T2D and have
altered growth patterns.*®>=%” These children are more likely to experi-
ence obesity and T2D at a younger age.*®

Among offspring of mothers with hyperglycaemia in pregnancy,
there is a continuum of increased risk for adverse cardiometabolic
outcomes depending on maternal glucose levels.*?2° Early life expo-
sures and abnormal growth contribute to this risk, in addition to adult
lifestyle factors.? However, there are few data regarding the growth
trajectories of children born to mothers with diabetes in pregnancy,
particularly T2D,2%%2 due to few women with T2D being included in
previous studies. Analysis of differences in offspring growth trajecto-
ries post exposure to in utero T2D or GDM is important due to the
more severe metabolic changes seen in T2D, and hyperglycaemia
being present pre-conception and during early pregnancy. Other limi-
tations of previous studies include minimal data regarding maternal
BMI, retrospective design and classification of hyperglycaemia in
pregnancy, cross-sectional rather than longitudinal analysis, and lim-
ited follow-up.22~2% The extent to which maternal BMI may influence
observed associations between maternal glycaemic status and off-

spring growth has therefore remained unclear.

childhood is required.

Results: After adjustment for maternal factors (age, BMI, parity, smoking, and socio-
economic measures) and child factors (age, gestational age at birth, and sex), children
born to mothers with T2D or GDM had lower weight, length/height and BMI trajec-
tories in infancy than children born to mothers with normoglycaemia, but similar
weight and BMI by completion of follow-up. Children exposed to T2D had lower
mean peak BMI 17.6 kg/m? (95% confidence interval [Cl] 17.3-18.0) than children
exposed to normoglycaemia (18.6 kg/m? [18.1-18.9]) (p = 0.001).

Conclusions: Maternal hyperglycaemia was associated with differences in early child-
hood growth trajectories after adjustment for maternal BMI. Exploration of associa-

tions between in utero hyperglycaemia exposure and growth trajectories into later

Aboriginal, child, diabetes, growth, pregnancy

The Pregnancy And Neonatal Diabetes Outcomes in Remote
Australia (PANDORA) study?*2° is a longitudinal cohort of mothers and
children living in the Northern Territory (NT) of Australia. The cohort is
uniquely positioned to address these evidence gaps as the prospective
nature allows assessment of the influence of maternal BMI on childhood
growth within glycaemic categories. There is also a far greater propor-
tion of women with T2D than other studies. In addition, there is a high
proportion of Aboriginal women and children as participants, a popula-
tion with much higher rates of obesity and T2D, including T2D in preg-
nancy, than other Australians.273 In the context of escalating global
prevalence of youth-onset T2D and obesity, and higher prevalence of
cardiometabolic risk factors in Aboriginal Australian youth,! our cohort
provides the opportunity to explore these evidence gaps from an earlier
age. Analysis of early childhood growth may assist in identifying children
at highest risk for obesity and cardiometabolic conditions, facilitating
early intervention. This study aimed to assess the association of T2D in
pregnancy and GDM with early childhood growth trajectories, and the
influence of maternal BMI on these associations.

2 | METHODS

21 | Participants

The PANDORA cohort involves 1138 mothers and 1163 children
across the NT, including Aboriginal, Europid and other ethnicity
Australian women (Figure 1). The cohort includes women with and
without hyperglycaemia, recruited between November 2011 and
February 2017. Women with hyperglycaemia (n = 904, either T2D,
type 1 diabetes or GDM) were recruited from a diabetes in pregnancy
register via antenatal clinics, aged 16 years and over. Women with
type 1 diabetes (n = 18) were excluded from this analysis due to small
numbers. Women with normoglycaemia were recruited from antena-
tal clinics (n = 235). Diagnostic criteria for GDM, and the recruitment

process and eligibility criteria, are described elsewhere.?* In summary,
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PANDORA COHORT AFTER BIRTH
1138 mothers, 1163 children (16 twin pairs, 13 sibling pairs)

Ineligible (n = 52 women)
5 child deaths before birth
11 mother/ child pairs not consented for follow-up

|

1 mother, 5 child deaths before 5 years old
(ineligible if mother/ child pair not intact)

902 children with follow-up measurements post birth

1 child severe neurological condition
10 mother/ child pair voluntary withdrawals
19 women with T1D

/

\

Adequate data for consideration of growth
trajectory analysis
(=3 weight measurements,
n =747 children)

Inadequate data for growth trajectory analysis
(<3 weight measurements, twins/siblings)
n =155 children)

/\

N

Aboriginal children

(n = 454) Non-Indigenous children

(n=293)

T2D n = 131
_ T2D n =10
GDM n = 228 SDMn= 185

MO A= e Normoglycaemia n =87

Aboriginal children Non-Indigenous children

(n=35) (n=120)
T2Dn=4 T2Dn=0
GDMn =22 GDM n =103

Normoglycaemia n = 9 Normoglycaemia n = 17

I

Non-Aboriginal children
excluded due to sparse data on
repeats and inadequate
duration of follow-up

FIGURE 1

women with GDM were diagnosed at the time of oral glucose
tolerance test (OGTT) by either 1999 Australian Diabetes in
Pregnancy guidelines®? or 2013 World Health Organization (WHO)%?
criteria. Women were classified as having T2D in pregnancy using
WHO criteria (OGTT or glycated haemoglobin) before the index preg-
nancy and confirmed on the medical record. Women were classified
as having normoglycaemia in pregnancy if they did not meet criteria

for either GDM or pre-existing diabetes in pregnancy.

2.2 | Baseline maternal characteristics and
neonatal measures

The following maternal variables were assessed by self-report: ethnicity,
location of residence (urban versus remote), any smoking in pregnancy
(yes/no), age, breastfeeding at 6 months post-partum and educational
attainment (completion of 210 years vs. <10 years of schooling). Other var-
iables were obtained from medical records: BMI (from first antenatal visit,
adjusted for gestation), gestational weight gain (calculated as the difference
between third trimester weight closest to delivery and first measured
weight in pregnancy), maternal height at first antenatal visit, maternal diabe-
tes treatment modalities and medication dose. Aboriginal women were
those who self-identified as Aboriginal and/or Torres Strait Islander.
Neonatal measures included gestational age at delivery, anthro-

pometric measurements and cord blood c-peptide. Child ethnicity was

PANDORA study participants for growth trajectory analysis

determined by maternal ethnicity, with 90% of PANDORA children
born to an Aboriginal mother also having an Aboriginal father.

2.3 | Growth outcomes

Data on child growth were obtained from data linkage to primary
healthcare electronic medical records. Child weight (in kilograms) and
length/height (in centimetres) were collected through NT primary
healthcare service records (government or Aboriginal Community
Controlled Health Services). Child growth measures were available for
902 children, with 155 excluded as they did not have at least three
weight measurements between O and 5 years of age, required for
growth trajectory modelling (Figure 1, Table 1). Birthweight has been
included in models as the first measurement for all trajectories.

There were limited measurements available for non-Indigenous
children from 2 to 5 years of age (1596 total weight measurements for
293 children between 0 and 5 years of age vs. 13 794 measurements
available for 454 Aboriginal children, and only 50% with measurements
available after 2.1 years of age), as many non-Indigenous children are
seen by private healthcare services. Therefore, only growth trajectory
data for Aboriginal children (n = 454), stratified by maternal glycaemic
status (n = 131 T2D, 228 GDM, 95 normoglycaemia), are presented in
this analysis. Twins (n = 5) and siblings (n = 6) were excluded. For fur-

ther details, see Supplementary Methods in Appendix S1.
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TABLE 1 Demographic characteristics of the PANDORA cohort

Adequate data for consideration of
growth trajectory analysis (child with
>3 weight measurements, n = 737)

Inadequate data for growth trajectory

analysis (child with <3 weight

measurements, n = 155)

Non-
Aboriginal Indigenous
(n = 454) (n = 293)

Type 2 diabetes in 131 (29) 10 (3)
pregnancy

GDM 228 (50) 195 (67)

No hyperglycaemia 95(21) 85 (29)

Maternal age at birth (years) 29.0 (6.0) 31.8(5.1)

Maternal BMI at first 28.6 (7.2) 27.7 (6.6)
antenatal visit (kg/m?)

Gestational weight gain (kg) 7.7 (7.0) 8.9 (5.8)

Maternal height at first 163.1(5.7) 164.7 (7.5)
antenatal visit (cm)

Maternal parity 1.9 (1.6) 0.9 (1.2)

Smoking in pregnancy 199 (44) 30 (10)

Remote residence 337 (74) 10 (3)

Maternal education duration 96 (21) 7(2)
<10 years

Child sex (male) 234 (51) 170 (59)

Gestational age at birth 38.0(2.0) 39.0(1.6)
(weeks)

Premature birth at 81 (18) 25 (9)
<37 weeks

Median number of weight 43 [28, 57] 6[4,8]

measures

Median age of follow-up 35.8 [23.2, 48.0] 25.5[18.2, 35.8]
(i.e., age at most recent

measurement) (months)

Non- Comparison of included and
Aboriginal Indigenous excluded Aboriginal children
(n = 35) (n = 120) (p-value)
4(11) 0 0.40
22 (63) 103 (86)
9 (26) 17 (14)
30.1 (6.9) 32.0(5.3) 0.33
30.6 (7.0) 27.7 (6.3) 0.14
8.1 (4.6) 8.8(5.2) 0.78
163.8 (7.4) 162.9 (7.7) 0.56
1.7 (1.5) 0.9(1.2) 0.45
9 (28) 17 (13) 0.07
7(22) 1(1) <0.001
3(15) 2(2) 0.11
17 (53) 68 (53) 0.84
38.7 (1.6) 386+1.9 0.07
4(13) 15(12) 0.45
2[2,2] 2[2,2] <0.001

26.3[14.9, 35.8] 30.6 [17.1, 39.6] 0.53

Note: Results presented as n (%), mean (SD) or median [interquartile range]. Only Aboriginal children were included in final analysis (Table 2, Figures 2 and
3). While 293 non-Indigenous children had =3 weight measurements, there were sparse data on repeats and inadequate duration of follow-up among non-
Aboriginal children. Only 25% of non-Indigenous children had a weight measure after 35.8 months of age and only 50% after 25.5 months of age. Number
of each sub-group relates to children with >3 weight measures. Of Aboriginal women with GDM, of those included in analysis, 57/229 (25%) had likely
T2D in pregnancy; of those excluded from analysis, 2/12 (17%) had glycaemic results consistent with the T2D range outside of pregnancy, but diagnosed

for the first time in pregnancy, p = 0.08.

Abbreviations: BMI, body mass index; GDM, gestational diabetes mellitus; T2D, type 2 diabetes.

24 | Statistical analysis

Statistical analysis was conducted using STATA v15 (Stata Corpo-
ration, College Station, TX, USA). Two methodologies were used to
analyse growth trajectories. Linear mixed models were used to
estimate growth trajectories, and cubic spline functions of age
were used to capture non-linear trends and fit smooth, flexible
curves. Knot positions (time points in children's age where the dif-
ferent cubic splines are joined) were determined by previous
research.®>® Trajectories were estimated for each maternal
glycaemic status group (T2D, GDM or normoglycaemia) by includ-
ing in the models interaction terms between each cubic spline of

offspring age and maternal glycaemic status. The p-values of the

interaction terms informed whether there was a statistically signif-
icant difference between growth trajectories of different
glycaemia groups over the follow-up.

Multivariable models also included fixed effects for maternal (age,
BMI, educational attainment, smoking during pregnancy, parity,
height) and child factors (sex, age, gestational age at birth, predomi-
nant breastfeeding at 6 months of age), variables previously found to
be associated with child growth measures.®** Growth trajectory
peaks were the highest points on the estimated curves, with
corresponding 95% confidence intervals, and were derived using the
predict command in STATA following the execution of the mixed
command. They were derived by extracting the maximum and

corresponding 95% confidence intervals from predicted values. Age at
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peak BMI was defined as age after which there was a decline in BMI
post the initial rise in infancy. For further details, see Supplementary
Methods in Appendix S1.

3 | RESULTS

Among Aboriginal children, those included in growth trajectory analy-
sis were more likely to live in a remote area than those excluded
(Table 1). The median number of weight measurements in included
Aboriginal children was 43 (interquartile range [IQR] 28-57) and
median age at last follow-up was 3.0 years (IQR 1.9-4.0). Table 2

(A) Weight trajectories (with 95% Cl)

84

15
.

Weight (kg)
10
b

5
1

OBESITY
outlines demographic characteristics of included Aboriginal children,

stratified by maternal glycaemic status.

3.1 | Growth trajectories

Growth trajectories to a follow-up age of 5.0 years, stratified by
maternal glycaemic status, are presented in Figure 2 (multivariable
regression excluding maternal BMI) and Figure 3 (including mater-
nal BMI). Maternal height, BMI, age and smoking in pregnancy, and
child sex, were included in the final multivariable models, with all
p-values <0.1. Maternal glycaemic status (both T2D and GDM)

—/™ Normoglycaemia
EN oom
BN Type 2 diabetes in
pregnancy
T2D vs. GDM P <0.001
T2D vs. Normoglycaemia P < 0.001

GDM vs. Normoglycaemia P < 0.001

18 24 30 36 42 48 54 60
Child age (months)

(B) Height trajectories (with 95% Cl)

FIGURE 2 Growth trajectories of
Aboriginal children from O to 60 months
of age, stratified by maternal glycaemic <

T2D vs. GDM P=0.01
T2D vs. Normoglycaemia P=0.01
GDM vs. Normoglycaemia P = 0.35

status in pregnancy (full model, maternal 0 6 12
BMI not included). Only variables with

p-value <0.1 on stepwise multivariable (C)
analysis were included in final model for

each outcome. All variables with p-value

<0.2 on univariate analysis were included —
in model building process. Final models
for each outcome are as follows: Weight:
child sex, maternal height, maternal
smoking in pregnancy; height: child sex,
maternal height, maternal smoking in
pregnancy; BMI: child sex, maternal
smoking in pregnancy, maternal age.
Other variables included in modelling
process: maternal educational attainment,

BMI (kg/m?)
16 18

14
1

12

T T T T T T T T
18 24 30 36 42 48 54 60
Child age (months)

BMI trajectories (with 95% Cl)

T2D vs. GDM P=0.05
T2D vs. Normoglycaemia P =0.003
GDM vs. Normoglycaemia P =0.008

maternal parity, child's gestational age at 0 6 12
birth.

T T T T T T T T
18 24 30 36 42 48 54 60
Child age (months)
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(A) Weight trajectories (with 95% Cl) I Normoglycaemia
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~ B Type 2 diabetesin
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Child age (months)

(B)  Height trajectories (with 95% Cl)

Height (m)

T2D vs.GDM P =0.005
T2D vs. Normoglycaemia P =0.006
GDM vs. Normoglycaemia P =0.23

T T T T T T T T T T T
0 6 12 18 24 30 36 42 48 54 60
Child age (months)

(C) BMI trajectories (with 95% Cl)
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‘Y b T2D vs. GDM P =0.006
T2D vs. Normoglycaemia P =0.003
GDM vs. Normoglycaemia P =0.008
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-

T T T
0 6 12 18 24 30 36 42 48 54 60
Child age (months)

remained associated with weight, length/height and BMI trajecto-
ries of offspring independent of these factors. Children born to
mothers with T2D or GDM had lower weight, length/height and
BMI in infancy than children born to mothers with nor-
moglycaemia, but had similar weight and BMI by completion of 5 years (p < 0.001).
follow-up. There was minimal change in trajectories when includ-
ing or excluding maternal BMI from the models. No collinearity
was identified between maternal BMI and height (data not shown)
or maternal BMI and glycaemic status (data not shown).

Compared to children born to mothers with normoglycaemia,
children born to mothers with either T2D or GDM had on

moglycaemia (p = 0.23).

FIGURE 3 Growth trajectories of
Aboriginal children from 0 to 60 months of
age, stratified by maternal glycaemic status
in pregnancy (including maternal BMI).
Only variables with p-value <0.1 on
stepwise multivariable analysis were
included in final model for each outcome.
All variables with p-value <0.2 on
univariate analysis were included in model
building process. Final models for each
outcome are as follows: Weight: child sex,
maternal BMI at first antenatal visit,
maternal height, maternal smoking in
pregnancy; height: child sex, maternal BMI
at first antenatal visit, maternal height,
maternal smoking in pregnancy; BMI: child
sex, maternal BMI at first antenatal visit,
maternal smoking in pregnancy, maternal
age. Other variables included in modelling
process: maternal educational attainment,
maternal parity, child's gestational age at
birth.

average lower weight in infancy, with a shift over early child-
hood leading to marginally higher weight by the end of follow-
up. Children born to mothers with T2D had a lower initial weight
than children born to mothers with GDM and differed over the

Children of mothers with T2D had on average a lower length/
height in infancy compared to children born to mothers with either
normoglycaemia (p = 0.006) or GDM (p = 0.005), with minimal differ-
ences persisting into childhood. There was no difference in length/

height between children born to mothers with GDM and nor-
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TABLE 2 Maternal and child characteristics of Aboriginal children included in growth trajectory analysis, stratified by maternal glycaemic
status in pregnancy

Type 2 diabetes in Normoglycaemia
pregnancy (n = 131) GDM (n = 228) in pregnancy (n = 95) p-Value
Maternal characteristics
Maternal age at birth (years) 31.3(5.3) 29.2 (6.1) 25.0 (4.7) 0.006
Gestational age at first antenatal visit (weeks) 13.6(7.2) 14.6 (7.7) 14.8 (8.9) 0.081
Maternal BMI at first antenatal visit (kg/m?)? 31.2(5.7) 29.1(7.4) 24.3 (6.2) 0.005
Gestational weight gain (kg)® 9 (5.4) 7.2 (5.6) 10.4 (5.9) 0.73
Maternal height at first antenatal visit (cm)? 163.9 (5.7) 162.8 (5.8) 162.9 (5.4) 0.77
Maternal parity .3(1.5) 1.9 (1.6) 1.2 (1.4) 0.41
Smoking in pregnancy 0 (38) 107 (48) 42 (45) 0.22
Remote residence 99 (76) 165 (72) 72 (76) 0.73
Maternal schooling duration <10 years 39 (30) 45 (20) 12 (13) 0.006
Maternal glycaemia characteristics
Glycated haemoglobin (HbA1c)
HbA1c (mmol/mol) 62.1(21.0) - - -
Gestational age at first HbA1c (weeks) 10.4 (8.3) - - -
First oral glucose tolerance test (OGTT)
Fasting glucose (mmol/L) - 5.0(1.1) 2(0.4) <0.001
One hour glucose (mmol/L) - 9.8(2.1) 1(1.6) <0.001
Two hour glucose (mmol/L) - 8.3(2.2) .0 (1.1) <0.001
Gestational age at OGTT (weeks) - 23.6 (7.4) 26.1 (5.5) 0.003
Cord blood C-peptide (nmol/L) 0.9 (0.9) 0.6 (0.5) 4 (0.2) <0.001
Diabetes treatment type - <0.001
Diet/lifestyle management only 2(2) 82 (36) -
Metformin only 21(16) 61 (27) -
Insulin only ( 22 (10) -
Metformin and insulin 96 (73) 63 (28) -
Maximal total daily dose insulin third trimester (units) 54 [26-88] 18 [8-32] - <0.001
Maximal metformin dose third trimester (g) 1.8 (0.4) 1.5 (0.6) - <0.001
Child characteristics
Child sex (male) 7 (44) 127 (56) 0 (53) 0.081
Gestational age at birth (weeks) 36.7 (2.3) 38.2(1.5) 39.5(1.3) <0.001
Premature birth at <37 weeks 49 (37) 27 (12) 4 (4) <0.001
Predominant breastfeeding at 6 months of age 36 (57) 95 (72) 5(73) 0.062
Median number of weight measures per child 46 [29, 60] 43 [30, 60] 37 [21, 47] 0.15
Median age (months) at last follow-up 37.6[26.4,48.7] 37.3[25.9,49.7] 26.7 [19.0, 36.1] 0.16

Note: Data are mean (SD) or median [interquartile range] or n (%). The same measures of glycaemia severity are not available across categories of maternal
hyperglycaemia (GDM vs. T2D), with oral glucose tolerance test data being available for women with GDM and normoglycaemia and glycated haemoglobin
data being available for women with T2D. Number is reduced for specific variables: For women with T2D, GDM and normoglycaemia respectively:
maternal educational attainment, n = 131, n = 228, n = 95; BMI at first antenatal visit, n = 122, n = 212, n = 92; gestational weight gain, n = 109,

n =195, n = 78; smoking in pregnancy, n = 130, n = 223, n = 94; maternal height at first antenatal visit, n = 129, n = 226, n = 93; breastfeeding status at
6 months, n = 63, n = 131, n = 75; oral glucose tolerance test results, n = 212 GDM, n = 94 normoglycaemia; cord blood c-peptide, n = 77 T2D, n = 212
GDM, n = 49 normoglycaemia.

*Mean gestation at first antenatal visit 14.5 (7.7) weeks.

bGestational weight gain was calculated as the difference between third trimester weight closest to delivery and first measured weight in pregnancy (kg).

Children of mothers with T2D (p = 0.003) or GDM (p = 0.008) lower BMI in infancy than children of mothers with GDM
had on average lower BMI in infancy, compared to children of (p = 0.006 when maternal BMI included in modelling, p = 0.05

women with normoglycaemia. Children of mothers with T2D had when BMI excluded).
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TABLE 3 Timing and magnitude of peak BMI among Aboriginal
children (kg/m?, adjusted for child sex) by maternal glycaemic status

Unadjusted
model® Full model®
Normoglycaemia (n = 89)
Child age (months) (95% Cl) 6.9 (4.7, 9.6) 6.8(7.6,9.7)

Peak BMI (kg/m?) (95% CI)
GDM (n = 216)

18.2(17.8,18.5) 18.6(18.1,18.9)

Child age (months) (95% Cl) 6.9 (4.9,9.3) 6.9 (4.7, 9.6)
p-Value comparing to 1.0 0.96
normoglycaemia age
p-Value comparing to T2D 0.73 0.74
age
Peak BMI (kg/m?) (95% CI) 17.8(17.6,18.1) 18.0(17.7,18.3)
p-Value comparing to 0.18 0.037
normoglycaemia peak
p-Value comparing to T2D 0.15 0.10
peak
T2D in pregnancy (n = 121)
Child age (months) (95% Cl) 7.6 (5.0,11.6) 7.6 (5.0,11.5)
p-Value comparing to 0.65 0.65

normoglycaemia age
Peak BMI (kg/m?) (95% Cl) 17.5(17.2,17.9) 17.6(17.3, 18.00)

p-Value comparing to 0.015 0.001
normoglycaemia peak

Note: Only variables with p-value <0.1 on stepwise multivariable analysis
were included in final model for each outcome. All variables with p-value
<0.2 on univariate analysis were included in model building process. Other
variables thus included in modelling process: Maternal educational
attainment, maternal parity, child's gestational age at birth, predominant
breastfeeding at 6 months. n differs from Table 1 as only children with >3
BMI measures available between 0 and 60 months of age were

included here.

2Adjusted for child sex only.

bAdjusted for child sex, maternal BMI at first antenatal visit, maternal
smoking in pregnancy and maternal age.

3.2 | Timing and magnitude of peak BMI

After adjustment for maternal and child variables (Table 3), children
born to mothers with T2D reached peak BMI at a similar age to chil-
dren of mothers with either GDM or normoglycaemia. The mean mag-
nitude of peak BMI, however, was lower in children of mothers with
either GDM (18.0 kg/m?, p = 0.037) or T2D (17.6 kg/m?, p = 0.001)
compared to children of mothers with normoglycaemia (18.6 kg/m?).
There was no difference in magnitude of peak BMI between children
of mothers with GDM and T2D (p = 0.10).

3.3 | Sensitivity analyses

Sensitivity analyses regarding (i) women with glycaemic results consis-
tent with T2D range outside of pregnancy, but diagnosed for the first
time in pregnancy; and (ii) children with non-Indigenous mother and

Aboriginal father, demonstrated no differences in outcomes (data not
shown). Sex-specific analyses showed similar findings for male and
female children (data not shown), and thus findings for all children are
presented together. However, the study's sample size may not have
been sufficiently large to identify sex-specific differences. Sensitivity
analyses that included predominant breastfeeding at 6 months in
modelling demonstrated no difference in the observed associations
between diabetes status in pregnancy and child growth outcomes to
5years of age (see Figure S1). Of note, p-value of predominant
breastfeeding at 6 months was >0.2 for all outcomes on univariate

analysis, and also when included in multivariable models.

4 | DISCUSSION

This study reports four major findings among offspring of Aboriginal
Australian women with GDM, T2D or normoglycaemia in pregnancy.
Firstly, that maternal glycaemic status in pregnancy is associated with
offspring growth trajectories during early childhood. After adjustment
for maternal and child factors, including maternal BMI, the weight,
length/height and BMI trajectories of children born to mothers with
T2D, GDM and normoglycaemia differ from birth, over a median
follow-up period of 3 years. Children exposed to in utero hyper-
glycaemia have lower weight, length/height and BMI in infancy than
non-exposed children, but similar or marginally higher weight and BMI
by completion of follow-up. Secondly, these trajectories represented
a gradient by timing and severity of exposure to in utero hyper-
glycaemia, with children born to mothers with T2D having initially
lower weight, length/height and BMI than children of mothers with
GDM. Inclusion of maternal BMI in modelling demonstrated minimal
change in these trajectories. Thirdly, the mean magnitude of peak BMI
in infancy differed by maternal glycaemic status, with a lower peak
among those born to mothers with T2D and GDM than those born to
mothers with normoglycaemia. Finally, we found no difference in the
timing of peak BMI by maternal glycaemic status.

Children born to mothers with T2D had lower weight, length/
height and BMI in infancy than children born to mothers with GDM.
There was a shift into early childhood, leading to children of mothers
with T2D having similar weight and BMI trajectories by completion of
follow-up. Very few women with T2D have been included in previous
studies and, if included, analysed only as part of a larger group, includ-
ing all women with hyperglycaemia, due to the small numbers of

women with T2D in pregnancy,>3¢

or had growth measures analysed
at certain time points rather than trajectories.®” The exception is a US
study using latent class analysis demonstrating that children of
mothers with either type 1 or 2 diabetes, or GDM requiring medica-
tion, were more likely be in the higher BMI trajectory group after
2 years of age.*® In our novel study, 29% of children were born to
mothers with T2D. To the best of our knowledge, no other study has
explored growth trajectories of children born to mothers with T2D.
This study also demonstrates, in contrast to previous assertions,?t
and in response to limitations of earlier studies,?>23 that the relation-

ship between maternal glycaemic status and childhood growth
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trajectories is independent of maternal BMI. While maternal BMI
remained an important variable in the final multivariable models for
child weight, length/height and BMI trajectories, the contribution was
clinically small, with beta coefficients ranging between 0.01 and 0.04
for each trajectory. There was little change in weight, length/height or
BMI growth curves after inclusion of maternal BMI (Figure 3) other
than differences in BMI trajectories between children born to mothers
with T2D or GDM becoming more apparent. This could reflect an
additional impact of BMI in the setting of more severe metabolic
changes associated with T2D in pregnancy than GDM, and earlier
hyperglycaemia.®?

Our study demonstrated that children born to mothers with T2D
have a lower mean peak BMI of infancy compared to children born to
mothers with normoglycaemia, after adjustment for multiple factors,
including maternal BMI. Other studies exploring GDM in pregnancy
have inconsistently demonstrated lower peak BMI compared to
women with normoglycaemia.®”**°4! While there appeared to be a
trend towards lower mean peak BMI among children born to women
with T2D compared to children of women with GDM, our sample size
was likely too small to detect significance.

We found no difference in timing of peak BMI by maternal
glycaemic status, possibly relating to group size. Other studies have
demonstrated that the timing and magnitude of the peak BMI in
infancy is associated with cardiometabolic risk, a higher and later peak
being associated with increased BMI, fat mass, blood pressure and
skinfold thicknesses at 4 years of age.” The same study demonstrated
ethnic differences in the timing of peak BMI, though children of
women with diabetes were excluded from analysis.”

To our knowledge, only one study has explored the effect of
exposure to impaired glucose tolerance in utero on childhood growth
trajectories, demonstrating a lower magnitude of peak BMI of infancy
than in children born to women with normoglycaemia,6 similar to the
findings from our study. Interestingly, children born to women with
GDM in that cohort did not differ in magnitude of peak from those
born to women with normoglycaemia. In the context of T2D in preg-
nancy being associated with earlier onset of cardiometabolic condi-

131442 it is important to

tions in offspring than in unexposed children,
understand the mechanisms by which maternal hyperglycaemia may
lead to lower peak BMI in infancy, as seen in our study (with a differ-
ence of —0.6 kg/m? for GDM compared to normoglycaemia, and
—1.0 kg/m? for T2D compared to normoglycaemia), and thus influ-
ence cardiometabolic risk in childhood. The children in our study were
aged 0-5 years, and in this age group a 1 kg/m? difference in BMI
equates to approximately one unit Z score difference,! indicating
potential clinical significance of our findings. The lower magnitude of
peak BMI in infancy in children born to mothers with T2D is a some-
what unexpected finding in light of the known association between in
utero exposure to maternal T2D and subsequent youth-onset T2D
and obesity. Previous studies have suggested a 89% increased risk of
overweight at 4 years of age per unit z score increase for magnitude
of peak BMI of infancy.” The mechanisms by which these children
develop cardiometabolic conditions, and the time points at which

intervention may be most effective in reducing risk, are still unclear.

OBESITY

Limitations of our study include the inability to access records of
private primary healthcare facilities, leading to exclusion of non-
Indigenous children from the analysis. However, the incidence of
youth-onset T2D is 20-fold higher,?® and the prevalence of T2D in
pregnancy 10-fold higher,?? in the Aboriginal than non-Indigenous
Australian population. Exploration of the association of T2D in preg-
nancy with offspring growth is therefore of greater importance among
the Aboriginal population.?* The only difference (Table 1) between
Aboriginal children included or excluded from growth trajectory analy-
sis was that a higher proportion of included children were from a
remote location. This reflects the wider use of private primary health
services within urban areas in the NT. Participants may not represent
the wider NT population due to the voluntary nature of our study.
However, of those on the diabetes in pregnancy register, 54% partici-
pated in PANDORA, with no significant demographic differences
when compared to the register.?* As the study sample size was not
calculated for the purpose of addressing differences in growth trajec-
tories, it may have been underpowered for some of the comparisons
presented. Thus, although there is an apparent shift in growth trajec-
tories towards completion of follow-up, only 50% of children included
in analyses had growth measures after 3.0 years of age (median
follow-up) and 25% after 4.0 years. The sensitivity analysis including
predominant breastfeeding status at 6 months in multivariable ana-
lyses involved a subgroup of women, those with breastfeeding data
available, and so may have been underpowered.

Maternal hyperglycaemia is a continuum and there are inherent
limitations of analysis using diagnostic categories; however, these
diagnostic categories are clinically relevant and reflect current prac-
tice. We were not able to collect data on glucose levels during preg-
nancy. However, cord blood c-peptide results, as a marker of fuel load
on the baby, were higher in women with T2D than women with GDM
or normoglycaemia, suggesting more severe hyperglycaemia at birth.
The differences in treatment modalities, with 73% of women with
T2D requiring both metformin and insulin in the third trimester, com-
pared to 28% of women with GDM, also suggests greater severity, as
does the higher mean insulin and metformin doses required in women
with T2D compared to women with GDM during the third trimester
(insulin 52 vs. 10 units; metformin 1.8 vs. 1.5 g). Our data did not
allow for the assessment of hyperglycaemia as a continuous variable
across the spectrum of glucose tolerance in pregnancy. As the severity
of hyperglycaemia within each glycaemic category was defined by dif-
ferent measures (OGTT glucose levels in GDM and normoglycaemia;
HbAlc in T2D), it was not possible to compare glycaemia across the
cohort. This may also have concealed associations between different
levels of hyperglycaemia that exist within each glycaemia category, and
child outcomes. Differences seen among women with hyperglycaemia
may be secondary to differences in the pathology of the disease states,
particularly the presence of hyperglycaemia at an early gestation in T2D,
and not necessarily only the degree of hyperglycaemia.

Our study is unique for its birth cohort context and longitudinal
nature, allowing examination of the differential impact on growth asso-
ciated with exposure to pre-existing T2D, GDM or normoglycaemia.

The cohort includes prospective information regarding maternal
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(glycaemia, adiposity and socioeconomic status) and child factors, over-
coming previous inconsistencies regarding glycaemia in pregnancy and
growth trajectories. We could thus address the evidence gap regarding
contribution of maternal BMI to differences in growth trajectories seen
by maternal glycaemic status. The frequency of growth measures
within our cohort increases the accuracy of trajectory curves and there
was no difference in timing or number of measures by maternal
glycaemic status. A second strength is the high proportion of women
with T2D, in contrast to previous studies including only women with
GDM, type 1 diabetes or normoglycaemia. A third strength is our set-
ting of Aboriginal Australians, representing a population at high risk of
cardiometabolic conditions from a young age.3! This provides the
opportunity for our study to explore risk factors, including differential
growth, from an earlier age.

Our study has important implications for policy and practice. Chil-
dren born to women with both GDM and T2D had a lower rate of
weight and BMI gain in the first 12-18 months than non-exposed
children, and a lower BMI peak. These offspring are known to be at
increased risk of cardiometabolic conditions in later life. Our study
highlights the need to better understand factors contributing to car-
diometabolic risk from a young age, particularly the role of early
blunted growth. If significant weight gain and increased risk of obesity
only occur in these offspring after early childhood, these early years
may represent an opportunity to establish healthier growth patterns
before adiposity sets in.

5 | CONCLUSION

In conclusion, maternal glycaemia is associated with growth trajecto-
ries of offspring in early childhood, with children exposed to hyper-
glycaemia having lower weight, length/height and BMI in infancy. This
association remained after adjustment for maternal BMI. Maternal
glycaemic status (T2D and GDM) was also associated with lower peak
BMI in infancy but the relationship between exposure to hyper-
glycaemia in utero and timing of peak BMI remains unclear. Explora-
tion of associations between in utero hyperglycaemia and growth
trajectories into later childhood, and their relationship to car-
diometabolic risk, is also required.

Interventions must target the health of women pre-conception,
during pregnancy, and their children in early childhood, as well as
address the social and systemic factors contributing to health ineqg-
uities. Maternal BMI and hyperglycaemia in pregnancy are both modi-
fiable risk factors, and improvements will have beneficial impacts on
offspring. There is a need to address factors which may prevent inter-
generational transmission of risk, particularly in high-risk populations
such as First Nations communities, with high rates of youth-onset
T2D and obesity.
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